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Abstract

Wind erosion is recognised as an important issue globally. It is of importance in
Australia due to a large proportion of the continent being classed as arid to semi-arid.
With increases in land use and projected increases in the frequency and intensity of
drought periods in Australia, wind erosion may be seen to increase, intensify and
expand across the continent. Additionally, increases in the severity of annual to interannual climate systems (such as the El Niño Southern Oscillation (ENSO), the
Southern Annual Mode (SAM), the Indian Ocean Dipole (IOD)) and even in overarching
decadal to inter-decadal climate systems (such as the Interdecadal Pacific Oscillation
(IPO) and the Pacific Decadal Oscillation (PDO)) will result in the spatial and temporal
impacts of wind erosion being altered over time. Variations in drought and climate
systems are recognised to affect wind erosion in Australia due to their influences on
precipitation and erosive wind systems.

Literature in the field of drought, wind erosion and climate systems was reviewed with
respect to framing the need for this dissertation. It was identified that although a
detailed understanding of drought has been developed over time (including definitions,
impacts and influences) there are still challenges associated with the lack of uniform
definition and with measures of severity, scale and overall prediction. Few wind erosion
studies have focused on the impact that drought may have (and its flow-on effects to
other wind erosion variables such as vegetation), particularly with respect to changes in
response to climate. Climate systems research presents another layer of complexity to
measuring or predicting wind erosion in Australia.

This dissertation explores the role of drought and climate systems in wind erosion in
eastern Australia (over the past 100 years), comparing a calculation of the potential for
wind erosion with actual wind erosion (AWE) measures. It selects and adapts a drought
index suitable for use in wind erosion studies and estimates the wind erosion potential
(WEP) of eight drought periods, incorporating measures of soil erodibility and wind
erosivity. It also evaluates why actual wind erosion rates (according to three different
measures) differ to results produced by the WEP and examines how climate systems
(the ENSO, SAM and IOD) and synoptic-scale systems influence wind erosion during
the drought periods.

Two drought indices (rainfall deciles (RD) and the Standardized Precipitation Index
(SPI)) were assessed according to seven criteria developed to evaluate the
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favourability of indices for use in wind erosion studies. The SPI was selected as the
most favourable due to its ability to identify the start and end dates of drought, provide
measures of drought intensity, magnitude and severity and best capture wind erosion
activity. The SPI was adapted and enhanced for the calculation of WEP using
established factors of drought, erodibility (vegetation cover) and erosivity (wind speed)
and applied to historical data (over 100 years from the consolidation of 63 observer
stations into 22 stations in eastern Australia. Differences in results were evident for
northeastern Australia (NEA) and southeastern Australia (SEA), reflecting varying short
and longer term climatic influences. At a localised level wind severity, vegetative cover
types and geomorphological features were able to explain differences. Specific climate
systems phases (negative ENSO, negative SAM and positive IOD) occurring drought
periods were found to favour wind erosion activity (both in NEA and SEA). A
combination lock of climate system phase and wind erosion risk was developed to
provide a conceptual understanding of the influence of climate systems on wind
erosion during drought periods in Australia. This conceptual approach is unique to this
dissertation, constituting an original innovation in the field of wind erosion research
during drought and climate system studies in general. Combinations of climate system
phases and associated wind erosion risk were presented for eight combinatoric
scenarios, with highest wind erosion risk associated with negative ENSO, negative
SAM and positive IOD. These combinations were demonstrated to have differing
impacts according to location on the Australian continent due to differing synoptic-scale
system dominance (trough systems in the north and cold fronts in the south).

This dissertation has confirmed the important role that climate systems have on wind
erosion during drought periods in eastern Australia. Its results have new implications
for research in the field of wind erosion. It demonstrates a method of measuring
drought from a wind erosion perspective and develops a way of both estimating wind
erosion potential risk and investigating wind erosion activity from the lens of climate
systems. The combination lock approach to climate systems and wind erosion during
drought

periods

provides

a

conceptual

advance

in

the

climatological

and

meteorological understanding of wind erosion activity (spatially and temporally).
Furthermore, at a time when the future impacts of drought and climate systems are
predicted to intensify in severity and spatial scale, this research could provide a way for
aeolian geomorphologists and land managers to predict the risk of wind erosion
occurrence.
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Chapter 1 – Introduction

Chapter 1 Introduction

1.1

Preamble

At the time of writing this dissertation, widespread drought conditions in Queensland
were eased by tropical cyclone Debbie and its decayed remnants as a tropical low
(Bureau of Meteorology (BOM) 2017; Peel 2017). Prior to this, over 87% of
Queensland was drought declared due to a preceding hot, dry summer (ABC News 13
March 2017). Currently, the El Niño Southern Oscillation (ENSO) is maintaining a
neutral status, with a 50% chance of El Niño conditions developing again later in 2017
(BOM 2017, 2017e). This was signalled by the continually increasing warming of sea
surface temperatures (SST) in the central tropical Pacific Ocean and the Southern
Oscillation Index’s (SOI) return to negative values (BOM 2017, 2017e). The
implications for subsequent possible El Niño conditions include below average
precipitation during winter and spring in eastern Australia (McBride & Nicholls 1983).
The Bureau of Meteorology (BOM) (2017) has identified that since 1900, approximately
67% of El Niño events have resulted in widespread below average rainfall.

Likewise, the Indian Ocean Dipole (IOD) was neutral at this time (as at 26 April 2017)
with a majority of climate models (67%) predicting a positive IOD phase during winter
this year (BOM 2017, 2017e). Notably, when a positive IOD phase coincides with the El
Niño phase of ENSO, the El Niño is seen to expand, affecting a wider area (for
instance in eastern and central Australia) (BOM 2017, 2017e). While the community’s
focus turns from withstanding the most recent drought to planning resilience for future
drought periods, another aspect must be considered: the predicted climatic changes’
potential impact on climate systems such as El Niño and, consequently, on subsequent
drought periods.

In 2016, the World Meteorological Organisation (WMO) identified that several
indicators of climate change were breaking their records, including temperatures (both
terrestrial and oceanic), greenhouse gases (such as carbon dioxide), severe weather
events and Antarctic sea ice levels (WMO 2016). In early 2017, the BOM also
published a special climate statement on the occurrence of above average
temperatures in Australia, with monthly mean temperature records broken for several
capital cities (Sydney, Brisbane and Canberra) (BOM 2017h). The media has also
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identified the potential for climate change to enhance El Niño events, such as the
intensification of droughts in eastern Australia (Hannam 2013; Herald Sun, 14 October
2013; The Conversation 14 October 2013). The El Niño event identified as influencing
this most recent drought period was described as one of the strongest El Niño events
in history (Smyth & Terazono 2016), whilst this drought period was described by the
media (particularly in Queensland) as, ‘one of the worst droughts in recent / living
memory’ (ABC News 5 December 2014, p. 1; Moore 2015, p. 1). Photos of cracked soil
on arid farmlands and starving cattle in central Queensland were displayed by the
media as iconic images of this drought period (Figure 1.1).

Figure 1.1: A farmer standing in a drought affected dam near Maryborough, Queensland (Source:
Marsellos 2017).

Prior to this current drought period, the 2001-2009 drought (termed the ‘Millennium
Drought’ or the ‘Big Dry’) was regarded as the worst on record for southeast Australia
(van Dijk 2013; van Dijk et al. 2013; Verdon-Kidd & Kiem 2009; Vidal 2006). This
drought severely affected land and water resources, particularly in the Murray Darling
Basin (van Dijk et al. 2013). Agricultural productivity losses in 2002-2003 were
estimated to be roughly $7.4 billion (Australian Bureau of Statistics (ABS) 2004;
Herberger 2012; Lu & Hedley 2004). This resulted in stringent water restrictions in
several urban areas (including Brisbane and Sydney), it increased the severity of the
Black Saturday bushfires (Herberger 2012) and contributed to severe dust storm
activity across Australia (Cattle et al. 2016; Herberger 2012; Leys et al. 2011). One
dust event of particularly high severity and spread was the 23 September 2009 ‘Red
Dawn’ dust storm, which blanketed parts of New South Wales (NSW) and Queensland
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in bright red dust as illustrated in Figure 1.2 (Cattle 2016; De Deckker et al. 2014; Leys
et al. 2011). The widespread nature and timing of this dust event reinforced the
importance of Australian drought conditions with respect to wind erosion (Cattle 2016;
Leys et al. 2011).

Figure 1.2: The 23 September 2009 dust event (Source: National Aeronautics and Space Administration
(NASA) 2009).

The 1991-1995 drought was identified as a broad-scale one, which particularly
impacted eastern parts of Australia, including northeastern NSW and most of
Queensland (Australian Government 2008). Agricultural productivity losses were
estimated to be approximately $5 billion (Australian Government 2008; BOM 2013a).
While these droughts shared similarities in terms of agricultural losses, bushfire risk
and widespread record low rainfall rates, the wind erosion activity varied. For example,
across 22 stations in Queensland, NSW and Victoria, the 1991-1995 drought period
had a total of 270.5 Dust Event Days (DEDs) compared to 997 DEDs during the
Millennium drought period (Chapter 5). Drought events are predicted to increase in
strength and scale, with each successive drought being the worst in history due to
impacts such as climate change (Herberger 2011; Nicholls 2004; van Dijk et al. 2013).
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1.2

What is already known about drought and climate systems?

Drought is a concept that has been explored in considerable detail in the literature. Its
coverage spans from concepts such as definitions of drought itself (whether that be
meteorological, agricultural, hydrological or socioeconomic) (Oladipo 1985; Wilhite &
Glantz 1985; WMO 2005), through to the analysis of its severity and impact (van Dijk et
al. 2013; Verdon-Kidd & Kiem 2009).

Additionally, the effects of drought can be

evaluated from an environmental, economic or social perspective, with interdependent
consquences (Horridge, Madden & Wittwer 2005; van Dijk et al. 2013). Several studies
have also investigated the influence of drought on phenomena such as, bushfires
(Beer, Gill & Moore 1988; Goldammer & Siebert 1990; Greenville et al. 2009;
Hennessy et al. 2006), temperatures and evaporation rates (Nicholls 2004; Nicholls
2012) and wind erosion (O’Loingsigh et al. 2014). Several studies have also
investigated the influence of climate systems on situations such as drought, sea ice
anomalies and sea salt concentration and wildfires (in Australia known as bushfires)
and wind erosion (Evans et al. 2016; Kiem & Franks 2004; Marx et al. 2011; Simpkins
et al. 2012; Speer 2013; Ummenhofer et al. 2009; Vance et al. 2013; Verdon, Kiem &
Franks 2004).

1.3

The influence of drought and climate systems on wind erosion

The literature shows that drought influences wind erosion activity (Eldridge & Leys
2003; Goudie & Middleton 2006; McTainsh, Burgess & Pitblado 1989; McTainsh, Lynch
& Tews 1998; Yu, Neil & Hesse 1992). This is due to its impact upon precipitation and
flow-on effects on vegetation and soil moisture, increasing a soil’s vulnerability to wind
erosion (Goudie & Middleton 2006; Yu, Hesse & Neil 1993; Yu, Neil & Hesse 1992).
Overarching these drought periods are climate systems such as the ENSO and the
Interdecadal Pacific Oscillation (IPO), systems which have been identified as affecting
wind erosion activity through their influences on drought and rainfall (Bryant et al. 2007;
Okin & Reheis 2002; Prospero & Nees 1986). International articles discuss the ENSO
and IPO with respect to wind erosion predominantly through their direct impacts to (or
correlations with) rainfall variability and drought.

While drought and some selected climate systems are identified to influence wind
erosion activity, little is known about the variation that may occur in wind erosion due to
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their occurrence. Few studies have explored the impact of climate systems (particularly
ENSO and SAM) on wind erosion activity (Evans et al. 2016; Marx et al, 2011; Speer
2013) and, fewer have investigated the influence that these systems may have on the
frequency, intensity and spatial distribution of wind erosion in Australia. O’Loingsigh,
McTainsh, Tews et al. (2014) explore the relationships between drought and wind
erosion - comparing dust activity via the Dust Storm Index (DSI) to periods of drought
(open arrows) and flood (shaded arrows) in Figure 1.3. O’Loingsigh, McTainsh, Tews
et al. (2014) present logical peaks in wind erosion that generally coincide with drought
periods. Still unknown, however, is the frequency of events and how these are spatially
distributed across the continent (as 180 stations are consolidated into this graph).
Drought periods may vary in severity, duration and spatial scale. Additionally,
overarching climatic systems may affect these drought periods and subsequently wind
erosion activity. These may, of course, differ according to their location on the
Australian continent.

Figure 1.3: Mean annual Dust Storm Index (DSI) based on 180-station record (1965 - 2011) (Source:
O’Loingsigh, McTainsh, Tews et al. 2014).

1.4

Linkages and knowledge gaps

There is awareness of the linkages between climate systems and phenomena such as
sea ice concentration and salt deposition, wildfires and bushfires, aridity and wind
erosion (from a global scale). However, little work has been done to date on the
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influence of climate systems such as the ENSO, SAM and IOD on wind erosion in
Australia. Additionally, we are aware of the role that drought plays in wind erosion in
Australia: its role reducing vegetation cover and soil moisture and the phases of the
ENSO which are conducive to wind erosion activity (El Niño).

There is a basic understanding of the broad-scale relationships between drought, wind
erosion and climate systems in Australia. Australian studies have investigated the
potential teleconnections between drought and climate systems for bushfires and
rainfall, but not for wind erosion. There is also confusion as to what climate systems
directly influence drought (some argue that the ENSO does, some argue the SAM,
others argue for an inverse relationship between IOD and drought) which implies that
spatial variations and influences exist between climate systems. This PhD research
aims to address some of these issues within the context of wind erosion in Australia.

As discussed above, rainfall, vegetation cover and meteorological factors influence
wind erosion but what is not known is how WEP and AWE differ between drought
periods. Literature in the field of wind erosion has identified the basic inverse
relationship between precipitation and wind erosion activity, however, this relationship
is not so simple. Not only does wind erosion activity vary over time, it can also be
observed to vary according to spatial location and drought period. Including climate
systems as a driver of wind erosion adds complexity, as these control overarching
climatic factors such as precipitation and the prominence and impact of synoptic scale
systems (such as cold fronts and low pressure) (Strong et al. 2011). This PhD research
project aims to explore these complex relationships in eastern Australia by examining
the definition of drought and its associated impacts, analysing periods of drought,
estimating their WEP and comparing them to their AWE and the prevalent climate
systems (the ENSO, SAM and IOD) for the historical period of 1895 to 2014.

1.5

Dissertation aims

This project aims to explore the influences of drought and climate systems (ENSO,
SAM and IOD) upon wind erosion activity in eastern Australia over the past 100 years.

The project has the following objectives:
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To select a drought index relevant for use in wind erosion studies in eastern
Australia



To estimate the potential wind erosion of eight drought periods using measures
of soil erodibility and wind erosivity



To quantify the actual rates of wind erosion occurring during these drought
periods and discuss why these rates differ from potential wind erosion rates



To examine how climate systems (the ENSO, SAM and IOD) and synoptic
systems operate as drivers of wind erosion during these drought periods.

It is important to note that land use / land management is defined as outside the scope
of the research aims of this dissertation. Where possible, reference will be made to
land use / land management in the context of explaining results found (specifically
within Chapter 5).

1.6

Dissertation structure

This dissertation is organised into a series of chapters, each dealing with a specific
research aim. A flowchart of the chapters is provided in Figure 1.3. These can be read
as stand alone chapters or in succession, building on the research aims of the PhD.
Chapter 2 provides a review of the literature in the fields of drought, wind erosion and
climate systems with a focus on the Australian / Pacific Ocean region. This section
introduces the reader to geomorphic, meteorological and climatological concepts which
will be covered in proceeding chapters.

Chapter 3 evaluates a range of meteorological drought indices in terms of their
applicability in wind erosion studies. It uses a set collection of evaluation criteria to
determine the most suitable index. The chapter also introduces the notion of wind
erosion drought – a new definition applicable for wind erosion researchers. The
selected index is then used in Chapter 5.

Chapter 4 develops a measure of WEP using measures of drought (drought severity),
erodibility (vegetation cover) and erosivity (wind speed). It also explores some of the
recognised complexities associated with measuring droughts such as intensity,
magnitude, severity, duration and spatial scale. Drought periods and episodes are
defined and the relevant WEP values are calculated.
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Chapter 5 compares the calculated WEP to rates of AWE in eastern Australia for eight
drought periods. Results are discussed with the focus on dominant drought periods and
the potential influence of vegetation type and land management on wind erosion. It also
posted the question of why differences remain between WEP and AWE.
Chapter 6 introduces the notion of climate systems to the mix of factors influencing
differing rates of wind erosion in drought periods in eastern Australia. The climate
systems of the ENSO, SAM and IOD are explored with respect to the selected eight
drought periods, and their measures of WEP and AWE. This chapter provides an
approach which combines consideration of the effects of climate system phases and
wind erosion risk, with specific reference to regional and seasonal influences of
synoptic-scale systems.
Chapter 7 provides a summary of this study’s major methodological developments,
research findings, the contributions of the research and significance for wind erosion
studies.
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Chapter 1
Introduction

Phase I: Background
information on wind
erosion, drought and
climate systems

Chapter 2
Literature Review

Chapter 3
Evaluation of drought indices
relevant to wind erosion using
data from Australia

Chapter 4
Estimating the potential
wind erosion of drought
periods in Australia

Phase II: Exploration of
drought characteristics and
indices

Chapter 5
Actual rates of wind
erosion during drought
periods in Australia

Chapter 6
Does an understanding of Australian climate
systems enable us to better characterise wind
erosion?

Chapter 7
Dissertation summary and synthesis

Figure 1.4: Schematic flowchart of PhD structure as a series of chapters.
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Phase III:
Investigation of WEP
and AWE with respect
to drought periods.

Phase IV: How do climate
systems influence wind
erosion during drought
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1.7

Selected stations, data types and data sources

This dissertation incorporates several data sources, analyses and methodologies.
While detailed methodologies are provided in each chapter, several chapters share
discussions and comparisons from similar selected stations’ records and other data
sources. Chapters 3, 4, 5 and 6 involve the analysis of data from specific Australian
stations. These stations and the data types and sources are outlined in Table 1.1.

Chapter 3 evaluates two drought indices for use in wind erosion studies. For this
chapter, monthly precipitation values from the BOM are utilised to calculate each index.
These indices are calculated for three chosen stations – Tennant Creek (Northern
Territory (NT)), Charleville (Queensland) and Mildura (Victoria) for 2000-2010.

Chapter 4 develops the WEP using the variables of drought, vegetation cover and wind
speed. A series of 22 stations created from 63 consolidated BOM stations in eastern
Australia is used (1858-2014). Measures of drought incorporate the Standardized
Precipitation Index (SPI) which utilises monthly precipitation data (in millimetres) from
the BOM, vegetation cover which uses monthly precipitation data (in millimetres) and
maximum monthly average temperature (˚C) from the BOM and wind speed which
uses average and maximum monthly wind speeds (ms-1) as obtained from the
Computational Environmental Management System (CEMSYS) from the University of
Southern Queensland.

Chapter 5 uses the same 22 BOM stations established in Chapter 4 to investigate
differences between the WEP and AWE. WEP values are calculated in Chapter 4.
AWE values are obtained from the Dust Event Database (DEDB) at Griffith University
in the form of DEDs for the same period (1858-2014).

Chapter 6 uses values of the WEP and AWE as developed in Chapters 4 and 5 and
incorporates climate system data (ENSO, SAM and IOD) for comparison. The ENSO is
measured using Southern Oscillation Index (SOI) values acquired from the BOM. The
SAM is measured using the values of the Antarctic Oscillation Index (AAOI) as
developed by Nan and Li (2003). The IOD is measured using a consolidation of values
of sea surface temperature (SST) Dipole Mode Index (DMI), including the SST DMI
dataset derived from the Hadley Centre Sea Ice and Sea Surface Temperature
(HadISST) dataset (monthly from 1871-1997), the SST DMI dataset derived from the
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HadISST dataset (monthly from 1958-2010) and the SST DMI dataset derived from
Kaplan (1998) (1856-present). The HadISST is a SST dataset developed and released
by the Hadley Centre in the Met Office, United Kingdom (Met Office 2009). The Kaplan
(1998) SST DMI is the same dataset as utilised in Saji et al. (1999).

Table 1.1: Selected stations, data types and data sources for each chapter.
Chapter
1
2
3

Selected stations

Data types

Data sources

Tennant Creek
Charleville
Mildura

Monthly precipitation (mm)

BOM
BOM / ABS

Drought period/s (years)

4

5

6

22 station analysis from 63
consolidated BOM stations
(see Section 4.3.1 for
details of process)

22 station analysis from 63
consolidated BOM stations
(see Section 4.3.1 for
details of process)

22 station analysis from 63
consolidated BOM stations
(see Section 4.3.1 for
details of process)

Monthly precipitation (mm)
- Monthly maximum
average temperature (˚C)

BOM

Average monthly wind
speed (ms-1)
-Maximum monthly wind
speed (ms-1)

CEMSYS

WEP

Chapter 4

Dust Event Database
(DEDB) – Dust Event Days
(DED)
WEP
DEDB – DED
ENSO
SAM
IOD

Griffith University
Chapter 4
Chapter 5
BOM
AAOI (Nan & Li 2003)1
Consolidated SST DMI HadISST
(1871 to 1997)2, HadISST (1958 to
2010)3 and Kaplan (1998) (1856 to
2007) 4

1

http://ljp.gcess.cn/dct/page/65609

2

http://www.jamstec.go.jp/frcgc/research/d1/iod/DATA/dmi_HadISST_1871-1997.txt

3

http://www.jamstec.go.jp/frcgc/research/d1/iod/DATA/dmi_HadISST.txt

4

http://www.jamstec.go.jp/frcgc/research/d1/iod/kaplan_sst_dmi_new.txt

This dissertation chooses to focus on eastern Australia only due to complexities
associated with wind erosion activity on the Australian continent, particularly in parts of
central Australia where the number of BOM observation stations is low. Additionally,
the impacts and influences of wind erosion factors and climatic and synoptic systems
differ according to location on the Australian continent (for example a station in WA
may experience increased wind erosion activity from trough systems and low pressure,
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compared to a station in SA which may experience wind erosion activity predominantly
from cold fronts).

The major limitations of research in this dissertation can be recognised within three
broad-scale areas:


The spatial spread of selected stations and availability of quantitative data for
earlier periods of time



The complex interactions between climate, wind erosion factors and wind
erosion itself and



Spatial and temporal differences.

These limitations will be discussed in depth in each chapter, where applicable, with
recommendations for further study and improvements provided.
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Chapter 2 Understanding wind erosion, drought and climate systems – a
literature review

Chapter 1 provided a broad-scale overview of the issues of drought, climate systems
and their impacts upon wind erosion. It also provided the research aims and
dissertation structure. This chapter reviews the wind erosion literature focussing on
source areas, spatial spread and transport, seasonality and wind erosion’s impacts
upon the environment, society and economy. Literature related to drought and climate
systems is also reviewed here due to their important influence upon wind erosion in
Australia and globally. Drought is discussed according to its definitions, impacts, and
conceptual challenges. While climate systems such as the ENSO, SAM and IOD are
recognised as influencing precipitation and subsequently wind erosion activity in the
Australian region, to date, few studies have focused specifically on their impact on wind
erosion.

To conduct this research study, the current state of knowledge and knowledge gaps
relating to wind erosion, drought and climate systems need to be identified and
understood. To meet the thesis aims and objectives, an understanding of the behaviour
and nature of drought and the influence of climate systems upon drought
characteristics are vital as such systems have flow-on effects on wind erosion. This
chapter thus presents an analysis of the literature in the fields of wind erosion, drought
and climate systems, highlighting knowledge gaps and justifications for this study.

2.1

Wind erosion

Wind erosion is recognised as an important land degradation issue globally (McTainsh
& Pitblado 1987; Middleton 1986; Middleton & Goudie 2001). Regions which
experience heightened wind erosion activity and provide a source of erodible sediment
available for

long-range transport include dry and arid areas such as the Sahara

region in Africa (Ansmann et al. 2011; Goudie & Middleton 2001), parts of Asia
(including China) (Bo & Zheng 2013; Bory, Biscaye & Grousset 2003; Chen, F. et al.
2013; Chen, S. et al. 2013; Fischer et al. 2009; Huang et al. 2010), the United States
(Brazel & Nickling 1986; Goudie & Middleton 2006; Lee & Gill 2015; Nickling & Brazel
1984) and central Australia (Aryal et al. 2012; Greene et al. 2001; Hesse & McTainsh
2003; Knight, McTainsh & Simpson 1995).
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Wind erosion is recognised as having several impacts, including impacts on health and
air quality (Aryal et al. 2012; Ginoux et al. 2012; Gong et al. 2003; Goudie 2009; World
Health Organisation (WHO) 1999), agricultural activity (Cattle 2016; Lee & Gill 2015;
Leys 1999; Ravi et al. 2011) and weather and climate (Ansmann et al. 2011; Ault et al.
2011; Bryant 2013; Chen, S. et al. 2013; Ginoux et al. 2012; Goudie 2009; Goudie &
Middleton 1992; Goudie & Middleton 2001). With increases in land use intensity and
abrupt changes in climate predicted over the next century, drought and wind erosion
may be seen to increase, intensify or expand (Goudie 2009; McTainsh 2004; McTainsh
et al. 2005; Nicholls 2003). The following sections discuss wind erosion in terms of a
series of complex and interrelated factors: types of dust event, erodibility and erosivity,
investigations of dust transport and seasonality. It concludes with a discussion of
research into impacts of wind erosion and dust activity.

2.1.1

Types of wind erosion

Goudie and Middleton (1992) identified several aeolian dust event types, including dust
storms, dust haze, blowing dust and dust devils (also known as dust whirls). These
definitions of dust phenomena remain current, although some debate exists as to which
events constitute dust storm activity and which constitute dust in transport (such as
dust haze) (O’Loingsigh et al. 2014).

Dust storms are defined as turbulent events, which reduce visibility to less than 1000m
(Al-Dousari & Al-Awadhi 2012; Goudie & Middleton 2006; McTainsh & Pitblado 1987;
Middleton 1989). This meteorological measure of dust storm activity involves recording
the visibility of a given object at 1000 metres distance at a meteorological observation
location (Middleton 1989). These events are regarded as the most evident example of
wind erosion activity, due to their characteristic appearance as a rolling dust cloud and
their broad-scale impacts (McTainsh & Boughton 1993; Office of Environment and
Heritage 2013).

Dust haze involves particles, suspended in the air unrelated to active current local
entrainment (Goudie & Middleton 1992). Such haze involves dust particles in
suspension, which may indicate dust raised from a prior event or location (McTainsh &
Pitblado 1987). Blowing dust is regarded as a dust event which occurs at the locally
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entrained level and does not reduce visibility to below 1000 metres, but can entrain
dust to moderate heights (Goudie & Middleton 1992; McTainsh & Pitblado 1987).
Blowing dust is regarded as a low energy event, localised in scale and impact
(McTainsh & Pitblado 1987).

Dust devils are turbulent columns of dust which are localised, small-scale events
(Goudie & Middleton 1992). These may be up to 30 metres in height, have a narrow
diameter, and are limited in duration and distance (McTainsh & Pitblado 1987). Some
debate has arisen over the classification of dust devils as a dust-raising phenomenon.
This meteorological feature is a form of turbulence, yet it is short-lived in nature and
difficult to measure, thus presenting an important methodological challenge (McTainsh
& Pitblado 1987). More recent studies have have sought to calculate the total
suspended particles (TSP) values of dust devils. Metzger et al. (2011) found a peak
mean vertical flux of 1689 milligrams per cubic metre calculated from sampling 33 dust
devils. Jemmett-Smith et al. (2015) also estimated dust devils contribute 3.4% to the
global dust budget.

McTainsh and Pitblado (1987) investigated the frequency of each of the above dust
phenomena in Australia using meteorological records. They found that, spatially, all
dust events occurred across Australia, except for some coastal areas. Dust storms
have a more limited extent, with their highest frequency in central Australia and the
coast of Western Australia (5 events annually), while blowing dust occurred less
frequently, occurring in coastal parts of Western Australia and the Nullarbor (4 events
annually). Dust haze occurred over a wider scale, impacting coastal regions (reflecting
previous entrained and suspended dusts), while dust devils occurred mostly in central
Australia and parts of inland Western Australia (McTainsh & Pitblado 1987).

In addition to these categories, the Bureau of Meteorology (BOM) incorporates WMO
weather codes for dust events, including the time and type of event (Leys et al. 2008).
These codes are utilised in the Dust Event Database (DEDB) in the form of Dust Event
Days (DED), a frequency based measure of wind erosion activity. McTainsh (1998)
incorporated these into the development of a Dust Storm Index (DSI) which provided
an overview of dust storm intensity at a given location (Leys et al. 2008). This can be
used to understand dust storm intensities at a larger spatial scale (when information
from multiple sites is combined to form a map) (O’Loingsigh et al. 2014).
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This index incorporates the sub-categorisation of events, including Severe Dust Storms
(SDS) (measured by whether these severe dust storms have increased, not changed
or decreased during the hour before), Moderate Dust Storms (MDS) (dust storm at
observation time or one hour before, slight or moderate dust storm during or an hour
before or thunderstorm generated dust storm), and Local Dust Events (LDE) (locally
raised dust, sand or dust / sand whirls near the observation station during observation
or an hour prior) (Leys et al. 2008; McTainsh & Tews 2007; O’Loingsigh et al. 2014).
More recently, the DSI has been modified to account for dust code definition changes
that occurred in 1973 (O’Loingsigh et al. 2014) and to account for the lack of
identification of a distinction between severe dust storms and moderate dust storms
pre-1950s (termed the Long-Term Dust Storm Index (DSILT)) (O’Loingsigh et al. 2014).
Meteorological records of wind erosion activity will be used in this thesis as they
provide a long-term record of wind erosion in the Australian region. The measure of
DED will be used as it is a frequency-based measure of wind erosion which avoids the
challenges associated with BOM codes of wind erosion intensity (O’Loingsigh,
McTainsh, Tews et al. 2014).

There are four major modes of aeolian transport including saltation-sandblasting, direct
entrainment, reptation and creep (Kok et al. 2012). These processes are highly
dependent on wind speed and particle size (Kok et al. 2012; Shao 2008). Saltation
generally occurs with sand-sized fractions (approximately 70-500 microns) with
material travelling over short distances and heights (Bullard & McTainsh 2003; Kok
2011; Kok et al. 2012; Shao 2008). These saltating materials can release finer particles
via the process of sandblasting due to collision with other particles or directly with the
soil surface (Kok 2011). Finer materials (such as dust <100 microns) are more likely to
be entrained and suspended by the wind and can be subjected to short or long-term
suspension, sometimes transported large distances (Bullard & McTainsh 2003; Kok et
al. 2012). Another occurrence is that of reptation, where larger particles (approximately
500 microns) can be moved over smaller distances (<1cm) mobilised by saltating
particles (Kok et al. 2012). Creep occurs when larger particles (approximately >500
microns) roll along the surface, moved along by saltating particles and the drag of the
wind (Kok et al. 2012).

Fugitive dust emissions are dust emissions that occur due to human activities. This
includes entrainment through action of vehicles such as plows, tractors, cars, trucks
and helicopters and can incorporate sources such as fields (open and agricultural),
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parking spaces, roads, construction areas, mining or uncovered piles (Watson, Chow &
Pace 2000; Watson et al. 2011).

2.1.2

Drivers of wind erosion

The large spatial and temporal variability of wind erosion activity is driven by the
complex interaction between factors that control land surface features (erodibility) and
those that control wind (erosivity) (Butler, Hogarth & McTainsh 2001; Kalma et al. 1988;
Yu, Hesse & Neil 1993; Yu, Neil & Hesse 1992).

Wind erodibility

Wind erodibility refers to the nature of the soil surface and its susceptibility to erosion
by wind, including aspects such as soil moisture, soil composition and vegetation
(Chappell et al. 2007; McTainsh & Boughton 1993; McTainsh, Burgess & Pitblado
1989). Generally, the characteristics of a soil, as well as vegetation factors, can be
considered to operate at a local scale, whilst factors such as rainfall can be considered
at a broader regional or continental scale (McTainsh, Burgess & Pitblado 1989). In
broad terms, a reduction in ground cover and lowered soil moisture are regarded as
increasing a region’s susceptibility to dust storm activity (Yu, Hesse & Neil 1993).

Elmore et al. (2008) discussed erodibility factors including precipitation, surface water
and groundwater and their impacts on dust generation in desert regions. They noted
that precipitation can have one of two impacts: a lack of precipitation, resulting in
lessened vegetative cover and soil moisture, and an increase in precipitation, resulting
in a subsequent increase in alluvial sediments and deposits, providing increased
sources of erodible sediments. Additionally, they stated that groundwater’s impact on
dust generation is not as well understood as that of precipitation and surface water
(surface drying) (Elmore et al. 2008). Similarly, Yu, Hesse and Neil (1993) found that
dust activity was highly responsive to precipitation, namely, rainfall that occurred one
year prior, due to crop / vegetation responsiveness to moisture.

Gao et al. (2012) noted that two dust storms that occurred in the Hunshdak Sandy
Lands in China occurred at lower wind speeds due to lower vegetation cover and
deterioration of the soil surface. This was caused by drought conditions during 2001-
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2008 and the subsequent presence of higher pressure, resulting in increased
temperatures and higher evapotranspiration rates (Gao et al. 2012). Similarly, Yu, Neil
and Hesse (1992) determined that drought played a more important role in the
intensification of dust storm activity than that of below-average rainfall.

Vegetation cover and soil particle size can also play an important role in wind erosion
intensity (Butler, Hogarth & McTainsh 2001; McTainsh & Boughton 1993). Lee and
Sohn (2009) found that finer textured soils with smooth surfaces had the highest rates
of wind erosion and that increased vegetative cover resulted in lower rates of wind
erosion.

In addition to vegetation cover and soil moisture, soil crusts have also been identified
as influencing the erodibility of a soil surface. Eldridge and Leys (2003) noted that
during times of drought, biological soil crusts and soil aggregation protect a soil surface
from wind and water erosion. Hupy (2004) found that differing surface covers (whether
it be actual soil surface texture or vegetation / crust cover) had distinct influences on
wind erosion rates. It was found that dune regions had the highest rates of wind
erosion, while there was no significant difference between sites with various cover
types, indicating that just the actual presence of cover itself (whether it be vegetative,
soil crust or gravel) directly controls wind erosion (Hupy 2004).

Surface crusting (both biological and physical crusting) has an important role in wind
erodibility as it alters the soil surface (Field et al. 2010). Specifically, biological soil
crusts (such as cyanobacteria, algae, fungi, lichen and moss) can stablise soils in arid
to semi-arid regions (Belnap & Gillette 1998; Chappell et al. 2007). This occurs through
strengthening of the soil surface due to cohesion / binding between soil particles and
the biological crust (increasing the size of aggregates), addition of nutrients (such as
nitrogen) and organic matter and altering the roughness of a soil surface (increasing
the wind velocity required to erode a soil surface) (Belnap & Gillette 1998; Chappell et
al. 2007; Eldridge & Leys 2003; Field et al. 2010; Munson, Belnap & Okin 2010).
Additionally, they can improve the overall structure of a soil, resulting in increased plant
growth and decreased soil erodibility (Burri, Gromke & Graf 2013). Physical crusts
occur when wetting and drying result in clay and silt particles binding together to form a
crust on the soil surface, protecting the soil surface from wind erosion (Field et al.
2010). The formation of crusts (both biological and physical) is influenced by factors
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such as soil texture, soil stability and climate (such as precipitation) (Webb & Strong
2011).

Another important wind erodibility factor is that of land use and land management.
Land use practices (such as agricultural or management) are important factors as they
can affect the vegetation and soil surface condition, which, in turn influences wind
erosion (Aubault et al. 2015; Li et al. 2014). For example, land use practices such as
excessive stocking rates and the cultivation of once forested or pastoral regions can
increase the risk of wind erosion (Li et al. 2014). This is due to the lowering of
vegetation cover and subsequent exposure of the soil surface. Additionally, impacts
from livestock such as trampling can result in impacts to vegetation and stability of the
soil surface (Aubault et al. 2015; Baddock et al. 2011). Once a region has been
disturbed, the invasion of woody weeds and pest species (such as rabbits) can occur,
placing further stress and influence on vegetation and soils (Cattle 2016; Leys 1991;
McTainsh et al. 2011).

Lee & Gill (2015) explored the role that land use had in the Dust Bowl period of the
1930s in the Southern Great Plains of North America. They found that agricultural
practices such as dry farming techniques coupled with drought conditions contributed
to the extreme wind erosion experienced at the time. The Campbell Method
encouraged farming practices utilising little to no irrigation and the use of readily
erodible soil mulch, while tillage methods and lower soil moisture generated soils with
finer, more wind erodible materials at the soil surface (Lee & Gill 2015). Similarly, from
an Australian context, Cattle (2016) explored the case for the Australian Dust Bowl
period and its causes. Cattle (2016) identified that there was a profound increase in
dust storm activity between 1895 to 1945 in the Mallee region of Victoria and western
NSW, which was associated with changes in landuse (such as conversion of
rangelands to pastoral and cropping areas), aridity and overgrazing (by both sheep and
rabbits). These factors combined, contributed to the susceptibility of the soil to wind
erosion during this Australian Dust Bowl period (Cattle 2016).

Land use can also lower wind erosion risk through the implementation of land
management practices (Koch et al. 2015; Leys et al. 2009). These include methods
such as conservation tillage, no-till cropping and the retention of stubble / groundcover
to protect the soil surface (Chappell et al. 2018; Koch et al. 2015). Lee & Gill (2015)
identified the role the Government had in developing and promoting soil conservation
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agricultural practices such as contour plowing and terracing (to retain soil moisture),
strip cropping (to reduce wind speeds), use of listers (to create surface roughness) as
well as the purchase and revegetation of highly erodible land areas and creation of
conservation areas (and reimbursing farmers for planting native vegetation).
Additionally, advances in agricultural methods (such plow designs which promoted
retention of crop residue and improved tractor power) and use of irrigation post 1930s
also contributed to reduced levels of wind erosion (Lee & Gill 2015).
Wind erosivity
Wind erosivity refers to the erosive nature of the wind, as influenced by climate and
synoptic systems (McTainsh & Boughton 1993; Skidmore 1986). Synoptic systems
refer to the day-to-day or week-to-week weather systems experienced from a synoptic
scale (visibly depicted on Mean Sea Level Pressure (MSLP) charts) for example cold
fronts, trough systems and low / high pressure (Sturman & Tapper 2006).. Wind
erosion results when the frictional velocity placed upon a given surface exceeds the
surface’s ability to resist particle detachment and entrainment (Belnap & Gillette 1998;
McTainsh & Boughton 1993; Skidmore 1986). Wind erosivity includes aspects such as
wind speed and direction; these features, in turn, influenced by overarching factors
such as synoptic systems and broad-scale climatic systems (Strong et al. 2011).
Generally, erosivity characteristics such as climate, wind speed and wind direction can
be considered to operate on a regional or continental scale (McTainsh, Burgess &
Pitblado 1989).

Several studies have investigated the erosivity component of wind erosion, including
synoptic systems, wind speed, wind directions, climate systems and drought. Gong et
al. (2004) noted the role of cold fronts in generating dust storm activity in East Asia.
These synoptic-scale systems provide a source of erosive winds capable of entraining
and transporting dust (Gong et al. 2004; Raupach et al. 1994; Strong et al. 2011).
Gong et al. (2004) determined that meteorology and climate have had much more of an
influence on dust storm activity in Asia than that of desertification itself. Similarly,
Zhang et al. (2003) reached the same conclusion.

Drought is considered as a broad-scale influence on the frequency and intensity of dust
storm activity (McTainsh, Burgess & Pitblado 1989; O’Loingsigh et al. 2014; Strong et
al. 2011). In terms of influences on erodibility, the decreases in rainfall and
subsequently reduced vegetation and soil moisture contribute to the susceptibility of a
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soil to wind erosion (Bach 1988; Belnap, Munson & Field 2011; Goudie 2009;
Middleton, Goudie & Wells 1986). Bach (1988) determined that extensive wind erosion
in California from 1990-1991 was primarily caused by two years of severe drought and
eight years of below average rainfall. Additionally, they determined that due to these
drought conditions, land use changed to adapt, resulting in the transformation of
agricultural cropping lands to sheep grazing, which contributed to increased wind
erosion susceptibility (Bach 1988). Similar land use changes were described by Lee &
Gill (2015) and Cattle (2016) with respect to the Dust Bowl periods of the USA and
Australia. Several studies (Alizadeh-Choobari, Zawar-Reza & Sturman 2014; Indoiotu,
Orlovsky & Orlovski 2012; Marx et al. 2014; O’Loingsigh et al. 2014) identified that
increased dust storm activity (both in terms of frequency and severity) followed periods
of sustained and extreme drought.

It is important to note that climatic factors can influence both erodibility (such as soil
moisture and vegetation) as well as erosivity (wind speeds, directions and synoptic
systems) (McTainsh, Burgess & Pitblado 1989). However, drought may not necessarily
result in an overall increase in wind erosion. For example, in supply limited locations
(such as very dry localities), drought may result in a decrease in dust emissions and
transport (Belnap, Munson & Field 2011). This is due to the removal of a limited
sediment supply and lack of sediment replenishment from fluvial activity (Bullard et al.
2011; Bullard 2013). This concept relates to the relationship identified by McTainsh,
Burgess and Pitblado (1989) in which wind erosion is seen to increase with decreasing
rainfall, reaching a threshold at approximately 200mm, under which wind erosion is
seen to decrease.

The USA Dust Bowl period is an archetype of the relationship between drought and
dust activity. Lee & Gill (2015) identified from a climatic perspective that drought
(generated from the altered positioning of high and low pressure systems in the region)
in combination with land management and the economy were important contributors to
the Dust Bowl period. During the 1930s the drought affected 67% of the USA and
Canada (and was most severe during 1934 and 1935), which was preceeded by a wet
period (approximately 1905 to 1917) (Lee & Gill 2015). Similarly, in Australia, Cattle
(2016) identified the case for the Australian Dust Bowl Period (1895-1945). Periods of
drought (and subsequent wind erosion) during this time were attributed to the
combinations of climate systems such as ENSO, the Interdecadal Pacific Oscillation
(IPO), IOD and SAM which resulted in reductions in seasonal rainfall (Cattle 2016).
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Aridity can also be a potential influence on wind erosion activity. Loewe (1943) noted
that dust storms were more frequent during dry years than wet ones, while Sprigg
(1982) stated that the impact of dust storms is enhanced during periods of drought and
aridity. Australia is regarded as an arid continent. This aridity contributes to its
susceptibility to wind erosion through decreased soil moisture, high evapotranspiration
and low precipitation (McTainsh & Boughton 1993). McTainsh, Burgess and Pitblado
(1989) found that with increasing aridity comes increased dust storm occurrence, with a
peak at 200 millimetres rainfall.

A geomorphic type classification initially developed by Kocurek and Havholm (1993)
sought to describe the differing responses of eolian systems to variations in
precipitation, soil moisture and vegetative cover (Bullard et al 2011; Butler, Hogarth &
McTainsh 1996). Three sediment volume-based classifications were developed by
Kocurek (1998) including sediment supply, sediment availability and transport capacity.
Factors such as climate (including precipitation and wind speeds), vegetation and soil
structure influence wind erosion through limiting these classifications (Bullard et al.
2008). For example, floods can result in an increase in sediments (increased sediment
supply) and subsequent wind erosion for a floodplain, but a geomorphic region such as
a dune may have lowered wind erosion due to an increase in soil moisture and
vegetation (limited sediment availability) (Bullard et al. 2008). These concepts are
explored further in Chapter 5 with respect to AWE.

Eolian system state theory and the concepts of sediment supply, sediment availability
and transport capacity limitation have been explored in Australia predominantly from a
Quaternary geomorphic perspective. For example, several studies (Fitzsimmons et al.
2013; Hesse 2011, Lomax, Hilgers & Radtke 2011 and Marx et al. 2011) have
reconstructed Quaternary and Holocene geomorphic timelines and identified humid
and arid phases across the Australian continent and their influences on dune
environments. These changes in climatic conditions would have affected the supply,
availability and transport capacity of sediments (for example during humid phases
sediment supply would have been high, whilst sediment availability may have been low
due to increased vegetation).

Strong et al. (2010) applied aspects of eolian state theory to a field-based study to
investigate the impacts of wildfire on interdunes in the Simpson Desert in Australia.
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They developed a conceptual feedback model in which fire reduced vegetative cover,
which then increased the susceptibility of a soil to wind erosion. From there, either
aeolian activity increased (due to saltation) or decreased (due to vegetation
reestablishment). If saltation occurred, aeolian abrasion would result in finer particle
sizes (and entrainment of this fraction), loss of aggregates, and lower particle cohesion
(Strong et al. 2010). Decreased rates of precipitation were identified as slowing the
ecological recovery of the region (Strong et al. 2010).

2.1.3

Source areas, spatial distribution and transport

It is recognised that dust source areas are generally regions that experience low
annual rainfall (of less than 200 to 250mm), are drainage basins located inland and are
subject to intermittent flooding (McTainsh 2004; Prospero et al. 2002). This intermittent
flooding provides a source of erodible alluvial sediment (Bullard et al. 2008; McTainsh
1989; McTainsh 2004; Prospero et al. 2002). Additionally, several other studies have
identified that wind erosion is most frequently observed in semi-arid to arid regions
(Butler, McTainsh & Hogarth 2012; McTainsh, Burgess & Pitblado 1989). McTainsh
(1989) identifies several source areas of sediment including alluvial floodplains (such
as the Channel Country, Cooper Floodplain and Diamantina River), playa lakes and
claypans (including Lake Eyre River systems, Lake Mungo, Lake Frome and Lake
Torrens), dune fields (such as the Strzelecki and Simpson) and the Murray-Darling
Basin.

Several methods have been used to identify source areas including the use of
meteorological observations (to identify the occurrence of dust), isobaric analysis (to
pinpoint where dust has travelled from according to synoptic-scale wind systems),
tracing mineral composition in deposits and remote sensing (Middleton & Goudie
2001). Middleton and Goudie (2001) used Total Ozone Mapping Spectrometer (TOMS)
measurements to identify source areas in the Saharan region, with various findings.
Firstly, the Bodélé Depression had the highest levels of dust occurrence, with extensive
seasonal variation. Secondly, the main geomorphic source area within the Bodélé
Depression was the larger Bilma-Faya Largeau source area (first identified by Kalu
(1979)) (Middleton & Goudie 2001). This source area has an important source of silty
alluvial sediment initiating from the Tibesti region and from Holocene and Pleistocene
deposited silty material in Lake Chad (Middleton & Goudie 2001). Similarly, Bullard et
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al. (2008) used moderate-resolution imaging spectroradiometer (MODIS) satellite
imagery to identify local dust source areas in the Lake Eyre Basin, finding a total of 529
dust plumes and determining that the main source areas were regions of ‘aeolian
deposition, alluvial deposits and floodplains and ephemeral lakes or playas’, (p. 1).
They identified the Lake Eyre Basin as being supply limited, with sediment supply and
sediment availability in the dust source geomorphologies a more important influence
than that of transport capacity (Bullard et al. 2008). Bullard et al. (2008) found that
while previous studies determine that Lake Eyre was the major source of dust in
Australia, during the years of this study (2003-2006) it accounted for only 4% of dust
plumes identified.

More recently, studies have used the Hybrid Single Particle Lagrangian Integrated
Trajectory Model (HYSPLIT) to improve understanding of dust storm trajectories and
dust source areas. HYSPLIT is a model which focuses on atmospheric transport and
deposition through the computation and simulation of air parcel trajectories with one
commonly used application being that of analysing back-trajectories (Stein et al. 2015).
Alam, Qureshi and Blaschke (2011) used HYSPLIT in conjunction with other satellitebased products (including MODIS and TOMS) to conduct back-trajectory analyses in
Pakistan. They found that seasonal relationships existed in terms of aerosol optical
depth, with summer air masses travelling short distances whilst winter air masses were
more likely to travel larger distances (hence higher AOD values during summer) (Alam,
Qureshi & Blaschke 2011). Other studies have focused on simulating specific dust
events, their source areas and trajectories (Ashrafi et al. 2014; Wain et al. 2006),
identifying the influence of various meteorological conditions (such as high wind
speeds and pressure systems), source areas (such as deserts) and major dust
transport pathways (such as the northeastern Australia dust pathway or southwest dust
pathway in Beijing) (Bui et al. 2015; Wang et al. 2010).

McTainsh and Boughton (1993) also note that the spatial distribution of wind erosion in
Australia can be explained through wind strength and wind systems. They explain that
some regions experience higher winds than others due to the distribution and
movement of synoptic-scale systems such as cold fronts. These strong wind systems
provide a source of wind erosion potential in areas such as southern Australia (Kalma
et al. 1988; Leslie & Speer 2006; Loewe 1943; Sprigg 1982; Strong et al. 2011).
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From a transport perspective, it is recognised that dust entrained in the Australian
region follows two identified dust transport paths. These paths are the northwest and
southeast paths as first identified by Bowler (1976). Studies also note the inherent
complexity of these pathways. For example, McGowan et al. (2000) researched the
dust transport pathways from Australia to New Zealand using air parcel trajectory
analysis and found that not only did trajectories vary overall but also during a single
given event. This was related to differing synoptic conditions influencing wind
directions.

From a global perspective, Prospero et al. (2002) used the Total Ozone Mapping
Spectrometer (TOMS) to identify major global dust sources. They found the largest
sources of dust present in the Northern Hemisphere, consisting of a belt of major dust
source areas (predominantly natural sources) encompassing areas such as the
western North Africa, parts of the Middle East, Asia and China (Prospero et al. 2002).
These source areas were identified as areas of internal drainage / intermittent flooding
(for example lakes, streams and rivers) which provide a source of erodible alluvial
sediment (Prospero et al. 2002). Similarly, Petherick, McGowan and Kamber (2009)
used the composition of mineralogical elements in transported dusts to identify
transport pathways by analysing the composition of aeolian dusts in lake sediments.
Results indicated source areas such as Lake Frome, the Darling River floodplains, the
Strzelecki Desert, the Central South Australia (SA) floodplain, the Channel Country and
the Murray-Darling Basin. These source areas changed in importance according to
changing climate conditions during the late Quaternary, which limited the availability of
sediment for entrainment.

In terms of estimates of the size and loads of transported dust, McTainsh et al. (2005)
estimated that the dust load of the 23 October 2002 dust storm which impacted eastern
Australia was approximately 3.35-4.85 million tonnes, with a plume size of
approximately 840,860 square kilometres. This was one of the largest dust loads
recorded in Australian history (McTainsh et al. 2005). Another dust storm of similar
proportions was observed on 23 September 2009. This “Red Dawn” event was
considered the largest dust storm to affect Sydney in terms of visibility (400m) and its
dust load was estimated at approximately 2.54 million tonnes (Leys et al. 2011). It is
important to note that while the “Red Dawn” dust event appears to have a smaller dust
load value compared to the 2002 dust storm, this is because Leys et al. (2011)
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investigated a smaller area for their load estimate as compared to the whole continent
in the McTainsh et al. (2005) study.

Overall, it is important to note that source areas, distribution and transport are a
function of the drivers of wind erosion. Changes through time and space reflect the
overarching changes in climate systems that directly affect erosivity (for example
erosive synoptic systems) or indirectly affect erodibility (for example through
precipitation).

2.1.4

Seasonality

A distinct seasonality in wind erosion and dust storm activity is evident in eastern
Australia, associated with the north and south regions (McTainsh & Boughton 1993;
McTainsh, Lynch & Tews 1998). McTainsh and Boughton (1993) found that when
rainfall and dust storm activity are investigated, a distinct pattern of seasonality can be
identified. In the north, dust storms are more frequent during the spring and early
summer months, coinciding with lower rates of rainfall, whilst in the south, the lowest
rainfall period and warmer temperatures occur during the summer months coinciding
with when dust storms are more frequent (McTainsh & Boughton 1993; McTainsh,
Lynch & Tews 1998).

McTainsh, Lynch and Tews (1998) further extended this

seasonal understanding of dust storm activity by presenting it spatially as reproduced
in Figure 2.1.

Early studies compared meteorological records to field observations. For example,
Loewe (1943) and Sprigg (1982) first noted the seasonality of wind erosion within
Australia. Loewe (1943) noted that on an annual basis, dust storms were more
prevalent during the late spring and summer months, with southern regions
experiencing their highest dust storm occurrences during summer. This seasonality
was further supported by Sprigg (1982) who found that sand and dust storms in
Australian deserts had late winter, through to spring and summer seasonality. This
seasonality is also noted by several other studies (Bullard et al. 2008; Ekström et al.
2004; McGowan et al. 2000) which state that central Australia experiences peak dust
storm activity in the spring and summer months.
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Figure 2.1: The northern and southern wind erosion regions of eastern Australia (Source: McTainsh,
Lynch and Tews 1998).

Kalma, Speight and Wasson (1988) studied the seasonality and annual nature of
potential wind erosion in Australia. They found that potential wind erosion is higher
south of the tropics, and that wind erosivity in southern regions of Australia is at its
peak in October and July (coinciding with the migration of the westerly wind belt), while
in southwestern Western Australia, winds peak in July (coinciding with winter rainfall).
In the tropical north, the Northern Territory and Queensland experience a peak in
erosive winds during July, while for northern central parts of Australia and the Northern
Territory, this peak occurs in January (Kalma, Speight & Wasson 1988). Overall, from
these studies it is evident that the seasonality of wind erosion generally coincides with
periods of lower precipitation.

2.1.5

Impacts of wind erosion and dust storm activity

Wind erosion and dust storm activity are both naturally occurring processes which are
amplified by factors such as land use activities and climate change (McTainsh &
Boughton 1993; Shao 2008; Tegen et al. 2004). Impacts of wind erosion can occur
either on-site (entrainment) or off-site (transport).
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On-site impacts

On-site impacts of wind erosion and dust storm activity include the direct removal of a
soil surface, which in turn can have agricultural and land use implications,
environmental and economic impacts.

Wind erosion and dust storm activity result in the active entrainment, transport and
deposition of a soil surface (Shao 2008). This phenomenon is of particular importance
in agricultural regions, where farming practices coupled with extended periods of below
average rainfall (drought) can result in the removal of large quantities of fertile topsoil,
leading to large economic costs associated with decreased agricultural productivity
(Shao 2008). Several studies have attempted to estimate the rate and quantity of dust
removed from given areas during broad-scale dust storm events. Knight, McTainsh and
Simpson (1995) reckoned dust loadings for a major December 1987 dust storm and
calculated that approximately 6.3 million and 5.5 million tonnes of dust originated from
the Simpson Desert and Channel Country, respectively. Similarly, Raupach et al.
(1994) calculated that the 1983 Melbourne dust storm contained approximately 2
million tonnes of dust at a nutrient (nitrogen and phosphorus) replacement cost of
approximately $4.3 million.

At a local scale, aeolian abrasion can occur, in which saltating sands can actively sandblast vegetation and the soil surface (McTainsh and Boughton 1993), which is clearly of
importance in regions with agricultural crops on sandy soils. Additionally, this process
can alter the natural landscape, with active abrasion forming ventifacts or yardangs
(ridges) (McTainsh & Boughton 1993).

Off-site impacts

The off-site impacts of wind erosion and dust storm activity are associated with the
long-range suspension, transport and deposition of dusts, including increased nutrient
loadings, deposition, climate change impacts (such as radiative forcing) as well as
potential health and aviation hazards (Baddock et al. 2013; Cao et al. 2005; Cavazos,
Todd & Schepanski 2009; Gabric et al. 2010).
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It is recognised that dust transport and deposition can have important implications for
nutrient loads (particularly iron) and subsequent phytoplankton growth in the oceans
(Gabric et al. 2010; Shaw, Gabric & McTainsh 2008; McTainsh et al. 2005; Prospero &
Lamb 2003). Gabric et al. (2010) studied the impacts of the 2002-2003 dust storms in
Australia on the Southern Ocean and found a biological response (evident through
higher surface chlorophyll levels) to dust storms during this period. This can have
further implications for the levels of carbon dioxide in the atmosphere, due to the levels
of photosynthetic organisms and iron rich dust in the oceans (as iron in these regions
may limit the growth of phytoplankton) (Cropp et al. 2013; Mahowald et al. 2005). Dust
deposition in the oceans can also influence ocean temperatures through limitations to
marine primary production, resulting in ocean cooling (Cropp et al. 2013; Goudie &
Middleton 2001).

Dust aerosols can also affect climate through reflection, scattering and absorption of
incoming solar radiation (radiative forcing) (Alizadeah Choobari, Zawar-Reza &
Sturman 2013; Bryant 2013; Cavazos, Todd & Schepanski 2009; Chen et al. 2012; Ge
et al. 2010; Goudie 2009; Goudie & Middleton 2001; Miller, Tegen & Perlwitz 2004;
Zhao et al. 2010). Furthermore, dust aerosols can mix with air pollution, resulting in the
enhanced absorption and scattering of solar radiation, thereby contributing to the
phenomenon of global dimming (Huang et al. 2008).

Several studies note this

relationship, including Goudie and Middleton (2001) who note that Saharan dust can
influence air temperatures through the modification of short and long-wave solar
radiation, which varies based on the chemical nature and particle size of the dust
aerosol. Other climatic impacts of dust / wind erosion activity include its ability to form
electrification (specifically in dust storms) (Bo & Zheng 2013; Stow 1969) and its ability
to act as condensation nuclei for the formation of precipitation (Goudie & Middleton
2001).

Dust aerosols can also have implications for health as respiratory irritants (Goudie
2009; Shao 2008). Leys et al (2011) found that the recorded concentration of
particulate matter in Sydney during the “Red Dawn” dust event (23 September 2009)
was 15,366 µg/m2 and several stations (including Newcastle and Randwick) exceeded
the 50µg/m2 over 24 hours of the Australian air quality standard (Leys et al. 2011, p.
327). Exposure to dust can result in eye and airway irritation as well as breathing
difficulties to those that suffer from pre-existing respiratory conditions such as asthma
or emphysema (Department of Health 2010). Several studies (both globally and in
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Australia) have investigated the health impacts of dust storm activity. Al-Taiar and
Thalib (2014) investigated the impact of dust storms on short term mortality
(respiratory, cardiovascular and all cause mortality) in Kuwait and found no significant
correlation. However, Chen et al. (2004) estimated a 7.66% respiratory disease risk
one day after a dust storm, a 4.922% risk of death two days after a dust storm and a
2.59% risk of circulatory disease two days after a dust storm but these results were
deemed not statistically significant in Taipei. Tam et al. (2012) found that there were
increases in hospital admissions due to chronic obstructive pulmonary disease during
dust storm days (2 days after an episode) compared to non dust storm days.

Goudie (2014) provided a comprehensive overview of the numerous impacts of dust
storms upon human health. These included respiratory disorders such as asthma,
pneumonia and rhinitis, cardiovascular disorders such as stroke and other
miscellaneous health problems such as skin irritation, conjunctivitis, valley fever, algal
blooms and transport accidents stemming from dust activity (Goudie 2014).

From an Australian case-study perspective, Barnett, Fraser and Munck (2012) found
that emergency admissions to a hospital in Brisbane (Prince Charles Hospital) during
the 2009 ‘Red Dawn’ dust storm increased by 39%. Merrifield et al. (2013) also noted a
large increase in hospital admissions in Sydney for asthma during the September 2009
dust storm and a smaller increase in respiratory and all visits to emergency, particularly
for those of greater than or equal to 65 years of age and less than or equal to 5 years
of age.

Conversely, Rutherford et al. (2003) found that there was no change in

respiratory-related admissions to hospitals during the October 2002 dust event in QLD,
however there was a change for cardiovascular-related hospital admissions. From a
general perspective, Hansen et al. (2012) found that hospital admissions for
cardiovascular issues increased during the cooler season (particularly for particulate
matter of 2.5 microns or less) while Johnston et al. (2011) found a 15% increase in
‘non-accidental mortality at a lag of 3 days’ (p. 811). Rutherford et al. (1999)
determined that severity in asthma significantly increased during dust events (between
1992 and 1994), however, general relationships were difficult to determine.

Evidence of long-range transport and deposition is presented in both the Arctic and
Antarctic regions where dust has been identified in ice cores by a number of studies.
Specifically, medium and long-range dust transport and deposition have been
demonstrated and proven through mineralogical and chemical analysis (Bory, Biscaye
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& Grousset 2003; Cao et al. 2005; Cattle et al. 2003; Huang et al. 2010; Revel-Rolland
et al. 2006) and satellite imagery / modelling of transported dusts (Bessagnet et al.
2008; McGowan et al. 2005).

From an economic / industrial perspective, entrained dusts can pose an aviation
hazard

affecting

visibility

and

interfering

with

mechanical

components

and

communications (Baddock et al. 2013). This disruption can, in turn, result in economic
losses due to delays or rerouting of transport and human costs, including injury or
death (Baddock et al. 2013). Baddock et al. (2013) investigated the impact of wind
erosion with respect to aviation in Australia from 1969-2010. They found that dust
storms accounted for nearly half of all aviation incidents reported, while dust hazes
were responsible for a quarter. A majority of these reported incidents were related to
navigational difficulty and journey schedules (Baddock et al. 2013). It was found that
dust was mainly an inconvenience to aviation, which results in economic cost due to
delays.

It is evident from the review above that wind erosion itself can generate a range of on
and off-site impacts. Additionally, many factors influence wind erosion and dust storm
activity (including climate, soil properties, vegetation and drought). It is important to
note the complexity of such influences on wind erosion, namely, that some factors
(such as climate and drought) can also influence other contributing factors (such as soil
moisture and vegetation).

As stated in Chapter 1 and Section 2.1.2, the link between drought occurrence and
wind erosion is known (mainly through its impact upon soil moisture and vegetation)
(McTainsh & Boughton 1993; Yu, Hesse & Neil 1993). While this basic relationship is
known, what is not known is whether differences in drought result in differences in wind
erosion activity. The concept of drought and its effects will be explored in Section 2.2
below.

2.2

Defining drought – Definitions, impacts, influences and indices

Drought is a naturally occurring hazard which can affect the environment, agricultural
productivity, wind erosion / dust storm activity, and weather (Bachmair, Kohn & Stahl
2015; Blain 2012; Gao et al. 2003; McGrath et al. 2012; McTainsh, Burgess & Pitblado
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1989; Propsero & Lamb 2003; van Dijk et al. 2013). Several studies have identified that
the nature of drought is changing in terms of its frequency, intensity and higher
temperatures / evaporation rates based on factors such as climate change (BauerMarschallinger et al. 2013; Dai et al. 2004; Nicholls 2003; Nicholls 2012; Risbey et al.
2003). It is expected that future periods of drought will be extended both in terms of
severity and duration (ABC News 17 November 2008; Dai 2013; McCarthy 2014;
Steffen 2012; The Sydney Morning Herald 3 April 2013). This has important
implications for future wind erosion activity in Australia.

Drought is a topic extensively covered in the media due to its broad-scale impacts and
effect on the agricultural sector. A recent example is the coverage of the western
Queensland drought, which graziers state as being the “worst drought in memory”
(Arthur 2014, p. 1). A similar sentiment is echoed in other articles, this drought
described as “officially the worst and most widespread on record” with 80% of
Queensland affected (Hough & Rogers 2014, p. 1; Neales 2014, p. 1). The impacts of
this Queensland-based drought are framed from an agricultural context, including lack
of feed for livestock and decreased fruit and vegetable profits (Arthur 2014; Neales
2014; Zonca, Hough & Judd 2014).
While this drought may be described as the “most widespread” or “worst on record”, it
is important to consider that each drought highlighted in the media is often
characterised as the worst that has ever been experienced. Examples of this notion
include the Millennium Drought which was described as “the worst drought in 1000
years”, or the “worst in the millennium” (The Age 2006, p. 1; Vidal 2006, p. 1), while the
1982-83 drought could be considered in terms of short-term rainfall deficiency as
“perhaps the worst in Australia for the 20th century” or “one of the most intense and
widespread on record in Australia” (Australian Bureau of Statistics (ABS) 2001 p. 1;
BOM 2013a, p. 1).

Although they are featured in the news as the worst or most widespread in history, how
do these drought periods differ? Australia’s climate is recognised as having high
interannual variability, resulting in recurring drought periods (Bauer-Marschallinger et
al. 2013; Bond, Lake & Arthington 2008; Khan 2008; Lindesay 2003; McWilliam 1986).
Its droughts can occur approximately once every 4 to 40 years and can vary in terms of
rainfall deficiency and spatial impact (Lindesay 2003). How in fact do they vary in terms
of duration, intensity and spatial scale?
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The identification of drought periods in Australian and global contexts is an important
consideration in the provision of funding and / or compensation by governments in the
assessment of exceptional circumstances (such as drought resulting in a decrease in
farm productivity and income) (Department of Agriculture, Fisheries and Forestry
(DAFF) 2013; Laughlin & Clark 2000). In general terms, drought periods are defined as
a period of below average rainfall or a “prolonged abnormally dry period with
insufficient water for user’s normal needs” (DAFF 2012, p. 5). With respect to Australia,
drought periods are common occurrences which vary on a decadal basis. Anecdotal
evidence identifies these drought periods based on human observations of their
impacts on land, agriculture (crops and livestock) and water resources.

A characteristic common to studies in drought is that while we are aware of the
occurrence of drought as defined by an operational definition (whether that be
meteorological, agricultural or socioeconomic drought), complexities exist in the
identification of drought start and end dates, intensity, duration and spatial extent (Byun
& Wilhite 1999; Hayes et al. 1999; Kiem et al. 2016; Marsh, Cole & Wilby 2007; Parry
et al. 2016; Wilhite & Glantz 1985). Coupled with the complexity of applied measures
and established impacts, this contributes to a complicated picture of drought (Heim Jr
2002).

In other words, it is accepted in the literature that drought periods can vary according to
spatial scale (spatial impact), intensity and duration (Sheffield et al. 2004; Wilhite &
Glantz 1985), but the extent to which this happens has not been clearly demonstrated,
neither has the reason for this been adequately explained or understood (Gallant et al.
2013). Classification of drought using such drought severity measures has been
suggested by Mishra and Singh (2010) to improve the use of drought indices. Such
measures are related to the conceptual and operational definitions of drought itself.
2.2.1

Conceptual and operational definitions of drought

Drought can be loosely defined as “a prolonged, abnormally dry period” which is
temporary in nature, with rainfall received occurring well below a defined low threshold
or below what is expected climatically (BOM 2013a, p. 1; Coughlan 2003; Gathara et
al. 2006; Palmer 1965). The term’s definition is regarded as challenging with no
universally accepted one currently available (BOM 2013a; Bond, Lake & Arthington
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2008; Gibbs & Maher 1967; Oladipo 1985). Drought is identified as highly variable,
involving more than just rainfall deficiencies (for example involving higher temperatures
and agricultural impact), affects the environment, agriculture and water sources in
different ways (Nicholls 2004; van Dijk et al. 2013) and varies according to ideological
perspectives (Gathara et al. 2006). As such, it has been unrealistic to have a universal
definition due to the broad range of impacts and discipline-specific definitions (Gathara
et al. 2006).

Subsequently, several drought operational definitions have been discussed in the
literature, including meteorological drought, agricultural drought, hydrological drought,
ecological drought and socioeconomic drought (Kiem et al. 2016; Oladipo 1985; Wilhite
& Glantz 1985; WMO 2005). These types also differ in their definition and classification
of drought periods (Dai, Trenberth & Tian 2004).
1. Meteorological drought can be defined as a sustained period of belowaverage rainfall (Coughlan 2003; Keyantash & Dracup 2002; Kiem et al. 2016;
Oladipo 1985). Below-average rainfall varies according to the environment, as
regions experience differing amounts of rainfall (Oladipo 1985; WMO 2005).
This definition of drought can be distinguished from that of aridity, which is a
time-averaged measure of rainfall and a permanent characteristic of drier
climates (Coughlan 2003; Mpelasoka et al. 2008; Oladipo 1985).
2. Agricultural drought refers to a deficiency in moisture content of the soil which
is available for the growth of crops and other agricultural processes (such as
grazing) (Kiem et al. 2016). An agricultural drought would involve a situation
where soil moisture is at a level which is inadequate to sustain agricultural crops
(Oladipo 1985).
3. Hydrological drought refers to the combination of evaporation and
precipitation, namely, the deficiency of stream flow, reservoir storage and
groundwater (Kiem et al. 2016; Oladipo 1985; WMO 2005).
4. Ecological drought refers to widespread soil moisture deficit or the deficit of
biologically available water which impacts terrestrial and aquatic life (Kiem et al.
2016).
5. Socioeconomic drought identifies drought according to its monetary impact
and effect on society (Oladipo 1985). This can incorporate a shortage of goods
and services and economic losses resulting from periods of drought and involve
individuals or collectives (Oladipo 1985; WMO 2005).
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While these terms are commonly identified in the literature as being objective or
disciplinary definitions of drought (Wilhite & Glantz 1985), it is important to note that
they each primarily focus on specific drought impacts. These definitions are then used
for specific purposes (such as funding, management or the development of policy). For
example, the Bureau of Meteorology Rainfall Deficiency Analyser (based on
meteorological drought) supports the Australian Government Drought Concessional
Loans Scheme – to assist applicants with applying for loans which fall under this
scheme (BOM 2014c).

More recently, studies have sought to focus on the improvement of the definition of
drought (Blain 2012; Garner et al 2015; Kiem et al. 2016; Masih et al. 2014; Mishra &
Singh 2010; Peterson et al. 2013; Van Loon 2015; Wilhite et al. 2014) which has
resulted in the identification of additional operational definitions of drought (including
the addition of ecological drought) and improvement of existing definitions. Kiem et al.
(2016) notes that while these definitions are widely accepted and adopted by the
research community, there are still confusions associated with their use. This includes
confusion with other water deficit indicators (such as aridity), the unique timing of
drought itself and the introduction of confusion between operational definitions,
impacts, causes and risks (Kiem et al. 2016; Lloyd-Hughes 2014; Wilhite et al. 2014).
This is an important consideration when analysing drought, as the definition chosen will
ultimately define the impacts that will be investigated, and the estimated severity,
duration and frequency of a given drought period (Wilhite & Glantz 1985; WMO 2005).

2.2.2

Causes of and influences on drought

Drought is influenced by a variety of different factors including weather / climate,
agricultural activity and / or land use. As the impacts of climate change are predicted to
rise in the future it is expected that drought periods will increase in frequency, duration
and intensity (Intergovernmental Panel on Climate Change (IPCC) 2013; Power et al.
2013). Weather and climate play a major role in the development of drought conditions,
including the ENSO, SAM and IOD which can contribute to rainfall deficiency when in
their relevant phase (BOM 2012). Persistence of dry phases of these modes (or when
these climate drivers are in alignment) can result in droughts of long duration and
intensity (McGrath et al. 2012).
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Several studies have investigated the influence of various climate modes on the
intensity and duration of drought (through studying aspects such as rainfall decline or
absence). Some studies (Chiew et al. 1998; Cook, Miller and Seager 2008; McBride &
Nicholls 1983) have identified the ENSO as an important climate mode in the
development of drought conditions. When the negative ENSO phase coincides with a
drought period, drought severity can be enhanced or intensified due to lack of rainfall
and higher temperatures (BOM 2012).

Conversely, Ummenhofer et al. (2009) found that the variation in the IOD (the absence
of a negative IOD phase) rather than ENSO contributed to a lack of rainfall in
southeastern Australia during the ‘Big Dry’ of 1995-2009. Additionally, they found that
increased temperatures were also associated with the intensity of this drought event
(Ummenhofer 2009).

Nicholls (2010) investigated the role of three climate modes (the ENSO, SAM and IOD)
to describe an observed decline in rainfall in southern Australia during the autumnwinter seasons of 1958-2007. A correlation between SAM and decreased rainfall was
found; specifically, with respect to an increase in surface pressure in southern
Australia. This increase was associated with the positive phase of the SAM. It was also
evident that the ENSO and IOD played a lessened role in explaining the rainfall decline
(Nicholls 2010).

Recently, increasing attention has been given to the broad scale climatic systems
which influence the development, persistence and overall behaviour of drought. BauerMarschallinger et al. (2013) investigated the role of ENSO, IOD and SAM in variations
in soil moisture in Australia over a 32-year period. They found strong seasonal
relationships with ENSO and soil moisture in northern and eastern Australia during
specific seasons (spring and summer), 10% of soil moisture variation in southeast
Australia could be attributed to ENSO during winter, SAM influenced soil moisture
during summer and autumn in eastern Australia and IOD impacted during spring
(Bauer-Marschallinger et al. 2013). Additionally, climatic teleconnections are noted as
influencing drought variability in North America (Cook, Ault & Smerdon 2015).

Synoptic-scale weather systems also play an important part in the decrease of rainfall
during periods of drought. Kiem and Verdon-Kidd (2010) found that decreased autumn
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rainfall in Victoria and broad-scale climate drivers were responsible for reduced stream
flow during the ‘Big Dry’ drought in Victoria (initiating in 1994). Specifically, it was found
that migration of the sub-tropical ridge (a ridge of high pressure) blocking the passage
of cold fronts and associated low pressure systems (a source of autumn rainfall)
coupled with the absence of pre-frontal troughs was responsible for reduced rainfall
during this period. The overarching climate modes of the ENSO and SAM (in their dry
phases) were found to be responsible for these synoptic patterns (Kiem & Verdon-Kidd
2010).

2.2.3

Impacts of drought

As mentioned earlier, drought has many impacts on the economy, environment and
society. During periods of drought, evaporation and evapotranspiration rates increase
due to higher temperatures (Nicholls 2004). This, in turn, affects soil moisture and
vegetation growth as available water is reduced. As discussed in Section 2.1.2,
reduced vegetation cover and low soil moisture are characteristics which make a soil
susceptible to wind erosion, therefore drought can increase an area’s risk of such
erosion.

There are also flow on effects in terms of fire. A lack of rainfall during drought, coupled
with dry vegetation and higher temperatures, can result in heightened fire dangers
(Beer, Gill & Moore 1988; Goldammer & Siebert 1990; Greenville et al. 2009;
Hennessy et al. 2006). Fire risk is also enhanced in that drought also dries local
waterways and river systems (Chiew et al. 1998; van Dijk et al. 2013).
It is important to note that impacts of drought can be interlinked – for example, impacts
on hydrology can affect agriculture and subsequently the economy (Horridge, Madden
& Wittwer 2005; van Dijk et al. 2013). Impacts on the hydrological and meteorological
aspects of a region can affect vegetation cover and subsequently wind erosion and / or
bushfires (Bach 1988; Gong et al. 2004; Hennessy et al. 2006).

The various impacts of drought will be discussed below from an environmental,
economic and social perspective (also summarised in Figure 2.2).
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DROUGHT
“A prolonged abnormally dry period”
(BOM 2013a, p. 1; Coughlan 2003;
Gathara et al. 2006; Palmer 1965)

OPERATIONAL / CATEGORICAL
DEFINITIONS

Meteorological
Drought

Hydrological
Drought

Agricultural
Drought

Socioeconomic
Drought

IMPACT TYPES

Environmental
Impacts















Wind erosion
Water quality impacts
such as salinity
Bushfires
Plant and animal species
Wildlife habitat
Air and water quality
Forests
Landscape quality
(vegetation cover)
Loss of biodiversity
Soil erosion
Lack of food and water
Increased predation
Air quality (pollutants and
dust).

Social
Impacts

Economic
Impacts








o

o
o

Unemployment
Increased costs of goods and
services
Losses in dependent industries
(such as those which cater to
agriculture – e.g. fertiliser)
Impact on banks, lenders
Impact on government
(Commonwealth, State, Local)
Industry specific impacts,
including:
Livestock – rangeland demise,
high cost of water / feed for
stock, closure of lands, fire risk,
predation (i.e. wild dogs)
Cropping – direct crop damage,
reduced productivity
Timber – bushfire risk, plant
diseases, lowered productivity
Fisheries – lack of water flow to
support fish stock, habitat
demise.














Air and water quality
Mental health
Quality of life
Lack of secure and
continuous water supply
Increased concentrations
of pollutants
Lowered sewage flows
Public safety (from
occurrence of bushfires
Distribution of drought
relief funding
Increased unemployment
(in rural regions)
Reduction in savings,
ownership of properties
(due to default)
Decreases in personal
hygiene.

Figure 2.2: Flowchart of conceptual definition of drought, operational definitions and impacts (as
summarised from Gathara et al. (2006); Kiem et al. (2016); McKee et al. (1993); Wilhite & Glantz (1985)
and WMO (2005)).
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Environmental Impacts

Several environmental impacts are associated with drought periods. As mentioned, a
lack of rainfall during drought, coupled with dry vegetation and higher temperatures,
can result in heightened fire dangers (Beer, Gill & Moore 1988; Goldammer & Siebert
1990; Greenville et al. 2009; Hennessy et al. 2006). Bushfire risk indices (such as the
Forest Fire Danger Index ((FFDI)) include the use of a drought factor in their calculation
as drought is closely related to the occurrence of bushfires (Beer, Gill & Moore 1988;
Goldammer & Siebert 1990).

Several studies recognise drought to be associated with increases in annual
temperature, maximum temperatures and evaporation rates (Nicholls 2004; Nicholls
2012). Local waterways and river systems being dried by drought (Chiew et al. 1998;
van Dijk et al. 2013) means that freshwater ecosystems are affected through loss of
habitat and waterway connectivity (Bond, Lake & Arthington 2008). Issues such as
increased salinity have also been observed to be influenced by the occurrence of
drought (Attrill, Rundle & Thomas 1996).

Other environmental impacts of drought include direct impact on plants and animals
(through habitat and landscape demise), increased predation due to decreases in
available food and water, declines in air quality due to higher concentrations of dust
and pollutants, and wind erosion (due to a lack of rainfall and lowered vegetation
levels) (Gathara et al. 2006; Wilhite & Glantz 1985; WMO 2005). Overall, during
drought periods landscape quality can become highly degraded, resulting in an overall
loss of biodiversity for a drought-affected region (WMO 2005).

Economic Impacts
Economic impacts stem from impacts on the land itself, affecting industries which rely
on these resources (such as agriculture, horticulture and aquaculture). Additionally,
industries that rely on the environment for their existence (such as tourism) can also be
adversely affected by drought (Hayes et al. 1999).

Examples of economic impacts include industry losses due to decreased land
productivity (whether that be to support livestock, crops or forestry), increases in prices
for goods and services (such as food products and water supply), stresses placed on
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financial institutions and / or businesses due to the loaning of money and defaults on
loans and impacts on all three tiers of government due to revenue losses and the
provision of drought relief funding (for example Exceptional Circumstance payments)
(Wilhite, Svoboda & Hayes 2007). Indirectly, industries can suffer which provide
products such as fertiliser and agricultural equipment to those industries directly
disadvantaged (Wilhite & Glantz 1985).

In terms of agriculture, drought can impact severely on cropping and grazing lands
through land degradation, wind erosion and weed infestations (Stone et al. 2003).
Stock losses can occur due to lack of water and feed, whilst prolific growth of pest flora
and fauna species during wetter years can result in the overuse of grazing lands during
the initial onset of drought periods (Stone et al. 2003). In terms of crops, losses can
occur due to plant stress and lower yield because of decreased soil moisture (Desclaux
& Roumet 1996). Such agricultural losses impact the gross domestic product (GDP)
(Horridge, Madden & Wittwer 2005).

It is evident that economic impacts stem from environmental impacts, landscape
demise and lack of available water directly affect the industries that rely on them (such
as agriculture). Because of their propensity to be readily measured in terms of
monetary value, such economic losses are commonly calculated to cost more than the
losses related to the environmental impacts which cause them (Wilhite, Svoboda &
Hayes 2007).

Social Impacts

From a social perspective, drought can affect the quality of life for those in affected
areas, through water restrictions, reductions in agricultural productivity, increased
prices of electricity and bushfires (van Dijk et al. 2013). Additionally, public health may
be impacted due to water scarcity (WMO 2005), while social impacts such as mental
health issues including, suicide, and economic impacts like loss of property ownership,
increased unemployment and direct financial hardship can also occur (Gathara et al.
2006; Wilhite & Glantz 1985; WMO 2005).

The effects of drought can be considered in a systems context (for example by the
methodology of Yevjevich et al. 1978) in which interactions and interlinkages between
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society, the economy and the environment can be viewed (Wilhite & Glantz 1985). A
summary of the definition of drought, operational definitions and the various impacts
and connections was provided previously in Figure 2.2. It is important to note that this
flowchart is non-exhaustive, and there are numerous consequences and connections
which have not been included. The purpose of this chart is to serve as a broad-scale
overview of drought definitions and impacts.

2.2.4

Quantifying drought – drought indices

A number of indices have been developed to measure the intensity of different drought
types as they have been conceptualised (including meteorological, hydrological and
agricultural drought). Several of these indices will be discussed below, with a focus on
meteorological drought (as it is quite often the precursor to other types of drought)
(Coughlan 2003). The list of indices below is not exhaustive as there are both many
variants of these indices as well as numerous other indices relevant for analysing
agricultural, hydrological and socioeconomic drought. As meteorological drought
generally precedes all other forms of drought (Coughlan 2003) it can be used as a
warning of extreme or exceptional conditions. Drought prediction can be achieved by
calculating the balance of water over time, through the notion of a supply (rainfall in this
case) minus demand (evaporation) calculation (Coughlan 2003).

Several studies have attempted to review the plethora of drought indices available to
the drought scientist. Heim Jr (2002) reviewed 20th century drought indices used in the
United States, including the Palmer Drought Severity Index (PDSI), Antecedent
Precipitation Index, Keetch-Byram Drought Index, Standardized Precipitation Index and
Drought Monitor (to name a few). He found that indices have evolved over time to try to
manage the complexity of drought, including by developing the inclusion of
evapotranspiration (such as the PDSI). While some drought indices have been used for
a long time (such as the PDSI) some emerging indices (such as the Surface Water
Supply Index (SWSI)) incorporate new concepts (such as groundwater issues and
snowpack) complement these older models.

Keyantash and Dracup (2002) evaluated several meteorological, agricultural and
hydrological drought indices and ranked them according to defined evaluation criteria
(including robustness, tractability, transparency, sophistication, extendibility and
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dimensionality). They found that the three highest ranked drought indices (rainfall
deciles, total water deficit and computed soil moisture) were the best measures for
meteorological, hydrological and agricultural drought, respectively. Mpelasoka et al.
(2008) similarly evaluated two drought indices for Australian based drought studies;
Rainfall Deciles and Soil Moisture Deciles. These indices were used to analyse future
drought periods in Australia (2030 and 2070) with respect to global warning. They
found that a general increase in drought periods would occur, with soil moisture index
droughts more frequent than those of rainfall deciles.

Meteorological drought, while considered the harbinger of other types of drought, has
also been selected as the closest definition of drought relevant to wind erosion as it is
primarily concerned with sustained periods of below average rainfall (Coughlan 2003;
Keyantash & Dracup 2002; Oladipo 1985). This is due to the impact of precipitation on
wind erosion itself and flow on effects of meteorological drought to variables of wind
erosion such as soil moisture and vegetation (Gao et al. 2012; Yu, Hesse & Neil 1993).
More recently, several studies have focused on the comparison of indices for a
particular use (whether that be for meteorological, hydrological or agricultural drought).
Bachmair, Kohn & Stahl (2015) compared the SPI and Standardised Precipitation
Evaporation Index (SPEI), and groundwater and streamflow percentiles as drought
indicators in Germany, finding that the SPEI performed slightly better than the SPI.
Similarly, Dayal et al. (2017) used the SPEI to investigate drought duration, severity
and intensity in Queensland, finding that the SPEI was convenient in terms of its ability
to identify the start and end dates of drought and ranking of drought which is useful for
hydrological assessment. Other studies have focused on the applying the SPEI (Deo &
Şahin 2015; Vicente-Serrano, Beguería & López-Moreno 2009), comparing the SPEI
and Palmer Drought Severity Index (PDSI) (Zhao, Velicogna & Kimball 2017), Effective
Drought Index (EDI) (Deo et al. 2017; Deo & Şahin 2015b) and SPI (Deo, Kisi & Singh
2017; Karavitis et al. 2011; Rahmat, Jayasuriya & Bhuiyan 2015) to specific historical
droughts or timelines, or providing an overall commentary and evaluation of drought
indices (Hayes et al. 2011; Mishra & Singh 2010; Verdon-Kidd et al. 2017; Zargar et al.
2011).

Specifically, Verdon-Kidd (2017) compared historical droughts in Texas, USA and the
Murray-Darling Basin in Australia using meteorological (SPI), agricultural (Normalized
Difference Vegetation Index (NDVI)) and hydrological (Streamflow Drought Index
(SDI)) drought indices. They found that meteorological drought developed first
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(generally a period of six months), closely followed by agricultural drought (one month
later) for both the USA and Australia (Verdon-Kidd 2017). Hydrological drought initiated
at different times for Texas (within one month) compared to the Murrary-Darling Basin
(four months) once meteorological drought occurred, with droughts generally ceasing
faster than they started in Texas. This may be attributed to the prevailing synoptic
systems in Texas which provide drought breaking rains (low pressure trough and
positioning of the Polar Jet Stream), compared to Australia (the monsoon trough and
southerly positioned low pressure systems) (Verdon-Kidd et al. 2017). This
demonstrates how different drought indices may vary in application according to
location (Australia versus North America).

Some commonly used meteorological drought indices (non-exhaustive list)
The Palmer Drought Severity Index (PDSI) is a measure that aims to calculate the
severity of meteorological drought (using water balances) at a regional scale (Alley
1984; Guttman 1998). The PDSI specifically uses precipitation and moisture supply
and demand (Dai et al. 2004). It is one of the most commonly used drought indices
(Barros & Bowden 2008). Guttman (1998) notes that this index was particularly useful
for studies involving subjects that were responsive to changes in soil moisture. While
this is the case, several weaknesses of this index have been identified, including the
impact of monthly rainfall on preceding index values (Alley 1984), comparative
limitations due to standardization (Alley 1984; Guttman 1998) and dealing only with
wetness and dryness (Guttman 1998). The Palmer Hydrologic and Z Indices were
developed to provide more depth in the field of water monitoring and monthly wet and
dry periods (Guttman 1998).

The Standardized Precipitation Index (SPI) is a measure that investigates the
deficiency in rainfall over differing timescales (Guttman 1998). It seeks to standardize
precipitation datasets to calculate the possibility that these values will be exceeded for
a given time (Keyantash & Dracup 2002). A potential weakness of this index is the fact
that it requires a long precipitation dataset for comparison (≥50 years for 1 year drought
periods and even more for longer droughts) (Guttman 1998 in Keyantash & Dracup
2002). An advantage of this method is that it can be used in forecasting drought due to
its probabilistic nature (Barros & Bowden 2008).
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The Drought Area Index (DAI) was developed specifically to measure the persistence
of drought periods as future calculations of this index are dependent on previous
values (Bhalme & Mooley 1980; Keyantash & Dracup 2002). It is not complex in nature
as it merely requires precipitation records (such as the monthly, average and standard
deviation of precipitation) (Keyantash & Dracup 2002).
The rainfall decile is an approach used to investigate rainfall as a reflection of past
historical precipitation records (Department of Agriculture and Food 2005). It involves
ranking observed precipitation over a defined monthly period (such as 3 or 6 months)
and comparing this to previous climatic records (Keyantash & Dracup 2002). If this
summative value falls in the lowest decile, a “drought affected” classification is applied
(Keyantash & Dracup 2002, p. 1170). Keyantash and Dracup (2002) note that this
classification ends when precipitation in the last month causes the 3-month total to
occur in or above the fourth decile, or total precipitation over three months falls in or
above the eighth decile (p. 1170). It is important to note that this method, while easy to
calculate, may not necessarily be applicable to climates that experience a seasonality
of rainfall (Keyantash & Dracup 2002; BOM 2013).

Additionally, the BOM (2013) notes difficulty associated with identifying the end of a
rainfall deficiency period, for which it defines two criteria:
“The rainfall of the past month already exceeds the 30 th percentile for the three-month
period commencing that month, or
Rainfall for the past three months is above the 70th percentile for that period” (BOM
2013, p.1).

It is important to note that these criteria only apply to time periods of 12 months or less,
so the issue of rainfall seasonality (such as the presence of a wet and dry season) also
affects results.
Rainfall anomalies are a measure of actual rainfall compared to mean historical
rainfall, involving basic departure of rainfall from the historical mean (Keyantash &
Dracup 2002). Weaknesses of this approach include its simplistic nature in that it is
unable to decipher start and end times of drought and there is a lack of a standard
(such as a standard deviation) for comparison (Keyantash & Dracup 2002).
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The Rainfall Anomaly Index (RAI) incorporates rainfall anomalies which are assigned
magnitude through ranking positive or negative values (Keyantash & Dracup 2002).
Values of this index are compared to a 9-category classification. Bärring and Hulme
(1991) used the RAI to improve previous estimates of Sahelian rainfall having identified
that previous studies which involved RAI calculation for this region incorporated
incomplete and scattered data, which resulted in incomparable deviations from the
mean rainfall. To address this issue, they incorporated scaling and standardisation of
rainfall values to interpolate missing values. Such a method is therefore useful when
estimates need to be made to account for missing data.

2.2.5

Measuring drought duration, intensity and spatial scale

Several studies have attempted to address drought severity (or magnitude) by means
of presenting new indices and / or models. Earlier studies of drought such as Dracup,
Lee & Paulson (1980, p. 289) involved the estimation of magnitude of hydrological
drought through the division of severity (the “cumulative excess or deficit at streamflow
for that duration”) by duration (the number of consecutive years that the annual
streamflow is above or below the long-term mean). Ponce, Pandey and Ercan (2000)
extended this concept further by defining intensity as magnitude multiplied by duration.
They found that this was only applicable for mean values so they provided a
conceptual method for interpreting changes in drought. Their drought intensity index
involved a ratio of the precipitation deficit (mean precipitation subtract precipitation) to
the mean value of precipitation. This provided annual intensities which could be added
to provide an overview of a given drought period.

Byun and Wilhite (1999) presented four additional indices which utilised duration and
severity of deficits in precipitation, accumulated totals of deficits in precipitation, return
to normal precipitation and the effective drought index (which involved standardisation
for comparison worldwide). They found that these new indices (when applied to the
High Plains regions in the United States of America) could indicate drought intensity.
The effective drought index was considered most suitable for worldwide assessment of
drought severity while the precipitation required for a return to normal conditions was
found to be applicable for smaller areas and smaller time periods.
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The quantification of drought intensity and duration has been long recognised as a
challenge (Byun & Wilhite 1999). Byun and Wilhite (1999) evaluated drought indices in
terms of the units of assessment used, finding that most indices used monthly time
scales or longer. They argued that few indices used a weekly unit and that daily
measurements should be an important consideration as drought affected regions can
return to normal conditions even after as little as one day’s rainfall. Conversely, studies
such as Keyantash and Dracup (2002) recommend that monthly or three-monthly time
scales are suitable for use with drought indices such as rainfall deciles.

More recently, Gallant et al. (2013) investigated the spatial extent of drought in
Australia (both meteorological and agricultural) through running mean precipitation data
(both actual and modelled) to estimate four drought indices – drought frequency
(expressed as a fraction of seasons experiencing drought as a percentage), drought
events (expressed as drought recurrence or consecutive seasons in drought), drought
duration (expressed as an average length in seasons of drought) and drought intensity
(expressed as average magnitude of rainfall or soil moisture anomalies according to
drought event). They found that droughts over time have changed from less frequent
and more intense periods of drought to more frequent and less intense periods.

Oladipo (1985) and Byun and Wilhite (1999) recommend precipitation data in the
calculation of drought indices due to the frequency and consistency of data collection
and the notion that definitions of drought are primarily related to the shortage of
precipitation (such as the definition of meteorological drought – provided above in
Section 2.2.1). Additionally, Barros and Bowden (2008) suggest that factors such as
drought duration, severity and initial onset are important in the management of water
resources.

It is evident from these studies that measurement of drought characteristics such as
duration (including onset and end), intensity and spatial scale are required in order to
develop management strategies for industries such as agriculture to cope with drought
periods (McWilliam 1986). The identification of the start and end dates of drought is still
identified as a challenge due to the complexities associated with the spatial and
temporal nature of drought itself (Kiem et al. 2016).
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2.3

Climate systems

Several climate systems influence Australia’s weather including the ENSO, SAM and
IOD (BOM 2012), which are all recognised as influencing drought (Ummemhofer et al.
2009; Verdon-Kidd & Kiem 2009) and subsequent wind erosion (Okin & Reheis 2002;
Speer 2013; Webb 2006). Overlying these are interdecadal climate systems such as
the Interdecadal Pacific Oscillation (IPO) (WMO 2013). In the northern hemisphere,
climate systems such as the North Atlantic Oscillation (NAO) and Atlantic Multidecadal
Oscillation (AMO) are observed to impact weather and climate (IPCC 2013; WMO
2013). This section will explore these climate systems and their respective indices with
respect to the literature and studies in the field. A more detailed overview of climate
systems and their specific influences upon wind erosion in provided in Chapter 6.

2.3.1

Annual and interannual climate modes

The El Niño Southern Oscillation (ENSO)

The ENSO is the term given to the zonal or anomalous changes in sea surface
temperatures (SST) and overlying pressure systems which occur in the subtropical and
tropical Pacific Ocean on a decadal, interdecadal, annual or interannual basis (Turner
2004; Vance et al. 2013). It is regarded as a coupled ocean-atmospheric phenomenon,
as variations in SST directly influence the atmosphere, which in turn affects the
weather and climate in mid-latitude locations (Ashok, Guan & Yamagata 2003;
Bejarano & Jin 2008; Hsieh & Hamon 1991). Several studies have investigated the
impact of the ENSO on aspects such as wildfires and bushfires (Brenner 1991; Chu et
al. 2002; Greenville et al. 2009; Harris et al. 2008; Hess et al. 2001; Kitzberger 2002),
drought and rainfall (Chiew et al. 1998; Hayman, Whitbread & Gobbett 2010; McBride
& Nicholls 1983; Nicholls 1989; Nicholls, Lavery et al. 1996), sea ice anomalies and
sea salt concentration (Kwok & Comiso 2002; Simpkins et al. 2012; Vance et al. 2013),
dust activity response, source area identification and prediction (Bryant et al. 2007;
Chylek, Lesins & Lohmann 2001; Okin & Reheis 2002; Propsero & Nees 1986). The
ENSO is recognised as creating interannual variability in rainfall in regions of Australia
including the Murray-Darling Basin (Barros & Bowden 2008).
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Several studies have identified strong teleconnections between the ENSO and other
climate systems. Fogt and Bromwich (2006) note that when ENSO modes in the Pacific
South American Region and the Southern Annular Mode (SAM) are in-phase, this
results in a strong teleconnection. Min, Cai and Whetton (2013) investigated the
teleconnections between the ENSO, SAM and IOD in terms of extreme climatic
conditions (rainfall and temperature) in Australia. They found that drier and warmer
conditions were experienced over the northeast and south coast regions during the El
Niño and positive IOD phases during cooler seasons.

Conversely, during the La Niña and negative IOD phases wet and cold conditions
predominate (Min, Cai & Whetton 2013). When SAM was investigated, its positive
phase generated cooler and wetter conditions during the summer months in eastern
Australia, whilst negative values resulted in dry, warm conditions (Min, Cai & Whetton
2013). This notion of the teleconnectedness of the ENSO, SAM and IOD is further
explored in Chapter 6 with respect to wind erosion activity.

Other studies have noted the relationship between the ENSO and drought both globally
and in Australia. Hayman, Whitbread and Gobbett (2010), found that average grain
yields were lower in El Niño years than in those of La Niña in Australia. Negative ENSO
phases (El Niño) are characterised by a cooling of sea surface temperatures in the
western Pacific Ocean which, in turn, results in a reduction of rainfall to parts of eastern
and central Australia and an increase in rainfall to the central and eastern Pacific (BOM
2012; Figure 2.3c).

Conversely, the positive ENSO phase (La Niña) is characterised by a warming of sea
surface temperatures in the western Pacific Ocean which, in turn, results in an increase
in rainfall to parts of eastern and central Australia and a decrease in rainfall to the
central and eastern Pacific (BOM 2012; Figure 2.3b) This lack of rainfall during the
warm, dry ENSO phase can also have serious implications such as heightened rates
and risk of bushfires (Hess et al. 2001; Skidmore 1987).
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a)

b)

c)

Figure 2.3: The three phases of the ENSO a) neutral, b) El Niño and c) La Niña (Source: BOM (2017m)).

The Southern Annular Mode (SAM) or Antarctic Oscillation (AAO)

The SAM (also known as the Antarctic Oscillation (AAO)) is the name given to describe
the north-south migration of the westerly wind belt in the southern hemisphere (BOM
2012). This westerly wind belt is observed to contain mid-latitude weather systems
(including fronts, troughs and storm systems) which vary in intensity and location with
fluctuations in SAM (BOM 2012).
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During a positive phase of SAM, the westerly wind belt contracts toward Antarctica,
taking with it embedded low pressure and cold front systems. This results in a
dominance of high pressure over the Australian continent, producing dry and stable
conditions (BOM 2012; Figure 2.4a). This blocking high pressure pattern coupled with
the southern migration of westerly winds can result in the blocking of cold fronts from
reaching the Australian continent (BOM 2012; IPCC 2013).

Conversely, during a negative phase of SAM, the westerly wind belt migrates north
towards the equator, bringing with it cold fronts and areas of low pressure (Figure
2.4b). These systems impact upon the Australian continent, resulting in increased
storm activity and rainfall. It is observed that the frequency and intensity of low
pressure systems over southern Australia increase during this negative phase (BOM
2012).

a)

b)

Figure 2.4: a) Positive and b) negative phases of SAM (Source: Agriculture Victoria 2015).

Several studies have investigated the impact of the SAM on aspects such as sea ice
concentration and glaciers (Hall & Visbeck 2002; Purdie et al. 2011; Simpkins et al.
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2012), temperature and rainfall (Gillett, Kell & Jones 2006; Hendon, Thompson &
Wheeler 2007; Marshall 2007; Nan & Li 2003; Pui et al. 2012; Meneghini, Simmonds &
Smith 2007), wind speed (Hande et al. 2012; Speer 2013), wildfire (Holz & Veblen
2012), cloud cover (Laken & Pallé 2012), climatic simulations (Marshall et al. 2012;
Pohl & Fauchereau 2012; Visbeck 2009) as well as the intensification of the positive
phase of SAM over time (Marshall 2003).

The Indian Ocean Dipole (IOD)
The IOD is a climatic system like the ENSO but occurs in the equatorial Indian Ocean.
It involves the difference in SST between a western water mass (the Arabian Sea) and
the eastern Indian Ocean (the ocean south of Indonesia) (BOM 2012). It is also
similarly a coupled ocean-atmospheric phenomenon as the changes in SST affect the
weather that develops above (BOM 2012). This climate system is seen to affect
regions such as East Africa, Indonesia, East Asia, the Mediterranean, Australia and
Brazil (Ashok, Guan & Yamagata 2003).

Due to the IOD being a potential extension of the Walker Circulation (which is involved
with the ENSO) it has been seen that El Niño events are enhanced during positive IOD
events (Figure 2.5a). When the ENSO and IOD are ‘out of phase’ (i.e. the IOD is
negative during El Niño and positive during La Niña) this can subsequently result in
weakened events (BOM 2012) (Figure 2.5b).

Several studies have investigated the impact that changes in the IOD have on aspects
such as weather (rainfall, storm tracks and drought). Ashok, Nakamura and Yamagata
(2007) investigated the influence that the ENSO and IOD had on storm tracks in the
southern hemisphere during winter. It was found that the IOD had stronger impacts
than that of the ENSO and during positive IOD events westerly winds and storm activity
weakened in southern Australia, which subsequently resulted in less rainfall.

Conversely, during a negative IOD event, these westerly winds and storm tracks can
be seen to be enhanced (Ashok, Nakamura & Yamagata 2007). Similarly, Ashok, Guan
and Yamagata (2003b) used an “atmospheric general circulation model”, to find that
the IOD had a negative relationship (or correlation with rainfall) over southern and
western regions of Australia; meaning that decreases in rainfall are associated with
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positive phases of the IOD (p. 1) (Figure 2.5a). This is also discussed by Behera and
Yamagata (2001) as being an inverse relationship between SST and rainfall.

Positive phases of the IOD are also recognised as influencing drought in the eastern
Pacific Ocean (Cai et al. 2009) and bushfires (Cai, Cowan & Raupach 2009). Cai,
Cowan and Raupach (2009) found that a total of 11 out of 21 bushfires were preceded
by a positive IOD event. These positive IOD events contribute to lower soil moisture,
higher temperatures and lower rainfall which, in turn, increases bushfire susceptibility
(Cai, Cowan & Raupach 2009).

a)

b)

Figure 2.5: Indian Ocean Dipole a) positive phase and b) negative phase (Source: BOM (2017g)).
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2.3.2

Decadal and Interdecadal Climate Systems

The Pacific Decadal Oscillation (PDO)

The PDO is a pattern of sea surface temperatures similar to that of El Niño but
occurring on a larger time scale (approximate periodicity of 20-30 years) (Grigholm et
al. 2009). This climate pattern mainly affects the North Pacific Ocean (Grigholm et al.
2009) but has also been observed to influence southern hemisphere climate systems
(Lamb et al. 2009). It involves large areas of warm and cold sea surface temperatures
in parts of the eastern and central Pacific Ocean (Grigholm et al. 2009).

Lamb et al. (2009) found that variation in dust frequency in central Australia was
controlled by variation in wind direction, namely the speed of south to southeasterly
wind directions. This wind direction change, in turn, was remotely influenced by PDO
sea surface temperature changes (Lamb et al. 2009). It was also found that changes in
the PDO also influenced other conditions such as sunlight, cloud cover and rates of
rainfall (Lamb et al. 2009).

Mundo et al. (2012) determined that fire regimes in the Araucaria araucana forests of
southwestern Argentina are highly influenced by climate systems including the PDO (p.
194). It was found that negative phases of the PDO and ENSO were associated with
widespread fire activity. These systems were seen to have a combined effect on the
occurrence of fire in this region (Mundo et al. 2012).

The Inter-Decadal Pacific Oscillation (IPO)

The IPO is a phenomenon similar to that of the Pacific Decadal Oscillation (PDO), but
on a differing time scale. It refers to the patterns of variation in sea surface
temperatures and atmospheric pressure in the Pacific Ocean over an interdecadal
period (Verdon, Kiem & Franks 2004; WMO 2013). It bears similar characteristics to
that of El Niño sea surface temperatures (Power et al. 2006). Its importance as an
interdecadal climate system is in its ability to influence the intensity of other climate
systems including the ENSO, SAM and IOD (WMO 2013).
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During low IPO periods, the central North Pacific experiences ‘cooler than average sea
surface temperatures’, while when the IPO is high this region experiences the opposite
(WMO 2013, p. 1). This pattern has been observed to affect climate in Australia,
namely the strength of west to southwest synoptic systems (positive phase - stronger,
negative phase - weaker) (WMO 2013).

It has been observed by several studies that positive or negative IPO periods
coinciding with (positive or negative periods) of the ENSO result in increased
magnitude (or amplification) of events (such as flooding, drought or bushfires) through
the IPO actively modulating the ENSO (Kiem, Franks & Kuczera 2003; Kiem & Franks
2004; Verdon, Kiem & Franks 2004).

Verdon, Kiem and Franks (2004) investigated the relationship between forest fire
danger risk and the ENSO, IPO and PDO in eastern Australia. It was found that during
El Niño events, the number of high (to greater than high) fire danger days was
increased and that this increased even more when a negative IPO period coincided
with El Niño (an increase of 63%).
Similarly, Power et al. (2006) found that when the IPO was negative, the ENSO’s
impact was greater. Conversely, it was found that in a linear sense, El Niño events
which coincided with the positive phase of the IPO would be weakened and that La
Niña episodes would be enhanced during positive phases of the IPO. Furthermore,
Power et al. (2006) found that the IPO and PDO can “modulate ENSO teleconnections”
(p. 4768).

2.3.3

Other climate systems

The Madden-Julian Oscillation (MJO)

The MJO refers to the weekly and / or monthly change in tropical weather,
characterised by an eastward propagation of cloud and rainfall focused around the
equator (BOM 2017k). This feature is considered as a moving pattern which impacts
upon on the Indian and Pacific Oceans on an intraseasonal basis (approximately 20100 days) (IPCC 2013). The MJO is observed to influence the intensity of monsoon
and tropical cyclones (IPCC 2013). Additionally, the MJO is linked to the ENSO; with
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strong MJO values preceding El Niño periods approximately 6-12 months in advance in
the western Pacific Ocean (Hendon, Wheeler & Zhang 2007).

Northern Hemispheric Climate Systems

The North Pacific Oscillation (NPO)

The NPO predominantly influences western North American winter temperatures and
rainfall and sea ice in the Arctic (IPCC 2013). It is considered dipolar in nature as it
involves the north-south movement of the jet stream in the Asian-Pacific region (IPCC
2013).
Lamb et al. (2009) found correlations between the NPO and El Niño and ‘visibilityderived variables’. Similarly, the IPCC (2013) notes that ENSO events can be excited
by the NPO.

The North Atlantic Oscillation (NAO)

The North Atlantic Oscillation (NAO) refers to the strength of the westerly surface winds
in the Atlantic region of the northern hemisphere (WMO 2013). When the NAO is in its
positive phase, westerly winds are strengthened, with low pressure cells positioned
over Iceland, and high pressure cells situated over the Atlantic (WMO 2013).
Subsequently, colder winters are experienced in Europe and the Northwest Atlantic (as
well as an increase in rainfall in areas such as Iceland) (WMO 2013). When the NAO is
negative, these westerly winds are weakened, resulting in blocking highs over Iceland
and colder conditions over northern parts of Europe (WMO 2013).

The Atlantic Multidecadal Oscillation (AMO)

The Atlantic Multidecadal Oscillation (AMO) refers to the longer-term oscillation in sea
surface temperatures in the Atlantic Ocean over periods of 50-70 years (Enfield et al.
2001 in Sherriff & Veblen 2008). It bears a similar pattern to that of the ENSO in which
there are two phases: the positive phase (warm) and the negative phase (cool) (Sherriff
& Veblen 2008).
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Sherriff and Veblen (2008) stated that drought conditions were required for widespread
fires in northern Colorado and that climate systems were clearly related to droughts.
Specifically, they found that increased fire occurrence existed during phases of the
climate modes which would be associated with drought including La Niña (ENSO), the
negative PDO phase and the warm (positive) phase of the AMO (Sherriff & Veblen
2008). They also observed higher fire conditions in higher elevations with amplification
of La Niña conditions when this phase coincided with the positive phase of the AMO.
Positive phases of AMO are associated with periods of drought in Colorado Rocky
Mountains (Gray et al. 2004; Sherriff & Veblen 2008). This synchronisation of separate
climate modes is similar in nature to the PDO and IPO and ENSO synchronisations
(see Sections 2.3.1 and 2.3.2).

2.4

Synoptic and climate systems influencing wind erosion

2.4.1

Synoptic systems

Synoptic systems influence wind erosion activity by providing a source of erosive winds
capable of entraining dust (Ekström et al. 2004; Lu & Shao 2001). Several global
geomorphic studies (Barkan & Alpert 2010; Brazel & Nickling 1986; Dayan et. al. 2008;
Ekström et. al. 2004; Ganor et al. 2010, Ganor, Stupp et al. 2010; Ogunjobi et. al.
2008; Orgill & Sehmel 1976) have identified a range of synoptic-scale systems
responsible for wind erosion and dust storm activity. These include convective weather
systems (such as squall lines and intense thunderstorms), frontal activity (Gong et al.
2004), cyclonic / low pressure cells (such as cut-off lows) (Brazel & Nickling 1986),
regions of high pressure, trough systems (Dayan et. al. 2008; Ganor et al. 2010,
Ganor, Stupp et al. 2010; Ogunjobi et. al. 2008), tropical disturbances, and diurnal and
katabatic winds (Aoki et al. 2005; Brazel & Nickling 1986; Nickling & Brazel 1984; Orgill
& Sehmel 1976).

Additionally, high pressure gradients formed between differing

synoptic systems (such as between areas of high and low pressure) can also
contribute to strong winds, subsequent dust storm activity and long-range dust
transport (Barkan & Alpert 2010).

Brazel and Nickling (1986) identified the seasonality of weather types responsible for
dust activity in Arizona (1965-1980). Frontal dust storms were most frequent during late
autumn, winter and spring, thunderstorm induced dust storms were most frequent
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during summer months, while tropical disturbance dust storm activity was relatively
infrequent but long in duration, and upper-level cut off lows were most frequent during
the months of May, June and September to November (Brazel & Nickling 1986, p.
256). While these frequencies were evident, there was also some variation in weather
system dust storm frequencies according to the observation station, indicating the
spatial scale and extent of weather systems is an important consideration in weather
system induced dust storm frequency.

More recently, studies have provided

advancements in understanding of the prevailing weather systems responsible for dust
storms in North America. This has included exploring the role of soil moisture and wind
strength (Lee et al. 1993), the magnitude of specific dust events in relation to wind
speeds (Lee & Tchakerian 1995), meteorological characteristics (visibility, wind speed
and wind direction) and seasonality of dust events (Godon & Todhunter 1998;
Hahnenberger & Nicoll 2012; Lei et al. 2016), predominant synoptic systems (such as
cold fronts and cyclones/ cyclogenesis, small scale weather systems and tropical
disturbances) (Jewell & Nicoll 2011; Lei & Wang 2014; Novlan, Hardiman & Gill 2007;
Rivera Rivera et al. 2009; Rivera Rivera et al. 2010) and the role of radiative forcing of
dust aerosols in the development of megadroughts (Cook et al. 2013).

In East Asia, dust storm activity is predominantly generated by frontal systems or
cyclones, which provide a source of cold air (Sun et al. 2001 in Aoki et al. 2005). Aoki
et al. (2005) found that synoptic-scale systems (such as cold fronts) induce the
development of a mesoscale wind system which displays three patterns. It was found
that these patterns differ in their wind components and trajectory, with the movement of
these systems either around or over the Tian Shan Mountain Range, or Pamir Plateau.
Several Chinese studies have focused on the climatology and meteorological forcing of
dust activity in the region. These studies included the numerical modelling and
simulation of large dust storm events with estimation of dust concentrations and
aerosol optical depth according to atmospheric height (Chow et al. 2014; Han et al.
2012; Hsu et al. 2013; Huang et al. 2013; Pasqui et al. 2013; Tan, Shi & Wang 2012;
Wang, Gong et al. 2010; Wang, Xu et al. 2010; Xin et al. 2010), studies which focused
on the prevailing air masses responsible for dust entrainment and transport (such as
the presence of cooler air masses and cyclonic systems) (Aoki et al. 2005; Huang,
Huang et al. 2010) and the radiative forcing of dust aerosols which can result in
temperature variations (Wang, Zhang et al. 2010; Wang & Niu 2013).
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Cyclonic vorticity was also identified as a major cause of dust storm activity in China
and dust transport to Korea (Chun et al. 2001). Similarly, in Athens, Greece, a surface
low over Tunisia and an upper closed low and cold front were identified as the major
causes of the 17 April 2005 dust event, which transported dust from Africa to southern
Greece (Athanassiadou et al. 2006). Dayan et al. (2008) found that the Cypress Low
was responsible for two thirds of dust storm activity over the northern Negev and that
negative phases of the North Atlantic Oscillation may have played a role in
strengthening dust storm activity over the region.

Additionally, weather systems such as cold fronts (Alizadeh Choobari, Zawar-Reza &
Sturman 2012), troughs, low pressure systems and regional scale events such as
thunderstorms have been identified as responsible for dust activity in Australia. Early
studies by Loewe (1943) and Sprigg (1982) identify cold fronts as a dominant synoptic
system in broad-scale dust storm activity in Australia. Other studies also identify cold
fronts as causes of large dust storms (Garratt 1984; Leslie & Speer 2006; McTainsh et
al. 2005). Sprigg (1982) identified three wind systems responsible for dust entrainment
in Australia which were associated with the passage of cold fronts across the continent:
pre-frontal northerlies, frontal westerlies and post-frontal southerly winds.

Several geomorphic studies adopt a case study approach, discussing the broad-scale
mesoscale / synoptic systems responsible for large dust storm events. A nonprecipitative cold front and hot, dry preceding pre-frontal northerly winds coupled with a
severe drought (and subsequent soil vulnerability) were found to be responsible for the
Melbourne dust storm of 8 February 1983 (Garratt 1984). McTainsh et al. (2005)
identified a fast-moving cold frontal and low pressure trough as responsible for the 23rd
October 2002 dust storm which affected eastern Australia.

More recently, studies such as Strong et al. (2011) and Lei and Wang (2014) have
identified cold fronts, along with other synoptic systems that generate wind erosion and
dust storm activity. These include troughs (such as heat troughs and pre-frontal
troughs), low pressure (including cut-off lows), and thunderstorm activity (Lei & Wang
2014; Strong et al. 2011). Results indicated that a little over half the total dust event
days were caused by frontal activity (and pre-frontal troughs), while the remainder
could be attributed to heat troughs, high pressure and low pressure systems (Strong et
al. 2011). They also noted a distinct seasonality in dust entrainment, associated with
the poleward shift of synoptic features from the Australian continent. This was further
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demonstrated by Baddock et al. (2015) who demonstrated the passage of dust over the
three wind systems associated with a cold front passage (and associated trough): prefrontal northerlies, frontal westerlies and post-frontal southerlies.

From

a

meteorological

perspective,

several

studies

have

investigated

the

characteristics of synoptic-scale features such as cold fronts and trough systems.
Smith et al. (1982) note that over half of summer cool changes bear an absence of
precipitation due to the warm nature of preceding dry air (high pressure). This
contributes to conditions suitable for the development of dust and / or bushfire activity
(Smith et al. 1982). When these cold fronts interact with topographic features such as
the Great Dividing Range and a humid air mass (such as that of coastal regions),
thunderstorms and squall lines with precipitation can develop (Smith et al. 1982).

It is also important to note that the synoptic systems responsible for wind erosion
activity can also be responsible for phenomena such as bushfires in Australia (Garratt
1984). Mills (2005), using numerical weather prediction methods, identified that a cold
front with strong post-frontal winds and an upper-level trough system were responsible
for the destructive Ash Wednesday fires of 1983. Similarly, Mills (2005b) determined
that two extreme fire weather days were caused by the passage of cool changes,
whose surface features were enhanced by diabatic heating.

It is evident that climate systems influence the frequency and location of synoptic-scale
systems with respect to the Australia continent. For example, SAM and its associated
phase will influence the positioning of the mid-latitude westerlies and subsequent cold
fronts, troughs and low pressure systems (BOM 2012; IPCC 2013).

2.4.2

The influence of climate systems on wind erosion

Interestingly, some literature discusses the role of specific climate systems on wind
erosion. Fan and Wang (2004) discussed the role of the Antarctic Oscillation (AAO or
SAM) on wind erosion in North China. They found that the AAO played a particularly
important role in the generation of dust storms in spring with potential coupling between
the AAO and dust weather frequency.
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Marx et al. (2009) investigated the role of the ENSO in dust transport and deposition
over the last 8000 years in Australia and New Zealand, using peat bog cores as long
term dust deposition records. They found that changing ENSO phases resulted in
increased sediment supply (La Niña) and preferable conditions for dust transport (El
Niño). Similarly, Xi and Sokolik (2015) found that dust optical depth (DOD) in Central
Asia showed sensitivities to ENSO phases, with increased dust activity during La Niña
phases (La Niña is a dry phase in the northern hemisphere).

More recently, Pu and Ginoux (2016) investigated the role of the PDO in wind erosion
activity in Syria. The found a negative correlation between dust optical depth and the
PDO during spring months (2003 - 2015). Additionally, Lamb et al. (2009) found that
changes in dust activity (from 1959-1973 and 1977-2006) in eastern Australia was
associated with changes (strengthening and weakening) in the southerly to
southwesterly winds at lower levels of the atmosphere, influenced by the overarching
state of the Pacific climate system (specifically the movement of the South Pacific
Convergence Zone, and SST changes associated with the PDO and NPO). Similarly,
Webb et al. (2009) explored the patterns of erodibility in the Lake Eyre Basin region of
Australia from 1980-2006, comparing changes in land erodibility to ENSO and the
PDO. They found seasonal peaks in land erodibility (early spring and late summer),
with weaker relationships between erodibility, ENSO and the PDO, indicative of the
time lag and the complexity of interactions between climate variations and rainfall /
vegetation response (Webb et al. 2009).

From a northern hemisphere perspective, Tong et al. (2017) also investigated the role
of the PDO in the increase (approximately 240% from 1990-2000) in dust storm activity
in the southwestern USA and the relationship between this dust and Valley fever. They
found that the trend in dust storm activity was associated with the operation of largescale climate systems such as the PDO, with projected further increases in dryness
and subsequent increases in dust storm activity predicted.

There has been a recent push to further understand the role of drought and southern
hemispheric climate systems in wind erosion, particularly in the Australian region.
Cattle (2016) provided a case for the Australian Dust Bowl (1895 to 1945) through
analysis of drought periods over a 50-year period. Dust storm activity was discussed
for the 50-year period using anecdotal evidence of large dust storm events,
observations, land use and impacts of wind erosion activity upon the landscape. Cattle
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(2016) determined that from 1895-1945 dust storm activity was at extreme levels in
southeastern Australia, coinciding with changes in land use, overgrazing and aridity.

Speer (2013) analysed dust storm activity in eastern Australia from the perspective of
the Pacific climate system. SAM was analysed in conjunction with wind speeds and
directions to determine the influence of this system on dust storm activity in the region.
It was found that the Pacific climate system (as opposed to SAM) was the major
influence in dust storm activity; strengthening the occurrence of southerly to
southwesterly winds and subsequent dust storms in the region even when SAM values
were trending positive throughout time (Speer 2013). Additionally, they emphasised the
requirement of dry conditions (commonly associated with the El Niño phase of the
ENSO) in conjunction with the presence of frontal systems during both phases of SAM
(Speer 2013). Also during La Nina phases, the Pacific climate system is predominantly
responsible for dust storm prevalence (Speer 2013).

More recently, Evans et al. (2016) introduced additional land surface process
parameters into a climate model (National Oceanic and Atmospheric Administration
(NOAA) Climate Model Version 3 (CM3)) coupled with a vegetation model (Land Model
Version 3 (LM3)). By doing this, they found an improvement in the relationship between
the ENSO and dust activity in CM3. They demonstrated that during El Niño phases,
vegetation changes account for 50% of increased dust emissions (Evans et al. 2016).

While these studies have explored the role of drought or specific climate systems in the
increase or decrease of wind erosion activity, little literature has explored the potential
teleconnections and / or synchronicity of climate systems associated with wind erosion
activity in Australia (such as the ENSO, SAM and IOD) within historical periods of
drought. Additionally, few studies have focused on drought periods and their
associated wind erosion activity over large time scales (>100 years), analysing drought
periods through history in terms of wind erosion.

Climate systems are of importance in wind erosion studies in Australia as these
systems of annual through to interdecadal duration influence the positioning of synoptic
systems in and around the Australian continent (BOM 2012; Speer 2013). This, in turn,
could influence the frequency and intensity of wind erosion activity in Australia in one of
two ways – through their influence on erosivity (e.g. wind speeds from turbulent
systems such as cold fronts) or their influence on drought (erodibility).
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What is required is a holistic and conceptual approach to understanding wind erosion,
an approach that analyses the potential for wind erosion to occur (based on wind
erosion variables) and the AWE that occurs in conjunction with the overarching factors
that influence them: climate systems. Climate systems, synoptic systems and their
influence upon wind erosion during drought periods will be covered in more detail in
Chapter 6.

2.5

Summary

This chapter has covered aspects of wind erosion, including the factors influencing its
occurrence (erodibility and erosivity), its source areas, spatial spread and transport,
seasonality and its on and off-site impacts. An overview of drought definitions, impacts
and influences was also presented along with the challenges associated with
identifying severity and spatial scale. Climate systems were discussed, including
annual and interannual climate systems (such as the ENSO, SAM and IOD), decadal
and interdecadal systems (such as the PDO and IPO) and other climate systems (such
as the MJO and NPO) with definitions and impacts described.

Findings from this Chapter to take forward into following chapters include:


Wind erosion is highly dependent on factors such as erosivity and erodibility.
These factors are influenced both directly (through erosive synoptic systems)
and indirectly (through the impact of precipitation deficiencies on erodibility) by
drought and climate systems.



Wind erosion on the Australian continent varies in spatial scale and impact.



Drought is a complex phenomenon which varies in terms of definition, impacts
as well as indices used to measure its severity, duration and spatial scale.



To date, there is no definition of drought nor an index suitable for measuring
drought specifically tailored to wind erosion studies



A range of climate systems are recognised as influencing weather and climate
on the Australian continent; these include the ENSO, SAM and IOD.
Overarching interdecadal climate systems are also seen to control these
systems.



Few studies focus on the complex interactions between drought, climate
systems and wind erosion. Studies that do focus solely on the basic
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relationships between climate systems and precipitation or drought and
precipitation (except for Speer et al. (2013) who investigated the impact of SAM
upon wind speeds and subsequent wind erosion).
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Chapter 3 Evaluation of drought indices relevant to wind erosion using
data from Australia

Chapter 2 provided an insight into the literature on drought, wind erosion and climate
systems. It also discussed the challenges associated with measuring and analysing
drought: the start and end times of drought, definition of drought and measuring its
impacts, influences, intensity and extent. Another important aspect of understanding
drought is selecting a drought index which best identifies drought for the study being
conducted. For wind erosion drought, the index chosen ultimately determines the
patterns of drought identified, with a need for these patterns to be readily comparable
to the wind erosion record. This chapter presents an evaluation of such indices to
justify the selection of an appropriate methodology for studies in wind erosion.

3.1

Introduction

It is well established that the Earth’s climates are highly changeable over time and
space (Easterling et al. 2000; Karl, Knight & Plummer 1995). This variability is
evidenced through fluctuations in synoptic systems (Hope, Drosdowsky & Nicholls
2006; Nicholls, Lavery et al. 1996) and climate modes (including ENSO, SAM and IOD)
(Goodrich 2007; McKeon 2006; Nicholls, Lavery et al. 1996; Vance et al. 2013; VerdonKidd, Kiem & Franks 2004). Drought is also an inherent feature of climatic variability,
differing in intensity, duration and spatial scale (McKee, Doesken & Kleist 1993;
Sheffield et al. 2004; Wilhite & Glantz 1985).

It is important to quantify such variability of droughts in time and space because of their
impacts on the environment, economy and society (Wilhite & Glantz 1985; WMO
2005). These impacts are evidenced on almost a daily basis in drought-sensitive
countries by the frequent media attention given to drought. While in Australia, the
media frequently use anecdotal evidence to describe successive droughts as being the
worst ever (Arthur 2014; Hough & Rogers 2014; Neales 2014; The Age, 7 November
2006, p. 1; Vidal 2006), with statements seldom supported by any quantitative
measures.

There is a need for the use of an established index of drought severity like the Richter
scale for measuring the magnitude and intensity of earthquakes (Boore 1989). Drought
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severity indexation, however, is quite complex because the index used should be
specific to the operational definition of drought being studied and its associated
impacts. A variety of indices have been tailored to operational definitions of drought
(meteorological, hydrological and agricultural drought) (WMO 2005) but at present
there is no tailored index for a definition of wind erosion drought.
On a global scale, there have been several geomorphic studies of wind erosion’s
effects on soils in drought-sensitive continents, such as in parts of Africa (Goudie &
Middleton 2001; Prospero 1999; Prospero & Lamb 2003), North America (Brazel &
Nickling 1986; Donarummo, Ram & Stoermer 2003; Wheaton & Chakravarti 1990) and
Australia (Baddock et al. 2013; Leys et al. 2011; McTainsh et al. 2005; McTainsh
Burgess & Pitblado 1989). While most of these have focused upon the spatial and
temporal relationships between drought and wind erosion occurrence, few, have
attempted to relate spatial and temporal patterns of drought severity to wind erosion
rates. Additionally, no studies have selected / evaluated a drought index primarily to
quantify drought for use in wind erosion studies.

In this chapter, two drought indices are evaluated with the aim of selecting one suitable
for use in wind erosion studies. The chapter is divided into five sections:


Review of drought types, drought severity indices and their links to wind erosion



Exploration of the relationship between precipitation and wind erosion



Identification of drought indices suitable for wind erosion



Analysis of drought intensity, magnitude and severity measures of selected
wind erosion drought indices and;



Evaluation of wind erosion drought index performance against defined
evaluation criteria.

Drought specific terms used in this chapter are presented in Table 3.1.

Table 3.1: Key drought terminology used in this chapter.

Term
Drought period

Drought episode
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Description
The accepted duration of the drought itself as defined by
organisations such as the Bureau of Meteorology and/or other
government organisations in the provision of drought relief
funding.
Small-scale episodes which occur within a given drought
period. These are isolated according to their start and end
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Drought duration

Drought episode intensity
Drought episode magnitude
Drought episode severity

dates as defined by the drought index used. Such episodes are
of importance to wind erosion as during a drought period
precipitation may occur, affecting vegetation or soil moisture
and lowering wind erosion risk (Chappell et al. 2007; McTainsh
& Boughton 1993).
The length of a specific drought episode expressed in months.
A drought period may consist of several drought episodes,
each varying in duration.
The individual value of a drought index at a given time.
The sum of intensities over the duration of a drought episode.
The strength of the drought episode calculated using the
drought episode magnitude divided by the episode duration.
This is simply the average of each drought episode intensity
(calculated as the average of monthly values during a given
drought episode).

3.2

Drought types, severity indices and links to wind erosion

3.2.1

Drought types

The diverse impacts of drought have led to numerous operational definitions to assess
drought impacts and severity. As was elaborated on in Chapter 2, these operational
definitions focus on meteorological, agricultural, hydrological and socioeconomic
impacts of drought (WMO 2005), yet a wind erosion drought index is yet to be
formulated. This index would define drought in terms of its impact on wind erosion
activity, through decreased precipitation and lowered vegetative cover, incorporating
aspects of drought intensity, duration and spatial scale. Such an index would bear
similarities to the definition of meteorological drought, as they are both primarily
concerned with precipitation deficiency (Oladipo 1985).

3.2.2

Drought severity indices

Several researchers have evaluated drought indices, commenting on their evolution
over time and suitability for various uses (Heim 2002; Keyantash & Dracup 2002;
Mpelasoka et al. 2008). As summarised in Chapter 2, Keyantash and Dracup (2002)
evaluated several of these indices using pre-defined evaluation criteria. To investigate
meteorological drought, they analysed six drought indices:
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Rainfall deciles (RD)



Palmer Drought Severity Index (PDSI)



Drought Area Index (DAI)



Rainfall Anomaly Index (RAI) and



Standardized Precipitation Index (SPI).

To investigate hydrological drought, they analysed four drought indices:


Total water deficit



Cumulative streamflow anomaly



Palmer Hydrological Drought Severity Index (PHDI) and



Surface Water Supply Index (SWSI).

To investigate agricultural drought, they analysed four drought indices:


Crop Moisture Index (CMI)



Palmer Moisture Anomaly Index (Z Index)



Computed Soil Moisture and



Soil Moisture Anomaly Index.

Based on the indices listed above and as mentioned briefly in Chapter 2, Keyantash
and Dracup (2002) found RD, SPI and cumulative rainfall anomalies to be the highest
ranked indices for meteorological drought. For hydrological and agricultural drought,
total soil water deficit and computed soil moisture, respectively, were the highest
ranked. However, there are certain limitations of drought indices (Heim 2002): the
complexities in their calculations and their restricted applicability on differing spatial
scales. This was confirmed by Keyantash and Dracup (2002), who cited the PDSI as
an index with both disadvantages. The current research will therefore aim to devise an
index without such drawbacks.

Meteorological drought indices were identified as suitable measures for wind erosion
drought (Section 3.2.1) and criteria were developed specifically for this study to
evaluate the suitability of use of drought indices in wind erosion studies.
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3.2.3

Relationship between drought and wind erosion

The relationship between drought and wind erosion occurrence is well established
(Goudie & Middleton 2001; O’Loingsigh, McTainsh, Tews et al. 2014; Shao & Leslie
1997). However, quantifying the process drivers of the relationship between
precipitation and wind erosion is recognised as challenging. Elmore et al. (2008)
discussed two impacts of precipitation on wind erosion: one of drought directly linked to
wind erosion, the other related to the occurrence of precipitation resulting in increased
alluvial sediment and subsequent increases in wind erosion. Overarching climate
systems influence precipitation rates on a decadal to interdecadal basis further adding
further complexity (Chapter 7). Given the importance of drought as a driver of wind
erosion, there is a need to move from these generalised relationships between drought
and wind erosion occurrence, to explicitly and quantitatively correlate wind erosion
rates with drought episodicity and severity.

3.3

Identifying a suitable ‘wind erosion drought’ index

Of the drought indices explored in Chapter 2, rainfall deciles (RD) and the
Standardized Precipitation Index (SPI) were considered to have the greatest potential
use for wind erosion measurement and were ranked the highest by Keyantash and
Dracup (2002) for measuring meteorological drought. Oladipo (1985) emphasises that,
when considering meteorological drought, precipitation is one of the most important
factors, with other measures reporting at inappropriate spatial and temporal resolutions
applicable to wind erosion. These two indices will be further described below with
respect to what data sources are required and how they are calculated.

These two drought indices will be evaluated according to their suitability for use as a
wind erosion drought index using the evaluation criteria developed in this study
(Section 3.4; Table 3.4). The wind erosion drought index will therefore be defined as
the drought index which best measures drought for use in wind erosion studies.

3.3.1
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The RD method investigates precipitation in relation to historical precipitation records
(Department of Agriculture and Food 2005) adopting a median approach. Long-term
precipitation records (approximately 30-100 years) and monthly precipitation values
(mm) are required. Using the method of Gibbs and Maher (1967), RDs are calculated
by dividing the three-monthly distributions of precipitation into ten decile classes (Table
3.2). A given precipitation total can be compared to the calculated decile range and an
overview of precipitation departure from the average is obtained (Gibbs & Maher 1967).

Table 3.2: Summary of decile ranges and description of ranges according to precipitation (adapted from
BOM (2014, b); Department of Agriculture and Food (2005) and Gibbs & Maher (1967)).

Decile Range

Description

1 (or lowest 10%)
2 (or next lowest 10%)
3 (or next lowest 10%)
4 (or next lowest 10%)
5 (or middle 20%)
6 (or middle 20%)
7 (or next highest 10%)
8 (or next highest 10%)
9 (or next highest 10%)
10 (or highest 10%)

Very much below average
Much below average
Below average
Slightly below average
Average
Average
Slightly above average
Above average
Much above average
Very much above average

A drought episode is seen to begin when precipitation over a three-month period falls
within the first decile range and ends when either one of the following occurs (Gibbs &
Maher 1967):


Precipitation measured over the month puts the new three-month total in or
above the fourth precipitation decile range



Precipitation measured over the three-month period is within the eighth decile or
above.

A challenge associated with RD is that small levels of precipitation occurring in a month
may result in the end of a drought episode (refer to Table 3.1 for definitions). These,
however, may not necessarily be drought-breaking precipitation rates (Keyantash &
Dracup 2002).

3.3.2

The Standardized Precipitation Index (SPI)

Standardized precipitation refers to precipitation in terms of its standardized departure
from a probability distribution (based on historical precipitation values) (Keyantash &
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Dracup 2002; McKee, Doesken & Kleist 1993). Long-term precipitation records (at least
30 years) and monthly precipitation values (in mm) are required.

Calculation of the SPI involves the following steps (as summarised from McKee,
Doesken & Kleist 1993, p. 2). Monthly precipitation data is acquired for a set time (30
years of continuous data preferred) and a time scale is selected as an averaging period
(such as one, three, six, nine or 12 months). The data then has a Gamma function
applied to determine the probability of precipitation according to the historical record,
and then the probability of precipitation (of any observed precipitation) is calculated
along with inverse normal values to determine the deviation of precipitation from a
normal distribution with a defined mean of zero.

SPI values may be positive or negative. McKee, Doesken and Kleist (1993) defined a
drought event for i timescale (e.g. three, six or 12 months) as a period which has a
continuous negative SPI value of ≤ -1. The drought begins when the SPI first falls
below zero and ends with the positive value immediately following a value of ≤ -1. A
summary of drought intensity according to McKee, Doesken and Kleist (1993, p. 2) is
provided below in Table 3.3.

Table 3.3: SPI values and drought category (source: McKee, Doesken and Kleist (1993, p. 2)).

SPI value

Drought Category

0 to -0.99
-1.00 to -1.49
-1.50 to -1.99
≤ -2

Mild drought
Moderate drought
Severe drought
Extreme drought

Keyantash and Dracup (2002) rated this index as second highest, highlighting the
challenging requirement of a long-term complete dataset (of greater than 30 years’
length). Additionally, they noted that at the time of publication the SPI had only been in
use for approximately a decade, resulting in limited broad-scale use, testing and
application.

The SPI has been increasingly used as an index of choice for studies of drought in
Europe (Bonaccorso, Cancelliere & Rossi 2015; Buttafuoco & Caloiero 2015; Di Franca
et al. 2015; Di Lena et al. 2014; Khadr & Schlenkhoff 2014), Africa (Kasei, Diekkrügger
& Leemhuis 2010; Kurnik, Barbosa & Vogt 2011; Mwangi et al. 2014), Asia (Du et al.
2013; He et al. 2011; Zhai et al. 2010; Zhang et al. 2012; Zhu, Bothe & Fraedrich
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2011), South America (Barbosa, Lakshmi Kumar & Silva 2015; Blain 2012; Müller et al.
2014) the USA (Chen et al. 2012; Mallya et al. 2013; Strzepek et al. 2010; Wang et al.
2010) and Australia (Deo et al. 2017; Rahmat, Jayasuriya & Bhuiyan 2012; Rahmat,
Jayasuriya & Bhuiyan 2015; Wen et al. 2011 for example). Identified advantages of
using the SPI over other drought indices includes its ability to calculated at several time
scales (Bazrafshan, Hejabi & Rahimi 2014; Chen et al. 2012; Zhang & Zhou 2015),
ease of calculation and acquisition of datasets (e.g. requires only precipitation as a
variable) (Anderson et al. 2011; Mishra & Singh 2010) and the ability to compare
droughts in time and space (Mishra & Singh 2010; Chen et al. 2012; Strzepek et al.
2010). The increase in adoption of the SPI may be due to this index being
recommended for the analysis of meteorological drought by the Lincoln Declaration on
Drought Indices in 2009 (Hayes et al. 2010) and recommended by several
organisations including the WMO (2012) and the National Drought Mitigation Center as
an alternative to indices which involve complex calculations such as the PDSI)
(Bazrafshan, Hejabi & Rahimi 2014; Blain 2012).

3.4

Evaluation criteria for drought index suitability for wind erosion

As mentioned above, to address the suitability of these two drought indices for use in
wind erosion, each were evaluated in the current study against seven evaluation
criteria similar to criteria used by Keyantash and Dracup (2002). Table 3.4 outlines the
seven evaluation criteria of relevance to wind erosion studies that have been
developed for this chapter.
Table 3.4: The seven evaluation criteria for use of a drought index in wind erosion studies.

Criteria
Climate
regimes

Time lags

Drought
episodicity

71

Capacity to
Be applied at
spatial scales
encompassing
different climate
regimes
Deal with time lags

Identify the start
and end dates of
drought episodes

Description
Wind erosion drought studies at continental scale
frequently incorporate different climate regimes. A
drought index therefore should be applicable over
these different climate regimes without the results
being skewed (e.g. via seasonal precipitation).
A wind erosion drought index must be scalable through
time. Precipitation stimulates vegetation growth,
reducing wind erosion. Studies investigating time lags
between deficiencies in precipitation and wind erosion
response have been conducted in the USA (Bach
1988) and in Australia (Yu, Hesse & Neil 1993).
Drought conditions change markedly through time.
Temporal variability is expressed as drought periods
and, within these, as drought episodes. It is critical to
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and their durations
within a drought
period
Drought
magnitude
and severity

Identify the
intensity of drought
episodes

Sophistication

Make contributions
to understanding of
wind erosion

Feasibility

Utilise available
data and minimise
time costs
Be readily
understood

Clarity

studies of drought-wind erosion relationships that the
beginnings and ends of drought episodes be accurately
identified. Kiem et al. (2016) identify this as one of the
current challenges associated with drought.
A drought index must provide some estimate of the
magnitude and severity of a drought; as not all
droughts are equal in terms of this. Drought intensities
must be able to be summed or averaged for a drought
episode and be applicable to multiple stations. This is
an important characteristic of drought episodes when
investigating wind erosion activity because some
drought episodes influence wind erosion more than
others.
The concepts embodied in a drought index must
contribute to knowledge of wind erosion processes.
The index should therefore be sufficiently sophisticated
to realistically represent the complex relationships
between precipitation, vegetation growth and wind
erosion rates.
A drought index is preferred if it utilises easily
accessible data and if analysis time and computer
equipment are not limiting.
It is necessary for a drought index to be readily
understood by the scientific and wider community.

Unlike in the Keyantash and Dracup (2002) study, the seven criteria were weighted
according to their relative importance in the identification of wind erosion drought.
Climate regimes and time lags are assigned the highest scores as a wind erosion
drought index must reflect the temporal variability associated with climate and must be
able to handle the time lags between precipitation induced vegetation growth and wind
erosion. Additionally, it must have the capacity to be applied to stations with differing
climatic conditions without results being skewed (due to large periods of no
precipitation) (Table 3.5).

Table 3.5: The seven defined evaluation criteria and associated weightings used for this study.

Evaluation Criteria
Climate regimes
Time lags
Drought episodicity
Drought magnitude & severity
Sophistication
Feasibility
Clarity
Total
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Score
25
25
15
15
10
5
5
100
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As stated in Keyantash and Dracup (2002) selection of a drought index will ultimately
depend on the study at hand and the spatial / temporal resolution required and, as
such, evaluation criteria and weightings can be adapted to suit the needs of the study.
Given the strong associations between drought and wind erosion, both drought
episodicity and drought magnitude and severity have been assigned the second
highest weighting. Sophistication of the criteria to inform process understanding of wind
erosion is highly desirable. Feasibility and clarity were assigned the lowest ratings as
while they are considered as relevant criteria, their absence, would not exclude a
drought index from consideration. The drought index developed here is the most
suitable to wind erosion studies in Australia considering scaling and available data
collection periodicity and historical records.

3.5

Relationships between precipitation and wind erosion

Temporal relationships between precipitation and wind erosion are investigated below.
Using precipitation measurements and dust observations from three BOM locations,
the co-occurrence of precipitation and wind erosion is presented. Locations are from
the semi-arid region (250-600 mm annual precipitation) with wind erosion activity
expressed as DEDs and the study period the Millennium (Mil) Drought period (20002010). The three locations, Tennant Creek (NT), Charleville (Queensland) and Mildura
(Victoria) have been selected because they occupy different climate regimes (Figure
3.1) and have different vegetation types, land use/management and wind erosion rates
(Table 3.6). These varied conditions provide a good basis to differentiate the drought
indices.
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Figure 3.1: Average annual precipitation based on 30-year average and location of a) Tennant Creek, b)
Charleville and c) Mildura (Source: BOM 2009).

Table 3.6: Summary of station according to precipitation, vegetation, land management and wind erosion.

Station

Precipitation
(Median/ Seasonality)

Vegetation

Tennant
Creek

471 mm / summer

Subtropical
grassland

Land
management
Rangeland
grazing

Charleville

492 mm / summer

Mulga
shrubland

Rangeland
grazing

Mildura

290 mm / winter-spring

Crop

Crop

3.5.1

Wind
erosion
High
Low with
concentrated
activity
Medium /
consistent

Precipitation regimes at Tennant Creek, Charleville and Mildura

The annual median precipitation at Tennant Creek, Charleville and Mildura are 471
mm, 492 mm and 290 mm respectively (BOM 2015). Tennant Creek and Charleville
experience summer dominated precipitation and clearly have higher overall rates of
precipitation than Mildura. (Figure 3.2(a), (b)). Fluctuations in monthly precipitation are
also largest at Tennant Creek, followed by Charleville and Mildura. Mildura experiences
consistent precipitation throughout the year with a minor peak in October and
November / December.
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Figure 3.2: Overview of monthly precipitation according to station (2000-2010) (a) Tennant Creek, (b)
Charleville and (c) Mildura.

3.5.2

Wind erosion at Tennant Creek, Charleville and Mildura

Monthly wind erosion activity is expressed as DED, a frequency-based measure of
wind erosion activity in the form of number of dust events observed per day (Dust
Event Database (DEDB); O’Loingsigh, McTainsh, Tews et al. 2014). This measure of
wind erosion was selected as it is a measure of frequency as opposed to a rate of soil
loss. The annual DED medians at Tennant Creek, Charleville and Mildura for this
period were 23, seven and 28 respectively (Figure 3.3). Tennant Creek and Mildura
experience higher overall DEDs than Charleville (Figure 3.3(a), (b)). Annual patterns
differ between sites and the seasonal fluctuations associated with broadacre cropping
can be seen at Mildura. Broadacre cropping involves the planting and rotation of
seasonal crops throughout the year. Winter crops such as cereals (barley, wheat and
oats) canola and pulses are sown in the autumn months and harvested during spring
and summer (NSW Department of Primary Industries 2017). Summer crops include
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grain sorghum, rice and cotton. As Mildura has a predominantly Mediterranean climate
(Williams, Karoly & Tapper 2001), cropping is undertaken in the winter when rainfall is
highest and evaporation levels are at their lowest. Crops are mainly cereals (for
example wheat and barley) and pulses (such as peas and vetch) (Mildura Development
Corporation 2009; NSW Department of Primary Industries 2017). As such, changes in
vegetation density and surface roughness would be observed at different times of the
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Figure 3.3: Overview of Dust Event Days (DEDs) according to station (2000-2010) (a) Tennant Creek, (b)
Charleville and (c) Mildura.

Tennant Creek and Mildura have more frequent DEDs than Charleville. This is because
Charleville is predominantly mulga shrubland (Specht 1993), generally affording
greater protection to soils from wind erosion, whereas Tennant Creek is in savannah

76

Chapter 3 – Evaluation of drought indices relevant to wind erosion using data from Australia

grassland (Specht 1993) which offers less. Both regions’ predominant land-use activity
is rangeland grazing. Mildura, in contrast, is in mallee shrubland which has largely
been cleared for cropping (McTainsh & Pitblado 1987), thus increasing its landscape
erodibility. By selecting these stations with different precipitation regimes, vegetation
types and land use/management and wind erosion rates we can evaluate the two
indices (RD and SPI) in terms of how they handle time lags, different climate regimes,
and their overall sophistication. Section 3.6 below focuses on a detailed presentation of
the results of applying the two indices to the three stations’ data, followed by an
evaluation of the strengths and weaknesses of both methods in Section 3.7, in terms of
each criterion in turn. Reasons are outlined for the final selection of one index as a
method for measuring drought in wind erosion studies. Section 3.8 provides a summary
of all preceding information, highlighting the main points.

3.6

Analysis of drought intensity, magnitude and severity

Yu, Neil and Hesse (1992, p. 726) have commented on the relationship between
drought intensity and dust activity, stating that “dust activity intensifies when, and only
when, widespread drought exists”. Yu, Hesse and Neil (1993, p. 115) emphasise the
importance of investigating the magnitude and duration of a dry period to gain insights
into precipitation, seasonality and time lag on wind erosion activity. Drought intensity,
duration and frequency have been analysed using the SPI for multiple timescales for
drought in the Karoon Basin in Iran but wind erosion, the focus of this study, was not
incorporated (Saravi, Safdari & Malekian 2009). RD and SPI are discussed in this
section in terms of their relevant for measuring drought intensity, magnitude and
severity.

Intensity, magnitude and severity are specific characteristics of drought episodes.
Intensity refers to the individual value of a drought index at a given time (McKee,
Doesken & Kleist 1993; Table 3.1). McKee, Doesken and Kleist (1993) calculated
magnitude using the individual values of the drought index for a given month during a
given drought episode. In the present paper, drought magnitude is calculated for both
RD and SPI as the sum of individual values during a given drought duration. The
drought episode severity is calculated by dividing the magnitude by the duration of the
drought episode. This avoids the occurrence of larger RD values due to summation
(which would be considered a precipitation surplus).
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The relationships between the start times of drought episodes and increased wind
erosion are to some extent affected by the different time averaging scales used for the
two. Drought episodes are based upon three-monthly averaged data and drought index
values are presented using six month averaged values which best suits wind erosion.
This was recommended by Yu, Hesse and Neil (1993) and Yu, Neil and Hesse (1992)
due to the delayed response of vegetation and soil moisture to lowered precipitation.
Wind erosion data are monthly averaged. It would therefore be expected that drought
episode start times would artificially lag wind erosion. The following section provides
detailed station-by-station analysis of drought intensity, magnitude and severity and
their alignment with wind erosion activity.

3.6.1

Temporal relationships between drought and wind erosion

Temporal relationships between each drought index and wind erosion activity (DED)
were examined for Tennant Creek, Charleville and Mildura. This analysis demonstrates
how the two indices (RD and SPI) represent temporal changes in drought intensity
according to a six-month average time lag. It is here assumed that peaks in the indices
(i.e. increased precipitation) would coincide with periods of low erosion activity (i.e. low
DED) and that troughs in the indices (i.e. reduced precipitation) would be linked to
increased erosion activity. For each index, there is a drought threshold line below
which precipitation is in deficit. For RD, precipitation deficiencies of four or lower are
used while for SPI, negative values represent precipitation deficiencies (Gibbs & Maher
1967; McKee, Doesken & Kleist 1993). It is important to note that for consistency the
RD and SPI indices have been calculated from three summed consecutive values of
precipitation, a practice recommended by both Gibbs and Maher (1967) and Keyantash
and Dracup (2002) with respect to RD.

The SPI has been used in several drought studies to investigate the intensity and
duration of drought events. The index was originally developed by McKee, Doesken
and Kleist (1993) together with the concept of accumulated magnitude which involved
the summing of individual negative SPI values for a given drought duration. McKee,
Doesken and Kleist (1993) defined intensity as the current value for a given time scale
of the SPI (Table 3.1). More recent studies have defined intensity as the highest
negative change from a normal value in each location (Saravi, Safdari & Malekian
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2009). As drought episodes are being investigated here, measures incorporate values
of the index over the given duration of the drought episode.

The following analyses provide empirical evidence of how each drought index performs
in relation to the main four evaluation criteria (time lags, climate regimes, drought
episodicity and drought intensity) the outcomes of which are reflected in the evaluation
criteria scores in Section 3.7.1. The evaluation criteria scores of the remaining three
more generic criteria (sophistication, feasibility and clarity) will also emerge from these
analyses.
This study is not intended to ‘test’ the performance of the two indices using statistical
measures of the relationships between index values and wind erosion rates. The
strength or weakness of a relationship at a location could reflect the level of complexity
of the process relationship between drought and wind erosion (as noted by Bach 1988)
and the influence of other environmental drivers of wind erosion. This could also
influence the extent to which a drought index provides a good measure of the drought.

3.6.2

Tennant Creek

Wind erosion at Tennant Creek is generally high and consistent, with late springsummer peaks in activity (Figure 3.4). In general, dips in both drought indices coincide
with peaks in wind erosion, which demonstrates the relationship between precipitation
and wind erosion. Additionally, there is a good general relationship between drought
episodes and wind erosion.

Low values of RD and SPI generally correlate with increased wind erosion activity
during drought episodes (Figure 3.4(b)). SPI-defined drought episodes are more
frequent (nine for SPI and six for RD) (Table 3.7), longer (six months for SPI compared
to four months for RD) and better correlated with the periods of increased wind erosion
than RD. This is evident through the alignment of drought episodes with peaks in wind
erosion activity. This is evident, for example, in the period of July 2002-July 2003
where SPI is aligned with the peaks in wind erosion activity and RD occurs after the
peak (Figure 3.4(a), (b)).
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This temporal relationship very likely reflects the sequential process relationship
between drought, vegetation decline and wind erosion. In several instances drought
episodes start before the drought index values fall below the threshold. This effect is
largely an artefact of the different time averaging scales used for the drought episodes
(three month averages) and the indices (six-monthly).
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Figure 3.4: Monthly Dust Event Days, (a) RD and (b) SPI for Tennant Creek (2000-2010). RD and SPI
monthly values are calculated using three month prior totals with six month prior averaging applied, while
episodes were calculated on a three-monthly basis.

SPI-defined drought episodes all had negative values (showing drought conditions)
(Table 3.7). When these are compared to Table 3.3, a total of eight episodes have
severities comparable to mild drought and one to moderate drought. The RD on the
other hand showed two episodes with severity considered as nearing slightly below
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average, whilst the remaining four were comparable to much below average (Table
3.2). When comparing the severity values of SPI and RD, the shorter duration of RDdefined drought episodes resulted in overall larger M/D values than for SPI (which had
longer durations) (0.6 average for SPI versus 2.37 average for RD) (Table 3.7). As
stated earlier, one challenge associated with using RD as a drought method is that RD
drought episodes may be terminated prematurely due to precipitation occurring during
a one month period, which places the new three-month precipitation total in the fourth
decile range (Gibbs & Maher, 1967; Keyantash & Dracup, 2002). This is an important
consideration in selecting a suitable drought index for wind erosion.

Table 3.7: Drought episode severities (S) (given by magnitude / duration) for RD and SPI for Tennant
Creek.

Episode
#
1
2
3
4
5
6
Max
Min
Average

3.6.3

RD
Duration
(D)
4
4
2
8
3
3
8
2
4

Magnitude
(M)
7
14
4
13
5
11
14
4
9

S
1.75
3.50
2.00
1.63
1.67
3.67
3.67
1.63
2.37

Episode
#
1
2
3
4
5
6
7
8
9
Max
Min
Average

SPI
Duration
Magnitude
(D)
(M)
2
-1
11
-6.58
4
-1.86
4
-1.57
8
-7.15
4
-2.31
11
-11.08
6
-4.55
4
-2.16
11
-1
2
-11.08
6
-4.25

S
-0.50
-0.60
-0.47
-0.39
-0.89
-0.58
-1.01
-0.76
-0.54
-0.4
-1
-0.6

Charleville

Generally, wind erosion is low and spasmodic at Charleville (Figure 3.5) compared with
Tennant Creek (Figure 3.4) and a relationship between drought (both RD and SPIdefined) and wind erosion is only evident during the most protracted wind erosion
period (September 2002-February 2003). This relationship reflects the slower response
of the mulga shrubs at Charleville to reduced soil moisture, and therefore the greater
protection that they give soils during short duration drought episodes.

SPI-defined drought episodes are longer and again generally occur prior to the onset of
peak wind erosion, as would be expected, whereas RD-defined drought episodes occur
during the peak wind erosion, or even after (for example Episode Nine).
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RD and SPI methods have recorded the same number of drought episodes for
Charleville: nine each. SPI identifies drought episodes which are longer in duration
than those for RD (an average of 6.44 months compared to 5.44 months for RD). RD
also identifies several smaller drought episodes than SPI. These do not appear to be
related to wind erosion.
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Figure 3.5: Monthly Dust Event Days, (a) RD and (b) SPI for Charleville (2000-2010). RD and SPI monthly
values are calculated using three month prior totals with six month prior averaging applied, while episodes
were calculated on a three-monthly basis.

SPI-defined drought episodes for Charleville all have negative values (illustrating
drought conditions) (Table 3.8). When these are compared to Table 3.3, a total of eight
episodes have severity comparable to mild drought and one to moderate drought. RD
on the other hand identifies two episodes with severity considered as slightly below
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average, three as below average, and four as much below average (Table 3.7; Table
3.2). Comparing the severities provided by SPI and RD methods, again SPI-identified
durations of episodes were higher than those for RD (Table 3.7). This may reflect the
fact that episode severities have been calculated using averages, thus softening decile
values.

Table 3.8: Drought episode severities (S) (given by magnitude / duration) for RD and SPI for Charleville.

Episode #
1
2
3
4
5
6
7
8
9
Max
Min
Average

3.6.4

RD
Duration Magnitude
(D)
(M)
5
15
9
13
3
9
2
3
4
8
5
14
13
53
3
7
5
20
13
53
2
3
5.44
15.78

S

Episode #

3.00
1.44
3.00
1.50
2.00
2.80
4.08
2.33
4.00
4.08
1.44
2.68

1
2
3
4
5
6
7
8
9
Max
Min
Average

SPI
Duration Magnitude
(D)
(M)
5
-3.79
15
-17.94
4
-1.95
7
-3.35
8
-3.82
4
-3.15
5
-4.21
6
-4.51
4
-1.96
15
-1.95
4
-17.94
6.44
-4.96

S
-0.76
-1.20
-0.49
-0.48
-0.48
-0.79
-0.84
-0.75
-0.49
-0.48
-1.20
-0.70

Mildura

Wind erosion activity at Mildura is much more consistent than that at Charleville, and
shows strong summer seasonality (Figure 3.6). As Mildura is now primarily a cropping
region set in a paleo-dune field, wind erosion rates are higher than they would have
been under the natural mallee shrubland vegetation cover. RD and SPI have
consistently deficient values (below threshold line) for a majority of the drought period.
This deficiency would result in a decline in vegetation cover and increased vulnerability
to wind erosion. This sustained occurrence of low precipitation prior to peak wind
erosion highlights a time lag between precipitation, vegetation and wind erosion
response (Figure 3.6(a), (b)).

In general, dips in both drought indices coincide with and precede peaks in wind
erosion. This relationship is best evident in the major wind erosion episode during the
summers of 2002-2003, 2004-2005 and 2006. There is a poor general relationship
between drought episodes and wind erosion, except for the major erosion episode in
2002-2003. This more complex relationship between drought episodicity and wind
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erosion is at least in part due to the impact of cropping on wind erosion, as described
by Yu, Hesse and Neil (1993) and Yu, Neil and Hesse (1992).
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Figure 3.7: Monthly Dust Event Days, (a) RD and (b) SPI for Mildura (2000 - 2010). RD and SPI monthly
values are calculated using three month prior totals with six month prior averaging applied, while episodes
were calculated on a three-monthly basis.

SPI identifies more drought episodes of slightly shorter duration than the RD-defined
episodes (Figure 3.6; Table 3.9). The RD and SPI-defined drought episodes do not
align particularly well, or correlate well with increased wind erosion in the Mildura area.
Only during the most intense drought episode over the summer of 2002-2003 is there a
clear increase in wind erosion.
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These results could indicate that drought per se is a less relevant concept in low
precipitation regimes because differences between drought and non-drought conditions
are subtle, and, as a result, both indices are less accurate. Examples can be seen in
low precipitation regimes where deciles one, two and three precipitation are equal to
zero (or very low values), which results in difficulty in distinguishing between very much
below average and slightly below average precipitation (see Table 3.9).

Table 3.9: Drought episode severities (S) (given by magnitude / duration) for RD and SPI for Mildura.

Episode #
1
2
3
4
5
Max
Min
Average

RD
Duration Magnitude
(D)
(M)
11
27
10
34
4
13
5
16
27
100
27
100
4
13
11.4
38

S

Episode #

2.45
3.40
3.25
3.20
3.70
3.70
2.45
3.20

1
2
3
4
5
6
7
Max
Min
Average

SPI
Duration Magnitude
(D)
(M)
9
-4.21
14
-12.65
6
-7.23
6
-4.08
13
-11.09
7
-7.53
11
-6.26
14
-4.08
6
-12.65
9.43
-7.58

S
-0.47
-0.90
-1.21
-0.68
-0.85
-1.08
-0.57
-0.47
-1.21
-0.82

SPI-defined drought episodes for Mildura all had negative values (indicating drought
conditions) (Table 3.9). When these values are compared to those in Table 3.3, a total
of two drought episodes had severity comparable to moderate drought, and five to mild
drought. The RD method produced one episode comparable to much below average
precipitation, three to below average precipitation and one to slightly below average
precipitation (Table 3.2; Table 3.9). Comparing the durations of episodes as measured
through RD and SPI, it is evident that the RD method provides longer average episode
durations than does SPI (Table 3.9).

3.6.5

Summary of station-based analysis

In summary, RD and SPI methods perform in a very similar fashion. SPI is more easily
applied to differing time scales (such as one, three, six, nine and 12 month periods), it
better accommodates different climatic regimes (due to the normalisation aspect of its
calculation), and it correlates better with wind erosion activity due to its greater capacity
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to address the time lag between the onset of drought conditions, the decline in
vegetation cover and the wind erosion response.

Overall, both RD and SPI methods can identify the start and end of drought episodes
(as also shown by Gibbs & Maher 1967; Keyantash & Dracup 2002; McKee, Doesken
& Kleist 1993) and therefore provide a measure of drought duration. SPI tends to
identify more drought episodes than RD and longer duration episodes, which better
correlate with, and often precede, increases in wind erosion activity.

One way to demonstrate this concept clearly is to investigate the number of months
each drought index episode misses wind erosion activity. This is provided as a
summary in Table 3.10 below, which shows that SPI misses less wind erosion activity
than RD does across all three stations for the Millennium drought period. This is on
average 34 % for SPI compared to 42 % for RD. The SPI also has widely documented
methods which are readily accessible and easily calculable for measuring drought
intensity and magnitude (see McKee, Doesken & Kleist 1993; Saravi, Safdari &
Malekian 2009; WMO 2012).

Table 3.10: Summary table of the number of months RD and SPI drought episodes miss wind erosion
activity (as a percentage of total drought period months provided in brackets).

Station
Tennant Creek
Charleville
Mildura

3.7

RD
81 (61%)
29 (22%)
58 (44%)

SPI
55 (42%)
27 (20%)
51 (39%)

Evaluation scores and considerations for future studies

This section provides the overall evaluation scores for both RD and SPI based on the
results and discussion provided in Section 3.6 above. The strengths and weaknesses
of the two selected drought indices are discussed in depth with respect to each
evaluation criterion. Limitations and considerations in using the selected index in wind
erosion studies are also provided.

3.7.1 Evaluation scores for RD and SPI
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The outcomes of the analysis of both drought indices with respect to the seven
evaluation criteria are provided below in Table 3.11. SPI was the higher scored index
(85) over RD (70). A discussion follows of how these scores were determined with
reference to the relevant literature and the three-station analysis.
Table 3.11: Evaluation criteria scores for RD and SPI.
Evaluation Criteria Scores
Index

Climate
regimes

Time
lags

Drought
episodicity

Drought magnitude
& severity

RD

15

15

14

SPI

18

20

14

Sophistication

Feasibility

Clarity

Total

10

7

5

4

70

14

10

5

4

85

Climate regimes

Specifically, the SPI has been discussed in studies as capable of incorporating different
climates due to its ability to normalise values according to historical precipitation
conditions and its capacity to utilise differing timescales (Hayes et al. 1999; WMO
2005; WMO 2012). Challenges have been identified with the use of RD to identify the
termination of drought episodes due to monthly precipitation already putting the threemonth total into or above decile four, which would potentially terminate a drought
episode early, even though drought conditions (such as a deficit in soil moisture) may
still exist (Keyantash & Dracup 2002). This is a problem in low precipitation areas
particularly, where only a small amount of precipitation may terminate a drought
episode according to the index. Wind erosion activity has an inverse relationship with
precipitation (with peaks at approximately 200–400 mm precipitation) (McTainsh &
Boughton 1993) and commonly occurs in arid to semi-arid regions (Goudie 2009;
Department of Environment and Resource Management 2011). This RD is
compromised for use as a wind erosion index due to its capacity to indicate a false
termination of a drought episode.

The SPI method produced had the highest value for this criterion (18 out of 25) due to
its feature of normalisation and its ability to be applied to all three stations despite their
differences in terms of precipitation, vegetation and wind erosion activity. Such
flexibility has been recognised by the WMO, which endorsed this index for use in the
identification of drought due to its ease of application to different climates (WMO 2012).
Across all stations, SPI values and drought episodes correlated best with wind erosion
activity. RD came second for this criterion (15 out of 25) due to the ability of
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precipitation totals to be compared to historical / climatic totals. While this allowed for
historical and climatic comparisons, challenges have been identified with this index
which are, associated with termination of drought episodes due to the monthly
precipitation occurring above decile eight. In short, RD could be applied to the three
stations, but the alignment between RD values, drought episodes and wind erosion
was less favourable than that of SPI.

Time lags

This criterion refers to the specific ability of a drought index to deal with the time lag
between the decline in precipitation, subsequent changes in vegetation and wind
erosion response. Both SPI and RD methods can be used on time scales such as
three, six and 12 months to gain insights into decadal and multi-decadal drought
trends. In the case of SPI, the WMO (2012) has stated that different scales such as
three, six, 12, 24 and 48 months provide an insight into deficits in precipitation and their
impacts upon soil moisture, storage of groundwater and waterways. Additionally,
Hayes et al. (1999) commented on the flexibility offered by the SPI for accommodating
differing time scales, noting its advantage over commonly used indices such as the
PDSI.

SPI had the highest score for this criterion (20 out of a possible 25) due to its
demonstrated ability to deal with both time lags and softening the amplitude of peaks
and troughs in the data. Specifically, if a time lag of six months is used and averaging
is applied to the dataset, SPI aligns best with wind erosion activity compared to RD. RD
had the lower score (15 out of a possible 25) for the time lag criterion. When averaged,
values did not align as well with wind erosion activity compared to those of SPI.

In brief, a time lag of six months averaged was found to be the best way to display
drought indices graphically against monthly wind erosion activity. The SPI had the best
ability to address time lags as calculated drought episodes occurred prior to negative
values of the drought index and wind erosion activity. This indicates that the index had
the ability to deal with differing time scales and responses. RD did demonstrate a
similar ability, however, some drought episodes occurred at the exact same time as
wind erosion activity, indicating that the time lag between a decile in precipitation, a
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decline in vegetation and an increase in wind erosion had not been fully addressed by
this index.
Drought episodicity

Drought episodicity refers to the ability of a drought index to identify the start and end
dates of drought episodes and their duration within a given drought period. It is well
documented that both RD and SPI can identify the start and end dates of drought
(Gibbs & Maher 1967; Keyantash & Dracup 2002; McKee, Doesken & Kleist 1993).
Both RD and SPI can identify drought episodes which vary in frequency, duration and
alignment with wind erosion activity. In general SPI identified more episodes with
longer durations (except for Mildura) which precede wind erosion activity. RD-identified
episodes which were far shorter in duration which may not necessarily result in wind
erosion due to their limited impact on vegetation. Additionally, some RD-identified
drought episodes occurred at the same time as wind erosion activity which indicates
that perhaps these drought episodes did not initiate the wind erosion response due to
there being no time lag between the two.

Drought magnitude and severity

It is documented in the literature that SPI can estimate the intensity of drought through
calculation of drought magnitude (McKee, Doesken & Kleist 1993), whereas for RD, the
estimation of magnitude is not so clearly identified. The SPI scored slightly higher than
RD in this criterion due to its relevance to published methods of estimating magnitude
and severity. RD, however, did have a simple calculation to estimate magnitude and
severity since it is a categorical index. RD can be compared to SPI, on this criterion,
but this results in an overall softening of RD values according to drought episode,
providing a value which may not be entirely characteristic of a given drought episode.
From the three-station analysis, it was clear that SPI had severity values comparable to
drought conditions, whereas RD had values which varied from slightly below to much
below average (which may not necessarily indicate drought conditions). In brief,
averaging of RD values in the study resulted in softened decile values, which may not
necessarily be reflective of the drought episode.
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Sophistication

Sophistication refers to the contributions that a drought index makes to the
understanding of wind erosion, including wind erosion processes and reflecting the
complex relationships between precipitation, vegetation and wind erosion rates. As the
SPI only uses monthly precipitation as an input parameter, there is no coverage of
evapotranspiration or impacts on soil moisture. If these areas are required they can be
calculated separately for studies, or indices such as the Standardized Precipitation and
Evapotranspiration Index (SPEI) can be used (WMO 2012). In the case of simple wind
erosion studies, the SPI is suitable for use as meteorological drought is the drought
type being considered (as wind erosion activity also responds to changes in
meteorological variables). SPI scored a higher value than that of RD (10 out of 10
compared to seven out of 10) due to its ability to analyse the magnitude and severity of
drought episodes. Due to this feature, drought episodes can be identified and
compared to wind erosion intensity. Additionally, SPI demonstrated the ability to deal
with time lags (between precipitation and wind erosion response) better than RD did,
which is an important aspect of understanding wind erosion activity in Australia.

Feasibility

Feasibility refers to data availability and the time required to calculate the drought
index. The SPI is dependent on sample size. In other words, it requires a long-term
dataset (at least 20 to 30 years of monthly precipitation data with 60 years or greater
being more favourable) and missing data may affect the results of the index (Guttman
1998; Hayes et al. 1999; Mishra & Singh 2010; WMO 2012). Additionally, as more data
is added to a specific dataset (say, a year of data for a selected station) results of the
SPI may change (WMO 2012). This can be addressed by the user keeping a record of
updates and specifically stating the years of data used in the study.
Since the release of Keyantash and Dracup’s study (2002), large advances in the
calculation of indices and availability of data have occurred. While precipitation data
was easily accessible during the year of their article, calculation of indices may not
have been as readily available. The recent development of the WMO’s SPI program
and accompanying user guide (WMO 2012), allows for simple calculation of the SPI. In
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addition, access to long-term (greater than 60 year) datasets is available on the BOM
website. These characteristics contribute to the increased feasibility of both indices.

While these considerations are important, the SPI does have a further advantage:
recommendations by Guttman (1998) regarding the standardisation of calculation of
the SPI for widespread use (both spatially and temporally) have been adopted by the
WMO (2012) in their SPI user guide. The decision by the WMO to adopt the SPI as a
recommended meteorological drought index (as a standard), develop a user manual for
use of the SPI and encourage national meteorological services worldwide to publish
SPI information on their websites was based on discussions and decisions made at the
Lincoln Declaration on Drought Indices in 2009 (Blain 2012; Hayes et al. 2010).Other
feasibility-based aspects of the SPI include its ability to independently assess rainfall at
a defined spatial and temporal scale in an easy to understand way (Anderson et al.
2011; Bazrafshan, Hejabi & Rahimi 2014; Di Lena et al. 2014; Mishra & Singh 2010).
However, challenges may arise if utilising high resolution gridded or GIS-based
precipitation datasets as they may not be widely available (Anderson et al. 2011).

Both RD and SPI utilise monthly precipitation data, which provides a long-term
historical dataset. This aligns with the DEDB historical period of approximately 100
years and allows each index to be applied to differing time scales. Both indices scored
highly in this category (five out of five) due to their ease of use in this study and their
applicability to all three stations. Each of the indices incorporates easily accessible,
publicly available monthly precipitation rates from the BOM. Both are also easy to
calculate. The SPI method, however, also benefits from the recent development of an
application which calculates the index for a given period (WMO 2012).

Clarity

Clarity refers to the capacity of results of the index to be readily understood by both the
scientific and general communities. Both RD and SPI method had high scores for this
criterion (scoring four out of a possible five). The RD is a well-accepted drought index
in Australia, used by the BOM (2014b). The SPI had the same marks in this criterion
due to its recommendation and adoption by the WMO as a drought index for use in
both national and global studies (WMO 2012).
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This three station analysis has demonstrated the ability of each index to provide readily
interpretable results in the form of charts. The display of index values, in conjunction
with identified drought episodes, allows the user to see the development of drought
conditions. It also reflects the episodic nature of drought and how it may vary according
to differing climates (such as shown for Tennant Creek, Charleville and Mildura).
Overall, the SPI scored better in terms of the criteria applied.

3.7.2

Other considerations

SPI

While the SPI method has been chosen as the most suitable drought index for use in
wind erosion studies, many considerations and weaknesses exist. This index is
dependent on sizeable sample, to be more specific, it requires a long-term dataset (at
least 20 to 30 years of monthly precipitation data with 60 years or greater being more
favourable). Missing data may affect the results of this index (Guttman 1998; Hayes et
al. 1999; Mishra & Singh 2010; WMO 2012). As mentioned earlier, results of the SPI
may change, as more data (e.g. a year for a particular station) is added to a specific
dataset (WMO 2012). This issue can be accounted for with careful recordkeeping of
updates and a specific statement of the years of data used in the study.

However, the index is not suitable for studies into climate change as it does not utilise
climate change variables such as temperature (WMO 2012) and is not recommended
for time periods greater than 24 months due to bias in calculations associated with the
limitations of long-term data and the general unreliability of results (Guttman 1998;
Mishra & Singh 2010). Within this in mind, it is of value to note that wind erosion
studies generally require a simple comparison of drought periods to wind erosion
activity. Therefore they would not require climate change analysis information (such as
temperature or time periods greater than 24 months’ duration) to be factored into the
use of a drought index.

Another important consideration will be the use of time lags in conjunction with the SPI.
Bach (1988) stated that a single year of drought may not result in increases in wind
erosion and found that increased wind erosion could not be specifically attributed to
occurrences of single, consecutive or three year consecutive droughts. This is an
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important consideration for the use of the SPI as multiple timescales (including three,
six, nine and 12 months) as well as drought episodicity (e.g. how many droughts
occurred in a two to three-year period) may need to be investigated. Yu, Hesse and
Neil (1993) have determined that severe dust activity was preceded by dry periods
which lasted during the previous autumn and winter months, with annual dust days
best correlating with precipitation from the previous year. Results from this study have
indicated that a time lag of six months is suitable for the SPI for monthly values of dust
activity. Additionally, the investigation of multiple drought episodes leading to wind
erosion activity could be taken into account.

As this index only uses monthly precipitation as an input parameter, there is no
coverage of aspects such as evapotranspiration or impacts on soil moisture. If these
areas are required they can be calculated separately for studies, or indices such as the
Standardized Precipitation and Evapotranspiration Index (SPEI) can be used (WMO
2012). In the case of simple wind erosion studies, the SPI is suitable for use as wind
erosion activity also responds to changes in meteorological variables.

Drought, precipitation and wind erosion considerations

Stations at different locations on the Australian continent experience differing
precipitation patterns. The SPI is favourable drought index for dealing with this
variability, as it can be applied to both wet and dry climates (WMO 2012). In general,
regions in the south experience more regular precipitation than that of the north. This is
a function of exposure to different synoptic systems (the north experiences influence
from the monsoon trough during the summer months of the year while the south
experiences influence from precipitative cold fronts during the winter months) (Pook et
al. 2002).

The SPI was favoured over RD under Australian conditions which contrasts from the
findings of Keyantash & Dracup (2002) who ranked the SPI below RD. This may be
due to the specific test regions selected (Oregon in the Pacific Northwest of America
versus Australia) and their climatology. Keyantash & Dracup (2002) selected the
Willamette Valley and North Central regions of America which both experience winter
dominated rainfall regimes, differing rainfall rates (132cm and 38cm respectively) and
are generally near each other (approximately 65 miles apart) (Keyantash & Dracup
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2002). For this study, stations selected bear both winter (Mildura) and summer
(Tennant Creek and Charleville) dominated rainfall regimes and are more than 1000km
apart. The WMO (2012) notes the SPI as a favourable drought index as it can be
applied to differing climates due to its ability to normalise values according to the
historical record.

Precipitation is one of the most important factors when calculating meteorological
drought (Oladipo 1985). All drought indices (excluding the agricultural drought index of
soil moisture) incorporate precipitation as their primary data source. It is well
established that high precipitation is almost always associated with a lower level of dust
activity (see, for example, Yu, Hesse & Neil 1993). This is irrespective of time scale or
precipitation type (Yu, Neil & Hesse 1992). They also recommend the use of regionallybased precipitation analysis as opposed to local precipitation which produced poorer
correlations in their study. This is further supported by Yu, Hesse and Neil (1993) who
found that dust activity at Mildura was inversely related to precipitation in the dust
source area.

While drought is an important natural driver of wind erosion, it is never the only driver,
and in some environmental settings it will not be the most important. This reality will
result in different statistical relationships between drought and wind erosion in different
environmental settings. An investigation of drought in combination with other wind
erosion variables (such as vegetation and wind speed) is covered in Chapter 4. The
selection of a drought index suitable for wind erosion studies is an attempt to quantify
and simplify the expression of the complex relationship between drought and wind
erosion.

As demonstrated above in this chapter, it is evident that drought periods do not consist
of continuous drought conditions. They are comprised of a series of drought episodes
broken by intermittent occurrences of precipitation. This is an important consideration
for wind erosion studies as this precipitation in between drought episodes could make
or break the potential for wind erosion activity. Relationships between precipitation and
dust generation are recognised as challenging. Elmore et al. (2008) discusses the two
impacts of precipitation on dust generation: one of drought directly linked to dust
activity, the other related to the presence of precipitation resulting in increased alluvial
sediment and subsequent increases in dust generation.
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Consideration of drought intensity, magnitude and severity are also factors in the
identification of drought for wind erosion studies. Additionally, temporal characteristics
of drought are an important consideration when studying wind erosion, with drought
producing, “episodic, temporal trends” (McTainsh, Leys & Tews 2004, p. 1). Yu, Hesse
and Neil (1993) emphasise the importance of investigating the magnitude and duration
of the dry period to gain insights into precipitation, seasonality and time lag on wind
erosion activity (p. 115).

Several authors, (Bach 1988, Shao & Leslie 1997, Webb et al. 2006; Webb & Strong
2011) state that several factors influence wind erosion, not only precipitation and wind
strength. Evaporation could also be a potentially influential factor on wind erosion
during drought as it influences both drought duration and intensity (Gallant et al. 2013).
This was evidenced through higher statistically significant losses of water to
evaporation during severe droughts than in lower magnitude droughts. Yu, Neil and
Hesse (1992) found that dust activity was highly variable when compared to low
precipitation levels (p. 726). The literature recognises factors such as precipitation in
conjunction with soil moisture, vegetation cover, soil type and wind speed as
influencing the frequency and intensity of wind erosion (Bach 1988; Shao & Leslie
1997; Yu, Hesse & Neil 1993; Yu, Neil & Hesse 1992). While the SPI is the preferred
index to identify drought episode duration, intensity and severity, other factors which
influence wind erosion also need to be considered as they form an integral part of the
relationship between drought and wind erosion. This is further developed in Chapter 4
where the WEP is defined and calculated.

For example, for the wind erosion factor of vegetation, soil moisture could be used as a
proxy for vegetation levels during historical periods where geographical information
(e.g. the Normalised Difference Vegetation Index – NDVI) was unavailable. However, it
has been noted that relationships between wind erosion, precipitation and vegetation
are not simple processes (Bach 1988). Bach (1988) recommends that indices that
include a number of climatic conditions do provide better analysis of wind erosion. In
this study, SPI and RD were used to measure drought duration, intensity, magnitude
and severity. Overarching climatic systems which influence drought will be summarised
in Chapter 6.
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3.8

Summary

In this chapter, an evaluation has been presented for two drought indices with respect
to their use in wind erosion studies. Three stations were used in differing precipitation
regimes to investigate whether these drought indices performed well in terms of the
varied meteorological features of each station and according to the evaluation criteria.
It was found that a six-month average time lag was suitable for the comparison of
drought indices to wind erosion, with SPI bearing the best result in terms of belowthreshold values and drought episodes preceding wind erosion peaks. Drought
episodicity was then investigated with SPI identifying more drought episodes of longer
duration compared to RD. Episodes determined by SPI happened prior to wind erosion
activity, an occurrence which is well documented in the literature and reflects the
delayed relationship between precipitation, vegetation and wind erosion response.
Drought magnitude and severity was then analysed determining that SPI provided a
more suitable method of estimating the severity of drought episodes compared to RD.
Additionally, values rendered by SPI could be readily compared to various drought
categories, while RD may have resulted in weakened severity values.

Seven evaluation criteria were used. These were adapted from Keyantash and Dracup
(2002) and weighted. Evaluation criteria provided a total score for each drought index,
with SPI being the index most favourable for use in further wind erosion studies. The
favourability of the SPI was attributed to its applicability to both wet and dry climates, its
well defined start and end dates of drought occurring before wind erosion peaks, its
refined estimation of drought magnitude and severity and its applicability to be applied
to multiple timescales. Ideally, further study and rigorous testing is required to evaluate
drought indices (for example multiple stations, time periods and / or indices).
Nevertheless, the goal for this chapter was to select a drought index for use in wind
erosion studies, as an initial step, which has been successfully achieved.
Recommendations for future studies which address drought episodicity and wind
erosion include the incorporation of drought magnitude and severity (as demonstrated
through use of the SPI and RD) coupled with factors which influence wind erosion
including vegetation and wind speed. Vegetation, wind speed and the SPI (as a
drought measure) as factors of potential wind erosion will be the focus of Chapter 4.
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Chapter 4 – Estimating the potential wind erosion of drought periods in
Australia utilising long-term datasets (>100 years)

The previous chapter selected a drought index for use in the estimation of WEP and
other wind erosion studies by evaluating two drought indices (RD and SPI). These
indices were selected for evaluation because they were the highest rated
meteorological drought indices as evaluated by Keyantash and Dracup (2002) and
meteorological drought is closely related to wind erosion. The SPI was selected as
most suitable for use in wind erosion studies due to its ability to:


Best capture wind erosion activity



Identify drought episodicity (the start and end dates of drought episodes) and



Estimate drought episode severity.

At this stage, while this drought index provides information on the duration and severity
of drought episodes, it provides us with little context on the potential of wind erosion to
occur during a given drought period.

For example, a drought episode with high severity and longer duration may not always
result in higher wind erosion activity. Conversely, a drought episode with lower severity
may not necessarily lead to lower wind erosion activity. These episodic characteristics
may also vary over the duration of a given drought period. This is due to other factors
which influence wind erosion such as wind speed, vegetation cover and soil properties
(Hupy 2004; Kalma, Speight & Wasson 1988; McTainsh, Burgess & Pitblado 1989).

To address the potential for wind erosion activity to occur due to a drought period the
factors of wind erosion which may be seen to vary across different drought periods and
episodes (vegetation cover and wind speed) must also be taken into account. These
factors were incorporated into a method for calculating WEP using stations located in
eastern Australia.

The aims of this chapter are to:


Identify drought periods and, within them, drought episodes over a >100-year
period for 22 stations in Australia
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Explore established principles of drought severity, wind erosivity (wind speed)
and soil erodibility (vegetation) and develop measures of each, which will



Provide an estimate of the potential for wind erosion to occur during a given
drought period for each station.

In the literature, a number of other factors were identified as influencing wind erosion
activity. This study has explicitly chosen not to address all the factors of erodibility and /
or erosivity, modelling and / or indices discussed previously (Section 2.1.2; Section
2.2.4) as they have been extensively covered in the literature (particularly in wind
erosion modelling). This study primarily focuses on drought, vegetation and wind speed
to explain some of the complex relationships between drought and WEP. Vegetation
and wind speed were selected due to their readily available datasets and ease of
applicability.

4.1

Introduction

Wind erosion has long been recognised as a function of the susceptibility of a soil to
erosion (soil erodibility) and the erosive nature of the wind and associated synoptic
systems it is exposed to (wind erosivity) (Kalma, Speight & Wasson 1988; McTainsh &
Leys 1993; Shao 2008). These can include (but are not limited to) erodibility factors
such as soil moisture, soil structure, vegetation and erosivity factors such as wind
speed (Bullard et al. 2011; Hupy 2004; Kalma, Speight & Wasson 1988; McTainsh,
Burgess & Pitblado 1989). Overlying these are broad-scale climatic factors such as
precipitation and drought which influence specific erodibility factors such as vegetation
and soil moisture (Eldridge & Leys 2003; McTainsh, Burgess & Pitblado 1989).

Quantifying drought using drought indices (with respect to wind erosion) was explored
in Chapter 3. While drought is recognised in the literature as influencing wind erosion
activity in Australia (McTainsh et al. 2011), this is only part of the wind erosion story,
with erodibility factors such as soil moisture, soil structure, vegetation and biological
crusting as well as the erosivity factor of wind strength also playing their parts (Bullard
et al. 2011; Kalma, Speight & Wasson 1988). While several studies have focused on
the factors of wind erosion and have developed modelling for their impact, few studies
have explored the potential of wind erosion in drought periods.
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4.1.1

Erodibility factors

Vegetation (including biological crusting)

Vegetation (in the form of vascular plants, plant residues or remnants and biological
crusting) is an important factor in the erodibility of a soil (Hupy 2004; Orgill & Sehmel
1976; Webb & Strong 2011). It can be influenced by other wind erosion factors such as
precipitation and land use (Eldridge & Leys 2003). In general, lower vegetation cover
can be associated with a higher occurrence of wind erosion activity (Goudie &
Middleton 2006). Al-Dousari and Al-Awadhi (2012) identified that regions where
vegetation was dense (such as a national park) had the lowest dust activity due to the
preservation of native plant life and its subsequent role as protective cover from wind
erosion (Al-Dousari 2005). Lee and Sohn (2009) similarly found that in vegetated
regions wind erosion occurrence decreased with the increased vegetation coinciding
with the monsoon season.

Additionally, Orgill and Sehmel (1976) found that

mountainous and forested areas did not experience severe dust storm activity.

More recently, Burri et al. (2011) investigated the role of vegetation canopies in
reducing wind erosion. They found that sediment flux and concentration was reduced
with increases in canopy density (particularly large-density canopies) (Burri et al.
2011). Vegetation can influence wind erosion in several ways, including the lowering /
absorption of wind velocity and increase of surface roughness, the entrapment of soil
particles, the reduction of soil surfaces available for wind erosion and changes to soil
structure (through creation of roots and retention of nutrients) (Burri et al. 2011; Fan et
al. 2014; Yan et al. 2011). Dupont, Bergametti & Simoëns (2014) and Leenders, Sterk
& van Boxel (2016) found that larger vegetation such as trees were better at lowering
erosion (due to their larger size and role in increasing surface roughness) than that of
shrubs (which were observed to trap sand particles), whilst Fan et al. (2014) found a
reduction of 3% in spring dust storm activity due to an increase in vegetation.

Other studies have investigated the influence that biological and physical crusting has
on the overall stability of a soil surface, finding that in general such crusts result in a
soil surface’s lower susceptibility to wind erosion (Baddock et al. 2011; Belnap &
Gillette 1998; Bu et al. 2015; Eldridge & Leys 2003). During drier periods and
predominantly in arid to semi-arid regions, biological crusting has been observed to
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provide greater protection to a soil surface, whereas during wetter periods, the
vegetation cover itself is usually enough to provide protective cover (Belnap & Gillette
1998; Eldridge & Leys 2003). The level of disturbance a crust is exposed to can
influence the threshold frictional velocity required to entrain soil particles (Belnap &
Gillette 1998; Baddock et al. 2011). Both Belnap & Gillette (1998) and Baddock et al.
(2011) found that undisturbed crusts had higher threshold frictional velocities than
those of disturbed crusts, resulting in a lower susceptibility to wind erosion.
Additionally, soil particle size can influence the development of biocrusts on the soil
surface, with cyanobacterial crusts forming faster on finer fractions of the soil as
opposed to coarse (Rozenstein et al. 2014) and soil moisture influencing crust
disturbance / development (Bu et al. 2015; Yan et al. 2015).

Soil erodibility factors (particle size, texture, structure, moisture content and surface
roughness)

Soil erodibility factors such as soil particle size, texture, structure, aggregation,
moisture and surface roughness are all important factors in wind erosion (McTainsh,
Burgess & Pitblado 1989; Hagen, van Pelt & Sharratt 2010; Webb & Strong 2011).
Several of these factors are interrelated (for instance particle size can facilitate
moisture retention, soil textures may inhibit or enhance aggregation and surface
roughness can increase with greater vegetation cover). It is noted that moisture of a
surface affects wind erosion and subsequent sediment transport (Cornelis & Gabriels
2003). Higher aggregation in a soil can provide increased stability and protection from
wind erosion, with finer-textured soils generally bearing higher rates of dry aggregation
(Belnap & Gillette 1998; Eldridge & Leys 2003; Hupy 2004; Webb & Strong 2011). It
has been observed that the presence of biological crusts can result in an increase in
aggregation and subsequently lower rates of wind erosion (Eldridge & Leys 2003).

Soil texture can be observed to influence wind erosion activity through the distribution
of particle sizes, with sandy soils observed to have saltation fractions of higher kinetic
energy and density than that of the saltation fraction of finer textured soils (which bear
higher levels of organic material, silt and clay) (Avecilla, Panebianco & Buchiazzo
2015). Additionally, the structure / texture of a soil can influence wind erosion activity
and transport rates, water holding capacity and the retention of organic carbon (Colazo
& Bushiazzo 2015) which can also be observed to influence wind erosion activity. Lee

100

Chapter 4 – Estimating the potential wind erosion of drought periods in Australia utilising long-term
datasets (>100 years)

and Sohn (2009) found that non-vegetated regions were most susceptible to wind
erosion due to finer particle sizes and lower surface roughness.

In turn, these soil properties control the availability of loose erodible sediment and
determine the around of wind shear (or threshold friction velocity) required to entrain
them (Belnap & Gillette 1998; Friese et al. 2016; Webb & Strong 2011). Challenges
have been identified with the incorporation of soil erodibility factors in wind erosion
modelling due to these factors varying according to time and space (Webb & Strong
2011). Chappell et al. (2007) further note that wind erosion models have placed
importance on information on the changes in soil composition and surface structure
over time and space as these are important drivers of wind erosion. The type of soil
surface (e.g. dunes, floodplains, rangelands or agricultural / cultivated land) can also
influence the rate and type of wind erosion activity experienced (Zhang & Dong 2014),
with regions such as croplands, experiencing more wind erosion than that of
shrublands, grasslands or urban areas (Lee et al. 2012).

The relationship between drought, precipitation and wind erosion
In general, it is well established that wind erosion increases with decreasing
precipitation (Brazel & Nickling 1986; Eldridge & Leys 2003; Jáuregui 1989; McTainsh
1989; McTainsh & Leys 1993; Prospero et al. 2002). It is important to note that this
relationship only exists above approximately 100-200 millimetres annual precipitation
below which dust storm activity is seen to decrease (Goudie & Middleton 2006;
McTainsh 1989; McTainsh & Leys 1993; Prospero et al. 2002). An explanation for this
decline in wind erosion within areas of 200 millimetres annual precipitation or less is
that soils in these regions have already had their upper levels removed by continuous
wind erosion and have limited amounts of sediment deposited (McTainsh & Leys 1993;
Goudie & Middleton 2006). This may be indicative of a supply-limited geomorphic
region (Bullard & McTainsh 2003).

Precipitation is a particularly important factor in WEP due to its impact on soil moisture
and vegetation (Goudie & Middleton 2006). During years of low precipitation (including
drought years) the moisture readily available to the soil declines, reducing the amount
of vegetation (both vascular and biological crusts) and subsequently reducing surface
roughness in a given region (Eldridge & Leys 2003; Laity 2011). Thus, a lower
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threshold frictional velocity is required to entrain soil particles into the air (Belnap &
Gillette 1998).

It is also well established in the literature that increased wind erosion activity is
associated with drought conditions (McTainsh et al. 2011; O’Loingsigh, McTainsh &
Tews et al. 2014). McTainsh et al. (2005) discuss the drought conditions leading up to
Australia’s 23 October 2002 dust storm. Using data from as far back as 1960, they
determined that dust storms have been highly episodic in nature but associated with
drought periods. Additionally, they found smaller drought periods (e.g. the 1982-83
drought period) do not necessarily result in increased wind erosion activity as
compared to longer, more intense drought periods (McTainsh et al. 2005). This finding
is also corroborated by Brazel and Nickling (1986) who established that variation in the
Palmer Drought Severity Index (PDSI) closely related to variations in dust storm
frequency.
O’Loingsigh, McTainsh, Tews et al. (2014) provided a plot of mean dust storm intensity
(DSI) across 180 stations to show the relationship between wind erosion and
precipitation. They noted that peaks in wind erosion activity closely correlated with
droughts (such as in the 60s, 80s, 90s and 00s). Conversely, low points in wind erosion
activity coincided with high periods of precipitation (namely, flooding) such as in the
70s and 2010-11 (O’Loingsigh, McTainsh, Tews et al. 2014).

More recent studies have sought to investigate the relationship between wind erosion
activity and precipitation from the perspective of broad scale climate systems (such as
the PDO, ENSO, IPO and SST in general) which control precipitation levels and
subsequently vegetation cover and soil moisture (Cattle 2016; Evans et al. 2016; Hand
et al. 2016; Lee & Gill 2015; Mao et al. 2011; Notaro, Yu & Kalashnikova 2015; Speer
et al. 2013). Hand et al. (2016) determined that the PDO was responsible for drier,
windier conditions with lowered vegetation during the period of 2007-2014 which
resulted in increased dust activity in the southwest of the United States.

4.1.2

Erosivity factors

Wind speed and gustiness
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In general, higher wind speeds potentially result in higher rates of wind erosion activity.
Lee and Sohn (2009) determined that in vegetated regions, wind erosion increased
according to increased wind speeds. Wind speeds may be seen to vary on a seasonal
or inter-annual basis which can also influence rates of wind erosion (Bullard et al.
2011).

An important aspect of wind speed is the threshold friction velocity required to entrain a
soil surface. This can be defined as the wind speed required for particle detachment
from a soil surface (Belnap & Gillette 1998). Kurosaki and Mikami (2007) found that
threshold wind speeds corresponded roughly with land cover type, with highest values
in grassland regions and lowest in desert areas. They also observed high seasonality
of threshold wind speeds in grassland regions as compared to desert regions.
McTainsh, Lynch and Burgess (1990) utilised the concept of a wind erosivity factor in
their Ew model of potential wind erosion, which incorporated annual wind run. Belnap
and Gillette (1998) found that disturbed soils had lower threshold friction velocities than
undisturbed soils, with the presence of surface crusting resulting in higher threshold
friction velocities. Additionally, Ishizuka et al. (2008) in Bryant (2013) determined that
surface conditions such as particle size distribution, the presence of crusting and
wetting and drying influenced the wind friction velocity.

Kalma, Speight and Wasson (1988) estimated potential wind erosion in Australia at a
continental scale using the erosivity factors of wind speed and direction. This provided
an estimate of the potential magnitude and direction of sand drift in Australia. They
found that potential wind erosion had set patterns reflecting seasonal atmospheric
circulations (for example the north to south migration of the high pressure belt with its
embedded cold frontal systems) and that potential wind erosion was greater in coastal
regions.

In addition to overall wind speed, the gustiness of the wind can influence the extent and
severity of wind erosion. Lee (1987) investigated whether wind gustiness in addition to
average wind speed could be used to predict aeolian transport rates. He found that
quartz grains were heavy enough to limit the ability of wind gusts to move them but
commented on the need for further study. More recently, it has been found that wind
gusts influence sediment transport. Davidson-Arnott, MacQuarrie and Aagaard (2005)
found that in areas with higher moisture content, wind gusts could remove the surface
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layer even if the area did not have enough time to dry out to initiate sediment transport.
Additionally, they found that variability in the transport of sediment (in this case, sand)
was similar to that of wind gust patterns. Engelstaedter and Washington (2007) found
that dry convection and high wind speed events of a small scale (associated with wind
gustiness) were the main controls of the North African dust cycle.

McGee, Broecker and Winckler (2010) used the concept of wind gustiness as a
potential explanation as to why dust emissions were two to four times higher during the
glacial periods than in interglacial periods. In terms of a useable measure of wind
speed, McTainsh, Lynch and Tews (1998) noted that average wind speeds tend to
underestimate wind speeds for regions which experience high wind gustiness, for
example, regions exposed to frontal activity.

4.1.3

Studies of wind erosion potential

Several articles have aimed to quantify potential wind erosion with respect to wind
erosion factors such as wind speeds, vegetation and soil properties. One of the earliest
studies into modelling wind erosion was Chepil (1956) which focused on the influence
of changes in soil moisture on the erodibility of soils using a range of soil types
(Cornelis & Gabriels 2003). It was found that higher soil moisture resulted in lower
mobility of soils.

Within Australia, McTainsh, Lynch and Burgess (1990) developed the Ew index of
potential wind erosion which utilised factors of wind erosion including precipitation,
wind speed and soil moisture. They also related vegetation to precipitation and soil
moisture. Soil and sediment erodibility was not covered in the index. The Et model of
wind erosion developed by McTainsh, Lynch and Tews (1998) built further on the
concept of McTainsh, Lynch and Burgess (1990), incorporating the Ew index and
adjusting it for seasonal differences in rainfall and evaporation.

In terms of global broad-scale modelling and case study modelling, there have been
numerous articles. Cavazos, Todd and Schepanski (2009) modelled the Saharan dust
storm of 6-11 March 2006 using a regional climate model with a dust module,
incorporating factors such as surface characteristics (land use, surface roughness, soil
texture) and wind speed, wind direction, temperature and pressure. S. Chen et al.
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(2013) modelled the Taklimakan dust in the Tibetan Plateau during the summer of
2006, utilising a weather research and forecasting model combined with chemistry
primarily to determine the meteorological cause of the outbreak and the radiative
forcing of the dust emissions. Darmenova, Sokolik and Darmenov (2005) utilised a
variety of input data to model East Asian dust outbreaks and transport in spring 2001,
including satellite data such as TOMS aerosol data and MODIS aerosol depth, coupled
with meteorological observations such as visibility and surface wind. Gong et al. (2003)
used the Northern Aerosol Regional Climate Model to simulate Asian dust during 2001
to select relevant parameters of particle size, soil moisture and meteorology that
characterised these events. Grini et al. (2005) used the Dust Entrainment and
Deposition Model alongside a chemical transport model to identify dust sources and
address factors including soil erodibility and variability in wind speed. It is important to
note that this list is not exhaustive. There are numerous other studies in the field that
have incorporated similar methods.

Leys, McTainsh and Shao (1999) identify both the advantages and disadvantages of
using climate models to explain wind erosion. Advantages include ease of access to
long-term nation-wide datasets, the ability to delineate between accelerated and
natural erosion, and few data inputs. Disadvantages include spatial resolution (which
can be low) variation in the measurement of meteorological variables and dealing with
erodibility factors (Leys, McTainsh & Shao 1999).

In terms of local and regional modelling, Chappell et al. (2007) modelled on site
erodibility using rainfall simulation and a portable wind tunnel (to simulate abrasion).
They found that surface conditions influenced the erodibility response, with rainfall,
drying and abrasion resetting the soil surface conditions. Claiborn et al. (1998)
presented the Columbia Plateau PM10 Program which incorporates factors such as soil
mapping, vegetation cover, measurement of dust emission, measurement of
concentrations during wind erosion activity and development of a model which
describes regional transport and dispersion. Lee et al. (1994) investigated various
factors influencing wind erosion activity in Lubbock, Texas and found that wind speed
and direction, soil erodibility, soil moisture and land management were significant
factors for characterising patterns of wind erosion activity in the region. Again, it is
important to note that this list is not exhaustive, with other studies including similar
methods. Ginoux et al. (2012) noted that better estimates of wind erosion would require
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improved mapping of threshold wind velocity, vegetation and surface conditions, as
well as an increased understanding of the small-scale meteorological processes that
generate these events.

Notably, studies that have investigated potential wind erosion generally address it from
a regional or continental scale. Those that adopted climate modelling resulted in low
spatial resolution due to the interpolative nature of datasets (for example as identified
in Leys, McTainsh & Shao 1999). Additionally, studies such as Kalma, Speight and
Wasson (1988) have used station based observations to generate continent-scale
potential wind erosion maps, a method which could potentially result in interpolative
errors due to the sparse spread of inland stations. The current study has utilised a
station-based analysis at a finer spatial scale, which potentially avoids the errors
associated with sparsely distributed stations in Australia.

Since 2010, several articles have focused on broad-scale or case-study based
modelling of wind erosion.

Some have sought to summarise the developments of

modelling-based studies of wind erosion, such as Kok et al. (2012) and Shao et al.
(2011). Shao et al. (2011) provided an overview of the concept of the dust cycle which
incorporates the ‘emission, transport, transformation, deposition and stabilisation’ of
dusts which are observed to operate on differing spatial and temporal scales (p. 184).
This has resulted in the development of modelling methods to better understand the
role of dust from a global perspective including the development of regional and global
based dust models. Shao et al. (2011) discusses wind erosion modelling in terms of
categories including dust emission schemes (such as atmospheric based models with
a dust component), dust deposition schemes, the assimilation of data and modelling
parameters.

For dust emission schemes, it was found that most models incorporated an
atmospheric based model which utilised an additional dust component, factoring in
variables such as dust entrainment, transport as well as deposition and even individual
chemistry (such as mineral and biological components of dusts) (Shao 2011). These
have provided useful estimates of dust loads and transport for specific dust events or
time periods (for example see Arnalds et al. 2013; Chen et al. 2014; Li, Han & Zhang
2011; Liu et al. 2011), however, challenges still exist with physics-based modelling of
wind erosion due to availability of soil and land-based input data (for example soil
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moisture, soil particle size or aerodynamic roughness as well as the ability to scale
these to a global / regional scale (due to complexities associated with changes in wind
speeds) (Shao et al. 2011; Spyrou et al. 2010). Kok et al. (2012) also notes the
complexities associated with wind speeds, with changes occurring on short time scales
(such as seconds). Some studies have chosen to focus modelling wind erosion
susceptibility according to soil properties (such as soil crusting, aggregation, chemistry
or particle sizes) (Borrelli et al. 2014; Sprigg et al. 2014; Wang et al. 2012; Zobeck et
al. 2013), ground cover / vegetation (Chappell et al. 2017; Flagg et al. 2014; Floyd &
Gill 2011; Leenders, Sterk & Van Boxel 2011; Munson, Belnap & Okin 2011) or
responses to meteorology (such as seasonality of precipitation and synoptic-based
systems) (Flagg et al. 2014; Knippertz & Todd 2012). Other modelling-based studies
have chosen to focus on identification of source areas using GIS-based methods
(Ginoux et al. 2012) or changes in land use (Leh, Baiwa & Chaubey 2013).

In terms of dust deposition schemes, several challenges are noted including the
smaller available measurements for dust deposition and challenges associated with
measurements themselves (in particular little measurements taken near dust source
areas, poor development and understanding of wet and dry deposition measurement
and mechanisms and uncertainties associated with databases used for dust
deposition) (Shao et al. 2011).

For data assimilation aspects of dust modelling, Shao et al. (2011) notes the success
and increase in use of use of dust observations from various sources (such as weather
station observations, lidar or remote sensing). However, Barchyn et al. (2014) identifies
challenges associated with the combination of measurements of dust to mathematical
models such as incompatibilities and mismatches in spatial and temporal scale.
Several studies have focused on the comparison of actual dust observations to
modelling dust emissions and transport to understand the nature of specific dust events
(such as De Deckker et al. 2014).

In terms of the parameters used in wind erosion modelling, Shao et al. (2011) identifies
the complexities associated with choice of parameters including the lack of data
(particularly with respect to soil and land surface data). Webb & Strong (2011) provide
an overview of the challenges associated with the inclusion of wind erodibility in wind
erosion models stating that little studies address the complex interactions between
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soils, climate and land management (which provide a source of spatial-temporal
variability in soil erodibility). Other parameters commonly used in modern modelling
include soil properties (such as particle size, aggregation, composition), aerodynamic
roughness and thermal / hydrological properties (Kok et al. 2012; Shao et al. 2011).

While these studies have estimated the potential for wind erosion from a broad-scale
modelling perspective, a case study perspective, or for specific regions utilising wind
erosion variables, few studies have focused on the potential for wind erosion to occur
within specific drought periods. Even so, drought is recognised as an important factor
in influencing wind erosion frequency, intensity and spatial scale.

4.2

Key terminology for this chapter

For this chapter, several terms are introduced with respect to drought and wind erosion
which relate to differing scales and methods of measurement. For example, drought
magnitude can be measured at the scale of drought episode or a drought period. While
drought terminology was provided in Chapter 4 for RD and SPI, terms have now been
adapted to suit the drought index being used for this chapter - the SPI. Each term is
defined below.

Drought period: refers to the accepted duration of the drought in years. This accepted
duration is defined by organisations such as the BOM and / or the ABS. A summary of
drought periods is provided below in Table 4.3.

Drought episode: refers to the smaller-scale episodes which occur within a given
drought period. These are identified according to the start and end values as defined
by the SPI (McKee, Doesken & Kleist 1993).

According to the WMO (2012):
“A drought event occurs any time the SPI is continuously negative and reaches an
intensity of -1.0 or less. The event ends when the SPI becomes positive. Each
drought event, therefore, has a duration defined by its beginning and end, and an
intensity for each month that the event continues” (p. 4).
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Drought episode duration: refers to the length of a specific drought episode,
expressed in months.
Drought episode intensity: refers to the individual value of the SPI for a given month.

Drought episode magnitude: refers to the sum of individual monthly SPI values for a
given drought episode duration.

Drought period magnitude: refers to the sum of all individual drought episode
magnitude values within a given drought period.

Drought episode severity: refers to a proportional measure of the strength or severity
of the drought episode as calculated from the values of the drought episode magnitude
divided by the drought episode duration.
Drought period severity: refers to the strength or severity of the drought period as
derived from the summation of drought episode severity values in the drought period.

Erodibility: refers to factors which influence wind erosion, and, for this study, these
comprise vegetation cover (Kalma, Speight & Wasson 1988; McTainsh & Leys 1993).

Erosivity: refers to factors which influence wind erosion activity related to the strength
(or erosive nature) of the wind and, for this study, are measured by wind speed (Kalma,
Speight & Wasson 1988; McTainsh & Leys 1993).
CAVI: refers to the Climate Aridity Vegetation Index - a method of estimating
vegetation cover with data prior to the introduction of spatial data (such as the
Normalised Difference Vegetation Index (NDVI)). The method adopted here is that of
Pudmenzky, King & Butler (2015).

4.3

Methodology

Drought periods over the last 120 years (1895 to early 2015) were identified using
literature and articles in the field of drought, while drought episodes within specific
drought periods were identified using the drought index that was selected in Chapter 4
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- the SPI. The WEP for each drought period was then calculated using the following
variables:


Drought period severity – as detailed in Section 4.4.1



Erodibility factor – vegetation cover (Section 4.4.2) and



Erosivity factor – maximum and average monthly wind speed (Section 4.4.3).

A matrix of WEP was developed using these variables for each station and for each
drought period. A more detailed account of the methodology and development of each
wind erosion variable is provided in Section 4.4.

4.3.1

Selected stations

A total of 22 stations were selected for this study, covering NSW, Queensland and
Victoria. These 22 consist of the consolidation of 63 individual BOM observer stations.
It is well documented in the literature that maintaining a long-term complete record,
particularly for regional stations, is challenging (McTainsh, Lynch & Burgess 1990), so
consolidation was performed to lengthen the dataset of each station and to achieve a
semi-continuous observational record. This approach is consistent with that of
O’Loingsigh et al. (2014). O’Loingsigh et al. (2014) compared the World War II and
Millennium drought periods using a total of 71 station records consolidated into 52
stations across Queensland, the NT, NSW, Victoria, SA and the ACT. The numbers of
stations used varied according to state: three in the NT and four in SA compared to
higher station densities in Queensland and NSW (O’Loingsigh et al. 2014).

It is also well-documented in the literature that the spatial density of stations varies
according to positioning on the Australian continent; with areas in central Australia and
remote parts of states and territories bearing lower density of BOM stations (McTainsh
& Pitblado 1987; O’Loingsigh et al. 2014). This is an inherent feature of the data source
that was available for use (the DEDB) which has been developed from BOM observer
stations (O’Loingsigh et al. 2014; O’Loingsigh, McTainsh, Tews et al. 2014). These
considerations also apply to the AWE presented in Chapter 5 and used in Chapter 6.

A summary of the stations and their associated consolidated sub-stations is provided in
Appendix 1 (Table A1.1) while a map of the location of these stations is provided in
Figure 4.1 below. The number and spatial spread of meteorological stations have an

110

Chapter 4 – Estimating the potential wind erosion of drought periods in Australia utilising long-term
datasets (>100 years)

important influence on the nature and patterns of results gained from wind erosion
analyses (McTainsh, Burgess & Pitblado 1989; McTainsh & Pitblado 1987). Stations
within the states of NSW, Queensland and Victoria were selected due to BOM stations
in this region tending to have more complete records compared to stations in other
states such as the NT, SA and WA. Coastal regions were excluded from this analysis
due to their complex meteorological interactions, their generally low wind erosion
activity and higher rainfall (McTainsh, Burgess & Pitblado 1989). Van Dijk et al. (2013)
note that only a few stations in Australia have a continuous record prior to 1900, with
the meteorological record in terms of rainfall incomplete prior to 1940.

Figure 4.1: Geographic location of selected consolidated BOM stations.

By consolidating stations for this study, a more continuous record was achieved.
Incorporating stations which are located closer together (less than 100km apart) as
opposed to the sparse scatter of stations in central Australia allows relationships
identified in this chapter to be deemed more real than apparent, which is a noted
challenge of station-based analyses (Goudie & Middleton 2006; McTainsh & Pitblado
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1987). Clermont-Emerald was the only consolidated station that consisted of stations
located greater than 100km apart (111km and 117km respectively). O’Loingsigh et al.
(2014) utilised the same station consolidation, justifying the choice by stating that
similar surface characteristics and climatic conditions exist in larger areas inland as
compared to differences in conditions in coastal areas which may occur in distances of
tens of kilometres.

Stations were also selected due to their falling within the precipitation range of 150mm1000mm. This range as chosen as the relationship between precipitation and wind
erosion activity is clearer in such regions (Goudie & Middleton 2006; McTainsh &
Boughton 1993). During the consolidation process, merged stations were selected
based on distance and sharing similar precipitation and temperature regimes. A
summary of the consolidated stations, their distance from the city centre and
associated mean annual precipitation is provided in Appendix 1 (Table A1.1).

It is important to note that the spatial density of stations in Queensland is lower than
that of NSW (approximately 50%). Implications for the interpretation of results include
interpolations being non-representative of localities in between selected stations
(particularly in Queensland) due to larger distances between them. Consequently,
calculated values at a given station (or stations) may not necessarily be representative
of the area between stations. As discussed above, this is a recognised challenge of
spatio-temporal studies within Australia (McTainsh & Pitblado 1987) and globally
(Goudie & Middleton 2006). To address this issue, analyses were primarily calculated
on a station-based perspective and, where possible, results presented spatially to
provide clarity on the spacing of stations. Additionally, as WEP is calculated on a
station by station basis, WEP values are reflective of the conditions immediately
surrounding one of the 22 selected stations, a methodology consistent with that of
O’Loingisgh et al. (2014).

4.3.2

Data sources and types

Several data sources and types were used for this study and these are summarised in
Table 4.1. As shown above, precipitation and temperature data were acquired from the
Bureau of Meteorology (BOM) and wind speed was acquired from the Computational
Environmental Management System Model (CEMSYS) for each selected station for
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each identified drought period over approximately 100 years. This data was available in
database format for each selected BOM observer sub-station in Australia. While some
datasets had continuous records when sub-stations were consolidated, others did not.

Table 4.1: Summary of data requirements and sources.

Variable

Data required

Data source/s

Drought periods

Drought period length (years)

BOM
ABS

Drought episodes and
drought period severity

Calculation of SPI:
Monthly precipitation
user program

BOM
National Drought
Mitigation Centre

Vegetation cover

Calculation of CAVI:
Monthly precipitation
Monthly maximum average temperature

BOM

Wind speed

Average monthly wind speed
Maximum monthly wind speed

CEMSYS Data –
University of Southern
Queensland

4.3.3

Dataset lengths

Precipitation and temperature

The length of the dataset extends from January 1858 to January 2015 for monthly
precipitation and temperatures. Several stations had a complete record while others
had months missing (even after consolidating multiple sub-stations). A summary of
stations and their associated dataset lengths and months missing is provided in
Appendix 1 (Table A1.2).

The stations with the most complete precipitation records were Broken Hill, ForbesParkes and Moree in NSW, Clermont-Emerald and Dalby in Queensland and Bendigo
in Victoria. The station bearing the longest record was Bathurst in NSW, spanning
approximately 157 years whereas the shortest total record was at Longreach, spanning
122 years (Appendix 1, Table A1.2).

There were more missing months for temperature data than that for precipitation data
(Appendix 1, Table A1.2). The station with the most complete record was Dalby in
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Queensland, whilst the stations with the most months missing comprised Moree and
Gunnedah in NSW and Georgetown in Queensland. The station which had the longest
record of temperature data was Bathurst in NSW, again spanning approximately 157
years and the shortest record was Bendigo in Victoria, spanning approximately 58
years (Appendix 1, Table A1.2).

Missing data were omitted from the calculations of WEP variables (vegetation and
SPI). This was conducted as interpolating values over longer datasets might have
compromised overall data quality, resulting in overestimating or underestimating
rainfall, temperature and subsequent vegetation cover.

Wind speed

Wind speed data sourced from CEMSYS was a complete record due the interpolative
nature of the dataset. No months of wind speed data were missing for any of the 22
consolidated stations. The dataset spanned from January 1871 to December 2010 for
all stations.

CEMSYS utilises analysis data from the National Centre for Environmental Prediction
(NECP) in the United States and provides atmospheric, land surface, wind erosion, and
transport and deposition models (Leys et al. 2010; Shao et al. 2007). The atmospheric
model can provide information on variables such as cloud cover, radiation and wind
speeds (Leys et al. 2010). For this chapter, monthly values of maximum wind speed
and average wind speed in metres per second (ms-1) were used. Maximum wind gust
was divided by the average wind speed to provide a proportional value of gust to the
average. This ratio of maximum wind gust to average wind speed has been used in the
literature as a gust factor (Paulsen & Schroeder 2004).
4.3.4

Determining drought periods

To determine the drought episodes occurring during given drought periods, a list of
defined drought periods as identified by the BOM and other sources (including the ABS
and literature in the field of drought) was compiled and summarised from 1895 to 2014
(Table 4.2). For this study, the currently occurring drought period of 2013 to 2014
(predominantly affecting Queensland and parts of NSW) has been excluded from
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analysis as it was deemed ongoing at the time of writing this chapter. Drought periods
have been assigned abbreviated names (as provided in brackets under each drought
period in Table 4.2).

Drought periods (spans of drought across multiple years) were used in this analysis as
there are complexities associated with year-to-year drought conditions. Agnew (2000)
notes that low rainfall in any one given year may not necessarily result in widespread
impacts (e.g. environmental, agricultural or social). What is more important is the
persistence or continuous sequence of low rainfall that contributes to the overall impact
of a drought (Agnew 2000).

Table 4.2: Summary of major drought periods in Australia from 1895 to present.
Drought period

The Federation
drought (Fed)

The 1914 – 15
drought (WWI)

Time span

Description

1895 - 1903

An Australia-wide drought, persistent drought conditions affected
Queensland, inland NSW, SA and parts of central Australia (ABS
1988). It was considered as one of the worst droughts in
Australian history regarding severity and coverage (ABC News
2015; ABS 1988), affecting approximately two thirds of the
eastern part of the Australian continent (Verdon-Kidd & Kiem
2009).

1914 - 1915

The 1918-1920
drought (20’s)

1918 - 1920

The World War II
drought (WWII)

1939 - 1945

The 1965-68
drought (60’s)

1965 - 1968
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This drought was characterised by the failure of the national
wheat crop during this period (ABC News 2015; BOM 2014a;
Liddy, Elvery & Spraggon 2014). A strong El Niño began in 1914,
and drought was severely widespread from July to October (BOM
2014a). The BOM (2014a) notes that from May to October 1914
was (and still is) the driest period on record for some areas in
southern Australia. This drought primarily affected Victoria, NSW,
Queensland, and parts of the NT, SA and WA (ABS 1988).
The drought affected Queensland, NSW, SA, Victoria, Tasmania
and parts of the NT and WA (ABC News 2015; ABS 1988; Liddy,
Elvery & Spraggon 2014). Little documentation is available of its
severity or consequent agricultural losses.
A multiple year drought, this one predominantly affected
southeastern Australia (Verdon-Kidd & Kiem 2009): NSW
(particularly coastally severe), Queensland, Tasmania and
pastoral regions of SA (ABS 1988). Also, it was particularly severe
in 1940 and 1944-45 in WA, Victoria, central Australia and parts of
the NT (ABS 1988).
Regarded as the most severe and widespread drought since 1903
(ABS 1988; ABS 2000) and comparable to the WWII drought
(BOM 2014a), the ABS (1988) notes that this is commonly treated
as one drought period but could be divided into two periods which
overlap in time and affect different regions; central Australia,
Queensland, SA, WA, NSW and northern parts of Australia (195766) and southeastern Australia (1964-68).
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Short but sharp
drought (or El Niño
drought) (EN)

The long El Niño
drought (LEN)

Millennium drought
or the ‘Big Dry’ (Mil)

4.3.5

1982 - 1983

1991 - 1995

2001 - 2009

The was the worst drought of the 20th century when considered in
terms of short-term rainfall deficiency (ABC News 2015; BOM
2014a). This drought predominantly affected most of eastern
Australia (with particular severity in southeastern Australia) (ABS
1988). Interestingly this involved the first discussion of El Niño as
the drought’s predominant cause.
Affecting the whole country from March 1994, this drought
coincided with persistent El Niño conditions (ABC News 2015;
BOM 2014a). While rainfall eased the drought in autumn and
winter 1995 for southern areas, it persisted in Queensland, being
one of the worst on record for this state (BOM 2014a).
Regarded as the “worst drought on record for southeast Australia”
(van Dijk et al. 2013, p. 1040), this drought included two
particularly severe years (2002 and 2006) and was characterised
by consistent overall severity (ABC News 2015).

Drought duration, magnitude and severity (episodes and periods)

Drought episodes for each of the 22 stations were determined for each drought period
using the SPI which was selected as the most suitable drought index for use in wind
erosion studies by the method outlined in Chapter 3. For a given station, its
corresponding sub-station monthly rainfall values were consolidated (averaged) and
then input into the SPI calculation program (National Drought Mitigation Center 2016)
using a three-monthly SPI calculation period. Output values were then entered into a
Python based programming script, which identified drought episodes and calculated
their corresponding duration, intensity, magnitude and severity for each station. The
results of these calculations as well as the main findings are presented below.

A three-monthly SPI calculation was selected for this study as it has been regularly
used in the literature (Keyantash & Dracup 2002) and is said to reflect short to midterm climatic conditions (WMO 2012). A longer meteorological record (approximately
>100 years) was used in conjunction with these three-monthly SPI calculations to gain
an insight into longer-term climatic conditions. While six month calculations were
recommended in Chapter 3, correlations showed that three month durations were more
suitable across the 22-station analysis. Section 4.4 below provides an in-depth
overview of the eliminative process used to select a suitable measure to quantify
drought for use in the calculation of WEP.

4.4
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Each variable used in determining WEP during drought periods and their associated
measures is now discussed below.

4.4.1

Quantifying drought for use in WEP

As discussed in Chapter 3, drought periods and drought episodes are important
temporal components of drought. Other important concepts are duration, magnitude
and severity (Section 4.2). The methodology for their potential use in WEP calculation
is outlined below using an eliminative process – assessing the performance and use of
individual drought measures: episodicity, magnitude and severity (proportional
magnitude).

Drought episode frequency

When investigating drought as a count of the number of episodes per drought period,
three drought periods emerged as prominent: the Fed, WWII and Mil droughts. On
average and according to maximum drought episodes, the Mil drought period was
more extensive compared with the other two (Appendix 2; Section A2.1). While drought
episodicity provided an overview of the frequency of episodes, the duration of these
episodes varied according to drought and station. This is discussed below as a
potential measure.

Drought episode duration

When considering drought as measure of episode duration (in months) the EN drought
period was found to have the highest maximum average duration, followed by the 20s,
WWII and Fed droughts (Appendix 2; Section A2.2). While more drought periods
ranked highly in terms of maximum average drought episode duration, the magnitude
of these drought periods may vary. This is explained below.

Drought period magnitude
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Drought period magnitude was expressed as an average of the drought episode
magnitudes during a given drought period. The more negative the drought period
magnitude, the more intense the drought period. This is due to more negative values of
the SPI indicating more severe drought conditions (McKee, Doesken & Kleist 1993;
WMO 2012).

It is evident that the record was once again dominated by the EN drought period. While
magnitude can provide an overview of how strong the drought period was (by
investigating the drought episodes within) it does not give insight into whether the
drought had shorter more intense drought episodes or longer less intense episodes (or
the inverse). The proportionality of drought episode magnitude to duration was
investigated next as a potential measure of drought for calculation of the WEP. For a
detailed view of the results found for drought period magnitude, please see Appendix 2,
Section A2.3.

Drought episode severity - Magnitude divided by duration

Drought episode severity was expressed as the magnitude of a given drought episode
divided by its duration. This provided a proportional value of magnitude to duration for
each drought episode. The average severity of all episodes for a given drought period
were compared for each station, with the lowest values recorded (reflecting higher
severity). Results are shown in Appendix 2, Section A2.4.

The EN drought period was found to have the highest drought episode severity,
followed by the 20s and Fed droughts. While the EN drought can be considered as a
particularly short and sharp drought which affected southeastern Australia, we would
not expect that this drought was the most severe for most stations, considering the
severity of droughts such as the Fed, WWII and Mil (Ummenhofer et al. 2009; van Dijk
et al. 2013; Verdon-Kidd & Kiem 2009). Thus, a measure of severity must be even
more proportional and needs to account for varying durations and magnitudes.

Drought period severity – Drought episode severity summed for each drought period
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While the analysis provided above demonstrated that the EN drought period had the
highest average severity, this may be due to this drought period occurring over a
relatively short time period and bearing a higher magnitude according to the particular
episodes within it. This, however, may not reflect the severity of the drought period
itself as each drought episode within it may vary in terms of severity. To address this
issue, the severity of each drought episode was calculated for a drought period and
these individual values were summed to provide a final value. Results are provided in
Appendix 2, Section A2.5. When this new severity measure was applied to the eight
drought periods, a different ranking of severe drought periods emerged. Overall, the
most severe drought period identified was the Fed drought, followed by the Mil and
WWII droughts, which is more consistent with the overarching data.

Selection of a drought measure for WEP

Overall, it is evident that the drought measures of duration, number of episodes and
magnitude favour the EN drought, while measures such as drought period severity
highlight the Fed, WWII and Mil drought periods.

When developing drought measures for WEP values, the measures selected must
reflect what is known about drought periods throughout Australian history. While the
EN drought period was noted as a particularly brief and intense drought (BOM 2014a),
the Fed and Mil droughts are regarded as the worst in history (ABC News 2015). This
is further supported by studies such as Verdon-Kidd and Kiem (2009) who studied
three long and intense drought periods: the Fed, WWII and Mil droughts, finding they
differed in severity, spatial extent and rainfall (Verdon-Kidd & Kiem 2009). Therefore,
drought period severity was selected as a suitable measure of drought severity for use
in estimating WEP, as it highlights drought periods which are noted as particularly
severe in the literature and anecdotally in the media (Australian Government 2016;
ABC News 2015; Liddy, Elvery & Spraggon 2014; Verdon-Kidd & Kiem 2009).

Another consideration is that shorter more intense isolated drought periods may not
necessarily impact upon wind erosion as much as longer more intense widespread
drought periods. This is due to the time it takes for deficiencies in precipitation to affect
other wind erosion factors such as vegetation and soil moisture (Yu, Neil & Hesse
1992). This has been noted in the literature (Yu, Hesse & Neil 1993; Yu, Neil & Hesse
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1992) and through observations of delays in wind erosion response to decreased
rainfall levels, related to a reduction in ground cover and soil moisture. Vegetation
cover as a factor in the potential of wind erosion is discussed below.

Drought severity was used in the WEP matrix and calculated as the sum of magnitude
divided by duration for each drought episode in a drought period. Deciles were then
calculated from these values for each drought period to obtain a scale from 1-10 which
is comparable to the other two WEP variables (vegetation and wind speed) (Table 4.3).

Table 4.3: Drought period severity decile values and their associated meanings.

4.4.2

Decile

Drought period severity

1
2
3
4
5
6
7
8
9
10

Highest severity on record
Much above average severity
Above average severity
Slightly above average severity
Average severity
Average severity
Slightly below average severity
Below average severity
Much below average severity
Lowest severity on record

Vegetation

Vegetation cover - The Climate Aridity Vegetation Index (CAVI)

For this study, the CAVI was used as it provides an easily calculable method of
estimating vegetation cover using widely accessible meteorological records (rainfall
and temperature) as compared to remote sensing data which has limited availability
pre-1980 (Pudmenzky, King & Butler 2015). The index itself is summative and applies
weighting factors (from lower to higher) to the previous 12 months of rainfall and
temperature to determine a CAVI value (Figure 4.3). This allows for the time lag
between

meteorological

variables

and

the

subsequent

vegetation

response

(Pudmenzky, King & Butler 2015).

For this study, a weighting factor (wf) of 0.9 was used as this proved to show the best
correlation between remote sensing data and CAVI values (Pudmenzky, King & Butler
2015). While gridded rainfall and temperature data was utilised in the Pudmenzky, King
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and Butler (2015) study, this chapter used actual BOM station data available online
with station consolidation (as detailed in Section 4.2.1). It is well documented that wind
erosion occurrence increases substantially once vegetation falls below 50% (Leys et al.
2009; Pudmenzky, King & Butler 2015).

Figure 4.2: Formulae for calculating CAVI for a given month, m (Source: Pudmenzky, King and Butler
2015, p. 57).

When exploring individual monthly CAVI values for each station in this study, it was
evident that the values of this index must be compared to the historical record. This
was particularly important in arid regions which had lower vegetative cover in general
compared to more coastal regions. Pudmenzky, King and Butler (2015) determined
that CAVI values of 1.5 and greater indicate 100% ground cover as reflected in the
NDVI. In this study, several stations experienced less than 100% ground cover all year
round due to their location within semi-arid to arid regions. Therefore, if the 1.5 criterion
and 0.75 (as 50% vegetation cover) criterion were used, vegetation cover values were
always in the red for some stations. Take for example the raw CAVI values for the
station of Bourke below in Table 4.7.

It is evident from this subset of data that Bourke consistently had CAVI values which
were less than 50% vegetation cover (left column of Table 5.4), but when this was
viewed with respect to percentiles (compared to the historical record of CAVI values) it
was evident that only for three months out of the subset of 10 months below average
values of CAVI (right column of Table 4.4) resulted. To address this issue, the deciles
of CAVI were used to proportionally show the deviation of vegetation from what is
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normally expected at a given station. This allowed for comparisons against each
station’s historical record and comparisons between stations.

Table 4.4: Raw CAVI values for Bourke, NSW (the left-hand column is raw CAVI calculations with 0.75 as
the colour midpoint, while the right-hand column is the CAVI calculations with percentile colouring (from
10th percentile through to 90th percentile and above).

0.12

0.12

0.16

0.16

0.23

0.23

0.49

0.49

0.53

0.53

0.49

0.49

0.57

0.57

0.66

0.66

0.70

0.70

0.74

0.74

Methodology for using CAVI in the matrix of WEP

CAVI values were calculated monthly for the 22 consolidated BOM stations (Figure
4.2). The values were then assigned monthly decile values according to the historical
record and adapted from the decile ranking method of Gibbs and Maher (1967). This
allowed for proportional comparisons of CAVI to be made for each station and
rendered the dataset comparable to methods such as the SPI (which also utilised a
three-monthly resolution). Thus, if the decile categories of Gibbs and Maher (1967)
were adapted to reflect the changes in vegetation cover, they could be described as in
Table 4.5, ranging from lowest vegetation on record (decile one) through to highest
vegetation cover on record (decile ten).

Table 4.5: Decile rankings for vegetation cover (as adapted from Gibbs and Maher (1967)).
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Vegetation cover

1
2
3
4
5

Lowest vegetation cover on record
Much below average
Below average
Slightly below average
Average
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6
7
8
9
10

Average
Slightly above average
Above average
Much above average
Highest vegetation cover on record

Within each drought period for each station, the mode of CAVI decile was calculated
for inclusion in the WEP matrix. This mode was selected as decile values were
unevenly distributed and this method allowed values to be comparable to normalised
values of the SPI. An example of Bourke CAVI values is used to explain this concept.
When looking at the CAVI dataset (spanning from June 1889 – April 2015), it was
evident that the distribution was nearly symmetrical / normal (Appendix 3; Figure
A3.1a). When CAVI values are viewed within drought periods the distribution becomes
right skewed (Appendix 3; Figure A3.1b).

Due to this right-skewed (positive skewness) nature of the dataset, the mode of CAVI
deciles was used as it reflects the peak of the distribution. Land management also
influences wind erosion either a positively or negatively (Goudie & Middleton 2006;
Leys et al. 2008; McTainsh & Leys 1993; Leys et al. 2009). Land management is a
particularly complex influence upon wind erosion as it varies according to land use
requirements: grazing, cropping and conservation areas. While land management is
not addressed specifically in this chapter, correlations between drought periods and
rates of potential and AWE as well as a summary of land management is provided in
Chapter 5.

The type of vegetation cover is also an important consideration, as different vegetation
types respond differently to drought conditions. For example, grassland may die off
quickly when exposed to drought conditions, whereas a mulga based vegetation
environment may die off at a slower rate over a drought period, and remnant dead
vegetation could still provide support and stability to a soil surface, thus resulting in
lower WEP. These are important considerations which are discussed further in Chapter
5 where AWE is compared to WEP.

4.4.3

Wind speed

Wind speed is an important erosivity factor (Kalma, Speight & Wasson 1988; McTainsh
& Leys 1993) which can include wind run, average wind speed, wind gustiness and
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frequency (Kalma, Speight & Wasson 1988; McTainsh, Lynch & Burgess 1990;
McTainsh, Lynch & Tews 1998). The effective wind speed (also known as the frictional
velocity) influences a given region’s wind erosion, as areas with lower vegetation cover
and surface roughness can have a lower friction to the wind and a higher susceptibility
to wind erosion (Belnap & Gillette 1998). Therefore, wind speed was used in the WEP
matrix in conjunction with vegetation cover and drought – which can affect the soil
surface and properties.

The concept of wind speed severity - A proportional measure of wind speed

The average wind speed (AWS) in each drought period may be low but the maximum
wind gust (MWG) experienced may be high. It is important to note that MWG is not a
continuous phenomenon during a given drought period. It may occur during any given
day in a month (based on the resolution of the data). Therefore, a wind speed
measurement should incorporate both the AWS and MWG for a given location as these
may vary according to station (some stations may experience more gusty winds than
others) (McTainsh, Lynch & Tews 1988).

Table 4.6: Decile rankings for wind speeds (as measured by maximum wind gust (MWG) divided by
average wind speed (AWS)) (as adapted from Gibbs and Maher (1967)).

Decile

Wind speed severity (MWG/AWS)

1
2
3
4
5
6
7
8
9
10

Highest on record
Much above average
Above average
Slightly above average
Average
Average
Slightly below average
Below average
Much below average
Lowest on record

To provide a proportional measure of wind speed, the MWG divided by the AWS (in
ms-1) was calculated for each month of each drought episode within each drought
period, for each of the 22 selected stations. This measure was termed Wind Speed
Severity (WSS) and is related to the concept of a gust factor (Paulsen & Schroeder
2004). The larger the number, the higher the MWG observed and the smaller the AWS
in proportion to the MWG. Also, the closer this value is to one the more equal the AWS
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is to the MWG. In this potential situation, continuously high wind speeds may result in
wind erosion in each region, but continued exposure to high winds may result in the soil
surface being stripped down, leaving behind a more resilient surface, resulting in a
sediment supply limited environment (Bullard et al. 2011).

This concept is reflected in Goossens (2001, p. 1213) in which wind speeds occur
between the deflation threshold and accumulation limit but accumulation rates rapidly
drop. When the accumulation limit is exceeded, no accumulation of dust results.
McTainsh and Leys (1993) and Goudie and Middleton (2006) have also commented on
this notion in terms of arid to semi-arid regions receiving below 100-200mm of
precipitation annually. These regions may have already had existing sediments eroded
which thus exceed that of sediment supply. Final wind speed fractions were
categorised according to three-monthly deciles and the mode was then calculated for
each drought period (Table 4.6).
For wind speeds, the inverse of deciles was used as a lower decile value indicates a
higher proportional wind speed value and a higher potential for wind erosion. These
values are adapted from the method of Gibbs and Maher (1967) and are summarised
in Table 4.6. The adaptation to the method was the inverse of deciles and their
descriptions (highest as decile one and lowest as decile 10), which allows the values to
be readily comparable to drought and vegetation measures as defined in Sections
4.4.1 and 4.4.2. The mode was used as opposed to mean or median for wind speed
because when a distribution was plotted for drought periods, it was right-skewed
(indicating positive skewness) (Appendix 3, Section A3.2). This step allowed the wind
speed datasets to be readily comparable to the other WEP factors used (drought
period severity and vegetation cover).

4.5

Development of the WEP matrix for each drought period

The following section explains the construction of a matrix of WEP for each drought
period and for each of the 22 stations included in this study. An analysis of the data is
then provided in Section 4.6 with respect to WEP values, individual drought periods
and spatiality across eastern Australia to determine WEP relationships between
stations.
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4.5.1

Development of WEP

Values of drought severity, vegetation cover and wind speed severity were included in
the tables below and an average of all three values was used to develop an estimate of
the WEP for each station for each drought period.

The values used for each variable comprise:


Drought severity (DPS): sum of magnitude divided by duration for each
drought episode in a drought period – deciles were then calculated from these
values



Vegetation cover (VC): mode of CAVI deciles across drought periods



Wind speed severity (WSS): mode of wind speed severity across drought
periods.

The WEP was provided in the form of a rating system which spanned from very high
(values of 1-2) through to very low (values of 9-10) (Table 4.7).

Table 4.7: Average values (average of drought severity, vegetation cover and wind speed severity) and
their associated WEP ratings.

Average value
1
2
3
4
5
6
7
8
9
10

WEP
very high (VH)
very high (VH)
high (H)
high (H)
moderate (M)
moderate (M)
low (L)
low (L)
very low (VL)
very low (VL)

An average of the potential across all 22 stations was calculated to provide a single
WEP value for each drought period. The results are presented below in Table 4.8 with
drought periods ranked from the highest WEP (the smallest value) to the lowest WEP
(largest value).

4.6
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Results presented in this section reflect eastern Australia through a 22 station analysis.
Region-specific results are provided for northeastern and southeastern Australia in
Section 4.6.2. The Mil, Fed and WWII drought periods had the first, second and third
highest WEP respectively, whilst the WWI and 20s drought periods had the lowest
(Table 4.8). This WEP value is consistent with the literature as the Mil drought period
was described as one of the most active dust periods in the last 40 years,
characterised by numerous wind erosion events of high intensity, such as the 23
October 2002 and 23 September 2009 dust storms (Gabric et al. 2010; Leys et al.
2011; McTainsh et al. 2005).

These results are somewhat consistent with drought periods regarded as the worst in
Australian history. The Mil and Fed drought periods feature consistently in the literature
and the media as severe drought periods (ABC News 2015; Liddy, Elvery & Spraggon
2014; Verdon-Kidd & Kiem 2009), but what differs in the results presented in Table 4.8
is that the WWII drought is presented as slightly more severe than that of the 60s. This
could be due to WEP and not primarily drought period severity itself (i.e. wind erosion
factors in conjunction with drought period severity are WEP calculation).

Table 4.8: Drought periods ranked from highest WEP to lowest (averaged across 22 stations).

Drought period

Average

Rank

Mil
Fed
WWII
60s
LEN
EN
WWI
20s

3.12
3.95
4.08
4.41
4.55
5.42
5.61
7.08

High
High
High
High
High
Moderate
Moderate
Low

While this ranking provides an insight into the highest and lowest WEP of drought
periods, it should be used with caution as averaged values are close together (for
example the Mil and Fed droughts have a difference of 0.83, and the WWII and 60s
droughts have a difference of 0.33). To investigate WEP further, an analysis of the
breakdown of WEP rankings is provided with respect to each drought period.

4.6.1
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The Fed Drought

A total of five stations had very high WEP, nine had high WEP, six had moderate and
two low WEP (Table 4.9). This equated to 22.73%, 40.91%, 27.27% and 9.09% of
stations.

The WWI Drought

A total of three stations had high WEP, 14 had moderate WEP, five had low WEP
(Table 4.9). This equated to 13.64%, 63.64% and 22.73% of stations.

The 20s drought

One station had high WEP, ten stations had moderate WEP, four had low WEP and
seven had very low WEP (Table 4.9). This equated to 4.55%, 45.45%, 18.18% and
31.82% of stations respectively.

The WWII Drought

A total of three stations had very high WEP (13.64%), ten stations had high WEP
(45.45%), eight stations had moderate WEP (36.36%) and one station had low WEP
(4.55%) (Table 4.9).

The 60s Drought

A total of one station had very high WEP (4.55%), 11 stations had high WEP (50%),
eight stations had moderate WEP (36.36%) and two stations had low WEP (9.09%)
(Table 4.9).

The EN Drought

A total of five stations had high WEP (22.73%), 13 stations had moderate WEP
(59.09%) and four stations had low WEP (18.18%) (Table 4.9).
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The LEN Drought

A total of three stations had very high WEP (13.64%), seven had high WEP (31.82%),
ten had moderate WEP (45.45%) and two had low WEP (9.09%) (Table 4.9).

The Mil Drought

A total of six stations had very high WEP (27.27%), 14 stations had high WEP
(63.64%) and two stations had moderate WEP (9.09%) (Table 4.9).

Table 4.9: WEP summary matrix according to station and drought period.

Station
Bathurst
Bourke
Broken Hill
Cobar
Deniliquin-Tocumwal
Forbes-Parkes
Gunnedah
Inverell
Menindee
Moree
Wagga Wagga
Boulia
Charleville
Charters Towers
Clermont-Emerald
Dalby
Georgetown
Goondiwindi
Longreach
Richmond
Bendigo
Mildura

Fed
4
4
1
4
2
4
5
4
4
7
4
4
4
5
5
5
7
5
6
2
2
1

Drought rankings according to WEP
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WWI
6
7
6
6
5
4
7
6
6
6
4
5
6
7
7
5
6
5
7
4
5
5

20s
7
6
9
7
9
6
6
6
9
7
7
9
5
6
6
4
6
6
9
6
10
10

WWII
4
5
4
5
4
3
3
2
5
2
4
8
3
5
4
5
5
2
3
3
6
5

60s
4
3
6
4
5
5
3
3
4
2
6
3
3
6
4
7
5
3
3
5
7
5

EN
5
6
5
5
4
4
6
7
7
5
4
6
6
5
5
5
6
8
6
7
4
4

LEN
5
6
6
5
8
5
5
4
6
5
6
7
2
2
3
3
2
4
3
4
3
5

Mil
3
2
3
2
1
3
3
3
3
3
1
3
4
6
3
2
4
3
4
5
2
4
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When considering station-based ranking of droughts according to WEP values, it is
evident that some drought periods have higher proportions of stations observing them
as the worst (Table 4.10). For example, the worst droughts according to WEP include
the Mil drought (nine stations), followed by the Fed and LEN drought periods (four
stations each), and the WWII drought period (three stations). The Fed and WWII
drought periods are more prominently ranked as 2nd and 3rd worst droughts, while other
less severe droughts appear with rankings 4th through to 8th (from EN at 4th through to
WWI and 20s in 6th through to 8th) (Table 4.10).

Table 4.10: WEP frequency for each drought period (drought rankings provided by top columns).

Station

1st

2nd

3rd

4th

5th

6th

7th

8th

Fed
WWI
20s
WWII
60s
EN
LEN
Mil

4
0
0
3
2
0
4
9

6
0
0
4
5
1
2
4

3
2
1
6
4
0
1
5

2
3
0
4
2
7
3
1

5
3
3
1
1
4
4
1

0
5
1
2
5
5
3
1

1
5
5
2
2
1
5
1

1
4
12
0
1
4
0
0

While these results, as would be expected, have shown that some drought periods
were worse than others according to their WEP (both in raw WEP values and
according to rankings), this analysis explains little about the spatial relationships of
WEP according to drought period. Section 4.6.2 explores this concept.

4.6.2

Spatial patterns of WEP

Most discussions of drought periods focus on the spatial perspective of the drought at
hand, such as the parts of Australia affected (for example, ABC News 2015; ABS
1988; ABS 2000; BOM 2014a; Liddy, Elvery & Spraggon 2014). This is evidenced in
Table 4.3 which describes the selected drought periods. To understand the spatial
spread of WEP with respect to drought periods, maps of each respective drought
period are presented below. Coloured dots in the charts represent the WEP value for
the station, whilst interpolations are calculated from nearby surrounding stations. It is
important to note that due to the wider spread of stations in Queensland (as compared
to NSW) results must be considered from a general perspective. This is due to the fact
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that spatial relationships between stations in Queensland might not be as accurate as
those of more closely located stations in NSW.

The Federation (Fed) drought

When looking at the spread of WEP, it is evident that most stations either experienced
very high to high WEP (values of one to four) except for a band of stations in the east
(Figure 4.3). These had moderate to low WEP, with Georgetown and Moree bearing
the lowest WEP values. Regions which met the highest WEP included Richmond in the
north and a pocket of severity in the southwest of NSW and central Victoria.

Figure 4.3: WEP map for 22 stations for the Federation drought period.
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The World War I (WWI) drought

The WWI drought contrasts to the Fed drought in that high WEP only existed in
isolated stations (including Richmond, Forbes-Parkes and Wagga Wagga). Moderate
WEP was the most frequently observed value, extending through the central eastern
fringe, central and north Queensland and southwestern NSW and Victoria (Figure 4.4).
Low WEP was found in central eastern Queensland and two northern parts of NSW
(Gunnedah and Bourke). It is important to note that WWI drought WEP values are
generally weaker than those of the Fed drought. As an example, the highest WEP
value for the Fed drought is two – very high, compared to four – high for the WWI
drought.

Figure 4.4: WEP map for all 22 stations for the World War I drought period.
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The Twenties (20s) drought

The 20s drought had a similar spatial pattern to the WWI drought except for WEP
values. Within Queensland, very low WEP extended from Boulia to Longreach, whilst
the remainder of Queensland experienced moderate (five stations) and a high value
(Dalby, the easternmost Queensland station). Very low WEP was concentrated in
southwestern regions of NSW and Victoria whilst moderate to low WEP occurred most
frequently in central to eastern NSW (Figure 4.5). WEP values differ for the 20s
drought differ from those of the Fed drought and are generally weaker (a value of four
being the highest – high category).

Figure 4.5: WEP map for all 22 stations for the Twenties drought period.
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The World War II (WWII) drought

The WWII drought assumed a somewhat similar pattern to the Fed drought, with
widespread very high, high and moderate values, the only difference being that the
cluster of very high WEP now existed in eastern NSW (as opposed to southwestern
parts for the Fed drought). Additionally, moderate WEP shifted from eastern regions in
the Fed drought (Figure 4.3) to more central to eastern regions in the WWII drought
(Figure 4.6). Moderate WEP was also present in northwestern and southwestern parts
of NSW, central Victoria and in eastern parts of Queensland.

Figure 4.6: WEP map for all 22 stations for the World War II drought period.
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The Sixties (60s) drought

The 60s drought period was characterised by widespread high to moderate WEP, with
high WEP occurring in central Queensland and NSW. The western and southern edge
of NSW experienced moderate WEP along with an area in southeast NSW and
northeastern parts of Queensland (except for Dalby which had low WEP (Figure 4.7)).
Bendigo in Victoria also encountered low WEP.

Figure 4.7: WEP map for all 22 stations for the Sixties (60s) drought period.

The El Niño (EN) drought

The EN drought was characterised by a dominance of moderate WEP across eastern
and central parts of Australia. High WEP was concentrated in southern parts of NSW
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and Victoria (Figure 4.8). Low WEP occurred at one station in Queensland and two
eastern and one southwestern station in NSW.

Figure 4.8: WEP map for all 22 stations for the El Niño drought period.

The Long El Niño (LEN) drought

The LEN drought is a drought period once again dominated by high to moderate WEP
with most stations experiencing this value. Most of NSW encountered moderate WEP
values, while three stations in Queensland had very high WEP (two northern and one
central station) (Figure 4.9).
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Figure 4.9: WEP map for all 22 stations for the Long El Niño drought period.

The Millennium (Mil) drought

The Mil drought period was characterised by the increased occurrence of very high
WEP values across NSW and a dominance of high values across eastern Australia.
One eastern station in Queensland (Dalby) and one in Victoria (Bendigo) also
experienced these values. Two stations in Queensland showed moderate WEP, while
no low or very low WEP values were derived for this drought (Figure 4.10).
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Figure 4.10: WEP map for all 22 stations for the Millennium drought period.

Spatial patterns of WEP vary according to drought period. Additionally, some stations
may stand out in terms of their WEP value in comparison to stations nearby during
some drought periods (for example Boulia during the WWII drought period and
Richmond during the Fed drought period). While the results of the WEP matrix indicate
that the potential for wind erosion is greater for some drought periods than others, it is
evident that this varies across stations and drought periods, which is to be expected
and is borne out by both the literature and anecdotal evidence.
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4.7

What about land management?

This chapter has dealt with various aspects of wind erosion including drought,
vegetation cover and wind speed. While these factors are important for WEP, land
management cannot be forgotten. This aspect of wind erosion is discussed in Chapter
5 when AWE rates are compared to WEP.

4.8 Limitations of the research and future research directions

While care was taken to consolidate BOM observer stations which were less than
100km apart, one station consisted of two stations which were located greater than
100km away. This is due, in part, to the spatial spread of BOM observer stations in
Australia and the incompleteness of observer records; a recognised issue in Australian
studies (O’Loingsigh et al. 2014). Whilst a complete record of wind erosion activity and
factors was gained by the consolidation of stations, there may have been differences in
wind erosion activity between stations. Additionally, when looking at the spatial spread
of stations in Queensland as compared to NSW, the density and number of stations
were in NSW. Improvements to this methodology could involve the use of higher
station densities for future studies. Improved spatial density of stations would allow for
interpolations to be made using GIS software.

It is noted that the relationship between factors influencing wind erosion (erodibility and
erosivity) and wind erosion activity is complex and varied according to region. While
this study incorporated measures of both erodibility and erosivity in the development of
WEP, additional factors could have been utilised (for example soil moisture, soil
structure and land management). These could be used in future studies to further
advance the calculation of WEP.

4.9

Summary

This chapter has developed an estimate of WEP for 22 stations in eastern Australia
using established principles of drought, vegetation and wind speed. Measures were
developed for each variable (drought period severity, vegetation cover, and wind speed
severity) to provide a matrix of WEP for all stations and eight drought periods. Drought
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period severity (the sum of magnitude divided by duration for each drought episode in a
drought period) was selected as the best measure of drought for inclusion in WEP. This
was due to its ability to highlight severe drought periods which match with those
identified in the literature and media as the most severe in history.

Values of WEP were highest during the Mil, Fed and WWII drought periods, while
drought periods ranked lowest comprised the EN, WWI and 20s. From a WEP
frequency-based perspective, the Mil, Fed, WWII and LEN droughts had the highest
count of stations bearing high WEP. In terms of WEP and drought rankings, the Mil
drought period had the highest proportion of stations where it was ranked the most
severe for WEP, followed by the Fed, LEN and WWII droughts.

When WEP was analysed spatially, it became evident that some drought periods had
more widespread high to moderate values compared to others. For example, the Fed
and Mil drought periods have more widespread high to moderate WEP compared to
those of shorter drought periods such as the WWI or the 20s droughts. Additionally,
WEP varies according to regions within specific drought periods.

It is evident from this study that WEP also varies according to drought period and
according even to station, with one station having a WEP value quite different from that
of surrounding stations. This may point towards the influence of vegetation type, a
factor which may increase or decrease a given locality’s susceptibility to wind erosion.
While a value for WEP can be developed for each station and drought period, the AWE
experienced may differ. This is the focus of Chapter 5.

140

Chapter 5 – Actual rates of wind erosion during drought periods in Australia – a comparative analysis

Chapter 5 Actual rates of wind erosion during drought periods in Australia
– a comparative analysis

The WEP for eight drought periods across 22 stations in eastern Australia was
calculated in Chapter 4. It was found that WEP values vary both spatially according to
station and temporally according to drought period. While the WEP describes the
potential for wind erosion to occur at a given region and time (incorporating factors of
drought, vegetation cover and wind speed) the corresponding AWE that occurs along
with it may vary. Rates of AWE may vary in terms of frequency, intensity and spatial
scale. What one station experiences might not be reflective of other stations, due to
factors such as vegetation cover, wind speeds and drought period severities. It goes
without saying that stations may vary according to vegetation and geomorphic type,
factors recognised to influence erodibility and erosivity (Bullard et al. 2011; Kocurek
1998; Okin 2008). Wind erosion can occur daily, weekly, monthly or stations may not
experience any wind erosion activity at all for extended periods of time.

All these circumstances reflect the complex nature of wind erosion activity, both in
terms of occurrence and influences. This chapter will compare rates of AWE to WEP
explaining differences, using wind erosion concepts.

The aims of this chapter are to:


Analyse the AWE for each drought period



Determine measures of AWE that best display wind erosion activity



Compare the AWE to the WEP according to drought period



Examine the similarities and differences between the AWE and the WEP
results, using vegetation type and geomorphic concepts.

It is expected that a higher AWE will be associated with periods of higher WEP. AWE
values may differ slightly between drought periods and within the regions of
northeastern and southeastern Australia. This study will provide a long-term record of
potential and AWE activity with respect to historical drought. The findings of this section
have implications for land managers by providing an improved spatial understanding of
wind erosion according to drought in eastern Australia. In the future, it may be possible
to determine what factors are important during specific drought periods and stations, as
well as the wind erosion risk coinciding with future drought periods.
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5.1

Introduction

The introduction to this chapter will explore AWE, including definitions and types of
wind erosion and additional controls on wind erosion (geomorphic type and vegetation
type).

5.1.1

Influences upon wind erosion activity – a brief overview

Wind erosion is defined as the movement of soil particles by the force of the wind
(Shao 2008). It has predominantly influenced arid to semi-arid regions for millions of
years (O’Loingsigh, McTainsh, Tews et al. 2014; Shao 2008). Soil particles are subject
to abrasion, saltation and finally entrainment and suspension by the wind (Shao &
Leslie 1997) with wind erosion incorporating the processes of initial entrainment,
sediment transport and sediment deposition (McTainsh & Boughton 1993; Shao 2008).
Sediment is generated when wind speeds exceed the threshold frictional velocity of a
soil surface (Belnap & Gillette 1998; Shao 2008).

It is recognised that several physical factors influence wind erosion, including climate
and weather (e.g. lowered precipitation and strong erosive winds), the condition of the
soil itself (particle size and general characteristics) and the roughness of the soil
surface (e.g. by vegetation or crop residue) (McTainsh & Boughton 1993; Raupach,
Gillette & Leys 1993; Shao & Leslie 1997; Webb et al. 2006). Particle size and wind
speeds can influence the susceptibility of a soil to wind erosion due to the particle size
selective nature of the wind (Kok et al. 2012; Shao 2008). For example, sand sized
particles will be more likely to be subjected to saltation / sandblasting and travel short
distances, whereas finer particles (such as dust size) are more susceptible to
entrainment and long-range transport (Bullard & McTainsh 2003; Kok et al. 2012).
Other general characteristics of a soil (such as the amount of aggregation) can also
influence wind erosion through providing stability to a soil (Burri, Gromke & Graf 2013).
Other soil surface conditions, such as vegetation and surface crusting, are also
recognised to influence the wind speeds required to entrain sediments (Belnap &
Gillette 1998; Eldridge & Leys 2003; Shao 2008).

Additionally, increases in soil

moisture can result in an increase in the threshold velocity required to entrain
sediments (Cornelis & Gabriels 2003).
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5.1.2

Types and measures of wind erosion activity

There are several ways to measure wind erosion activity, including measuring the rate
of soil loss, event based observations of wind erosion activity and utilising
meteorological records (O’Loingsigh, McTainsh, Tews et al. 2014). O’Loingsigh,
McTainsh, Tews et al. (2014) have provided an overview of commonly used wind
erosion measures. They stated that the best measure of wind erosion activity was
according to the lowering or rate of soil loss (in millimetres) but cited difficulty in
obtaining data for broad spatial or long temporal scales (O’Loingsigh, McTainsh, Tews
et al. 2014). Another method of wind erosion measurement is the coverage of eventbased wind erosion such as the occurrence of large dust storms. Several studies have
given event based or case study overviews of prominent dust storms in Australia,
providing estimates of sediment loads and causes of entrainment including Knight et al.
(1995), McTainsh et al. (2005); Leys et al. (2011) and Shao et al. (2007) (O’Loingsigh,
McTainsh, Tews et al. 2014).

Meteorological records of wind erosion activity offer a good spatial record of wind
erosion activity over longer time scales (decadal) (O’Loingsigh, McTainsh, Tews et al.
2014). Challenges associated with their use include their predominant focus upon
frequency based measures of wind erosion, changes in the operational definitions of
wind erosion activity in the meteorological record, wet condition codes (for example
light rain showers) superseding dust codes and the closing and opening of BOM
recording stations (O’Loingsigh et al. 2010; O’Loingsigh, McTainsh, Tews et al. 2014).
However, meteorological records of wind erosion activity constitute the longest wind
erosion dataset available in Australia due to the addition of Computerizing the
Australian Climate Archives (CLIMARC) observations to the Dust Event Database
(DEDB) (O’Loingsigh, McTainsh, Tews et al. 2014).

5.1.3

Geomorphic type and aeolian-fluvial system interactions

It is well documented in the literature that soil erodibility varies according to land type
and geomorphology, with diverse geomorphic areas (e.g. dunefields and floodplains)
responding differently to variations in factors such as rainfall and vegetation cover
(Bullard et al 2011; Butler, Hogarth & McTainsh 1996; Butler, Hogarth & McTainsh
2001; Crouvi et al. 2012).
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An important consideration of local geomorphology is the role of individual geomorphic
types in the collection and availability of erodible sediments. Floodplains are
considered as important providers of sediments readily available for aeolian
entrainment (Bullard & McTainsh 2003). Additionally, an understanding of how
geomorphic types are connected and / or interact is an important consideration (Bullard
& McTainsh 2003).

The geomorphic type classification system was initially developed by Kocurek and
Havholm (1993) and further elaborated on by Kocurek (1998), Bullard and McTainsh
(2003) and Bullard et al. (2011). Kocurek and Havholm (1993) identified geomorphic
regions as eolian systems which control sediment volumes. Systems can be classified
as dry, wet or stabilised, according to specific environmental conditions such as the
presence of vegetation or soil moisture (in a stabilised system) (Kocurek & Havholm
1993). These, in turn, impact upon the availability and movement of sediments.
Kocurek (1998) further extended this concept into three factors related to sediment
volume: sediment productivity (supply), sediment availability and transport capacity.
These are further elaborated on in Kocurek and Lancaster (1999) in which:


Sediment supply can be defined as sediment of a suitable size which is the
source sediment for an aeolian system, either now or further in time,



Sediment availability can be defined as the susceptibility of a sediment to
wind erosion (entrainment), and



Transport capacity refers to the ability of the wind to entrain and transport
sediments.

A schematic representation of the changes in sediment production (supply), availability
and transport capacity according to arid and humid phases is provided in Figure 5.1.
These factors can be seen to be interrelated for a given aeolian system and can also
be seen to interact between different aeolian systems (Bullard et al. 2011). Specific
wind erosion factors can be seen to influence these features. For example, vegetation
and surface roughness are seen to impact upon both sediment availability and
transport capacity, whereas precipitation is seen to influence sediment supply and
sediment availability (due to the sorting and deposition of specific favourable grain
sizes after flooding events) (Kocurek & Lancaster 1999).
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Figure 5.1: Schematic diagram of sediment production, availability and transport capacity (source:
Kocurek 1998, p. 333).

Individual aeolian systems and geomorphic types respond differently to changing
climatic conditions and vary according to space and time (Bullard & McTainsh 2003).
Bullard et al. (2008) note that changes in precipitation (such as drought and flooding
periods) impact upon different geomorphic types in diverse ways and ultimately
influence sediment supply (through flooding) and sediment availability (through drying).
McTainsh, Leys and Nickling (1999) found that during lower rainfall years, dune areas
had higher rates of wind erosion, but during wet years this decreased on dunes and
interfluves due to increases in vegetation cover (Bullard et al. 2008). Claypan
responses to rainfall were identified as mixed, with wind erosion decreasing with
increasing precipitation, but also rising following sediment supplies being replenished
after flooding rains (Bullard et al. 2008).

Crouvi et al. (2012) used a case study to determine that locations within the Saharan
Desert sand dunes were the most frequent dust source areas, primarily due to their
spatial extent coupled with high wind speeds and land erodibility. Al-Dousari and AlAwadhi (2012) attributed the occurrence of dust to local geomorphology; providing an
overview of dust source areas in Kuwait: deserts, floodplains, marshes, playas,
depressions, dry marshes and intertidal zones They noted that Kuwait’s overall
susceptibility to dust storm activity was due to a combination of low topography,
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drought, low vegetation, lightly textured topsoils and the frequent presence of strong
winds.

5.1.4

Vegetation type

Generally, higher wind erosion activity is associated with lower levels of vegetation
cover (Goudie & Middleton 2006). Eldridge and Leys (2003) note that the relationship
between increased wind erosion coinciding with decreased precipitation can be
attributed to the consequent reduction in vegetation. Specific vegetation types may
afford more protection from wind erosion due to their ability to lower wind speeds. Lee
and Sohn (2009) found that in vegetated regions, wind erosion decreased with
increased vegetation cover and increased according to wind speed. The highest rate of
wind erosion was in non-vegetated regions with a fine soil surface (Lee & Sohn 2009).
The resilience of vegetation types to stress such as drought and subsequent
decreased soil moisture is also another consideration for wind erosion activity. Robust
species such as grasslands and saltbushes may survive during periods of high rainfall
deficiency, whereas crops and / or trees (particularly Eucalypt species) may not survive
these dry periods as they are not well adapted to lower rainfall (Fensham & Holman
1999).

While there is an understanding that wind erosion is more likely during prolonged
drought conditions (Chapter 2; Chapter 4), this is only part of the story, with differing
drought periods having the potential to bear different wind erosion frequencies.
Additionally, the potential for wind erosion to occur may be comparable to the AWE
experienced by a given region and may be characterised according to vegetation or
geomorphic type.

5.2

Methodology

The methodology for this chapter is slightly different to that of previous chapters in that
it covers AWE values, with stations used being the same as those for Chapter 4. This
section outlines the new sources of data and the various analyses presented in this
chapter.
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5.2.1

Selected stations and study period

The 22 stations and eight drought periods used in Chapter 4 (Section 4.3.1 & Section
4.3.4) are the sources of data for this chapter. AWE rates are analysed for each station
and drought period and compared to the WEP values determined in Chapter 4.

5.2.2

Data sources

The Dust Event Database (DEDB) held at Griffith University was used as the source of
AWE rates. This database provides historical wind erosion data as sourced from the
Bureau of Meteorology observer records, including formats such as CLIMARC, flags
and modern synoptic observation (SYNOP) codes (O’Loingsigh, McTainsh, Tews et al.
2014) in the form of either DED or DSI. As discussed above (Section 5.1.2) this dataset
provides a long-term record of wind erosion activity for Australia.

Two types of wind erosion data were used as a measure of AWE:


DED excluding code 06s and



DED anomaly.

DED excluding code 06s (termed DED for this study) was selected as this excludes
dust haze and dust whirls, which were both omitted due to being considered as
localised or alternatively localised transport events and challenging to identify in the
BOM record (O’Loingsigh, McTainsh, Tews et al.

2014). The frequency based

measure of wind erosion (DED) was selected over use of an intensity based wind
erosion measure (DSI) as it provides a long-term measure of wind erosion activity,
avoiding the challenges associated with code based intensity measures of wind erosion
activity in Australia (O’Loingsigh, McTainsh, Tews et al. 2014). It is important to note
that the DED measure reflects the wind erosion activity in the local area surrounding
the selected station (O’Loingsigh et al. 2014).

5.2.3

Data analysis

DED will be analysed according to the following:
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AWE overall (combined stations for length of dataset 1858-2014)



AWE ranked by drought period
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AWE plotted spatially by station (to highlight differences according to
geographic location) and



AWE calculated using DED anomaly (DEDa), a method comparing AWE
experienced to the long-term record.

Differences in AWE rates will be analysed temporally and spatially according to drought
period. Differences in AWE rates according to drought will be explained by factors
which influence wind erosion: vegetation, geomorphic type and land management.

5.3

Temporal frequency and spatial extent of AWE

5.3.1

Broad-scale AWE

This section will provide an overview of AWE at a broad scale in relation to drought
period from a frequency based perspective. Wind erosion frequency refers to the
frequency based measure of AWE which uses DED. DED is the sum of the number of
days of wind erosion activity observed for a given station for a given time.

Broad-scale DED

Figure 5.2 below shows the annual sum of DEDs across the 22 selected stations from
1895 to 2014, with drought periods shown in orange. Drought periods coincide with
most peaks in wind erosion frequency but the peaks vary in size with different drought
periods. This finding is corroborated by previous studies such as that of O’Loingsigh,
McTainsh, Tews et al. (2014), who identified the basic relationship between wind
erosion activity and drought / flood periods. While this chart provides a good overview
of the general relationship between wind erosion frequency and drought, it does not
explain what happened spatially in terms of stations and wind erosion activity, the
intensity of the wind erosion activity and how this compared to values of WEP.
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Plot of annual Dust Event Day (DED) sum across 22 stations
and drought periods (1858 to 2014) with 6 month moving
average
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Figure 5.2: Plot of annual Dust Event Day (DED) sum across 22 stations and drought periods (1858 to
2014) with 6 month moving average (black trend line).

Wind erosion frequency was then examined according to the total sum per drought
period. It became evident that longer lasting drought periods had subsequently larger
wind erosion values. This was particularly the case for longer lasting drought periods
(e.g. the Fed and Mil drought periods) compared to shorter ones (e.g. the WWI and EN
drought periods) in terms of wind erosion.

Exploring the resolution of DED

The Federation drought period had the highest, with a mean annual DED frequency of
119 wind erosion events compared to the 20s drought period, which had 38. For
maximum annual frequency, the WWII drought period had the highest, with 276 wind
erosion events compared to the 20s drought, which had the lowest with 51 (Table 5.1).

From these results, the frequencies of wind erosion activity can be ranked according to
drought period. For mean annual frequency the droughts ranked in order from the
highest to the lowest are: the Fed, WWII, Mil, WWI, 60s, EN, LEN and 20s (lowest
frequency). In terms of maximum annual frequency, the droughts, ranked from the
highest to the lowest, constituted: the WWII, Mil, Fed, WWI, 60s, EN, LEN and 20s.
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Table 5.1: Summary of DED for 22 stations for each drought period.
Drought
DED Statistics

Fed

WWI

20s

WWII

60s

EN

LEN

Mil

Mean annual DED
Max annual DED

119
197

101
129

38
51

111
276

96
115

91
104

54
93

111
202

Max annual DED Year

1902

1915

1918

1944

1965

1983

1994

2009

While some drought periods may bear the highest total DED over their span, this does
not necessarily translate to a high mean annual DED or high max annual DED.
Additionally, investigating these results from a spatial perspective may yield different
results. There may be specific regional relationships between drought periods and wind
erosion. The factors of vegetative type, geomorphology and land use intervene.

5.3.2

Spatial extent of AWE

Wind erosion has been seen to vary spatially over eastern Australia according to
drought period. To investigate this concept further, maps were generated for each
drought period and the total sum of DEDs provided according to station in Queensland,
NSW and Victoria. For this analysis DED sum for the duration of the drought period
was used to provide an overview of total wind erosion activity experienced. The DED
sum is given in seven categories as follows:


No dust



1-25 DEDs



25-50 DEDs



50-100 DEDs



100-150 DEDs



150-200 DEDs and



200+ DEDs.

For the Fed drought period, the DEDs for the period were more than 200 at Menindee
in southwestern NSW with a pocket of high DED (approximately 53 to 132 DEDs) in
western NSW (Figure 5.3). An additional region of moderate to high DED was in central
western Queensland (Boulia (44) and Longreach (68)). The remainder of the stations
either had one to 25 DEDs (11 stations) except for Bathurst which had 49 DEDs. Two
stations observed no dust during this drought period (Gunnedah and ClermontEmerald).
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Figure 5.3: DED sum across 22 stations for the Fed drought period.

For the WWI drought period, wind erosion was low (one to 22 DEDs across 18
stations); except for Bendigo in Victoria (29 DEDs) (Figure 5.4). A total of three stations
had no observed wind erosion activity for this period (Georgetown and Richmond in
Queensland and Mildura in Victoria). Both Queensland and NSW had low DED activity
(Figure 5.4).
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Figure 5.4: DED sum across 22 stations for the WWI drought period.

For the 20s drought period, all wind erosion activity was low (one to 18 DEDs) (15
stations) to none, with a total of seven stations experiencing no dust activity during this
period (Figure 5.5). This is similar to the WWI drought period, where widespread low
DED activity was observed across Queensland and NSW (Figure 5.4).
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Figure 5.5: DED sum across 22 stations for the 20s drought period.

In contrast, the WWII drought period had higher wind erosion activity located in
southwestern parts of eastern Australia with two stations (Wagga Wagga and Mildura)
experiencing DEDs of 100 to 150, while a total of four stations experienced DEDs of 50
to 100 (Cobar, Deniliquin-Tocumwal and Menindee in NSW and Charleville in
Queensland) (Figure 5.6). The remaining stations experienced DEDs of 25 to 50 (four
stations), one to 25 (11 stations) and one with no dust (Georgetown).
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Figure 5.6: DED sum across 22 stations for the WWII drought period.

For the 60s drought period, the majority of DED activity occurred between one to 25
DEDs (with 13 stations), 25 to 50 DEDs (five stations) and no dust (three stations)
(Figure 5.7). One station experienced 69 DEDs (Boulia in Queensland). Higher DEDs
were generally confined to the lower southwestern portion of eastern Australia (except
for Boulia in Queensland).

154

Chapter 5 – Actual rates of wind erosion during drought periods in Australia – a comparative analysis

Figure 5.7: DED sum across 22 stations for the 60s drought period.

The EN drought period saw less activity than that of the 60s drought period with most
stations experiencing one to 25 DEDs (16 stations) or no dust (five stations). One
station experienced DEDs of 37 (Mildura) (Figure 5.8). This is a similar occurrence to
other shorter scale drought periods such as the WWI and 20s drought periods (Figure
5.4; Figure 5.5).
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Figure 5.8: DED sum across 22 stations for the EN drought period.

During the LEN drought period, the majority of DED activity was similar to that of the
EN drought period – within the 1 to 25 DED range for 18 stations (Figure 5.9). The
remaining DED activity is either within the 25 to 50 range (two stations – one in
Queensland and one in western NSW), 50to 100 (60 DEDs for Mildura) or no dust
(Georgetown in northern Queensland). This is also comparable to the WWI and 20s
droughts (Figure 5.4; Figure 5.5).
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Figure 5.9: DED sum across 22 stations for the LEN drought period.

The Mil drought period contrasts in comparison to the LEN drought period with
widespread higher DED activity. Most of NSW and central Queensland experienced
higher levels of DED than in the LEN drought period. A total of five stations
experienced DED within the range of 25 to 50, six stations had DED within the range of
50 to 100, one station within the range of 100 to 150 (Cobar with 114 DEDs) and one
station within the range of 150 to 200 (Mildura with 200 DEDs) (Figure 5.10).
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Figure 5.10: DED sum across 22 stations for Mil drought period.

This spatial analysis has shown that wind erosion activity (in the form of DEDs) shifts in
location with respect to drought period. Some drought periods (such as the Fed, WWII
and Mil drought periods) appear widespread in terms of their DED activity, whereas
other drought periods have more localised pockets of wind erosion activity (such as the
LEN and EN drought periods).

While this analysis has aimed to provide an overview of the sum of DED activity, it only
showed the total DEDs occurring over a given drought period. This may imply that
shorter drought periods may bear lower DED activity than longer drought periods.
Additionally, what is not known is whether there was a surplus or deficit of DEDs from
the long-term average for each station. DED anomaly is presented below as a way to
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further understand wind erosion occurrence during drought periods; placing it within its
historical context.

5.4

The concept of anomalous DED

The methodology for calculating the DED anomaly is similar to that for devising rainfall
anomalies (as described in Section 2.2.4). The DED value was deducted from the longterm average of the dataset. In this case, monthly values were used due to the
seasonality of wind erosion. The annual value was calculated by deriving the average
of the monthly values.

Anomalies are used here, rather than deciles, because wind erosion activity is sporadic
in nature, with some months often receiving no wind erosion activity at all. When decile
values are calculated with a large proportion of zero values in the dataset, decile
categories can become distorted. Specifically, monthly values with a value of zero can
end up categorised in deciles bands one to three, based on their earlier occurrence in
the dataset. Conversely, later zero values in the dataset may be classed as deciles
four to seven, based on their later occurrence in the dataset. This is a flaw in the
deciles approach as these zero values distort the decile groupings, simply due to their
position in the dataset. The anomaly approach, in contrast provides a more effective
way of accounting for little to no wind erosion activity that occurs at stations over time,
placing it within the wider historical context of wind erosion activity experienced at a
given station.

5.4.1

Anomalous wind erosion in eastern Australia

Most wind erosion activity coincided with drought periods (Figure 5.11). While the
highest activity was observed during such drought periods (maximum of 0.79 during
the WWII drought period), it was also experienced in periods of no drought (for
example 1880-1881, 1883-1885, 1904-1905, 1907-1909, 1912-1913, 1928-1930, 19331936, 1960-1962 and 1969-1970) (Figure 5.11). Only two drought periods experienced
a continuous negative wind erosion anomaly: the 20s and LEN droughts. On average,
a positive DED anomaly is generally higher within drought periods (0.16) than outside
them (0.12) (Figure 5.11).
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Eastern Australia DED anomaly and drought periods
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Figure 5.11: Eastern Australia DED anomaly and drought periods (1858 – 2015).

One distinction between wind erosion activity during and outside drought periods is the
concept of the run of wind erosion, namely, the continuity of wind erosion activity from
year to year. There is higher wind erosion continuity within drought periods than
outside them (Figure 5.6). This means that the sum of wind erosion anomaly during a
drought period is generally higher than that outside one.

5.4.2

NEA, SEA and wind erosion activity

McTainsh and Boughton (1993) identified two separate regions of distinct wind erosion
activity in eastern Australia: the northern and southern region. This was based on their
patterns of wind erosion seasonality, with the north bearing increased activity during
the spring to summer months and the south during the summer months (McTainsh &
Boughton 1993; McTainsh, Lynch & Tews 1998; Middleton 1984). This needs to be
taken into account when considering regional variance in wind erosion according to
drought period.

In northeastern Australia (NEA), positive wind erosion anomalies are different to those
of eastern Australia (with the highest peak in positive DED anomaly being 0.85) (Figure
5.12). However, the northern region’s wind erosion does not align as well with drought
periods compared to that of eastern Australia (Figure 5.11; Figure 5.12). This may be
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due to the drought periods data being broad-scale and not region specific.

For

example, the 60s drought period only covers part of a continuous period of positive
DED anomaly (spanning from 1960 to 1972). Also, several droughts have some or all
negative DED anomaly including the Fed (five years), the 20s (three years), the WWII
(three years), the EN (two years), the LEN (two years) and the Mil (two years)
droughts. Additionally, clusters of positive DED anomaly occurred during 1928-1929,
1933-1938, 1948-1949 and 1954-1955 (Figure 5.12). On average, a positive DED
anomaly is generally higher outside drought periods (0.16) than within them (0.12).

NEA DEDa and drought periods
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Year
Annual DED anomaly (monthly average)

Drought period

Figure 5.12: Northern Australia DED anomaly (DEDa) and drought periods (1858 – 2015).

For southeastern Australia (SEA), the pattern in wind erosion is similar to that of
eastern Australia, with a majority of positive DED anomalies coinciding with drought
periods. Positive DEDa is generally higher in SEA than in eastern Australia and the
northern region. Some positive DED anomalies do occur outside drought periods
(including 1880-1881, 1883-1885, 1904-1905, 1907-1909, 1912-1913, 1928-1930,
1934-1935, 1960-1962 to name a few) (Figure 5.13). As indicated above, on average,
positive DED anomalies are generally higher during drought periods (0.26) than outside
them (0.15).
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Figure 5.13: Northern Australia DED anomaly (DEDa) and drought periods (1858 – 2015).

From this analysis, it is evident that different drought periods dominate different regions
in terms of average DEDa. For eastern Australia, the drought period with the highest
activity was the Fed (0.19), followed by the Mil, WWII and WWI droughts. For the
northern region, it was the 60s (0.15), followed by the WWII and Mil droughts. For the
southern region, it was the Fed (0.32), followed by the Mil and WWII droughts. It is
interesting to note that the average DEDa for the southern region is approximately
twice those of eastern Australia and the northern region. This demonstrates regional
differences in the patterns of wind erosion activity (in terms of both spatial scale and
frequency) across drought periods. As eastern Australia contains a combination of
stations from both NEA and SEA, it will be excluded from further analysis. This is
because the merging of part of the two regions, which have different climatic and
synoptic systems (as described in Section 2.4 and Section 6.1) does not tell us much
about spatial variations in wind erosion.

5.4.3

Sum of DEDa

For NEA and SEA, DEDa can also be ranked according to drought period by
calculating the sum of DEDa. This sum provides an overall view of whether the drought
period had above or below average DED activity. When looking at the sum of DEDa
over the drought period, it is evident that that SEA has high ranking drought periods in
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the Fed, Mil and WWII droughts (Table 5.2). NEA has different highly ranked drought
periods, with the 60s, WWII and Mil drought periods taking the top three places.
Interestingly, the Fed drought ranks as the sixth worst for this region; a drought highly
ranked for eastern Australia and SEA (Table 6.3). These different rankings may be due
to the different spatial extents of the respective drought periods. It also emphasises the
notion that spatial scale influences the impact of drought on wind erosion activity, as
NEA experiences different highly ranked drought periods compared to SEA.

Table 5.2: Drought periods ranked by sum of DEDa for NEA and SEA.
Ranking
1
2
3
4
5
6
7
8

5.4.4

NEA
60s
WWII
Mil
WWI
LEN
Fed
EN
20s

SEA
Fed
Mil
WWII
WWI
EN
60s
20s
LEN

Average DEDa

The story is similar with respective measures of the average DEDa across drought
periods. SEA’s top four drought periods are the same as those with the highest sum of
DEDa (the Fed, Mil, WWII, and WWI drought periods), and the same is true for NEA
(60s, WWII, Mil and WWI) (Table 5.3). The only difference was that SEA’s seventh and
eighth ranked drought periods were the 20s and LEN droughts in terms of the sum of
DEDa (Table 5.2) rankings saw these reversed as the LEN and 20s droughts
respectively for the average DED anomaly (Table 5.3).

Table 5.3: Drought periods ranked by average DEDa for NEA and SEA.
Ranking
1
2
3
4
5
6
7
8

NEA
60s
WWII
Mil
WWI
LEN
Fed
EN
20s

SEA
Fed
Mil
WWII
WWI
EN
60s
LEN
20s

The variation in wind erosion activity between regions and drought periods may be
explained by two factors widely recognised to influence wind erosion activity:
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vegetation type and geomorphic type. These are briefly explored below when
comparing AWE to WEP. Another factor recognised in the literature as impacting upon
a region’s wind erosion activity is the prevailing weather systems (e.g. cold fronts,
troughs, thunderstorms, low pressure, tropical depressions and cyclogenesis) (Brazel &
Nickling 1986; Jewell & Nicoll 2011; Lei & Wang 2014; Nickling & Brazel 1984; Novlan,
Hardiman & Gill 2007; Rivera Rivera et al. 2009; Rivera Rivera et al. 2010; Strong et al.
2011). These are further influenced by overarching climate systems such as the ENSO,
SAM and IOD. These concepts are explored further in Chapter 6. Land management is
another factor recognised as important in wind erosion activity (Shao 2008) but the
focus of this thesis is predominantly related to environmental conditions so this will be
elaborated on to a lesser extent. An overview of land use and land management is
provided in Section 5.7.

5.5

Comparison of AWE and WEP

A comparison of WEP, AWE and DEDa is set out according to drought and region
(NEA and SEA) in Table 5.4. For NEA, the LEN, Mil and WWII drought periods
experienced the worst WEP. For the same region, the Mil, WWII and Fed drought
periods are the worst AWE. In terms of DEDa for this area, the 60s, WWII and Mil
drought periods encountered the worst. In contrast, SEA has a consistency of drought
periods with the worst AWE and DEDa (Fed, Mil and WWII). For WEP in this region,
the same drought periods appear but in a different order (Mil, Fed and WWII).

Table 5.4: WEP, AWE (DED sum) and DEDa (average) according to NEA and SEA and drought period.

NEA
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SEA

Drought

WEP

AWE

DEDa

WEP

AWE

DEDa

Fed
WWI
20s
WWII
60s
EN
LEN
Mil

4.78
5.78
6.33
4.22
4.33
6.00
3.33
3.78

17.67
4.56
2.33
19.22
14.89
3.33
10.00
22.44

0.00
0.03
-0.10
0.07
0.15
-0.02
0.01
0.05

3.54
5.62
7.62
4.00
4.38
5.08
5.31
2.54

70.31
12.38
7.15
46.54
19.19
11.65
13.88
61.15

0.32
0.19
-0.13
0.23
0.07
0.16
-0.10
0.24
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Overall it appears that in NEA a complex relationship between WEP, AWE and DEDa
occurs as compared to SEA. This may indicate that other factors influence wind
erosion in NEA (such as vegetation, geomorphic type, land management and overall
drought impact). The LEN had a high WEP but a low AWE; this could be because of
preceding flooding rains which can either hinder (through vegetation growth or soil
stability) or assist (through providing replenishment of erodible sediments) wind erosion
(Bullard et al. 2011, Kocurek 1998).

5.6

Vegetation, geomorphic type and land management

The analysis of WEP, AWE and DEDa above in Section 5.5 indicates that WEP, AWE
and DEDa are greater for some drought periods than others, the reasons for which are
now explored. This result could imply that certain vegetative and / or geomorphic
regions are more resilient to wind erosion. Even though vegetation cover is low, this
could still afford some stability (hence the difference between WEP, AWE and DEDa).
Also, land management may have an influence on wind erosion rates (which will be
discussed in Section 5.7 in brief only as it not central to this dissertation). Variations in
vegetation and geomorphic type are discussed in the following subsections to explain
the differences between actual wind erosion anomaly (DEDa) and WEP across the
drought periods.

5.6.1

Vegetation type

The top three predominant vegetation types for each station were determined using the
National Vegetation Information System (NVIS). This system provides an overview of
vegetation composition and types in Australia using Geographic Information System
(GIS) based datasets (Australian Government Department of the Environment 2016). It
was evident that some stations bear similar vegetation types and therefore can be
categorised into general groupings.

According to their predominant vegetation type, the following stations were classed as
similar:


Grasslands (GL), saltbushes and saltmarshes (SS) and shrublands (SL):
Three stations in NEA, five stations in SEA
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Eucalypt forests (EF), Eucalypt woodlands (EW), other forests and
woodlands (OFW) and other (O): Six stations in NEA, eight stations in SEA.

Analysis of the DEDa (average) is provided for each drought period and vegetation
type for NEA and SEA.
Grasslands, saltbushes, saltmarshes and shrublands

For NEA, these vegetation types had the highest DEDa during the 60s, Fed and Mil
drought periods. The lowest DEDa occurred during the WWI, 20s and WWII drought
periods. SEA had the highest DEDa during the Fed, WWI and WWII drought periods.
Most DEDa for SEA was positive (six out of eight drought periods) compared to NEA
which had predominantly negative DEDa values (six out of eight drought periods)
(Table 5.5). These results may be reflective of the resilience of vegetation in NEA and
the dieback of vegetation in SEA. Alternatively, they could also reflect the spatial extent
and severity of the drought periods.

When comparing the WEP to the DEDa, NEA has both measures recording values for
similar drought periods, with the highest WEP for the 60s, Fed, Mil and WWII and LEN
drought periods. In terms of the DEDa, the 60s, Fed and Mil drought periods had the
highest wind erosion. SEA on the other hand, showed a different pattern: the Mil, Fed
and WWII drought periods experienced the highest WEP and the Fed, WWI and WWII
encountered the highest DEDa for this vegetation type (Table 5.5).

Table 5.5: Average WEP and DEDa average values for Grassland (GL), saltbushes and saltmarshes (SS)
and shrublands (SL) stations according to drought period for NEA and SEA.
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Drought

NEA WEP

NEA DEDa

SEA WEP

SEA DEDa

Fed

4.00

0.10

3.00

0.80

WWI

5.33

-0.22

5.80

0.26

20s

8.00

-0.13

8.20

-0.22

WWII

4.67

-0.08

4.40

0.20

60s

3.67

0.34

4.60

0.08

EN

6.33

-0.03

5.20

0.01

LEN

4.67

-0.05

6.00

-0.19

Mil

4.00

-0.01

2.40

0.08

Average

5.08

-0.01

4.95

0.12
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Eucalypt forests (EF), Eucalypt woodlands (EW), other forests and woodlands (OFW)
and other (O)

For NEA, the WWI, WWII and Mil drought periods showed the highest DEDa for these
vegetation types, while the 20s, Fed and EN drought periods had the lowest DEDa. For
SEA, the Mil, EN and WWII drought periods bore the highest DEDa, while the 20s, LEN
and Fed saw the lowest (Table 5.6). Stations with these predominant vegetation types
experienced mostly positive DEDa across drought periods in NEA (five out of eight
drought periods) and also in SEA (six out of eight drought periods). This is the inverse
of the grasslands, saltbushes, saltmarshes and shrublands vegetation grouping, for
which predominantly negative DEDa was the norm.

A positive DEDa means that wind erosion activity is above the long-term average,
whereas a negative DEDa means wind erosion activity is below average. The overall
positive values of the DEDa (particularly for SEA) for this vegetation grouping may
indicate the susceptibility of these vegetation types to wind erosion, as compared to
more resilient species such as grasslands and shrublands.

When comparing the WEP to the DEDa for NEA and SEA, drought period rankings
understandably vary. For NEA, the LEN, Mil and WWII drought periods encountered
the highest WEP, whereas the WWI, WWII and Mil drought periods met with the
highest DEDa. It is interesting to note that the LEN and WWI drought periods are the
only ones that were not ranked as amongst the highest across both methods. For SEA,
the WWII, Fed and 60s drought periods saw the highest WEP, yet the Mil, EN and
WWII drought periods experienced the highest DEDa (Table 5.6). This may be
indicative of different wind erosion factors directly influencing the actual wind erosion
activity experienced (for example vegetation cover or wind speeds).

Table 5.6: Average WEP and DEDa average values for Eucalypt forests (EF), Eucalypt woodlands (EW),
other forests and woodlands (OFW) and other (O) stations according to drought period for NEA and SEA.
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Drought

NEA WEP

NEA DEDa

SEA WEP

SEA DEDa

Fed

5.17

-0.05

3.88

0.03

WWI

6.00

0.15

5.50

0.15

20s

5.50

-0.08

7.25

-0.07

WWII

4.00

0.14

3.75

0.24

60s

4.67

0.05

4.25

0.07

EN

5.83

-0.02

5.00

0.25
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5.6.2

LEN

2.67

0.03

4.88

-0.04

Mil

3.67

0.08

3.88

0.34

Average

4.69

0.04

4.93

0.12

Geomorphic type

Stations were also categorised according to geomorphic type to compare WEP and
DEDa according to drought and region (NEA and SEA). Three geomorphic types were
identified:


Interfluve: Seven stations in NEA, eight stations in SEA



Floodplain: One station in NEA, four stations in SEA



Dune: One station in NEA, one station in SEA.

Interfluve
For interfluve regions, NEA had the highest DEDa for the WWII, 60s and Mil drought
periods and the lowest DEDa for the 20s, WWI and EN drought periods. Interfluve
regions in SEA saw the highest DEDa values during the WWI, Mil and EN drought
periods (Table 5.7). SEA experienced a positive DEDa for many drought periods (six
out of eight drought periods) while NEA witnessed approximately half of all drought
periods bearing a positive DEDa.

Interestingly, the three drought periods in NEA which had a negative DEDa were short,
which may indicate that the antecedent soil moisture may not have been low enough to
encourage wind erosion activity (Liu et al. 2004; McTainsh, Lynch & Tews 1998). Soil
moisture is an important consideration in wind erosion response due to its influence
upon the threshold friction velocity required to entrain sediment from a soil surface
(Shao 2008).

For SEA, the drought periods with a negative DEDa included a short duration drought
period (the 20s drought) and a longer-term drought (the LEN). The LEN drought period
had the second lowest DEDa value for SEA overall (Table 5.4), the second lowest
DEDa for grasslands, shrublands and saltbushes and saltmarshes (Table 5.5) as well
as the second lowest DEDa for forest and woodland vegetation, which indicates that
vegetation and geomorphic conditions were not optimal for wind erosion activity (hence
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the negative wind erosion response). This is also supported by the WEP value as seen
in Table 5.4 for SEA, which was ranked third, indicating less than favourable conditions
for wind erosion activity, considering the droughts themselves, vegetation cover and
the wind speeds.
When reviewing WEP and DEDa for SEA, the Mil, WWII and Fed droughts proved to
have the highest WEP for SEA, whereas the WWI, Mil and EN droughts showed the
highest wind erosion values in terms of DEDa in this region. This highlights the notion
that a high WEP does not necessarily translate to a high actual wind erosion response,
a point which further reflects the complexity of wind erosion factors.

Table 5.7: Average WEP and DEDa average values for interfluve geomorphic type stations according to
drought period for NEA and SEA.
Drought

NEA WEP

NEA DEDa

SEA WEP

SEA DEDa

Fed

4.57

0.00

3.88

0.13

WWI

5.86

-0.09

5.75

0.23

20s

6.00

-0.12

7.25

-0.05

WWII

3.57

0.12

3.63

0.05

60s

4.43

0.05

4.25

0.09

EN

6.00

-0.04

5.13

0.14

LEN

3.00

0.03

4.75

-0.06

Mil

3.86

0.06

2.75

0.17

Average

4.66

0.001

4.67

0.09

Floodplains

For floodplains in NEA, the Fed had the only positive DEDa value, while the remainder
of drought periods showed a negative DEDa. This is primarily due to there being only
one station in NEA classed as in a floodplain. For SEA, the Fed, WWII and WWI
drought periods had the highest DEDa with most drought periods experiencing positive
measures (five out of eight drought periods) (Table 5.8). The top three drought periods
for SEA showed similar results to those of the grassland, shrubland and saltbushes
and saltmarshes vegetation grouping (with only the WWI and WWII ordering swapped).
This may indicate that floodplains had more wind erosion activity during the WWII
drought compared to that of the WWI drought and that there may have been more
conducive factors encouraging wind erosion (particularly in terms of reduced
precipitation). This is supported by the WWII drought period having the third highest
ranked WEP value for SEA (Table 5.4).
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When comparing WEP to DEDa for NEA and SEA there are some similarities in the
drought periods identified. NEA saw the LEN, Mil and WWII / 60s (equal third) droughts
bearing the highest WEP, whereas the Fed, Mil, WWI, 20s, WWII, 60s, EN and LEN
drought periods were the highest for DEDa. For SEA, the Mil, Fed and WWII / 60s
(equally) droughts experienced the highest WEP, and the Fed, WWII and WWI ones
had the highest DEDa (rankings changed for the Fed and WWII drought periods)
(Table 5.8).

Table 5.8: Average DEDa average values for floodplain geomorphic type stations according to drought
period for NEA and SEA.
Drought

NEA WEP

NEA DEDa

SEA WEP

SEA DEDa

Fed

7

0.02

3.50

0.77

WWI

6

-0.05

5.50

0.34

20s

6

-0.05

7.75

-0.15

WWII

5

-0.05

4.50

0.49

60s

5

-0.05

4.50

-0.01

EN

6

-0.05

5.25

0.02

LEN

2

-0.05

6.50

-0.26

Mil

4

-0.02

1.75

0.15

Average

5.13

-0.04

4.91

0.17

Dunes

The data here represents single station values only for both regions. For NEA, the 60s,
EN and Mil drought periods encountered the highest DEDa for dunes, while the WWI,
WWII and LEN ones had the lowest (Table 5.9). For SEA, the Mil, EN and WWII
drought periods had the highest DEDa, while the WWI, 20s and Fed periods had the
lowest (Table 5.9). For SEA, a positive DEDa was the most frequent (six out of eight
drought periods), while for NEA it was even (four positive and four negative). As there
was only one station each characterised by dunes for both NEA and SEA, these results
may be indicative of regional station based characteristics rather than general trends.

When comparing WEP to DEDa, NEA encountered the Mil, 60s, Fed and WWI
droughts with the highest WEP, compared to the 60s EN and Mil droughts for the
highest DEDa. The 60s and Mil drought periods were commonly ranked for WEP and
DEDa (Figure 5.9) in this region. For SEA, the WEP experienced the Fed, Mil and EN
with the highest WEP, compared to the Fed, EN and WWII for the highest DEDa. SEA
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drought periods in common are WWII, EN and Mil although ranking orders differ
(Figure 5.9).

Table 5.9: Average DEDa average values for dune geomorphic type stations according to drought period
for NEA and SEA.
Drought

NEA WEP

NEA DEDa

SEA WEP

SEA DEDa

Fed

4

-0.02

1

0.05

WWI

5

-0.30

5

-0.70

20s

9

-0.01

10

-0.70

WWII

8

-0.16

5

0.54

60s

3

1.01

5

0.24

EN

6

0.11

4

0.84

LEN

7

-0.13

5

0.30

Mil

3

0.01

4

1.15

Average

5.63

0.06

4.88

0.22

Overall, these differences between WEP and DEDa for differing geomorphic types may
relate to the resilience of the soil surfaces themselves (surface characteristics) or to
sediment supply, availability and transport. For example, some geomorphic types may
have been more resilient to shorter term events (such as the WWI and EN drought
periods). Additionally, sediment supply may have been limited during longer scale
events due to early depletion of available sediments and the lack of replenishment of
sediment between the droughts themselves (Bullard et al. 2011). The relationship
between dust frequency and magnitude has also been understood from a climatic
perspective by Lee & Tchakerian (1995) in the Southern High Plains of the USA in
which they state the importance of moderate hydrological events on the fluvial transport
and replenishment of sediments in humid areas, which may not be as apparent in arid
to semiarid regions.

5.7

The challenge of land use and management

While land management is not a focus of this dissertation, it is still a factor of wind
erosion that cannot be overlooked. Land management refers to the way land is
operated and maintained to achieve a land use outcome (whether that be cropping,
grazing or other practices) (Australian Bureau of Agricultural and Resource Economics
and Sciences (ABARES) 2017). This section provides a brief commentary of how
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changes in land management can increase or decrease rates of wind erosion. While
land management is recognised to be an important factor affecting wind erosion (Bird
et al. 1992; Cattle 2016; Lee & Gill 2015; Leys et al. 2009; McTainsh et al. 2011), this
thesis does not intend to solely focus on this factor due to its inherent complexity and
uncertainty. The uncertainty of land use and human influences on wind erosion activity
are noted by authors such as Ginoux et al. (2012).

From a global perspective, land management is recognised to play an important role in
enhancing wind erosion activity. Gill (1996) identified the role of human activity on the
disturbance of playas, determining that removal of water and vegetation from lake
basins was primarily responsible. Lee and Gill (2015) provided a detail overview of the
multiple causes of the Dust Bowl period (1930s drought) in the Southern Great Plains,
USA. They established that poor land management, namely, dry farming, tilling
practices, a lack of wind erosion management strategies and drought conditions,
contributed to increased soil erodibility (vulnerable soil conditions), decreased
vegetation cover and increased wind erosion activity (Lee & Gill 2015). Lee and Gill
(2015) have noted that technological advances in agricultural practices and the
enhanced awareness of soil conservation assisted in lessening the social and
economic impacts of proceeding drought periods (such as the 1950s drought).

Goudie and Middleton (2006) have noted that in Australia, dust storm activity is highly
variable, with land degradation from agricultural practices in regions such as the Mallee
impacting upon the frequency of dust storms. They also suggested that lower dust
storm frequencies in the 1970s and 1980s can be attributed to land management;
namely, a reduction in the rabbit population, the use of minimum tillage and vegetation
cover increases (due to woody weed species) (Goudie & Middleton 2006; State of the
Environment Advisory Council 1996). McTainsh et al. (2013) recognised the ability of
land use and land management to contribute to accelerated wind erosion activity. This
is of importance with respect to distinguishing between locally eroded dust and
transported dust (McTainsh et al. 2013). They also made the point that rates of wind
erosion will change over time, based on changes and advancements to land uses and
management, including but not limited to changes in markets, seasons, climate,
technology and knowledge (McTainsh et al. 2013).

More recently, Cattle (2016) has provided a definitive overview of the case for the
Australian Dust Bowl period (1985-1945) in southeast Australia, a drought period like
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that of the USA Dust Bowl period of the 1930s. Cattle (2016) cited changes in land use,
prolonged, severe drought activity, economic decreases and rabbit plagues as possible
causes of extensive wind erosion in southeastern Australia. Issues such as the
overstocking of sheep, pest species competing for grazing and aridity were cited as
causes of land degradation in the Western Division during 1890-1900 (Cattle 2016).
Additionally, dryland cropping was encouraged during 1900-1930, while increases to
grazing and stocking rates after World War I occurred due to the division of larger
properties into smaller plots (Cattle 2016).

From a locally contained perspective, Cooke (2006) provided an overview of the
changes in land use and conservation in the Victorian Mallee from 1850 to 2005. He
noted that grazing dominated during 1850-1930, declining during 1930-1970 and
remained as only a minor occurrence during 1970-2005. Irrigation and cropping
appeared during 1890-1930, stabilised during 1930-1970 and became more
sustainable during 1970-2005 (Cooke 2006). The notion of environmental services
(such as specific governmental environmental and conservation strategies) first
appeared during 1890-1930 in the region but were only considered sustainability
managed during 1970-2005 (Cooke 2006). This is due to the occurrence of legislation
and policies during this time which promoted the sustainable use of land and water, the
management and prevention of salinity and the maintenance of biodiversity (Cooke
2006).

5.8 Discussion of results
Overall, it is evident that patterns exist between vegetation types and drought periods
with the highest DEDa. Generally, grasslands, saltbushes and saltmarshes and
shrublands have lower wind erosion in NEA than do forests and woodlands. For SEA,
both vegetation groupings have the same DEDa (positive value). Both vegetation
groups bear similar averages for SEA (Table 5.5; Table 5.6). When comparing the two
regions and vegetation types, in NEA GL, SS and SL vegetation types experienced the
60s drought as the highest in DEDa, whereas in SEA, the Fed drought bore the highest
DEDa for this vegetation types. For the EF, EW, OFW and O vegetation groupings,
NEA encountered the WWI drought as bearing the highest wind erosion, while for SEA
the Mil drought period had the highest activity.
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Fensham and Holman (1999) identified the Federation, 20s and 60s drought periods in
southwest, west and central Queensland as the worst in history for vegetation dieback.
A localised drought affecting central Queensland occurred during the early 90s (LEN
drought period) but this was regarded as not abnormal (in terms of severity and extent)
compared with other drought periods (Fensham & Holman 1999; Lough 1997). This
may possibly explain why the LEN drought period had high WEP in NEA yet this did
not translate to a high wind erosion response. Fensham and Holman (1999) noted that
vegetation dieback during this time was sporadic and non-uniform in nature.

In general, vegetation provides strength and stability to a soil surface and protects it
from wind erosion (McTainsh & Leys 1993). This may possibly explain why some
drought periods had differing wind erosion rates for different vegetation groups. It may
also indicate the resilience of vegetation types to the impacts of factors of WEP
(including drought period severity (DPS), vegetation cover (VC) and wind speed
severity (WSS)) as decreased precipitation may not necessarily translate to a decrease
in vegetation cover in regions with highly resilient vegetation (such as trees).

Conversely, some vegetation types may die off before others when subjected to lower
precipitation rates (such leafy plants).

Larger, more woody types or standing

vegetation may still afford protection from the wind even if they have died off, due to
their trunks and roots still being present long after death (for example shrubs or trees)
(Wolfe & Nickling 1993). This is commonly observed in the agricultural industry where
plant residues from prior harvests are maintained in soils to prevent wind erosion
(Wolfe & Nickling 1993). Lee & Gill (2015) noted that technological and methodological
advances in agriculture (such as tillage which utilised standing stubble) coupled with
improved land management practices (such as conservation planting) resulted in
reduced wind erosion after the Dust Bowl in the Southern Great Plains, North America.
Kurosaki and Mikami (2007) supported this concept as they found a high seasonality to
the threshold wind speed required for wind erosion in grassland regions as compared
to desert areas. For the vegetation types in this study, the threshold wind speeds
required for wind erosion may vary according to grassland response to factors such as
precipitation and drought and the rapid dieback that may occur (as compared to
regions with larger more established vegetation such as Eucalypt forests). Additionally,
the impact of wind speeds on a given location may be influenced by the vegetation type
and density (McTainsh & Leys 1993). This may indicate that wind speeds may be
lessened by vegetation.
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The geomorphic analysis reveals that different geomorphic types have varied wind
erosion activity according to drought period. For NEA, dune regions had the highest
average DEDa, followed by interfluve and floodplain regions. In fact, floodplains had an
average negative DEDa value indicating below average wind erosion. For SEA, dunes
had the highest average DEDa, closely followed by floodplain regions and interfluve
areas. In terms of drought periods with the highest DEDa, NEA’s WWII drought saw the
highest DEDa for interfluve regions, its Fed drought for floodplain regions and its 60s
drought for dune regions. For SEA, the WWI drought encountered the highest DEDa
for interfluve regions, the Fed for floodplain regions and the Mil drought period for dune
regions. It may be important to consider Kocurek’s conceptual model (Kocurek 1998;
Kocurek & Havholm 1993) and the concept of sediment supply and demand as a
potential explanation for these results (Bullard et al. 2011). Additionally, the spatial
impact of droughts may be another consideration in increased wind erosion during
specific drought periods.

While this basic geomorphic classification does provide a description of some
relationships between geomorphic type and AWE with respect to drought periods, it is
important to note that a gross geomorphic type classification (such as the three basic
types in this analysis) cannot be the only method employed to ascertain relationships
between geomorphology and wind erosion source areas (Bullard et al. 2011).
Geomorphology and its associated response/s are far more complex, with aspects
such as rainfall (both dry and wet periods) resulting in varied geomorphic source areas
(Bullard et al. 2011; Reheis 2006). It is recognised that river floodplains offer more
erosion prone soils (due to their finer particle sizes), which is evidenced by high dust
storm frequencies near these regions (as these particles are easily entrained by the
wind when not strongly aggregated) (Bullard et al. 2011; Davidson 1990). This is
characteristic of the Mallee-Riverina zone, Channel Country and Murray Darling River
system in Australia (Davidson 1990).

During humid climatic periods, sediment supply is increased due to increased
weathering, water transport and sorting. At the same time, vegetation cover and
moisture is high, resulting in decreased sediment available for transport. Conversely,
during arid phases (such as drought periods), the production of sediment is lowered yet
sediment availability increases due to lower vegetation and soil moisture, allowing it to
be transported. This relates to the concepts of supply limited (lack of sediment supply),
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availability limited (high moisture and vegetation cover) and transport capacity limited
(with wind speeds too low to entrain sediments) (Bullard et al. 2011; Kocurek &
Havholm 1993; Kocurek 1998).

This may explain why some geomorphic regions have a higher AWE during different
drought periods, as the impact of specific factors of WEP such as DPS, VC and WSS
may affect these regions at different rates and times. For example, the LEN drought
period had the highest WEP value of all droughts but the Mil drought period had the
highest AWE. This may have been due to rainfall experienced prior to the Mil drought
period which provided a source of erodible sediment. A future improvement to this
method could be to classify geomorphic types and landforms and their associated
connections with surrounding types, in other words, a more holistic approach, as
presented by Bullard et al. (2011).

5.9 Summary

This chapter had four aims: to analyse AWE for each drought period, to determine
measures of AWE that best show wind erosion activity, to compare AWE to WEP and
to examine similarities and differences according to vegetation and geomorphic type.
Mean annual AWE was highest during the Federation drought period, while for
maximum annual AWE, the World War II drought period had the highest. This
demonstrated that while some drought periods may have the highest AWE over their
duration (sum), this did not always equal a high mean annual DED.

The method of anomalous AWE (DEDa) was presented to show wind erosion activity
for a region, placing AWE values within the context of the historical record. Dividing
stations into the general regions of NEA and SEA was offered as a means to further
understand AWE. This was because these two distinct regions of wind erosion activity
had been identified in the literature (Section 2.1.4). Results confirmed that DEDa during
drought periods differed for NEA and SEA. In particular, NEA had the highest DEDa for
the 60s, WWII, Mil and WWI drought periods, while for SEA, the Fed, Mil, WWII and
WWI droughts had the highest DEDa.

In terms of vegetation type, for grasslands, saltbushes, saltmarshes and shrublands,
the 60s, Fed and Mil drought periods met with the highest DEDa in NEA, while for SEA
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the Mil, Fed and WWII drought periods encountered the highest DEDa. For Eucalypt
forests, Eucalypt woodlands, other forests and woodlands and other vegetation types,
NEA experienced the WWI, WWII and Mil drought periods as those with the highest
DEDa, while SEA had the highest DEDa in the Mil, EN and WWII drought periods. In
terms of WEP, similar drought periods emerged but rankings varied (particularly in
NEA). Explanations for differences in these results included the resilience of vegetation
to precipitation and wind speeds.

Similarly, for geomorphic type, results varied. For interfluve areas in NEA, the highest
wind erosion (DEDa) occurred during the WWII, 60s and Mil drought periods and in
SEA this happened during the WWI, Mil and EN drought periods. For floodplains, NEA
had the highest wind erosion activity (DEDa) during the Fed and Mil drought periods,
and in SEA this was experienced during the Fed, WWII and WWI drought periods. For
dunes, NEA encountered the highest wind erosion activity for the 60s, EN and Mil
drought periods and in SEA this resulted in the Mil, EN and WWII drought periods.
These differences may be explained by the complex differing geomorphic responses of
these areas and sediment supply, availability and transport.

Discussion of results hinted towards the possible seasonality of erosivity (wind speeds)
and the impact of wind speeds specific to vegetation and geomorphic type.
Additionally, temporal patterns in land use and land management were briefly
discussed with respect to affecting the Australian landscape. Climate is the overarching
factor which influences precipitation, which, in turn, influences erodibility factors such
as vegetation and soil surface conditions.
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Chapter 6 Does an understanding of Australian climate systems enable us
to better characterise wind erosion?

This thesis to date has explored the relationships between drought and wind erosion.
Chapter 2 reviewed the abundance of drought literature available and developed the
notion that defining drought is a challenging process because it crosses many spatial,
temporal and socio-economic scales. A definition of drought relevant to wind erosion
was developed from this review. Chapter 3 used this definition to quantify perceived
connections between drought and wind erosion. It also selected a drought index which
was suitable for use in wind erosion research. The SPI was selected as the most
suitable index available due to its ability to capture wind erosion activity during drought
periods and identify drought episodes within them. Chapters Four and Five explored
whether a relationship between wind erosion (potential and actual) based on the actual
occurrence of drought could be developed.

The conclusions reached in Chapter 4 state that drought (as measured and analysed
from a WEP perspective) can be used to some extent to estimate potential wind
erosion activity. However, wind erosion does not always align with drought periods.
This may be due, in part, to not taking into account the underlying cause of the drought
in the first place. This Chapter will explore the climate systems applicable to Australia,
particularly those systems recognised to impact upon rainfall (erodibility) (ENSO and
IOD) and wind speed (erosivity) (SAM).

This chapter will provide background information on climate systems from differing
temporal scales to demonstrate their complex influence on Australia’s weather and
climate. Three key climate systems in Australia (ENSO, SAM and IOD) will be
discussed in depth, highlighting their known relationships with rainfall and windiness.
Patterns of each system phase will be explored through data analyses and compared
to relevant literature in the field. Analysis at a regional scale (northeastern and
southeastern Australia) will then be presented that develops a deeper understanding of
climate system behaviour with respect to wind erosion activity. A conceptual model
providing combinations of phases of the three climate systems will be presented to
demonstrate how phase changes affect wind erosion risk.
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This chapter has three main aims:
1. To discuss in depth the systems which influence weather and climate in the
Australian region (climate and synoptic systems differing in spatio-temporal
scale)
2. To identify patterns of wind erosion coinciding with a climate system phase at
the applicable spatial scale – NEA and SEA
3. To present a conceptual model of climate system phase and wind erosion risk –
based on the combination lock principle.

6.1

An overview of climate systems influencing the Australian region

An understanding of the behaviour of climate systems is vital to comprehending the
relationship between climate systems and wind erosion in Australia. Climate systems
influence drought, wind erodibility (through impacts on precipitation) and wind erosivity
(through synoptic scale systems such as cold fronts). Their spatial and temporal
scales, phases and impacts upon weather systems will be discussed below in the order
of temporal scale.

Each phase of climate systems has a different impact on wind erosion. For example, a
negative ENSO (El Niño) can result in below average precipitation, whereas a positive
ENSO (La Niña) can result in above average precipitation (BOM 2012). A series of
combinations of these system phases will be created which can assist in understanding
wind erosion activity during drought periods. This is a conceptual approach which, at
the time of writing, has not been fully explored in the literature in an Australian context.

A summary of climate systems according to temporal scale is provided in Figure 6.1
below and detailed in Sections 6.1.1 to 6.1.5. The interannual systems of ENSO, SAM
and IOD are the main focus of this study, with interdecadal and decadal systems
influencing their impacts. Seasonal and synoptic scale systems are also described due
to their recognised influence on wind erosion activity, such as the subtropical ridge,
cold fronts, low pressure systems and trough systems (Brazel & Nickling 1986; Loewe
1943; Sprigg 1982; Strong et al. 2011).
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INTERDECADAL SYSTEMS
(multiple decades / between decades)
Interdecadal Pacific Oscillation (IPO)

DECADAL SYSTEMS
(occurring over ten consecutive years)
Pacific Decadal Oscillation (PDO)

SEASONAL SYSTEMS
(specific season/s or seasonality)
Subtropical ridge
Trade winds
Monsoon
MONTHLY / WEEKLY / DAILY SYSTEMS
(occurring on a monthly, weekly or daily basis)
Madden-Julian oscillation (MJO)
Cold fronts
Trough systems
Cut-off lows
Tropical depressions

Longer to shorter temporal scale

INTERANNUAL SYSTEMS
(year-to-year or between years)
El Nino Southern Oscillation (ENSO)
Southern Annular Mode (SAM)
Indian Ocean Dipole (IOD)

Figure 6.1: Wind erosion climate influences (arranged according to temporal scale – longer scale to
shorter scale).

6.1.1

Interdecadal Systems

Interdecadal systems are climatic systems which occur between decades or span more
than one decade in duration.
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The Interdecadal Pacific Oscillation (IPO)

The IPO is a system which behaves similarly to the ENSO, in which phases swing from
negative (IPO cooler in the eastern Pacific Ocean) to positive (IPO warmer in the
eastern Pacific Ocean) (Power et al. 1999). These phases are like La Niña (negative
phase of IPO) and El Niño (positive phase of IPO) but operate over several decades
compared to the interannual nature of ENSO (Salinger, Renwick & Mullan 2001; Power
et al. 1999).

The IPO is observed to influence ENSO activity from a decadal perspective (Salinger,
Renwick & Mullan 2001), with El Niño conditions further enhanced during positive
phases of IPO and La Niña events enhanced during negative phases, with impacts
being proportional to amplitude (Cai et al. 2010; Kiem & Franks 2004; The
Conversation 2012; Verdon & Franks 2006). Conversely, if the phase of the IPO does
not align with ENSO activity, the impacts of ENSO can be lessened. This has been
confirmed by Power et al. (1999) who noted that La Niña conditions can be suppressed
during a positive phase of the IPO. Similarly, Cai et al. (2010) and Cai and van Rensch
(2012) identified that during positive IPO phases, the impact of La Niña is weakened.
This is the inverse for El Niño during the negative (cool) phase when El Niño impacts
upon rainfall are lowered (The Conversation 2012).

The IPO is also observed to impact upon the location of the South Pacific Convergence
Zone (SPCZ) an area of convergence (with associated precipitation and cloud cover)
which spans from the west Pacific through to French Polynesia (Folland et al. 2002).
During the 20th century, there have been three observed phases of IPO including: a
positive phase (1922-1944), a negative phase (1946-1977) and a positive phase (19781998) (Salinger, Renwick & Mullan 2001).

6.1.2

Decadal Systems

Decadal systems are defined as those which maintain their phase over periods of
approximately ten consecutive years. While this working definition implies roughly ten
year periods, the Pacific Decadal Oscillation (PDO) has been seen to span multiple
decades, displaying irregular variability (both decadal and interdecadal behaviour)
(Manuta & Hare 2002).
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The Pacific Decadal Oscillation (PDO)

The Pacific Decadal Oscillation (PDO) displays similar behaviour to the IPO but on a
decadal time scale (Kiem, Franks & Kuczera 2003). Some researchers consider the
PDO as its own separate climate system, whereas others view it simply as a set of
climatic conditions (Kiem, Franks & Kuczera 2003; McGowan et al. 2009). Positive
PDO phases are seen to be associated with increased risk of drought (Kiem & Franks
2004) commonly associated with dominant and persistent El Niño events (Allan et al.
2003; McGowan et al. 2009; Verdon & Franks 2006). There is a general inverse trend
associated with precipitation for the PDO, with positive phases associated with below
average rainfall and negative phases associated with above average rainfall (Power et
al. 1999).

From a synoptic perspective, studies have identified higher frequency and strength of
tropical cyclones during negative phases of the PDO and conversely, anticyclonic
circulations dominating during positive phases, particularly in southern regions of
Australia (Pezza et al. 2007 in McGowan et al. 2009). As indicated above, this positive
phase results in reduced frequency of rain bearing weather systems and the phases of
PDO in general can be observed to influence ENSO conditions (McGowan et al. 2009;
Verdon & Franks 2006).

A total of four phases have been observed over the past century: a cool phase during
1890 - 1924, a warm phase during 1925 - 1946, a cool phase during 1947 - 1976 and
another warm phase during 1977 - mid 1990s (Manuta & Hare 2002). It is important to
note that a warm phase (in other words a positive phase) involves the anomalous
warming of SST in the eastern Pacific (and cooling of the central and western Pacific),
whilst a cool (negative) phase involves the cooling of the eastern Pacific (and warming
of the central and western Pacific) (McGowan et al. 2009; The Long Paddock 2010).
Lamb et al. (2009) used this Pacific climate system, its subsequent impacts upon
positioning of the SPCZ and the PDO to explain abrupt changes in dustiness in eastern
Australia over time (1959-2006).
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6.1.3

Interannual systems

The term “interannual” refers to climate systems which occur year to year or between
years.

The El Niño Southern Oscillation (ENSO)
For reference, its positive phase is entitled “La Niña” which results in higher than
average rainfall, whilst its negative phase is referred to as “El Niño” which results in
below average rainfall (BOM 2017m). El Niño effects are most evident during the
months of winter and spring (McBride & Nicholls 1983). In terms of the spatial impact of
El Niño, inland Australian generally experiences the greatest impact, whilst impacts to
southwest WA and coastal parts of NSW can vary according to event (BOM 2017m).
For La Niña conditions, impacts are encountered the most in northern and central
Australia (where they are strong than the impacts of the El Niño phase) (BOM 2017m).

The Southern Annular Mode (SAM)
In general, the positive phase is associated with westerly winds located further south of
the Australian continent, resulting in less impact from cold fronts and low pressure, and
a general trend of higher pressures over the Australian continent (BOM 2017i).
Conversely, SAM’s negative phase is associated with the expansion of westerly winds
towards the equator, resulting in a higher frequency and impact of cold fronts and low
pressure and generally lower pressure over the Australian continent (BOM 2017i).

From a seasonal perspective, the SAM generally impacts upon winter precipitation in
southern regions and weakens during autumn (BOM 2017i). SAM’s positive phase is
positively associated with rainfall during spring and summer months (BOM 2017i),
coinciding with the development of the monsoon and seasonality of trough systems
(BOM 2017j; Williams & Stone 2009). This may allow for the movement of trough
systems to track further south on the continent.

Meneghini, Simmonds and Smith (2007) support the notion of a strong inverse
relationship between the SAM and precipitation in southern Australia during winter
months and a positive relationship in northern regions. Similarly, Verdon-Kidd and
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Kiem (2009) identify an inverse relationship between the SAM and precipitation during
autumn months in southeast Australia. Williams and Stone (2009) also found a positive
relationship between the SAM and rainfall over WA, NSW and Queensland during the
spring and summer months, due to interactions between the monsoon trough and
stronger easterly winds.

The Indian Ocean Dipole (IOD)

In general, its positive phase is associated with below average rainfall (mostly in
western to southeast Australia), and its negative phase with above average rainfall (in
southern Australia) (BOM 2017d, g, m; Climate Change in Australia 2016).

Ashok, Guan and Yamagata (2003) confirmed the negative relationship between the
IOD (in its positive phase) and winter precipitation, particularly in western and southern
Australia. This is primarily due to the prevalence of high pressure cells over the
Australian continent and subsequent subsidence during the IOD’s positive phase,
resulting in lower precipitation (Ashok, Guan & Yamagata 2003). Cai, Cowan and
Sullivan (2009) and Cai, Cowan and Raupach (2009) corroborated this, finding that
positive IOD phases resulted in reduced winter and spring rainfall and subsequently
increased bushfire risk in southeast Australia.

6.1.4

Seasonal systems

This term refers to synoptic-scale systems which migrate seasonally, affecting different
parts of Australia throughout the year.

The subtropical ridge

The subtropical ridge can be defined as a broad band of high pressure spanning west
to east across the Australian continent (BOM 2017l). It displays a distinct seasonality,
being positioned further north in winter and south in summer. During winter this
northward tracking allows for cold fronts to impact upon the Australian continent as the
westerly winds and embedded low pressure track northwards (BOM 2017l). The
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summer migration of this system southwards allows for the summer monsoon to reach
areas further south on the Australian continent (BOM 2017l).

This has implications for the SAM, as if the negative phase of the SAM coincides with
the northward migration of the subtropical ridge, the frequency and impact of cold
fronts on the Australian continent may be enhanced. Cai, van Rensch and Cowan
(2011) stated that during the winter months, the SAM and IOD have a strong influence
on the intensity and positioning of subtropical ridge over the southeast during winter
and the IOD and ENSO influence its intensity during spring (Cai, van Rensch & Cowan
2011).

It is important to note that wind erosion activity is commonly influenced by the three
erosive wind systems associated with the passage of cold fronts across the Australian
continent: prefrontal northerlies, frontal westerlies and postfrontal southerlies (Leslie &
Speer 2006; McTainsh et al. 2005; Sprigg 1982; Strong et al. 2011).

The trade winds

The trade winds predominantly affect parts of northern and eastern Australia
(subtropical to tropical regions) and are regarded as an ongoing system which forms
part of the larger global circulation (BOM 2017n). They are at their strongest during the
dry season in the north (winter) when the monsoon contracts northwards. These east
to southeasterly winds bring moist air from the Pacific Ocean to eastern coastal regions
(particularly areas near or on the Great Dividing Range) and drier conditions to central
Australia as the winds lose moisture blowing across the arid interior of Australia (BOM
2017n). These winds weaken as the monsoon trough develops in the summer months.
Trade winds may be impacted by synoptic scale systems such as troughs and low
pressure systems (BOM 2017n).

The Monsoon

The seasonal migration of the monsoon is an important aspect of climate in northern
regions of Australia. The wet season spans from approximately October to April and
occurs due to the reversal of the wind direction (northwesterly at the surface) and the
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subsequent development of the monsoon trough (BOM 2017j). During the active phase
of the monsoon, heavy rain, thunderstorms and squalls can be experienced in parts of
northern Australia (BOM 2017j). This system is also influenced by the ENSO: El Niño
can delay and La Niña accelerate the onset of the monsoon (BOM 2017j). The MJO
may affect the transition of the monsoon from active to inactive phase (BOM 2017j).

6.1.5

Monthly / weekly / daily systems

These are systems which operate on a shorter temporal scale ranging from monthly to
daily.

The Madden-Julian Oscillation (MJO)

The Madden-Julian Oscillation can be defined as an area of cloud and rain which
occurs near equatorial regions (BOM 2017k). Its movement can influence the
development of the monsoon and tropical cyclone activity in northern Australia and it
can also be seen to enhance and suppress rainfall activity (BOM 2017k). Its strongest
impacts are felt during the monsoon season (predominantly summer months) in
northern Australia (BOM 2017k) when the probability of strong interaction is greater.

Cold fronts

Cold fronts are well known for their ability to bring abrupt falls in temperature with hot,
dry prefrontal northerly winds being replaced with cooler oceanic southwesterly winds
(Reeder & Smith 1992; Sprigg 1982). While cold front activity is particularly common in
southern parts of Australia, subtropical cold fronts occasionally affect central and
northern parts and can commonly merge and interact with semi-permanent heat
troughs in northeastern WA and northwestern Queensland (Smith et al. 1995). Cold
fronts mainly affect southeast Australia and have their greatest influence on the
Australian continent during the winter months due to the annual migration of the
subtropical high pressure belt (BOM 2017f; Pook 2002). There is a distinct seasonality
to cold fronts in the northern and southern regions. They generally affect southern
regions all year round, while for central and northern regions their influence is
experienced during the late dry season (September to November) (Colquhoun et al.
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1985; Reeder et al. 2000; Reeder & Smith 1992). A prime example of the impact of
cold fronts on wind erosion activity was the 23 September 2009 dust event, in which a
large cold front induced dust storm activity spanning from southern Australia through to
as far north as Townsville (Leys et al. 2011).

Interestingly, during the spring and summer months, approximately half of all cold
fronts affecting southeastern Australia lack precipitation, but when interaction with the
Great Dividing Range occurs severe thunderstorms and even frontal squalls (southerly
busters) can occur (Reeder & Smith 1992). These can span from several days to a
week in duration, traversing from west to east across the Australian continent (BOM
2017f; Reeder & Smith 1992). Such fronts are recognised as an important source of
erosive winds in Australia (Loewe 1943; Leslie & Speer 2006; Sprigg 1982; Strong et
al. 2011) and globally (Aoki et al. 2005; Brazel & Nickling 1986; Kineke, Higgins &
Velasco 2006; Lei & Wang 2014; Nickling & Brazel 1984).

Trough systems

Trough systems are commonly observed at any time during the year and are
widespread in Australia (BOM 2017c). Different types of trough systems dominate
particular regions: easterly troughs (which are common during summer), heat troughs
(common over parts of northeastern and northwestern Australia in summer) and
prefrontal troughs (associated with the passage of cold fronts) (BOM 2017c, p,
Hanstrum, Wilson & Barrell 1989). Easterly prefrontal troughs are systems commonly
observed to provide cool change conditions to coastal regions in southern Australia
and offer a source of convection, whereas westerly prefrontal troughs can occasionally
intensify at the expense of the proceeding cold front (Hanstrum, Wilson & Barrell 1989).
This process of frontogenesis results in abrupt changes in temperature and strong
winds across the trough (Hanstrum, Wilson & Barrell 1989), similar to the behaviour
and characteristics of a cold front.

Cut-off lows
The cut-off low is a low pressure system which has separated from the area in which it
occurred (normally the belt of low pressure located south of the Australian continent)
(BOM 2017a). These systems generally form on cold fronts, the easterly side (or
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easterly flow) of blocking highs, or in deep troughs present in the westerlies (BOM
2017a; Qi, Leslie & Zhao 1999). These systems can bring with them heavy rainfall and
move generally in an eastern or southeastern direction across the continent, either
slow and regionalised or fast moving in nature (Qi, Leslie & Zhao 1999). They are most
common in southwestern parts of Australia and have their highest frequency during
autumn and winter (BOM 2017a; Qi, Leslie & Zho 1999).

Tropical depressions

Tropical depressions are defined as low pressure systems which occur in the tropics
region of Australia (BOM 2017o). These systems commonly occur with the monsoon
trough and, as such, their seasonality is similar, being most common from October to
April (BOM 2017o). Like the monsoon trough, they bring thunderstorm activity, rainfall
and strong winds (BOM 2017o). In the Northern Hemisphere, Lei and Wang (2014)
investigated the role of tropical depressions (disturbances) on dust generation in
western parts of the United States using a combination of air quality, meteorological
and satellite-based (aerosol optical depth (AOD)) measures. They found that tropical
disturbances generated dust storms of longer duration and higher concentration than
that of frontal systems and that cyclogenesis produced the longest lasting dust storm
activity due to their semi-stationary characteristics (Lei & Wang 2014).

Temporal comparisons

Figure 6.1 shows each climate system in order of broad to localised temporal scale. As
wind erosion is recognised to be influenced by erosive factors (such as climate
systems which bring a source of erosive winds: cold fronts, troughs and low pressure)
and erodibility factors (such as precipitation and its consequent impacts upon soil
moisture and vegetation cover), we would expect these systems to have some
relationship with wind erosion in Australia. However, these relationships may be
complicated further due to the detailed extent of influencing factors and varying time
scales listed above.
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Three key climate systems in Australia – ENSO, SAM and IOD

6.2

We know that the interaction between climate systems and wind erosion is complex
because of:


The varying scales at which climate systems, localised climate influences
(synoptic-sale systems) and wind erosion operate (spatially and temporally)



The draw-down effects that climate systems can have on synoptic systems (e.g.
a negative SAM phase can increase the frequency and location of cold fronts
across the Australian continent) and wind erosion (for example ENSO and IOD
impacts upon precipitation, influencing vegetation, soil moisture and surface
stability)



Seasonal patterns of activity which may be seen to enhance or lessen the
impact of climate and synoptic systems.

Some of the complex relationships of the three interannual climate systems of the
ENSO, SAM and IOD to wind erosion with respect to various locations on the
Australian continent will be presented below.

6.2.1

Broad-scale relationships between climate systems, drought and wind speed

(The ENSO and SPI, SAM and wind speed, IOD and SPI)

ENSO and SPI

It is recognised in the literature that the ENSO (measured by the SOI) is related to
precipitation. Although El Niño phases are generally associated with drier conditions in
eastern and northern Australia (and La Niña with the inverse), El Niño conditions do not
always necessarily mean drought conditions. The drought measure used in the
development of WEP was the SPI, as explained in Chapter 4. We would expect that
there would be a slight relationship between these two measures because:
1. The SPI utilises precipitation data and;
2. The SOI influences patterns of precipitation in Australia.

189

Chapter 6 – Does an understanding of Australian climate systems enable us to better characterise wind
erosion?

These relationships may be slightly different for geographic regions in Australia due to
the extent of the ENSO and the location of broad-scale synoptic systems.

Correlations between the SOI and SPI for northeastern and southeastern Australia are
provided below in Table 6.1, indicating a positive relationship for both regions. This
means that when the SOI increases (indicating wetter conditions), so too does the SPI
(also indicating wetter conditions). The relationship is slightly stronger in the north than
in the south. A perfect relationship would not be expected between these two
measures as the SPI is a normalised drought index (utilising raw precipitation values)
and a negative SOI value does not always necessarily result in widespread drought
conditions (BOM 2014d).

Table 6.1: Correlation between ENSO (measured by SOI) and SPI and averages of negative and positive
phase according to region (1876 to 2014).
Region

SOI SPI correlation

Average SPI when SOI -

Average SPI when SOI +

NEA

0.57

-0.03

0.21

SEA

0.52

-0.08

0.13

SAM and wind speed

It is recognised in the literature that the SAM influences the location of the subtropical
high pressure belt and its associated embedded cold front and low pressure systems.
Cold fronts are known to bring strong erosive winds (Brazel & Nickling 1986; Sprigg
1982; Strong et al. 2011). While this relationship is identified, complexities also hinder
this relationship – such as the annual migration of the subtropical high pressure belt
(Sturman & Tapper 2006) and variability due to the location of studied stations.
Therefore, it is important to understand the behaviour and movement of synoptic scale
systems as well as the relevant phases of climate systems.

In Table 6.2, the SAM and maximum wind speed are shown to have a low inverse
relationship. When the SAM’s values were negative, higher wind speeds were
observed. This relationship was slightly stronger in the south, due to exposure to
synoptic systems. While regions to the south have frequent exposure to the passage of
cold fronts, cold fronts in northern regions can be dry, shallow and vary diurnally (Smith
et al. 1995; Sturman & Tapper 2006).
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Table 6.2: Correlation between SAM and wind speed and averages of negative and positive phase
according to region (1957 to 2014).
Region

SAM WS correlation

Average WS when SAM -

Average WS when SAM +

NEA

-0.02

8.96

8.85

SEA

-0.14

10.11

9.91

The SAM is recognised to affect synoptic weather systems (cold fronts) which may not
be necessarily captured in this analysis. While the SAM may result in an increase in the
frequency (or spatial impact) of cold fronts affecting the Australian continent, this may
not necessarily translate into an increase in wind speed due to seasonal variations in
cold front activity (Speer 2013). However, wind speeds that occur during negative
phase SAM years have an overall higher average than those of positive phase SAM
years.

The IOD and SPI

The IOD is recognised in the literature to influence precipitation, with positive values
associated with decreases in precipitation and even drought (Cai et al. 2009; Climate
Change in Australia 2016).

In Table 6.3, the IOD is seen to have an inverse relationship with the SPI. In other
words, when the IOD was positive, values of the SPI were observed to be negative.
This supports the notion that the positive IOD phase is associated with decreases in
precipitation. This relationship was slightly stronger in the south than the north and also
in terms of the average SPI when the IOD was positive (Table 6.3). This may be
indicative of the complex impact that this system has on the Australian climate,
particularly with respect to parts of NEA, which may not necessarily be impacted by this
system as much as regions located to the west and south (BOM 2017g).

Table 6.3: Correlation between IOD and SPI and averages of negative and positive phase according to
region (1876 to 2009).
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Region

IOD SPI correlation

Average SPI when IOD -

Average SPI when IOD +

NEA

-0.35

0.18

0.00

SEA

-0.43

0.13

-0.10
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This analysis has provided a general overview of three climate systems (the ENSO,
SAM and IOD). Correlations between ENSO and the SPI are stronger than those
between the SAM and wind speed or those between the IOD and SPI. Additionally, the
IOD and SPI have stronger correlations than that of SAM and wind speed. The lower
correlation between the SAM and wind speeds may be because this climate system
impacts upon the occurrence and positioning of cold fronts, an influence which may not
necessarily translate to higher wind speeds due to cold fronts varying in strength and
extent on a seasonal basis (Sturman & Tapper 2006).

While this analysis has provided an overview of the correlations between three climate
systems (the ENSO, SAM and IOD) and rainfall and wind speed, the values these
systems have during drought periods’ impacts upon wind erosion have not yet been
explored.

Wind erosion activity across northeast and southeast Australia – the role

6.3

of climate systems

It is evident from the analysis in Chapter 5 that drought periods differ in terms of their
wind erosion activity. This also varies according to the region being studied – with
differences between northeastern and southeastern Australia.

What is not yet known is the behaviour of climate systems according to drought period
and wind erosion. Several questions are explored in the discussion below including:


Does a specific phase of a selected climate system (ENSO, SAM or IOD)
dominate during a given drought period?



If so, what was the overall trend (and strength) during the drought period?



Does this phase and strength impact upon wind erosion?

6.3.1

Climate system phase duration – drought period relationships

The durations of consecutive phases of the selected climate systems (ENSO, SAM and
IOD) are provided in Figures 6.2, 6.3 and 6.4 below. This refers to the amount of time
that a given climate system occurs in its positive or negative phase.
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Across the eight drought periods, negative values of SOI (El Niño) dominated four (the
WWI, EN, LEN and Mil drought periods). During three drought periods, positive SOI (La
Niña) conditions prevailed (Fed, 20s and WWII). The eight drought periods represent
41 years of which negative SOI occurred for 25 and positive SOI for 16 (Figure 6.2).
Prior to the 60s drought, greater proportions of positive SOI occurred, compared to
after the 60s drought where negative SOI phases lasted longer,

proportionately

(Figure 6.2).

Duration (years)
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Figure 6.2: Duration of SOI phase according to drought period.

For the SAM, seven of the eight drought periods had higher negative durations.
Negative SAM phases accounted for 30 of 41 years of drought, while positive SAM
phases existed for 11 (Figure 6.3). Droughts prior to the 60s drought showed negative
values of the SAM, while droughts after this showed an increase in positive SAM
values (particularly the Millennium drought period) (Figure 6.3).
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Figure 6.3: Duration of SAM phase according to drought period.

For the IOD, four drought periods were shown to have higher positive durations and
three have equal durations of positive and negative IOD phases. Negative IOD phases
accounted for 18 years and positive IOD, 23 years out of a total of 41 drought years
(Figure 6.4).
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Figure 6.4: Duration of IOD phase according to drought period.

Whilst the duration data shows more years of La Niña conditions experienced during
the Fed drought period, it may be in fact the strength of the individual El Niño years that
influenced the drought period (and subsequent wind erosion). This is similar for the
SAM and IOD. For example, wind erosion preferable phases may potentially impact
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upon wind erosion activity although non-preferable phases exist during the same
drought period (with the SAM influencing the location of frontal wind systems and the
IOD influencing precipitation).
Several studies in the field of climate systems and wind erosion activity have adopted
the spatial approach to explain the complex relationships that exist between wind
erosion and climate systems in eastern Australia. Speer (2013) investigated the role of
climate / synoptic scale systems at the scale of eastern Australia, namely the Lake
Eyre Drainage Basin across 12 stations located in the Northern Territory, Queensland,
New South Wales and Victoria. The wind erosion resolution used was Dust Event Days
(DED) as derived from Bureau of Meteorology observations. From there, observations
of DED for only the months of spring and summer were included. It is important to note
distinct seasonality to the northern and southern regions of eastern Australia, as
documented by several authors (McTainsh & Boughton 1993; McTainsh, Lynch & Tews
1998) with the north experiencing increased wind erosion activity during the spring and
summer months, while the southern region experiences summer dominated wind
erosion activity. Significantly, by covering both spring and summer months across all
stations, the distinctive north and south seasonal differences (associated with spatially
specific climate and / or synoptic systems) could be lost.

Similarly, Marx et al. (2011) opted for studying the Murray-Darling Basin over longer
climatic time periods and using one selected locality. Marx et al. (2010) investigated
rates of dust deposition with respect to the Holocene period using one locality core in
the Snowy Mountains, NSW.

They theoretically determined that shifts in climate

systems (particularly westerly winds) over time had resulted in differing rates of dust
deposition (Marx et al. 2011). While results provided a conceptual insight into the
historical migration of climatic systems and linked them to dust deposition, these were
noted as purely interpretations of possible climate at the time.

Evans et al. (2016) added parameters to a global climate model to simulate the
influence that the ENSO has on wind erosion activity (through impacts on precipitation
and vegetation) for central Australia. They found that this method provided a closer
relationship of ENSO tracking with dust data. However, this study is limited in its span
as it only studies central Australia. Therefore, no parameters have been devised at the
spatial level of climatic / synoptic scale influences.
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These approaches attempt to simplify the complex relationships between wind erosion
and climate (by using a larger area of study and / or longer time periods), but an
understanding of specific patterns of climate and weather activity (endemic to northern
and southern regions of Australia) is pivotal to fully understanding the climatic controls
of wind erosion in Australia.

These results show the proportion of years in which climate systems have positive and
negative values, however, they do not show the strength of the systems themselves
and the impact upon the northern and southern regions. For example, it would be
expected that in the Federation drought period there would exist negative SOI values
(El Niño) as the SOI impacts upon precipitation and influences drought, particularly in
parts of eastern and central Australia (BOM 2017d, m). Additionally, these results do
not tell us whether these phases resulted in a wind erosion response and if this varied
according to a location on the Australian continent. This will be addressed below.

6.3.2

Climate system strength, drought period and wind erosion relationship – a tale

of two regions

Specific drought periods may have had a higher phase strength which promoted wind
erosion activity. Phase strength refers to the cumulative sum of the climate system
value over the given duration of a drought period. This is a new approach to analysing
climate systems as compared to temporal plots of climate systems provided by studies
such as Verdon-Kidd and Kiem (2009) and Speer (2013). This approach gives an
indication as to the persistence and strength of a climate system phase. For example,
regularly occurring and largely negative values of the SOI during a drought period
would indicate a higher negative phase strength (El Niño).

However, this may vary between NEA and SEA. Results comparing the SOI, SAM and
IOD with DEDs for both regions for each major drought period are provided below in
Tables 6.4, 6.5 and 6.6, respectively. While this approach is new for the SAM and IOD,
ENSO has been calculated cumulatively over 12 months to provide estimates of overall
severity and an insight into the prevailing weather conditions of the months preceding
the period measured by Abtew and Milesse (2014). For this study, values of SOI will
be used to represent ENSO (as described in Section 1.7).
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Table 6.4: Cumulative SOI and wind erosion according to region and drought period (lowest values for
climate systems and highest values of DED anomaly (DEDa) are shown in bold).
Climate system

Wind erosion regions

Drought

SOI

NEA DEDa

SEA DEDa

Fed
WWI
20s
WWII
60s
EN
LEN
Mil

-17.98
-11.37
-6.16
-17.47
-6.45
-21.38
-42.83
-8.23

0.02
0.06
-0.29
0.47
0.59
-0.05
0.03
0.42

2.91
0.38
-0.39
1.58
0.29
0.31
-0.48
2.14

All eight drought periods were associated with cumulative SOI values that were
negative. These negative values indicated that El Niño conditions were indeed active
during the drought periods. However, the strength of the cumulative SOI value does not
necessarily equate to a comparable wind erosion value. For example, the LEN drought
period had the lowest SOI value of all drought periods but also the lowest value of wind
erosion activity for SEA (with activity less than the long-term average). The highest
wind erosion activity was associated with the Fed drought period for SEA and yet the
third lowest SOI value (Table 6.4).

NEA, on the other hand, had its highest wind erosion anomaly associated with the 60s
drought period, closely followed by the WWII and Mil drought periods (Table 6.4). This
coincided with a negative value of the SOI and SAM and a positive value of the IOD.
Again, the strongest negative SOI value was not associated with the highest wind
erosion activity (Table 6.4).

Table 6.5: Cumulative SAM and wind erosion according to region and drought period (lowest values for
climate systems and highest values of DED anomaly (DEDa) are shown in bold).
Climate system
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Wind erosion regions

Drought

SAM

NEA DEDa

SEA DEDa

Fed
WWI
20s
WWII
60s
EN
LEN
Mil

-15.93
-3.49
-4.89
-13.84
-1.76
1.29
0.21
9.89

0.02
0.06
-0.29
0.47
0.59
-0.05
0.03
0.42

2.91
0.38
-0.39
1.58
0.29
0.31
-0.48
2.14
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Five drought periods were also associated with cumulative SAM values that were
negative (Table 6.5). These negative conditions indicate that the subtropical high
pressure belt would probably have been positioned higher on the Australian continent
with an increased chance of cold front impact / erosive winds (BOM 2017i). Generally,
the highest wind erosion activity was associated with lower SAM values. For example,
the Federation drought period had the lowest SAM sum and the highest level of wind
erosion anomaly for SEA. Similarly, the WWII drought period had the second lowest
SAM sum and third highest wind erosion activity for that region (Table 6.5).
Interestingly, the Mil drought period had the highest sum of SAM but the second
highest wind erosion activity for the southeast. This possibly indicates that the influence
of SAM on wind erosion activity was not as strong during this drought as other factors
(such as precipitation) contributing to wind erosion experienced during that time.

Table 6.6: Cumulative IOD and wind erosion according to region and drought period (lowest values for
climate systems and highest values of DED anomaly (DEDa) are shown in bold).
Climate system

Wind erosion regions

Drought

IOD

NEA DEDa

SEA DEDa

Fed
WWI
20s
WWII
60s
EN
LEN
Mil

-0.07
0.05
0.29
-0.12
0.2
0.38
0.32
0.49

0.02
0.06
-0.29
0.47
0.59
-0.05
0.03
0.42

2.91
0.38
-0.39
1.58
0.29
0.31
-0.48
2.14

In terms of NEA, the highest levels of wind erosion anomaly were not associated with
lower SAM sums. For example, the 60s drought period had the highest wind erosion
activity for the region, yet the SAM was the 5th lowest (Table 6.5). The WWII drought
showed the second highest wind erosion activity for the region and the second lowest
SAM value. These results may be indicative of the climatic and synoptic setup of the
northeast of the Australian continent which differs from that of the southeast.

Firstly, NEA is positioned further away from cold fronts compared to SEA. Specifically,
the northeast experiences exposure to trough systems and tropical depressions,
whereas the southern region is more exposed to the passage of cold fronts and
associated pre-frontal troughs (BOM 2017c, f, o, p; Strong et al. 2011). While the
northeast can experience cold front activity, this is regarded as limited (Sturman &
Tapper 2006).
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Six out of eight drought periods were associated with cumulative IOD values that were
positive, with the Mil drought bearing the highest sum (Table 6.6). Positive conditions of
the IOD result in lower precipitation in both southern and northern regions (BOM
2017g). Conversely, two out of the three highest wind erosion anomaly values for SEA
coincide with negative IOD sums (Fed and WWII). For NEA, most of the highest sums
of wind erosion anomaly coincided with positive IOD values (Table 6.6). This may be
due to IOD impacts varying according to station location on the Australian continent,
with southern and western regions more susceptible (BOM 2017g).

When the IOD is positive, it results in the weakening of westerly winds and with it, the
water in the Indian Ocean is replaced with cooler water to the northwest of Australia
(BOM 2017g). This results in lower atmospheric moisture and changes in the
movement of weather systems that travel from the west of the Australian continent
(BOM 2017g). This was also modelled by Ashok, Guan and Yamagata (2003) who
found that during positive IOD events, anticyclonic circulations at lower levels of the
atmosphere were present over the southern and western parts of the Australian
continent, resulting in lowered precipitation, particularly during winter months.
Duration and strength of a phase during a drought period are both potentially important
factors in wind erosion activity. For example, during the Federation drought, for the four
years in which the SOI was negative (El Niño conditions) it was particularly negative (30.31 total). Conversely, the positive phase of the SOI (La Niña) was not strong
enough (12.33 total) to weaken the El Niño values, resulting in a large negative sum of
the SOI for the drought period. While the duration of the El Niño phase was not
conducive to encouraging wind erosion for this drought period (four months compared
to five months of La Niña) its strength was.

In general, there are common climate system phases related to specific drought
periods and wind erosion responses: negative SOI, negative SAM and positive IOD. It
is important to note that a large value of a climate system phase which theoretically
would provoke wind erosion does not necessarily equate to wind erosion activity. For
example, the Long El Niño drought period had the strongest negative sum of all
drought periods but only had the 7th, 5th and 8th highest wind erosion activity for the
northern and southern Australian regions, respectively (Tables 6.4, 6.5 & 6.6).
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Other factors may also influence wind erosion activity (for example vegetation and day
to day precipitation) and there may well be a seasonal component to this relationship
(in other words, values could be enhanced or lessened if they coincide with seasonal
precipitation and / or synoptic patterns).

6.3.3

Wind erosion occurring during non-favourable climate system phases

One explanation of why some drought periods had wind erosion occurring during
climate system phases which would tend not to favour this can be reached by
considering the overarching decadal to interdecadal systems which enhance climate
system impact. For example, Pui, Lal and Sharma (2011) found that the two phases of
the IPO created two very different sets of antecedent conditions prior to two simulated
flood events, with a negative IPO phase resulting in increased risk of flooding.
Additionally, Power et al. (1999, p. 323) found that ENSO conditions “waxed and
waned” on an interdecadal basis in terms of their IPO values.

These complex relationships are explored further in a conceptual model for the impact
of climate systems upon wind erosion in the following section.

6.4

The Combination Lock Concept (CLC) - Why wind erosion risk varies

according to climate system

We have established that climate systems play an important role in the generation of
wind erosion activity in Australia. Additionally, this varies according to the position on
the Australian continent and exposure to specific synoptic systems which can produce
erosive winds. What can we do with the knowledge that climate systems operate at
different spatial and temporal scales, have interpretable values with known impacts and
bear seasonal traits? How do these combine to influence wind erosion activity for a
given region? What follows is an investigation of some of these climate systems to
ascertain some potential risks for wind erosion, based on their values.

The combination lock concept (CLC) for wind erosion is now introduced. Evidence is
presented here that when these climate systems are all “in-phase”, that is, the phase
which is favourable for wind erosion activity to occur, we could see a wind erosion
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response. This adds to the already understood wind erosion impacts of the SOI upon
erodibility (vegetation, soil moisture etc.) and the SAM upon erosivity (wind speeds).
These systems can specifically impact upon these areas through their influences on
precipitation (such as the ENSO and IOD and, from an interdecadal perspective the
IPO and PDO), wind speeds (from an interannual perspective the SAM, seasonal the
subtropical ridge and day to day / weekly cold fronts and trough systems).

As indicated above, the impact of these systems also depends on the location of the
region being studied, particularly with respect to interannual, seasonal and day to day
systems. For example, a region situated in the north of Australia is more impacted by
trough systems and monsoon related systems (e.g. tropical depressions) (which also
bear a source of erosive winds) as compared to a region situated in the south which is
regularly exposed to cold fronts.

By combining calculations for the interdecadal systems with those of the annual to
decadal systems of ENSO, SAM and IOD, a series of combinations favourable for wind
erosion emerge, like a combination padlock which physically “unlocks” the potential for
wind erosion to occur. For example, the Federation drought was shown to have a
negative sum of the ENSO, SAM and IOD and the highest wind erosion anomaly for
SEA. Conversely, for NEA, the 60s drought had the highest wind erosion anomaly,
coinciding with a negative sum of the SOI and SAM and a positive sum of IOD.

The CLC of climate system phases will be provided below, with a discussion of their
potential impact on wind erosion. Where relevant, discussion of the differences
between the northern and southern regions will be given with respect to relevant
localised synoptic systems.

6.4.1

The CLC of climate systems and wind erosion - Combinations of climate system

phase and wind erosion risk

Enumerative combinatorics was developed by Stanley (1986) to calculate the number
of combinations that can occur in a finite set. If we apply the concept of combinatorics
to the ENSO, SAM and IOD in terms of their respective phases, combinations of wind
erosion risk can be developed. This study suggests that in the field of climate systems,
there are specific phases which promote drier or windier conditions in Australia.
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Consequently, these conditions influence the frequency and intensity of wind erosion in
Australia.

Combinations of the ENSO, SAM and IOD

Here we have assumed combinations of three systems, consisting of positive (+) and
negative (-) values. This equated to a total of eight sets of combinations (Table 6.7).

These sets were broken down into their climate system properties and are discussed,
each in turn, with respect to wind erosion. The potential (or probability) for wind erosion
according to climate system phase is provided in Table 6.7 below. For drought periods,
drought risk has been provided as a favourable climate phase does not necessarily
result in drought conditions (BOM 2014d). Additionally, while SAM can have impacts on
rainfall, these are generally only experienced in southern regions during specific
seasons (BOM 2017i).

Table 6.7: Possible ENSO, SAM and IOD phase combinations.
ENSO

SAM

IOD

Drought

Wind erosion

+
+
+
+
-

+
+
+
+

+
+
+
+
-

Low-Moderate
High
High
Low-Moderate
Low-Moderate
Low
Very low
Low-Moderate

Low
Moderate
High
Moderate
Low
Low
Low
Low-Moderate

Combination 1: Positive ENSO, positive SAM, positive IOD
Description: A positive ENSO indicates La Niña conditions, with increased rainfall
particularly to northern and eastern Australia. Parts of central Australia also encounter
the impacts of La Niña more than those of El Niño (BOM 2017d). A positive SAM
results in the westerly wind belt contracting south of the Australian continent, resulting
in a lessened impact of cold fronts and low pressure and a dominance of higher
pressure over the Australian continent (BOM 2017i). A positive IOD results in lower
than average rainfall conditions over the Australian continent as winds in the Indian
Ocean become more easterly, directing moisture and convection away from the
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continent (BOM 2017g). The IOD typically affects southern and eastern Australia, WA
and parts of the NT (BOM 2017g).
Potential impact on wind erosion: As the ENSO phase is in La Niña conditions, this
can potentially result in higher than average rainfall experienced in northern and
eastern Australia. Also depending on the amplitude of La Niña conditions, this impact
could extend to central parts of Australia (Cai et al. 2010). The phase of SAM is one
where winds are lessened and the impact of erosive systems may not reach the
Australia continent. The IOD phase is one of dry conditions but these are confined to
the areas listed above. Winds are less erosive, conditions are dry to some extent (IOD)
but the ENSO is not in phase (as it promotes wet conditions). This would result in
limited wind erosion activity as vegetation would be sustained and erosivity is low
(Table 6.7).

Combination 2: Negative ENSO, positive SAM, positive IOD
Description: The only difference to Combination 1 is the presence of a negative ENSO
(El Niño) conditions. As both the IOD and ENSO are now in phase this could result in
the potential amplification of dry conditions. The ENSO and IOD are noted to influence
one another in modelled simulations (Cai, Sullivan & Cowan 2010; Risbey et al. 2009).
The SAM remains positive, which results in erosive wind systems being located south
of the Australian continent.

Potential impact on wind erosion: In this situation two climate systems (the ENSO
and IOD) are in phase which means below average rainfall conditions could be further
exacerbated. This may imply that a lower wind speed is required to initiate wind erosion
activity as the soil surface / soil moisture is already low (particularly if these climate
systems have been in phase for a longer term). While the SAM is in a positive phase,
the erosive wind systems required to generate wind erosion activity may potentially be
located south of the continent (depending on seasonality). Although cold fronts may still
impact on the Australian continent their reach may be confined to the southern most
regions (Table 6.7).
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Combination 3: Negative ENSO, negative SAM, positive IOD
Description: The ENSO remains in El Niño phase (dry, lower than average rainfall)
and the IOD is in its dry phase. The SAM is now negative, so the westerly wind belt has
contracted north. This means that cold fronts and low pressure systems commonly
embedded in the westerly wind belt can impact upon the Australian continent. There is
now a source of erosive winds.

Potential impact on wind erosion: As all three climate systems are in phase (two in
dry conditions, one in windy conditions) regions experience increased erodibility and
erosivity. Wind erosion could be expected if these wind systems pass regions which
have high erodibility and low vegetation cover. This combination is favourable for wind
erosion activity provided that precipitation has not occurred prior to or during the
progression of an erosive wind system (e.g. a cold front, low pressure or trough
system) (Table 6.7).

Combination 4: Negative ENSO, negative SAM, negative IOD
Description: Climate systems of the ENSO and IOD are no longer in phase. The IOD
is now negative which can result in higher than average rainfall over parts of the
Australian continent (BOM 2017g). The climate modes of the ENSO and SAM are now
in competition. If the ENSO is stronger than the IOD this means that drier conditions
can prevail. The SAM is still in its negative phase, resulting in a source of erosive
winds.
Potential impact on wind erosion: Competing climate system phases exist so dry
conditions will ultimately depend on the relative strengths of both the ENSO and IOD.
SAM still provides a source of erosive winds, however, because the IOD is in its wet
phase, these cold fronts may be accompanied by precipitation, which can interfere with
potential wind erosion activity. Ultimately, this will depend on the prevailing
atmospheric conditions at the time (such as instability) and the season (Table 6.7).

Combination 5: Positive ENSO, negative SAM, positive IOD
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Description: The ENSO has now shifted into La Niña conditions which results in
higher than average precipitation. The SAM is in its negative phase which means
erosive wind systems are present in more of the north of the Australian continent. The
IOD is in its positive phase which results in drier than average conditions. Again, the
ENSO and IOD are competing and out of phase with each other.
Potential impact on wind erosion: Depending on the actual location on the Australian
continent, conditions may be wetter or drier than average. Such conditions are also
contingent on the strength and spatial spread of the ENSO and IOD phases. The SAM
may provide an erosive wind system at lower latitudes but any potential wind erosion
activity may be lessened by the presence of above average precipitation (particularly in
southern or eastern regions). Subject to how persistent these conditions have been,
vegetation may have improved over time, hence lowering wind erosion risk even further
(Table 6.7).

Combination 6: Positive ENSO, positive SAM, negative IOD
Description: Both precipitation influencing climate systems (the ENSO and SAM) are
in phase, which supports higher than average rainfall. The SAM is positive which
means the erosive wind systems have now tracked south and are off the Australian
continent.
Potential impact on wind erosion: There is no longer a source of erosive winds and
higher than average precipitation exists in a large portion of Australia. We would expect
the wind erosion risk to be low or geographically limited and based on local conditions.
Erosive systems, if they do reach the continent, would have to be high in wind strength
to overcome the impacts of higher precipitation on erodibility (Table 6.7).

Combination 7: Positive ENSO, negative SAM, negative IOD

Description: The ENSO is in its positive (La Niña) phase resulting in higher than
average rainfall. The SAM is negative which means erosive wind systems have
expanded towards the Australian continent. The IOD is negative, resulting in higher
than average rainfall.
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Potential impact on wind erosion: Whilst we now have the source of erosive wind
systems (cold fronts, low pressure, compressed isobars) the presence of higher than
average precipitation makes wind erosion occurrence complex. Erosive wind systems
need to compete with such effects of precipitation to overcome lowered erodibility’s
effect on wind erosion generation. Soil moisture and vegetation cover may be high
during this time (Table 6.7).

Combination 8: Negative ENSO, positive SAM, negative IOD
Description: Dry and wet. The ENSO is in its negative phase (El Niño) and the IOD is
negative (heralding higher than average rainfall). Systems are not in phase so some
regions may experience above average precipitation while other areas may encounter
below average precipitation. The SAM is positive which means the source of erosive
wind systems has contracted south of the Australian continent.

Potential impact on wind erosion: Wind erosion activity will be localised and
challenged at best. Pockets of wind erosion activity may exist in regions most exposed
to the negative ENSO, whilst wind erosion might be limited in regions exposed to the
negative IOD. All areas will experience a potential lack of erosive winds capable of
generating wind erosion activity (Table 6.7).

6.4.2

Interdecadal and decadal influences

The IPO

Another layer of complexity to add to the combinations above is afforded by the
interdecadal and decadal climate systems. These can work for or against combinations
of the ENSO, SAM and IOD. In terms of the Interdecadal Pacific Oscillation (IPO),
negative phases are commonly associated with La Niña like conditions and positive
phases are the inverse (showing El Niño like conditions) (Cai et al. 2010). Therefore, if
a suitable phase of the IPO coincides with favourable ENSO or IOD phases, we could
expect conditions to be amplified. For example, if the IPO was positive (dry) and the
ENSO was negative (dry, El Niño), a stronger, more widespread El Niño event might
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be experienced. Over time there have been three observed IPO phases during the 20th
century:


Positive phase (1922-1944)



Negative phase (1946-1977)



Positive phase (1978-1998) (Salinger, Renwick & Mullan 2001).

This has importance in terms of drought periods and their associated wind erosion
activity as some drought periods have occurred during positive phases (e.g. EN and
LEN) while others have occurred during negative phases (WWII and 60s drought
periods) (Figure 6.6). There are differences in wind erosion activity coinciding with the
IPO phase, with NEA experiencing its highest wind erosion activity during the negative
IPO phase, whereas SEA meets its highest on the edge of a positive IPO phase
(Figure 6.6).
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Figure 6.5: IPO phase and DED anomaly for a) NEA and b) SEA.
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The PDO

The Pacific Decadal Oscillation (PDO) behaves similarly to the IPO and the two are
commonly associated together and named the IPO-PDO due to their high correlation
(Verdon & Franks). The positive phase of the PDO is commonly associated with an
increased risk of drought (Kiem & Franks 2004; McGowan et al. 2009). There have
been several observed phases over the past 100 years:


1890-1924 – cool (negative) phase



1925-1946 – warm (positive) phase



1947-1976 – cool (negative) phase



1977-mid 1990s – warm (positive) phase (Manuta & Hare 2002; Manuta 2017).
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Figure 6.6: PDO phase and DED anomaly for a) NEA and b) SEA.
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The highest wind erosion activity in NEA occurred during negative phases of the PDO,
while for SEA it occurred during a positive phase (Figure 6.7).

If these interdecadal and decadal phases are applied to the combinations outlined
above, the following general trends may be observed:


During a positive IPO phase, El Niño conditions may be enhanced. As this
decreases precipitation, the increased risk of sustained El Niño conditions over
an interdecadal scale may be seen (Cai et al. 2010; Kiem & Franks 2004;
Verdon & Franks 2006). Vegetation and soil moisture may be reduced by this
longer scale phase, thus increasing erodibility. Conversely, a negative phase of
the IPO may see the enhancement of La Niña conditions (Power et al. 1999;
Pui et al. 2011) and a reduction in erodibility however, sediment supply may be
replenished due to flooding.



During a positive phase of the PDO a similar situation to the IPO occurs – El
Niño may be seen to be enhanced (McGowan et al. 2009), increasing
erodibility.

Therefore, when the IPO and PDO are in their dry phases, we could expect that the dry
phases of other climate systems (such as the ENSO and IOD) may be amplified. This
would have implications for wind erosion activity due to the increased temporality of
these systems, providing a source of sustained dry conditions. This would influence
wind erosion activity because sustained periods of below average rainfall influence
vegetation dieback and decreased soil moisture (Yu, Hesse & Neil 1994; Yu, Neil &
Hesse 1992).

For example, Combinations Two, Three, Four and Eight may see increases in wind
erosion risk if the IPO and PDO are in a suitable phase (namely, their positive phase).
Depending on whether the ENSO, IOD or both are in dry phase also, wind erosion
impacts may be seen to be increased regionally (for example the ENSO may affect
eastern Australia) or on a more widespread scale (when the ENSO and IOD are both in
phase).
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6.4.3

Seasonal and regional perspectives

At the risk of making things even more complex, it must be mentioned that some
systems (particularly those occurring at a periodic, monthly, weekly or daily temporal
scale) have been observed to display distinct seasonality. During these seasons,
conditions may be favourable for wind erosion activity. For example, during winter, cold
fronts are more frequently observed; these are a common cause of wind erosion in
Australia (Loewe 1943; Sprigg 1982; Strong et al. 2011). These systems and their
impacts are discussed below with respect to wind erosion activity in NEA and SEA.

The subtropical ridge

An annual occurrence is the migration of the subtropical ridge. This ridge migrates
north in winter, allowing cold fronts and low pressure systems to impact upon the
Australian continent. Conversely, it migrates south during summer which moves these
cold fronts and lows south of the Australia continent. At the same time, monsoonal
systems with embedded trough systems are dragged further south in tropical to
subtropical regions (as synoptic systems are dynamically connected). We could expect
northern regions to be exposed to more erosive systems during summer months (due
to trough systems and tropical depressions being able to move further south). Similarly,
during winter, southern regions may experience increased cold front activity (a source
of erosive winds) due to the subtropical ridge. If this coincides with a favourable phase
of the ENSO (negative), SAM (negative) and IOD (positive), there could be an
increased risk of wind erosion.

Monsoon

The annual migration of the monsoon is an important factor, particularly in northern
parts of Australia. The monsoon typically occurs from October to April, resulting in the
wet season. This source of precipitation could effectively hinder wind erosion activity
but it is also a source of potentially erosive wind systems – troughs and tropical
depressions. For example, if the monsoon coincided with dry phases of the ENSO and
IOD, precipitation could be lessened or delayed, potentially resulting in higher wind
erosion risk for northern regions due to the source of erodibility (dry conditions) and
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erosivity (erosive wind systems such as troughs and thunderstorms). The Madden
Julian Oscillation (MJO) can also enhance or suppress monsoonal rainfall during this
time, which adds further complexity to the wind erosion risk.

Cold fronts

It is well documented that cold fronts are responsible for the classic haboob-style,
rolling wall-like appearance of large dust storms in the southern hemisphere (Goudie &
Middleton 2006; Loewe 1943; Sprigg 1982; Strong 2011). As discussed previously,
cold fronts exhibit a distinct seasonality: they are most common during the winter
months. This coincides with the movement of the subtropical ridge during winter. If this
seasonal movement coincides with a negative SAM phase, this could mean that cold
fronts and low pressure penetrate further inland than the typical seasonal occurrence,
hence providing an increased source of erodible winds to parts of central, eastern and
even potentially northern Australia. Cold fronts can impact upon northern regions of
Australia, although their occurrence is lower and weaker than in southern regions
(Sturman & Tapper 2006). An example of this would be the dust storm of 23
September 2009 (Leys et al. 2011). Coupled with dry phases of the ENSO and IOD at
the same time, this could be a favourable “recipe” for wind erosion activity.

Trough systems

As outlined in Section 6.1.5 above, trough systems generally occur more frequently
during the warmer months (summer to spring) (BOM 2017c, p; Hanstrum, Wilson &
Barrell 1990). They are a common source of instability and gusty winds in northern
regions of Australia (BOM 2017c: Hanstrum, Wilson & Barrell 1990). When they
interact with cold fronts or low pressure systems their effects can be enhanced, often
assuming the characteristics of the front itself (Hanstrum, Wilson & Barrell 1990).

If we consider a negative phase of the SAM (with the westerly wind belt located over
the Australian continent) cold fronts may have a greater potential to interact with trough
systems, thus generating more erosive winds. If this source of erosive winds is teamed
with sustained dry phases of the ENSO and IOD the potential exists for increased wind
erosion activity to occur as erodibility is high and precipitation is lowered, particularly
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during seasons in which these climate systems have the greatest impact (for example,
in the ENSO’s case, during winter and spring) (BOM 2014d).

Table 6.8: Seasonality of synoptic systems for northeastern and southeastern Australia and climate
system seasonal effects (as adapted from: BOM Climate Influences: http://www.bom.gov.au/watl/aboutweather-and-climate/australian-climate-influences.shtml).
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Figure 6.7: Dust storm frequency (monthly DED sum averaged across stations) for a) NEA and b) SEA.

Table 6.8 above shows the seasonality of synoptic-scale systems and how they align
with wind erosion activity (Table 6.8; Figure 6.7). NEA has peak wind erosion activity
during the late spring to early summer months, with highest wind erosion during
October and November (Figure 6.7a). SEA has a similar occurrence of wind erosion
activity, but later into spring and summer (November through to January) (Figure 6.7b).
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Some synoptic systems occur all year round, including troughs, cold fronts and low
pressure, with effects on wind erosion varying due to complex factors. Additionally, the
ENSO and IOD are active during and before wind erosion seasonality (Table 6.8).

The northern versus southern regions

As described above in Section 6.1, it is evident that specific synoptic systems affect
different regions of Australia (for example the monsoon predominantly affects northern
parts of Australia, whereas cold fronts are typically confined to southern regions,
occasionally impacting upon central and northern regions). Whilst the movement of a
system may result in its lessened impact in the south (for example the sub-tropical
ridge), there may be an increased impact from other systems in the north which also
track southwards (such as the migration of the monsoon). These form part of the wider
global atmospheric circulation (Sturman & Tapper 2006). A seasonality pattern for wind
erosion in NEA and SEA can be developed using the behaviour of synoptic systems
and what is known about climate systems. This is provided in Table 6.9 below.

6.4.4

Application of the CLC to drought periods

The combination lock concept can be applied to varying temporal scales such as
across or within drought periods. A summary of climate phases according to drought
periods is provided in Table 6.9. It is evident that the CLC works for several drought
periods but not all. This will be discussed in depth below. The development of wind
erosion anomaly (DEDa) is discussed in depth in Section 5.4.

Table 6.9: Climate system phases, combination lock wind erosion risk and wind erosion (DED anomaly
(DEDa)) for NEA and SEA.

Drought period
Fed
WWI
20s
WWII
60s
EN
LEN
Mil
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ENSO
-

SAM
+
+
+

IOD
+
+
+
+
+
+

NEA DEDa

SEA DEDa

CLC wind erosion risk

0.02
0.06
-0.29
0.47
0.59
-0.05
0.03
0.42

2.91
0.38
-0.39
1.58
0.29
0.31
-0.48
2.14

Moderate
High
High
Moderate
High
Moderate
Moderate
Moderate

Chapter 6 – Does an understanding of Australian climate systems enable us to better characterise wind
erosion?

General relationships between the CLC and drought periods
It is evident that for NEA the combination lock works for the drought with the highest
wind erosion activity (the 60s drought period), however, this is not the case for all other
drought periods. For example, the 20s drought period had a high wind erosion risk
according to the CLC but a negative wind erosion anomaly (Table 6.10). Similarly, the
WWI drought period had a high wind erosion risk with respect to the CLC but was
ranked fourth highest for wind erosion.

However, it can be seen from the data that the PDO played an important role in these
two drought periods due to its negative phase. As discussed above, negative values of
the PDO are similar to La Niña conditions of the ENSO, with some authors relating
negative phases of the IPO / PDO to large scale flooding events (Cai & Rensch 2012).
This may have reduced the potential of any wind erosion to occur due to sustained
periods of precipitation, even though the phases of the decadal and / or / annual
climate systems may have been favourable for wind erosion activity. As for the 60s
drought period, while it also had a negative PDO value (similar to the 20s and WWI
drought periods), there was sustained below average precipitation over a longer
drought period duration (Figure 6.8b; Figure 6.9b). Therefore, it is evident that the PDO
has an influence on wind erosion activity through its influence on precipitation.

a)

b)

Figure 6.8: Rainfall percentages for a) 1 January to 31 December 1920 and b) 1 January to 31 December
1965 (source: BOM 12 monthly rainfall percentages
http://www.bom.gov.au/jsp/awap/rain/archive.jsp?colour=colour&map=percent&year=1920&month=12&per
iod=12month&area=qd).
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An example of this rainfall is provided in Figure 6.8 which shows widespread
precipitation occurring in NEA in 1920 as compared to widespread lower precipitation
in 1965. The 1920 rainfall would have sustained vegetation which may not have died
back over the duration of the shorter drought period (for example resilient grassland
vegetation) as compared to the longer 60s drought which received less precipitation.
Such surviving vegetation provides soil surface protection from erosive winds (AlDousari 2005; Al-Dousari & Al-Awadhi 2012; Lee & Sohn 2009; Orgill & Sehmel 1976).
Yu, Neil & Hesse (1992) add to this picture by noting that widespread below average
precipitation is more important in enhancing wind erosion activity than local below
average precipitation (Yu, Neil & Hesse 1992).

The situation is similar for SEA in which moderate wind erosion risk lock combinations
result in the highest wind erosion activity (Fed and Mil drought periods). Again, some
drought periods had high wind erosion risk from the combination lock (60s and 20s
drought periods; Table 6.9) which did not translate to high wind erosion activity. These
latter two drought periods also occurred when the IPO and PDO (for the 60s drought)
and the PDO (for the 20s drought), were in their negative phases, which may have
interfered with the overall strength of decadal to annual climate systems (for the ENSO
and IOD). When looking at the rainfall percentages during these drought periods it is
evident that the southeastern region and areas to its west were experiencing above
average rainfall conditions (Figure 6.9). This could have resulted in lower wind erosion
occurrence due to the preservation of the vegetation and the stability of the soil surface
(Yu, Hesse & Neil 1993; Yu, Neil & Hesse 1992).

a)

b)

Figure 6.9: Rainfall percentages for a) 1 January to 31 December 1920 and b) 1 January to 31 December
1965 (source: BOM 12 monthly rainfall percentages
http://www.bom.gov.au/jsp/awap/rain/archive.jsp?colour=colour&map=percent&year=1920&month=12&per
iod=12month&area=qd).
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Another important consideration is that of drought period duration. It is more likely that
the CLC does not apply to drought periods which were shorter in scale. For example,
the EN drought period occurred during the phase of a negative ENSO (El Niño
conditions), negative SAM, positive IOD (dry conditions) and positive IPO and PDO
(dry conditions), yet the wind erosion anomaly was negative in NEA and positive in
SEA. One explanation of why negative wind erosion anomaly occurred in NEA is the
short duration of this drought period and the likelihood of vegetation resilience. Stations
located in NEA may have grassland vegetation which is more resilient in short-term
drought conditions compared to crops in stations located in SEA. Poor ground cover is
an essential ingredient for wind erosion occurrence (Yu, Hesse & Neil 1993).

Seasonality of CLC during a drought period – The Federation drought
These patterns can also be explained when considered in their seasonal context, by
incorporating knowledge of synoptic system movement and seasonality. Charts of the
Federation drought period in NEA and SEA are provided below in Figure 6.10. The
seasonality of synoptic-scale systems is presented in Table 6.9.

For NEA, most wind erosion activity occurred during spring, summer and autumn, with
spring the most frequent (four out of 11 positive wind erosion anomalies). This
seasonality overlaps with the driest months of the year, and the occurrence of troughs
and tropical depressions and the initial onset of the monsoon. This is also the time
when the seasonal impacts of the ENSO and IOD are felt the most. Interestingly,
positive wind erosion anomalies have only occurred from 1899 onwards. This may
indicate a shift in climate system phase (such as PDO or IPO) or could reflect
precipitation received prior. The highest peak coincided with negative SAM, positive
IOD and negative ENSO phases. A negative wind erosion anomaly occurring in the
winters of 1900 and 1901 could have been due to the values of ENSO and IOD climate
systems (implying a reduction in erodibility) and a decrease in erosivity due to synoptic
systems. Winds are calmer in northern Australia during winter due to the dominance of
higher pressure (Sturman & Tapper 2006).

For SEA during the Federation drought, wind erosion was positive during all seasons
and throughout the drought period. Spring had the most frequent positive anomalous
wind erosion activity (eight springs) followed by winter and summer (both six). This
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seasonality overlapped with trough systems and immediately after the peak occurrence
of cold front and low pressure seasonality. Additionally, the seasonal impacts of the
ENSO and IOD were most felt during this time. The highest peaks in wind erosion
anomaly coincided with a negative SAM, positive IOD and negative ENSO.
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Figure 6.10: Seasonal DED anomaly, ENSO, SAM and IOD phase for the Federation drought period for a)
NEA and b) SE.

6.4.5

Towards prediction of wind erosion in Australia

The Bureau of Meteorology releases regular climate outlooks (Figure 6.11) and climate
statements which describe, for a selected period, local climate influences which may
result in varying weather conditions (such as below average rainfall or higher than
average air pressures). These statements are released to inform the public about
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changes in climate conditions and provide advice regarding specific phases of climate
systems.

This practice could be applied to describing the potential wind erosion risk for specific
areas in Australia, based on climate system phases, synoptic scenarios and historical
wind erosion, to allow the community (specifically landholders) to prepare for possible
wind erosion before it occurs.
This advanced notice could be a way of tackling the complex wind erosion issue – if
climate outlooks for wind erosion were released (see Figure 6.11 below for an
example), they could potentially report on these climate systems and synoptic trends,
providing information about the scope of their potential impact. This could allow land
managers to alter their practices if they know wind erosion activity might occur in the
future, for example retaining plant residues on the soil surface. This moves even closer
to developing the predictive aspect of wind erosion reporting according to climate
systems, a concept which has been raised by certain authors in an effort to improve
readiness for wind erosion events and manage risk (Hayman, Whitbread & Gobbett
2010).

Figure 6.11: BOM Climate Outlook for 23 February 2017.
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Such advanced warning has, to some extent, been conducted globally through the
implementation of the Sand and Dust Storm Warning Advisory and Assessment
System (SDS-WAS) adopted by the WMO (2014). The SDS-WAS aims to reduce the
impacts of sand and dust storms globally through the use of modelling products based,
in part, on an understanding of the current impacts of these events on society and the
environment (WMO 2014). Emphasis is placed on the real-time prediction and
modelling of dust, the prevention of impacts as well as training and educating the wider
public on issues related to wind erosion (WMO 2014). It is important to note that this
approach primarily focuses on improving shorter term weather forecasting of dust
storms (hours to days) as opposed to the climate scale (days, weeks, months or
longer) of climate and synoptic systems referred to in this chapter.

Limitations of the research and future research directions

The CLC for wind erosion activity was provided as a conceptual model to determine
when wind erosion may be expected during certain climatic conditions. Future research
could involve incorporating these values into a predictive system for wind erosion
activity, one which combines values of known erodibility and erosivity factors coupled
with meteorological and climatological variables. This could provide a forecast for wind
erosion activity, similar to the Climate Outlooks issued by the BOM. Additional research
is required to determine the appropriate weighting of particular factors and climatic /
synoptic inputs, relevant to region.

While an understanding has been developed of the climate and synoptic systems
which may influence wind erosion activity during drought periods, the impact of these
upon other regions is still not fully understood. Future studies in the field could
investigate the relationship between climate and synoptic systems for the NT, SA and
WA and even compare them to relationships established in the Northern Hemisphere
(using the CLC adapted for Northern Hemispheric climate and synoptic systems).

6.5
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Overall, several findings have become evident from this study. When investigating the
relationship between wind erosion and climate systems, an analysis of both NEA and
SEA is appropriate due to the differing climatic, synoptic and wind erosion conditions of
these regions. When exploring wind erosion relationships according to drought period,
it was evident that some drought periods were predominant in either NEA or SEA. In
NEA, the 60s, WWII and Mil drought periods were the most severe droughts in terms of
wind erosion, producing the highest wind erosion activity (as measured by DEDa sum).
For SEA, the Fed, Mil and WWII drought periods were the most severe drought periods
for wind erosion.

Favourable wind erosion phases of climate systems (ENSO, SAM and IOD) occurred
during most drought periods (e.g. during negative SOI, negative SAM and positive
IOD). It was demonstrated that higher wind erosion (DEDa) occurred during phases
conducive to such a situation but this was not always the case. Wind erosion also
varied according to region, bearing less of an association with a climatic system which
would favour it in NEA (particularly for the SAM and IOD). This was determined to be a
function of NEA’s local climate influences which might not be associated with the SAM
(e.g. trough systems and depressions) and the localised influence of the IOD (as
compared to in SEA) which may influence wind erosion activity in the region.

Combinatorics was used, based on the findings above to assess the likelihood of wind
erosion occurring depending on the phases of climate systems. A series of eight
combinations was developed and this was accompanied by a description of the risk for
each of wind erosion. Impacts of synoptic systems were also discussed with respect to
both region and seasonality, adding further complexity. The concept of the CLC was
applied to the eight drought periods for NEA and SEA, with the extent of most drought
period wind erosion (DEDa) able to be explained by the concept. The IPO and PDO
were also applied as an additional layer to the CLC, to describe situations when the
concept did not work for wind erosion response, for example, in shorter drought periods
such as the WWI, 20s and EN ones. While these developments are conceptually
based, they provide an important perspective on the overall influence that climate
systems may have on wind erosion in Australia in terms of differing spatial and
temporal scales. These findings may prove to be an important tool in the forecasting of
wind erosion risk in Australia, particularly if the inclusion of climate system values (or
their combinations) in pre-existing wind erosion modelling tools were adopted.
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This chapter will revisit the research aims and objectives as outlined in Chapter 1,
providing a summary of the main findings of each chapter, contributions of the
research, and significance for wind erosion studies. The chapter offers a summary of
the research findings together with the developments in methodology achieved by this
study.

7.1

Revisiting the research aims and objectives

This dissertation has provided new information which improves understanding of the
impacts of drought and climate systems on wind erosion in eastern Australia. Chapter 1
listed the research aims and objectives of the dissertation and highlighted the gaps in
knowledge associated with relationships between drought, wind erosion and climate
systems. It was noted that while studies identified linkages between climate systems
and bushfire risk, sea ice concentration and salt deposition, few had sought to
understand the influence that climate systems have on wind erosion activity in
Australia, particularly with respect to drought periods. Those which did exist only
provided a broad-scale relationship between wind erosion, drought and climate
systems (such as general trends in the ENSO and SAM) and their general impacts
upon precipitation.
Therefore, this dissertation’s main aim was to explore the influences of drought and
climate systems (the ENSO, SAM and IOD) upon wind erosion activity in eastern
Australia over the past 100 years. This research introduces a new methodology for
measuring wind erosion in droughts, which was tested with Australian data. The study
had the following objectives:
1. To select a drought index relevant for use in wind erosion studies in eastern
Australia.
2. To estimate the potential wind erosion of eight drought periods using measures
of soil erodibility and wind erosivity.
3. To quantify the actual rates of wind erosion occurring during these drought
periods and discuss why these rates differed from potential wind erosion rates.
4. To examine how climate systems (the ENSO, SAM and IOD) and synoptic
systems operate as drivers of wind erosion during these drought periods.
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These objectives were met through Chapters 3 to 6 of the dissertation, with each
chapter corresponding to a specific research objective:


Evaluation of drought indices relevant to wind erosion using data from Australia
(Chapter 3) according to specific criteria developed (address objective one)



Estimation of the potential wind erosion of drought periods in Australia utilising
long-term datasets (>100 years) (Chapter 4) (addresses objective two)



Comparative analysis of these estimates with actual rates of wind erosion
during drought periods in Australia (Chapter 5) (addresses objective 3) and



Discussion of how an understanding of Australian climate systems enables us
to better characterise wind erosion? (addresses objective four) (Chapter 6).

A summary of the major research findings and methodological developments,
sequences according to each objective and chapter is provided in Section 7.2 below.

7.2

Major research findings and methodological developments

The first objective of the dissertation was to select a drought index relevant for use in
wind erosion studies in eastern Australia. This objective was addressed in Chapter 3
and the index was modified for development of a measure for WEP, Chapter 4
presented the derived WEP values, which were used in Chapter 5 for comparison to
the AWE.

The major research findings for the first objective are:


Evaluation criteria (as used in Chapter 3) were set up to select a drought index
deemed suitable for use in wind erosion studies:
o

Is able to be applied at spatial scales, encompassing differing climate
regimes.

o

Is scalable through time, due to the recognised time lag between
precipitation deficiency and impacts upon vegetation and soil moisture
(Bach 1988; Yu, Hesse & Neil 1993).

o

Must identify the start and end dates of drought episodes and their
durations within a given drought period. This recognises that drought
periods are not continuous occurrences and precipitation may occur
during drought periods which may impact upon the potential for wind
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erosion to occur. Analysing drought episodes within drought periods
provides a way of addressing this challenge.
o

Provides an estimate of the magnitude or severity of a given drought
period as not all droughts are equal (with some generating more wind
erosion activity than others).

o

Contributes to knowledge of wind erosion processes (such as allowing
for understanding of the complex relationships between precipitation,
vegetation and wind erosion response).

o

Utilises readily accessible data and be calculable in a non-limiting
amount of time with results able to be readily understood by the
scientific and wider community.



The Standardized Precipitation Index (SPI) was chosen as the most suitable
drought index for use in wind erosion studies. This was due to the following
features of the index:
o

Is applicable to differing climates (such as monsoonal stations (Tennant
Creek) and stations which receive rainfall at regular intervals during the
year (Mildura).

o

Has application to differing timescales (the SPI can be applied to scales
of one, three, six, nine, 12 months (WMO 2012).

o

Provides the start and end dates of drought episodes and provides
values of drought magnitude and severity which could be easily
compared to drought categories (as defined in the literature).

o

Identifies drought episodes preceding wind erosion activity, reflecting
the delay between precipitation decline and vegetation / soil moisture
response.

The second objective of the dissertation was to estimate the potential wind erosion of
eight drought periods using measures of soil erodibility and wind erosivity. This
objective was addressed in Chapter 4.

The major research findings for the second objective are:


When WEP was analysed from a spatial perspective, it became apparent that
some drought periods had widespread high to moderate WEP (Fed and
Millennium) while other drought periods had more isolated pockets of high WEP
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(for example, the LEN drought period in Queensland). This may reflect the
differing spatial extent of individual drought periods and the variability of drought
impacts upon WEP in Australia.


The highest WEP was associated with the Millennium, Federation and WWII
drought periods.

The major methodological developments for the second objective are:


WEP was developed using the factors of erosivity and erodibility: drought period
severity (DPS), vegetation (VC) and wind speed severity (WSS)
o

A measure of DPS for inclusion in WEP which incorporated the sum of
drought episode magnitudes was found to be the best representation of
drought for the eight selected drought periods (as compared to other
measures presented in Section 4.4.1). This is because it ranked as the
highest the same drought periods deemed in the literature to be some of
the most severe in history.

o

CAVI was chosen as the measure for VC (erodibility) for WEP due to its
ability to provide a measure of VC prior to the development of GIS and
satellite imagery.

o

Maximum wind gust divided by average wind speed was used as a
measure of WSS in WEP as it provides a proportional measure of
gustiness; an important factor in wind erosion activity (erosivity).

The third objective of the dissertation was to quantify the actual rates of wind erosion
occurring during these drought periods and discuss why these rates differ from
potential wind erosion rates. This objective was addressed in Chapter 5.

The major research findings for the third objective are:


Actual wind erosion (AWE) was highest in terms of mean annual DED during
the Fed, Mil, WWII and WWI drought periods for eastern Australia. However, in
terms of maximum annual wind erosion (DED) the first three highest were the
WWII, Mil and Fed drought periods. This means that a drought period which
has the highest maximum annual wind erosion might not necessarily have the
highest mean annual wind erosion.



When looking at the spatial extent of wind erosion, results were similar to WEP
in Chapter 4, with some drought periods having broad-scale high levels of wind
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erosion activity such as the Fed, WWII and Mil drought periods, whereas other
drought periods had little to no wind erosion, depending on the affected
location, such as the WWI and 20s drought periods.


Anomalous wind erosion was highest in NEA during the 60s, WWII and Mil
drought periods and in SEA for the Fed, Mil and WWII drought periods,
demonstrating the differing spatial impact of drought in eastern Australia.



When actual rates of wind erosion were compared to WEP, similar drought
periods were found but the rankings changed. For example, the Mil had the
second highest WEP yet the highest wind erosion (AWE) and the third highest
anomalous wind erosion (DEDa). This is due to the spatial nature of both
drought periods and the variables of wind erosion which may be seen to vary
between NEA and SEA.



In SEA, the droughts were similar for WEP, AWE and DEDa. An analysis of
WEP and DEDa according to vegetation type and geomorphic type was
presented to further unpack similarities and differences between the wind
erosion measures. It was found that regions with specific vegetation and
geomorphic types had the highest wind erosion during specific drought periods.
For example, in the 60s drought period in NEA grasslands, saltbushes and
saltmarshes and shrubland stations experienced the highest wind erosion in
terms of both measures. This could be attributed to the particular resilience of
vegetation types and also the current condition of the geomorphic type, for
example, whether sediments may have been limited in supply or readily
available.

The major methodological developments for the third objective are:


The concept of anomalous wind erosion and a division of eastern Australia into
NEA and SEA was proposed to further understand wind erosion activity both
from a spatial and temporal perspective. For example, some regions
experienced generally low wind erosion activity across all drought periods when
displayed according to DED sum. Anomalous wind erosion activity allowed for
wind erosion activity to be placed within the context of a station’s historical wind
erosion record.
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The fourth objective of the dissertation was to examine how climate systems (the
ENSO, SAM and IOD) and synoptic systems operate as drivers of wind erosion during
these drought periods. This objective was addressed in Chapter 6.

The major research findings for the fourth objective are:


There are relationships between these climate systems (the ENSO, SAM and
IOD), drought periods and wind erosion.



Different climate systems impact upon different regions. For example, systems
prominent in SEA (e.g. cold fronts) may not necessarily impact upon NEA in the
same way. Additionally, these systems operate on differing temporal and
seasonal scales.



ENSO had positive relationships with drought as measured by the SPI in both
NEA and SEA indicating that it is a common influence on precipitation in these
regions. SAM had a stronger inverse relationship with wind speed in SEA and
NEA reflecting the spatial impact of this climate system (impacting upon the
positioning of cold fronts in southern parts of Australia). Generally, wind speeds
were higher during negative values of SAM. IOD had a lower relationship with
SPI than ENSO and had a stronger inverse relationship for SEA compared to
that of NEA.



Climate systems had dominant phases during the eight drought periods, with
the ENSO having higher durations of negative values and the SAM having
higher durations of negative values during drought periods. The IOD had both
negative and positive values dominating during an equal number of drought
periods. The ENSO was also observed to have higher durations of negative
values post 60s, while the SAM has tended to more positive durations post 60s.

The major methodological developments for the fourth objective are:


A combination lock concept of possible wind erosion activity coinciding with
combinations of phases of climate systems was developed as a conceptual
approach to identify phase combinations of climate systems conducive for wind
erosion activity.



It was found that negative ENSO, negative SAM and positive IOD phases had
the best combination for possible wind erosion activity. This is due to the impact
of these climate system phases on precipitation (the ENSO and IOD) and wind
erosivity (the SAM). In particular, combinations which incorporated the “dry”
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phases of the ENSO (negative) and IOD (positive) had more favourable
conditions for the development of wind erosion activity.


This combination lock concept (CLC) was applied to the eight selected drought
periods and could explain most wind erosion activity. Activity which could not be
explained directly using the CLC could be explained by overarching
interdecadal influences such as the IPO and PDO, shorter drought durations
and intermittent antecedent rainfall occurring during drought periods.

7.3

Significance for wind erosion studies

Contributions of this research can be considered according to the objectives
established in Chapter 1 and as reiterated in Section 7.1. The significance of the
research findings and methodological developments presented above in Section 7.2 is
that they offer a better understanding of drought and the climatic controls upon wind
erosion in Australia.

This research has evaluated drought indices suitable for wind erosion studies in
Australia. While evaluation of drought indices has been conducted from a general
perspective in Keyantash and Dracup (2002), it has not previously been conducted for
wind erosion studies. Contributions to this area include the development of evaluation
criteria to assess drought indices from a wind erosion perspective and the consequent
recommendation of a specific drought index for use in future wind erosion studies – the
SPI, which was then adapted to provide a measure for WEP.

Wind erosion potential has been calculated with respect to wind speed and direction in
Australia (Kalma, Speight & Wasson 1988) with factors influencing wind erosion activity
commonly adopted into wind erosion modelling and simulation. Chapter 5 contributes
to the growing body of research in the field as it provides a tangible and replicable
measurement of drought severity based on the drought index selected in Chapter 4
and modified for WEP measurement during drought. Additionally, the use of CAVI
provides a practical example of how this measure can be used for wind erosion
studies, especially during periods where GIS were unavailable.

Comparing WEP to AWE during drought periods is a new approach to understanding
wind erosion activity in Australia. While studies in the field have stated the general co-
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occurrence of drought and wind erosion, few researchers have examined the wind
erosion activity within drought periods themselves. It is noted that several have
commented on prominent drought periods in history in which increased wind erosion
activity was experienced (such as Cattle 2016; Lee & Gill 2015; O’Loingisgh et al.
2014). Chapter 5 provides a new approach to analysing wind erosion, both in Australia
and globally, using measured values of actual and potential wind erosion coinciding
with identified drought periods and episodes.

The combination lock concept is an entirely new one based on understanding
developed from research in the field of both meteorology and geomorphology. It is the
first conceptual investigation of climate systems, their specific phases and the possible
wind erosion that may occur from their combinations during drought periods. This
provides a new way of addressing the complexities associated with climate systems,
synoptic systems and wind erosion in Australia, which has offered promising results in
that it takes into account the notable differences between NEA and SEA.
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Appendix 1 – Station information and statistics for Chapter 4 onwards
Table A1.1: Summary of stations from consolidated BOM sub-stations.
State

Station Name

Mean annual
precipitation (mm)

Bathurst

605

Bourke

350

Broken Hill

243

Cobar

366

DeniliquinTocumwal

427

Forbes-Parkes

566

Gunnedah

605

Inverell

786

Menindee
Moree

246
582

NSW

289

Station #

Consolidated sub-station name

63305
63005
63291
63004
48239
48245
48013
47007
47031
47048
47102
48237
48244
48027
48030
74128
74258
74039
74106
65016
65103
65026
65068
55202
55023
55024
56242
56017
56018
47019
53115

BATHURST AG COMPARISON
BATHURST AGRICULTURAL STATION
BATHURST AIRPORT AWS
BATHURST GAOL
BOURKE AIRPORT
BOURKE AIRPORT AWS
BOURKE POST OFFICE
BROKEN HILL (PATTON STREET)
BROKEN HILL (STEPHENS CREEK RESERVOIR)
BROKEN HILL AIRPORT AWS
BROKEN HILL RFDS
COBAR AIRPORT AWS
COBAR COMPARISON
COBAR MO
COBAR POST OFFICE
DENILIQUIN (WILKINSON ST)
DENILIQUIN AIRPORT AWS
DENILIQUIN FALKINER MEMORIAL
TOCUMWAL AIRPORT
FORBES (CAMP STREET)
FORBES AIRPORT AWS
PARKES (MACARTHUR STREET)
PARKES AIRPORT AWS
GUNNEDAH AIRPORT AWS
GUNNEDAH POOL
GUNNEDAH RESOURCE CENTRE
INVERELL (RAGLAN ST)
INVERELL COMPARISON
INVERELL RESEARCH CENTRE
MENINDEE POST OFFICE
MOREE AERO

Mean annual
precipitation (mm)
541
640
615
622
393
306
352
260
227
256
229
352
NA
396
351
NA
408
423
450
528
499
585
651
557
621
638
794
766
799
246
586

Distance from city
centre (km)
2.6
2.4
6.9
2.8
4.2
4.8
1.9
1.8
16.7
3.9
8.8
5.3
1.5
1.8
2.8
NA
3.4
21
80
1.3
7.6
30.4
35.8
2.9
0.6
5.4
0.8
0.8
3.7
3.1
2.7

Appendices

QLD

Wagga Wagga

559

Boulia

262

Charleville

449

Charters
Towers

654

ClermontEmerald

607

Dalby

639

Georgetown

825

Goondiwindi

620

Longreach

440

Richmond

465

Bendigo

533

Mildura

279

VIC

290

53000
53048
53027
72151
73127
72150
74114
38003
44021
44221
44022
34084
34002
35124
35019
35264
35027
41522
41023
30124
30018
41521
41038
36031
36167
36030
30161
30045
81123
81003
76031
76077

MOREE AUTOSONDE
MOREE COMPARISON
MOREE POST OFFICE
WAGGA WAGGA (KOORINGAL)
WAGGA WAGGA AGRICULTURAL INSTITUTE
WAGGA WAGGA AMO
WAGGA WAGGA RESEARCH CENTRE
BOULIA AIRPORT
CHARLEVILLE AERO
CHARLEVILLE AERO COMP
CHARLEVILLE POST OFFICE
CHARTERS TOWERS AIRPORT
CHARTERS TOWERS PO
CLERMONT AIRPORT
CLERMONT PO
EMERALD AIRPORT
EMERALD PO
DALBY AIRPORT
DALBY POST OFFICE
GEORGETOWN AIRPORT
GEORGETOWN PO
GOONDIWINDI AIRPORT
GOONDIWINDI PO
LONGREACH AERO
LONGREACH COMPARISON
LONGREACH PO
RICHMOND AIRPORT
RICHMOND PO
BENDIGO AIRPORT
BENDIGO PRISON
MILDURA AIRPORT
MILDURA PO

NA
582
577
558
527
573
577
262
492
356
499
648
659
560
667
561
640
602
676
830
820
619
621
444
NA
435
454
476
514
551
291
267

2.9
1.5
7.5
1.5
7.8
9
5.6
0.6
2.2
2.6
0.3
3.9
0.3
5.3
0.6
117
111
2.3
0.7
2.6
0.3
3.5
0.3
3.3
2.7
1.1
3.9
0.3
4.7
0.8
8.4
3.7
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Table A1.2: Summary of stations and missing months of precipitation and temperature data.
State

Station

NSW

Bathurst
Bourke
Broken Hill
Cobar
Deniliquin-Tocumwal
Forbes-Parkes
Gunnedah
Inverell
Menindee
Moree
Wagga Wagga
Boulia
Charleville
Charters Towers
Clermont-Emerald
Dalby
Georgetown
Goondiwindi
Longreach
Richmond
Bendigo
Mildura

QLD

VIC

Precipitation Data
Span
01/1858 – 01/2015
04/1871 – 01/2015
01/1889 – 01/2015
02/1881 – 01/2015
02/1858 – 01/2015
07/1875 – 01/2015
12/1876 – 01/2015
02/1874 – 01/2015
01/1876 – 01/2015
05/1879 – 01/2015
05/1871 – 01/2015
01/1886 – 01/2015
01/1874 – 01/2015
01/1882 – 01/2015
05/1870 – 01/2015
01/1870 – 01/2015
01/1872 – 01/2015
01/1879 – 01/2015
01/1893 – 01/2015
11/1889 – 01/2015
01/1862 – 01/2015
06/1889 – 01/2015
Average
Maximum
Minimum

Months
Missing
12
12
0
3
7
0
18
2
39
0
10
12
49
1
0
0
2
4
1
1
0
2
7.95
49
0

Temperature Data
Span
01/1858 – 04/2015
04/1871 – 04/2015
01/1891 – 04/2015
02/1881 – 04/2015
02/1858 – 04/2015
1/1873 – 04/2015
12/1876 – 04/2015
02/1874 – 04/2015
01/1907 – 04/2015
01/1907 – 04/2015
11/1871 – 04/2015
02/1888 – 04/2015
05/1889 – 04/2015
02/1893 – 04/2015
10/1889 – 04/2015
01/1893 – 04/2015
07/1901 – 04/2015
03/1891 – 04/2015
09/1896 – 04/2015
01/1893 – 04/2015
01/1957 – 04/2015
06/1889 – 04/2015
Average
Maximum
Minimum

Months
Missing
79
20
10
78
41
31
91
14
66
312
18
28
1
8
10
0
89
29
12
14
1
32
44.72
312
0

Appendix 2 – Drought analyses conducted for WEP

A2.1

Drought episode frequency

The Mil drought period had the highest number of drought episodes across the most
stations (17 stations), followed by the Fed drought (nine stations), and the WWII
drought (four stations) (Figure A2.1; Table A2.1). When considering the maximum
number of drought episodes within each drought period, the Mil drought had higher
numbers (an average of eight episodes) across all stations compared to the Fed (an
average of seven episodes) and WWII droughts (an average of six episodes).
Table A2.1: Drought period and number of stations observing this as bearing the highest number of
drought episodes.
Drought period
Fed
WWII
Mil
Maximum
Minimum
Average
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Number of stations
9
4
17
10
6
8
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Figure A2.1: Drought periods with the highest drought episode frequency according to station (the
maximum number of drought episodes is provided near the station in brackets).

A2.2

Drought episode duration

The EN drought period had the highest number of stations bearing the highest episode
duration (nine stations), followed by the 20s (four stations), Fed and WWI drought
periods (three stations) (Figure A2.2; Table A2.2). On average, drought episodes were
14 months in duration, with a maximum of 22 and a minimum of nine (Table A2.2).
Table A2.2: Drought period and number of stations observing this as bearing the highest average duration
drought episode.
Drought period
Fed
WWI
20s
60s
EN
LEN
Maximum
Minimum
Average
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Number of stations
3
3
4
2
9
1
22
9
14
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Figure A2.2: Drought periods with the highest average drought episode duration for the selected stations
(the highest duration is provided in brackets).

A2.3

Drought period magnitude

The EN drought was prominent in a majority of NSW and western Queensland stations.
The highest number of stations identified the EN drought as having the greatest
magnitude drought period (with 12 stations total), followed by the 20s and Fed droughts
(four and three stations respectively) (Figure A2.3; Table A2.3). When looking at states,
in Queensland the 20s drought was recorded as the most intense for three stations,
followed by the EN (two stations) and Fed (two stations) droughts. In NSW, the EN
drought period dominated (with eight stations recording this as having the highest
average drought episode intensity). Victoria was also dominated by EN, with both
stations recording this with the highest average drought episode intensity (Figure A2.3).
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Table A2.3: Drought period and number of stations observing this as bearing the highest average drought
magnitude (indicated by a lower negative number).
Drought period
Fed
WWI
20s
60s
EN
LEN
Maximum
Minimum
Average

Number of stations
3
1
4
1
12
1
-6.2
-23.5
-13.95

Figure A2.3: Drought periods with the highest average magnitude of drought episodes for the selected
stations (the highest average magnitude for the drought period is provided in brackets).

A2.4

Drought episode severity

The EN drought had the highest severity (13 stations); followed by the 20s and Fed
droughts (three stations each). Within NSW and Victoria, the EN drought period
dominated in terms of average episode severity. In Queensland, the dominant drought
period was not as clear in terms of this measure; two stations recorded the most
severe values for all three of the EN, WWI and Fed drought periods (Figure A2.4; Table
A2.4).
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Table A2.4: Drought period and number of stations observing this as bearing the highest average drought
episode severity (indicated by a lower negative number).
Drought period
Number of stations
Fed
3
WWI
2
20s
3
60s
1
EN
13
Maximum
-0.71
Minimum
-1.83
Average
-1.09

Figure A2.4: Drought periods with the highest average drought episode severity of drought episodes for
the selected stations (severity for the drought period is provided in brackets and lower values indicate
higher severity).

A2.5

Drought period severity

In Queensland, the dominant drought period was now the Mil drought (with four
stations) followed by the Fed drought (three stations). The Mil drought was dominant
for predominantly coastal stations in Queensland, while the Fed drought was prominent
in northwestern inland regions (Figure A2.5; Table A2.5).
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In NSW, the Fed drought was the most severe (seven stations), followed by the WWII
drought (three stations) and Mil drought (two stations). In terms of drought period
severity, the Fed drought dominance was centred in the middle of NSW, spanning from
west to east, while a concentration of stations experiencing such severity in the WWII
drought were concentrated around the NSW / Queensland border (Figure A2.5). For
Victoria, the Mil drought was the most dominant drought period for both stations.

Figure A2.5: Drought periods with the highest drought severity for the selected stations (severity for the
drought period is provided in brackets and lower values indicate higher severity).

Table A2.5: Drought period and number of stations observing this as bearing the highest drought period
severity (indicated by a lower negative number).
Drought period
Number of stations
Fed
10
WWII
4
LEN
1
Mil
8
Maximum
-3.7
Minimum
-7.93
Average
-5.99
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Appendix 3 – Vegetation cover and wind speed analyses for WEP

A3.1

Vegetation cover

Distributions of CAVI values for Bourke for the length of the dataset are given in Figure
A3.1a and for drought periods in Figure A3.1b. A right skewed distribution is evident in
Figure A3.1b. Therefore, the mode was used in the calculation of CAVI as described in
Chapter 4 (Section 4.4.2) as CAVI during drought periods was required for inclusion in
WEP.

a)

b)
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Figure A3.1: Distributions of CAVI deciles for a) length of the dataset and b) all drought periods.

The EN drought period had the highest number of stations with the lowest mode of
vegetation cover (16 stations), followed by the Fed (11 stations), WWI and 20s drought
periods (10 stations) (Figure A3.2; Table A3.1).
Table A3.1: Drought periods with the lowest mode of vegetation cover according to station.
Drought period
Fed
WWI
20s
WWII
60s
EN
LEN
Mil
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Number of stations
11
10
10
7
5
16
5
4
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Figure A3.2: Drought periods with the lowest mode of vegetation cover (CAVI) according to station.

A3.2

Wind speed

Distributions for wind speed severity at Bourke for the length of the dataset are seen in
Figure A3.3a and those for drought periods in Figure A3.3b below. Figure A3.1b bears
a right skewed distribution. Therefore, the mode was used in the calculation of wind
speed severity for inclusion in WEP as outlined in Chapter 4 (Section 4.4.3).
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Figure A3.3: Distributions of wind speed severity deciles for (a) length of the dataset and (b) all drought
periods.
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For wind speed severity, the 60s drought period had the highest number of stations
bearing the lowest mode (10 stations), followed by the Mil drought period (nine
stations) and the LEN drought period (seven stations) (Figure A3.4; Table A3.2).

Figure A3.4: Drought periods with the highest wind speed severity (lowest mode) according to station.

Table A3.2: Drought periods with the highest wind speed severity (lowest mode) according to station.
Drought period
Fed
WWI
WWII
60s
EN
LEN
Mil

299

Number of stations
2
2
3
10
1
7
9

