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Abstract  
 

This study was performed because of the potential vulnerability to climate change of the 

Australian continent. For example, global warming may increase the frequency and severity 

of drought [McAlpine, C.A., Syktus, J., Ryan, J.G., Deo, R.C., McKeon, G.M., McGowan, 

H.A. & Phinn, S.R., 2009: A continent under stress: interactions, feedbacks and risks 

associated with impact of modified land cover on Australia’s climate. Global Change Biology 

15, 2206-2223]. The aim of this study is therefore to investigate spatial and temporal patterns 

in temperature, rainfall, and solar radiation and how native vegetation (represented by NDVI) 

and land-use correlate with these climatic parameters. The correlations are investigated during 

the 1982-2006 period across the Australian continent. To meet this general aim, three 

objectives are implemented: (1) to identify how these variables vary spatially and temporally; 

(2) to investigate whether spatial variations in these variables correlate; (3) to investigate 

whether temporal variations in these variables correlate. Using GIS software, maps are 

produced that show how the selected parameters vary over the study period across the 

Australian continent. During winter there is a trend of increasing temperature, solar radiation, 

and vegetation density and spatial distribution during 1982-2006. It is likely that the climatic 

variation over the 1982-2006 period is forcing the observed change in winter vegetation. The 

systematic variations of the trend indicate that winter is the key season over the 1982-2006 

study period. Decreased winter rainfall over 1982-2006 across all of Western Australia, along 

with a trend of increasing summer rainfall displayed over the same period, indicate a negative 

outcome for this part of the continent. This is because there is more water runoff to streams 

and soils in the winter, because of low evapotranspiration and cool temperatures. The 

strongest correlation between spatial variations in vegetation distribution and climatic 

parameters during winter seasons 1982-2006 occurs between vegetation and temperature. 

During summer seasons over the same period, the strongest correlation occurs between 

vegetation and solar radiation. Correlations between expansion of selected land-use areas and 

spatial variations in climate during 1992-2005 show ambiguous patterns and could possibly 

be random. These findings are also unreliable because the land-use data has some significant 

errors, e.g. in estimated agriculture areas. During 1982-2006, the strongest correlation 

between temporal variations in vegetation density-distribution and climatic parameters occurs 

in the summer vegetation-temperature relationship (mean R² = -0.53). Vegetation density 

displays over 1982-2006 negative correlations with temperature and solar radiation, and 

positive with rainfall. Relationships between temporal variations in climate and selected land-

use areas over the 1992-2005 period indicate a specific pattern. Areas of water, conservation, 

and production from relatively natural environments show, in general, higher mean values in 

all climatic parameters (except for winter rainfall) than other land-use areas. Because these 

land-use areas are mainly distributed in hot and arid Australian climate zones,  the climate is 

unsuitable for agriculture, which might explain their higher mean values in the climatic 

parameters than, for example, croplands. The findings of variations (trends) and correlations 

in the present study, together with previous predictions, indicate that the future for Australia 

might be challenging because of increasing frequency of droughts and forest fires. Therefore, 

the potential vulnerability to future climate change of the Australian continent is of great 

concern. 
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Introduction 

 

Studies on how land-use and vegetation relate to spatial and temporal variations in climatic 

parameters, are not very common in Australia. Few continent wide studies have been 

performed because of the large data sets that would be required. Research on correlations 

between climatic and environmental variations using remote sensing and GIS is especially 

rare because data limitation is common in this context. As the existing relevant research in 

this subject is often conducted at a local level with concrete variables (e.g. Hill et al., 2004; 

Fensham et al., 2005; Luo et al., 2005), an idea was that it could possibly be done on a 

continental scale. The reason Australia was chosen as the study area is because of the 

potential vulnerability of the continent to climate change. The exposure of ENSO on the 

continent along with its geographical location in mid-latitudes provide a constant climate 

change vulnerability. In addition, global warming is an ongoing process (IPCC, 2007), which 

increases the severity of droughts in Australia (McAlpine et al., 2009). Therefore, Australia is 

highly vulnerable to climate change, making it especially interesting study target. 

 

Previous research on correlations between climatic and environmental variations has shown 

that spatial patterns in vegetation distribution positively correlates with rainfall (Donohue et 

al., 2009; Kawabata et al., 2001). Schultz & Halpert (1995) implied that global distribution 

trends in vegetation over 1985-1992 are not strongly correlated to temperature. According to 

Lefroy et al. (2010), there is no indication that land use change will correlate with the 

predicted climate changes to 2050. There are many ways to investigate climatic and 

environmental correlations. Because of this, the subject is broad and much more research 

could be done to investigate the correlations, for instance in spatial variation patterns of solar 

radiation and vegetation density (indicated by NDVI).  

 

This study has been conducted to improve the knowledge of climatic and environmental 

variations and their correlations, on a continental scale. A 24 year period is investigated 

(1982-2006), with a special focus on variations in land-use and vegetation (environment), 

which are compared to variations in climatic variables, including temperature, rainfall, and 

solar radiation. Correlations between these variables are explored using mostly remote 

sensing data. Maps are created in a GIS and correlation statistics are derived to determine 

significant relationships between climatic variables and vegetation and land-use.  

 

Aim 

 

To investigate spatial and temporal patterns in temperature, rainfall, and solar radiation and 

how native vegetation and land-use correlate with these climatic parameters.  
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Specific objectives 

 

1. To identify spatial and temporal variations in temperature, rainfall, solar radiation, 

vegetation, and land-use in Australia. 

 

2. To investigate whether there are any strong correlations between spatial variations of 

temperature, rainfall, and solar radiation with vegetation and land-use in Australia.   

 

3. To investigate whether temporal variations in vegetation density-distribution and land-use 

change reflect temporal variations in climatic parameters.  

 

Background 

 

Climate in Australia 

 

Because of the size of the Australian continent (7 692 024 km²; Australian Government, 

2010), numerous climate zones are distributed across the continent. Most of its inner parts 

have a hot arid climate (Figure 1), while most of the west and east coasts have a temperate 

climate. The southeast (including Tasmania) also has a temperate climate and the northern 

part has tropical savannah climate, which is wet but highly seasonal (due to summer 

monsoon). This means that there are three main climate types in Australia. The dominant 

climate type by land area is arid, which applies to 77.8% of the continent, followed by 

temperate, which applies to 13.9% of the continent and tropical 

(rainforest/monsoon/savannah), which applies to 8.3% of the continent (Peel et al., 2007). 

Generally, the climate zones in Australia are characterized by the following temperature and 

rainfall conditions: high temperatures and distinct wet and dry seasons in the northern tropical 

zones; varying temperatures from hot to cold and moderate rainfall in the southern temperate 

zones; high daytime temperatures and low amounts of rain in the central arid zones 

(Australian Government, 2008). The coastal temperate climate displays spatial variation. The 

west and south coasts have dry summers, which is characteristic of a Mediterranean climate, 

while the east coast has a weak dry season and the southeast coast has no dry season. The east 

and southeast coasts also have relatively warm temperatures during the whole year, while the 

west and south coasts have cool winters (Sturman & Tapper, 1996). 

 

Continental wide temperatures in Australia range from 50°C to below 0°C over the year 

(Australian Government, 2008). However, the lowest temperatures are not comparable to 

those that occur on the other continents. This is because Australia lacks high mountains, lies 

in the mid-low latitudes, and is surrounded by oceans.  

 

The wet and dry seasons in the north tropical part of the country reflect a monsoonal climate. 

The monsoon wind circulation starts at any time from late-November to mid-January  

2



  

 

Figure 1: Köppen-Geiger climate zone map in Australia. Climate zone classification based on the Köppen-

Geiger system (Peel et al., 2007). Climate code definitions: Af = tropical rainforest; Aw = tropical savannah; Am 

= tropical monsoon; BWh = hot arid desert; BWk = cold arid desert; BSh = hot arid steppe; BSk = cold arid 

steppe; Csa = temperate with hot and dry summers; Csb = temperate with warm and dry summers; Cwa = 

temperate with hot and dry winters; Cfa = temperate with hot summers and without dry season; Cfb = temperate 

with warm summers and without dry season. 

 

(Sturman & Tapper, 1996), but the wet season usually starts in December and lasts until 

March (Australian Government, 2008). The wet season could, however , last even longer, up 

to six months. The wet season is hotter than the dry season, with temperatures from 30 to 

50°C, because of high humidity. Due to heavy rain that occurs during the wet season, lakes 

and rivers often become flooded. The dry season normally starts in May (autumn/winter) and 

ends in October, lasting about six months (Australian Government, 2008). Temperatures 

during the dry season are lower (average temperature is about 20°C) and the sky is generally 

clearer than during the wet season. 

 

In the temperate parts of Australia, the temperature varies more during the year, with an 

average temperature of about 30°C in the summer and about 15°C in the winter. The summer 

often extends into periods of heat wave and drought, while the winters are rather wet, windy 

and mild, especially compared to winters in many European countries (Australian 

Government, 2008).  

 

In the driest areas of Australia, that are located mainly in the central and western parts, there 

is a desert landscape with intense heat during the day and cold during the night. Day 

temperatures vary from about 40°C in the summer to between 16 and 24°C in the winter 

(Australian Government, 2008). At night the temperature can vary widely, ranging from 19°C 

3



  

to 0°. These dry areas receive low rainfall, with averages around 150 mm per year (Laity, 

2009). 

 

ENSO 

 

ENSO or the El Niño-Southern Oscillation is a variation between relatively uncommon warm 

(El Niño) and cold (La Niña) conditions in the western and eastern Pacific (McPhaden et al., 

2006). Moreover, ENSO provides the most significant year-to-year climate variation on Earth. 

El Niño and La Niña events usually recur every 2 to 7 years and develop along with “swings” 

in the Southern Oscillation. "Swings" is an atmospheric pressure pattern covering the tropical 

Indian and Pacific Oceans, that is closely related to the strength of the Pacific trade winds 

(McPhaden et al., 2006). When El Niño events occur the air pressure difference between west 

Pacific and South America (south-eastern Pacific) decreases, which results in cold and dry 

conditions over e.g. New Zealand and Indonesia, while the west coast of South America 

becomes warm and wet (Sturman & Tapper, 1996). In La Niña events the opposite conditions 

occur. The west South American coast becomes dry and cold, while the west Pacific areas 

become warm and wet. These El Niño and La Niña conditions are mainly caused by changes 

in ocean water temperature.  

 

What makes ENSO unique among other climate phenomena is its strength, predictability and 

global influence, which develop within the tropical Pacific through atmospheric tele-

connections that affect global patterns of weather variability (McPhaden et al., 2006). ENSO 

has a strong influence on climate and sea level variability in many parts of Australia (Hughes, 

2003). For instance, ENSO is responsible for severe drought periods, which in turn causes 

increased occurrences of bush fires (Sturman & Tapper, 1996). During El Niño events, the 

whole country becomes generally warmer, associated with low rainfall (BOM, 2005). 

Conversely, La Niña events cause generally high rainfall as well as cooler temperatures across 

the country.   

 

Since the 1970s, El Niño events have increased in frequency, while La Niña events have 

decreased (Hughes, 2003). Recent El Niño events have occurred in 2004-2005, 1997-1998 

and 1982-1983 (McPhaden et al., 2006). The ENSO in 2004-2005 was relatively weak, while 

in 1997-1998 and 1982-1983, the ENSO was strong. Strong events have remarkable 

worldwide consequences, while weak events like the one in 2004-2005 can have impacts that 

are so muted that they may be undetectable above the background weather noise of the 

atmosphere (McPhaden et al., 2006).  

 

Land-use in Australia  

 

Land-use in Australia has to adapt to many different climatic types across the continent. A 

dominating climatic factor limiting land-use is rainfall (Australian Natural Resources Atlas, 

2009). Rainfall is important for potential productivity in agricultural lands and croplands. 

Other climatic factors that limit production include air temperature (e.g. frosts and heat 
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waves), solar radiation, and evaporation (Australian Natural Resources Atlas, 2009). Solar 

radiation provides a limitation because it determines, for example, where plants could 

potentially grow without protection. Changes that occur in Australian agricultural land-use are 

partly dependent on how new technologies allow adaptation to these climatic factors, as well 

as to soil, and partly also on how the impact of these factors is modified e.g. by irrigation, 

frost evasion, and fertilization. In the past, many technologies and innovations, such as 

seeders, herbicides, and pest controls, have helped to improve agricultural productivity in 

Australia and to overcome limitations in certain land-uses (Australian Natural Resources 

Atlas, 2009). 

 

Previous research - Vegetation in relation to climate 

 

The current study examines, for example, how vegetation relates to climate over the 

Australian continent using NDVI, temperature, rainfall, and solar radiation as variables. This 

section provides short descriptions of relevant findings regarding this topic. Globally there is 

a large body of research that has focused on how the spatial and temporal distribution of 

vegetation varies with climate. However, only a few of the studies have focused on Australia. 

Kawabata et al. (2001) studied annual global changes in vegetation distribution using NDVI, 

in relation to rainfall and air temperature, focusing on the period 1982-1990. Their findings 

show that significantly decreased vegetation distribution correlates with decreased annual 

rainfall in some Southern Hemisphere arid and semi-arid areas. Moreover, the findings 

indicate that in northern Australia annual variations in NDVI and rainfall display a linear 

correlation (R²=0.75).  Ichii et al. (2002) have concluded, based on the same approach and 

time span (1982-1990), that areas with negative NDVI-temperature correlations coincide well 

with the areas of positive NDVI-rainfall correlations, especially in semiarid regions. This 

means that in northern Australia, where the NDVI displays a positive correlation with rainfall 

(Kawabata et al., 2001), the NDVI-temperature correlation is negative (Ichii et al., 2002). 

According to Ichii et al., (2002), the NDVI-rainfall correlations are also stronger in semiarid 

regions than NDVI-temperature, which implies that rainfall has the dominant influence on 

vegetation growth in these regions. Schultz & Halpert (1995) similarly studied global 

variability in the relationships between vegetation distribution (NDVI), rainfall, and land 

surface temperature over 1985-1992. Their correlation findings show that distribution trends 

in vegetation are not strongly correlated with climatic variations, which is said to be due to 

significant systematic error in the NDVI data set. However, the findings show (despite this 

problem) negative correlations in the NDVI-temperature relationship, including in Australia. 

Also, regions with the strongest NDVI-rainfall correlations show strong NDVI-temperature 

correlations (Schultz & Halpert, 1995). Focusing solely on Australia, Donohue et al. (2009) 

studied the relationship between vegetation and climate (consisting of rainfall and pan 

evaporation). They also used a longer period (1981-2006) and fPAR (fraction of 

Photosynthetically Active Radiation absorbed by vegetation), as indication for vegetation 

cover. According to their findings, spatial and seasonal patterns of vegetation cover generally 

correspond with rainfall. Vegetation cover has over the Australian continent increased by 8% 

on average and rainfall by 7% (33mm) between 1981 and 2006 (Donohue et al., 2009).  
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Late response (lag) of change in vegetation distribution from climatic variations is sometimes 

considered important to achieve stronger correlation between variation trends in vegetation 

and climate. Schultz & Halpert (1995) have concluded that vegetation distribution has in 

certain regions, such as subtropical and monsoon regions, a lagged or late response from 

climatic change. This late response is indicated by their implementation of lag between 

changes in vegetation and climatic parameters. They used several months as lag period 

between these changes, which then increased the correlations between vegetation and climate. 

Moreover, they have found that monsoon regions tend to have vegetation distribution with 

significant lag behind the maximum values of rainfall. Depending on whether or not lag is 

used in this manner, correlation findings might differ greatly if, for example, the lag is high in 

some natural circumstances. The described findings in this section regarding how vegetation 

relates to climate provide some similarities in correlations among these parameters, which are 

significant. These correlation findings are highly comparable to the current study.  

 

Previous research - Pasture growth, landscape degradation and ENSO 

 

This section provides short descriptions of findings regarding how vegetation and land-use 

relate to climate, using relevant variables. The current study examines this topic, using similar 

data sources and variables as the described research in this section. Studies by Hill et al. 

(2004), Holm et al. (2003), and Plisnier et al. (2000) have used very similar data or data 

sources as the described studies in the section above, but have focused on entirely different 

subjects, and used different study areas etc. NDVI is a common variable used among them, 

but is analyzed in different ways. Hill et al. (2004) have used NDVI and climate data in order 

to investigate the pasture growth rate (PGR) in south western WA (Western Australia), over 

1995-1999. In their study, a LUE model (Light Use Efficiency) was produced using climate 

data, consisting of: interpolated rainfall, temperature, radiation, and evaporation data. The 

findings of Hill et al. (2004) indicate that a simple LUE model can be used to estimate 

average PGR at a farm level. Also, they conclude that seasonal-climatic variation has an 

important role controlling the phenological (periodic life cycle) rate of pasture. Holm et al. 

(2003) analyzed phytomass estimates across the 1992-1999 period based on NDVI and 

compared them with ground-based estimates. The purpose of their study was, however, to 

estimate landscape degradation and rainfall-use efficiency within the arid shrubland of 

Western Australia (WA). Total phytomass and rainfall-use efficiency were estimated in 

models on landscape level, which explored relationships between rainfall and landscape 

characteristics. Holm et al. (2003) found that there is strong correlation between ground-based 

and remotely-sensed estimates of phytomass. The NDVI data provided a valid estimate of 

phytomass, produced in response to seasonal rainfall in the arid shrubland of WA. Plisnier et 

al. (2000) investigated the impact of ENSO on east African ecosystems over the 1981-1994 

period, using similar data sources to Hill et al. (2004) and Holm et al. (2003). Plisnier et al. 

(2000) analyzed the spatial patterns of teleconnections (correlations) between an ENSO index 

and ecosystem variables, such as vegetation index (NDVI), surface temperature, and other 

climatic variables. They found that the climatic and the land surface variables are not 

correlated to ENSO in the same way. However, their findings show that variables such as air 
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temperature, air humidity and vegetation activity, are significantly correlated to ENSO. The 

described studies in this section focus on different variables and use different calculated 

models to estimate results regarding how vegetation and land-use relate to climate. The 

findings may therefore be relevant to the current study and between each other, but are 

perhaps not strictly comparable. 

 

Previous research - Land-use in relation to climate  

 

In this section findings regarding how land-use relate to climate are briefly described. The 

current study analyzes this topic using broad land-use classes, while the described research in 

this section applies more specific variables, related to land-use. Also, the climatic variables 

used in the current study are either similar or same as those used by the described relevant 

research. Generally, there are only a few studies which  have focused on the relationship 

between land-use and climate. Luo et al. (2005) have conducted a study specifically focusing 

on wheat production in South Australia. They used an APSIM (Agricultural Production 

Systems sIMulator) Wheat model to estimate the future response of South Australian wheat 

production to climate change. The climate data used in the APSIM model consists of air 

temperature, solar radiation, and rainfall data from stations within the study area, during the 

period 1889-1999. It is concluded by Luo et al. (2005) that the median grain yield change (-40 

to -10% through most of the study area) together with the median GNC (Grain Nitrogen 

Content) change (-14 to -2% through most of the study area) will most likely result in a 

difficult future for the wheat industry within the study area. Taylor et al. (2012) also studied a 

specific plant in Australia , in this case a weed called Lantana camara. The purpose of their 

study was to analyze the climate and land-use impact on the future potential distribution of 

this weed. In their analysis they developed a process-based niche model, using the CLIMEX 

modeling package, which consists of meteorological data such as air temperature, rainfall, and 

relative humidity data. To analyze the land-use impact they used land-use map data. Taylor et 

al. (2012) found that under future climate scenarios for the 2030s and 2070s, current Lantana 

camara regions expand into new areas in Victoria, South Australia, and Tasmania, while the 

northern parts of the continent become unsuitable. This trend continued with the additional 

land-use data applied, but with a more restricted distribution. Fensham et al. (2005) used site-

specific information on land-use (grazing and fire) history and rainfall data between the 1940s 

and 1990s in central Queensland, to investigate driving forces of change in woody vegetation 

cover. Regression analysis along with aerial photography were used to estimate the relative 

importance of the driving forces. Findings by Fensham et al. (2005) indicate that rainfall in 

general emerges as a significant explanatory variable to rates of change in the overstorey and 

understorey cover, with a positive effect in all of the linear models. Meanwhile, historical fire 

and grazing variables do not emerge as significant determinants. Although the described 

studies in this section have used similar climatic variables, regarding how land-use relate to 

climate, their findings are not fully comparable to the current study, because of different 

applications of land-use. The findings are, however, mostly significant and show some 

relevance to the current study as, for example, rainfall seems to act as an important factor for 

various land-use related changes.  
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Materials and Methods  
 

In this study spatial variations, temporal trends, and interactions of climatic and 

environmental variables are investigated. Spatial patterns are analyzed using a GIS. Temporal 

patterns are studied statistically using correlation analysis and linear regression. The use of 

statistics permits an overview of observed climatic and environmental temporal variations. 

The study area for this project is the entire continent of Australia. The main study period is 

1982-2006, because this is the period for which the relevant climatic and vegetation data are 

available. Parts of the analysis, however, do not cover this entire period, because of a lack of 

data. Climatic variables include: air temperature, rainfall, and solar radiation. Environmental 

variables include land-use and vegetation. Environmental in this case is defined as something 

you can touch (physical), while climatic is not. Therefore, vegetation is considered as an 

environmental variable rather than climatic.  

 

Firstly, variations of the climatic variables (temperature, rainfall, and solar radiation) have 

been compared to vegetation (NDVI). Secondly, the climatic variables are compared to land-

use. Because of the spatial scope of the study and the large quantity of potential correlations, 

land-use and vegetation have not been compared between each other.  

 

In addition, differences in temperature, rainfall, solar radiation, and vegetation between winter 

and summer seasons were explored. This is because winter (June-August) and summer 

(December-February) seasons provide inter-annual variations (spatial and temporal), in 

addition to maximum annual variations. Analyzing winter and summer seasons could 

therefore be more effective than analyzing annual periods. The El Niño/La Niña events 

provide further reason to analyze summer and winter seasons, because of their seasonal 

effects on the Australian continent, causing inter-annual and periodic variations, e.g. in 

temperature and rainfall (Sturman & Tapper, 1996).  

 

Data capturing with remote sensing and GIS 

 

In GIS (Geographic Information Systems) gathering of required cartographic data, attribute 

data, and meta data is done either by field work or remote sensing. Field work could, for 

example, include GPS measurements or field survey measurements of e.g. soil, ice, sea 

sediments, corals or water, etc. At remote locations, data capturing can be done by remote 

sensing.  

 

Remote sensing data can provide information about the physical, chemical, and biological 

properties of objects (Longley et al., 2011). Information from remote sensing is derived by 

measurements of the electromagnetic radiation that is emitted, reflected or scattered from 

objects. In order to acquire these measurements, several sensors are commonly used. The 

sensors work throughout the electromagnetic spectrum from wavelengths that are visible to 
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the human eye to microwave wavelengths. The electromagnetic sensors are usually attached 

to earth-orbiting satellites or aircraft, but they could also be attached to balloons, masts, or 

helicopters (Longley et al., 2011). Objects emit and reflect different amounts of radiation as 

well as different types. Therefore, the selection of a part in the electromagnetic spectrum to 

measure is always an essential process. Remote sensing systems could measure data in one 

specific part of the spectrum (single band), or they could measure in several parts 

simultaneously (multiband/multispectral) (Longley et al., 2011).  

 

Remotely sensed data are used in this study along with locally measured (station-based) data. 

This is because of the large area of Australia. Field work was unnecessary because of large 

quantity of climatic and environmental data available for Australia. 

 

Data collection 

 

Data sources, periods/years, responsible organizations and the year when the data source was 

last updated are presented in Table 1. Data were collected from every 4th year. However, the 

solar radiation and land-use data sets are from shorter periods, so solar radiation data were 

collected from every 2nd year and land-use data from 7 select years over the study period 

(1982-2006). In addition to collecting climatic data for every 4th year, these data were also 

collected for each additional year where land-use data were available. Climatic and vegetation 

data were in addition to every 4th year also collected from certain additional uneven years 

(e.g. 1981), because the last month (December) in such years together with the following two 

months (January, February) in the next year (e.g. 1982), are required to estimate summer 

seasons in Australia.  

 

Table 1: Data collection. 

 

Source Periods (Years)

Temperature: 1981-82, 1985-86, 1989-90, 1991-94, 1995-96,

Bureau of Meteorology 1997-98, 1999-02, 2004-06

http://www.bom.gov.au/jsp/awap/temp/index.jsp, 2013

Rainfall: 1981-82, 1985-86, 1989-90, 1991-94, 1995-96, 

Bureau of Meteorology 1997-98, 1999-02, 2004-06

http://www.bom.gov.au/jsp/awap/rain/index.jsp, 2013

Solar radiation: 1990, 1991-94, 1995-96, 1997-98, 1999-02,

Bureau of Meteorology  2003-06

http://www.bom.gov.au/jsp/awap/solar/index.jsp, 2013

NDVI: 1981-82, 1985-86, 1989-90, 1991-94, 1995-96, 

Global Land Cover Facility 1997-98, 1999-02, 2003-06

http://glcf.umd.edu/data/gimms/index.shtml, 2013

Land Use: 1992-93, 1996, 1998, 2000-01, 2005

The Australian Collaborative Land Use and Management Program

http://adl.brs.gov.au/landuse/index.cfm?fa=main.landUse, 2012
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Climate data 

 

The climate data for this study consist mainly of monthly averages in air temperature, rainfall, 

and solar radiation exposure. All the climate data have been obtained from the Australian 

Bureau of Meteorology, with a total time span of 24 years, from December 1981 to August 

2006. The time span differs though in the solar radiation data, since the data archive of solar 

radiation is only available from January 1990 and forward. The time span used for the solar 

radiation is therefore 1990-2006.   

 

Temperature, rainfall 

 

The temperature data contain daily mean maximum and mean minimum air temperature, 

calculated to produce monthly averages by the Bureau of Meteorology (BOM, 2013a). The 

rainfall data contain monthly precipitation totals (BOM, 2013b). The temperature and rainfall 

data are from meteorological stations across Australia (Jones et al., 2009). These 

measurements have been stored in the Australian Data Archive for Meteorology (ADAM). 

The ADAM database is updated in real time and is an evolving database with new historical 

data frequently added (in addition to the input of newly observed data). The database also has 

constant quality control, which improves station data and make it available for analysis (Jones 

et al., 2009). The measured temperatures and precipitations at the stations have been 

interpolated to grids using several geostatistical methods, including gridpoint analysis and 

data smoothing (BOM, 2013a; BOM, 2013b). The resulting interpolated grid data are 

produced at a resolution of 0.05° * 0.05°, i.e. approximately 5 km * 5 km, with WGS84 as the 

reference system.  

 

Solar radiation exposure 

 

There are two main types of solar radiation: direct (or beam) and diffuse.  Direct solar 

radiation (also referred to as direct irradiance) is the solar radiation (energy) arriving at the 

Earth's surface from the Sun's direct beam, on a plane perpendicular to the beam (BOM, 

2012). Certain parts of the sun’s radiation are scattered and reflected, which will finally reach 

the Earth's surface as diffuse radiation. The total solar radiation is the total amount of both the 

direct and diffuse solar radiation, which is normally measured by a pyranometer (Buyco & 

Namkoong, 1977). The relative magnitude of the direct and diffuse radiation components 

varies from day to day, depending on the condition of the sky and on the angle of the Sun. On 

days with a very cloudy sky, nearly all the solar energy is diffuse, while on a cloudless day 

the diffuse radiation will be about 10% of the total (Buyco & Namkoong, 1977).  

 

The solar radiation data used in this study contain solar radiation exposure, which is the total 

amount of solar energy falling on a horizontal surface (AusCover, 2012). The solar radiation 

exposure data, which includes total solar energy received over a day, consists of both direct 

and diffuse radiation. It typically has values varying between 1 and 40 megajoules per square 
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meter. For mid-latitudes, the values are generally highest in clear sun conditions during the 

summer and lowest during winter or very cloudy days (due to cloud albedo). The solar 

radiation exposure data from the Bureau of Meteorology is measured from the Geostationary 

Meteorological Satellite, MTSAT-2 (BOM, 2013c). The satellite measures instantaneous 

downward irradiance at the ground every hour in real time, as well as hourly cloud albedos. 

The hourly irradiances are then integrated in Australia during each evening to give daily solar 

exposure values. These daily values are then used for calculation of monthly averages. The 

available grid maps of solar radiation exposure, from the Bureau of Meteorology, use WGS84 

as the reference system and have resolution intervals of 5-6 km (0.05° in grid cell).  

 

Vegetation (NDVI) data 

 

For NDVI (Normalized Difference Vegetation Index), reflectance data in the near-infrared 

and visible red parts of the electromagnetic spectrum are used as the spectral signature. NDVI 

is normally used to quantify the green vegetation density over the globe and to analyze the 

health of green vegetation in remotely sensed images (Abbasova, 2010). The "healthy" 

vegetation in NDVI absorbs most of the visible light that hits it, and reflects a large portion of 

the near-infrared radiation (NIR) (NASA Earth observatory, 2013). Conversely, "unhealthy" 

or sparse vegetation reflects more visible light and less near-infrared radiation. In order to get 

NDVI-derived information, e.g. from satellite measurements, an algorithm is used. In the 

algorithm the red reflectance values (from visible light) are subtracted from the near-infrared 

reflectance values. The resulting value is then divided by the sum of the near-infrared and red 

bands (Sohail, 2012): 

     
       

       
 

 
The resulted NDVI values range from -1 to +1. Values close to +1 indicate the occurrence of 

rich green vegetation and values close to 0 indicate unhealthy vegetation, while 0 means that 

there is no vegetation (NASA Earth observatory, 2013). 

 

The NDVI data used for vegetation analysis is a product from the GIMMS (Global Inventory 

Modeling and Mapping Studies) data set based on The NOAA AVHRR satellite sensor 

(GLCF, 2013). The GIMMS data set is a special NDVI data set, since it features several types 

of corrections. These corrections include reduced NDVI variations resulting from: calibration, 

volcanic aerosols, view geometry, and other effects that are not related to actual vegetation 

change (Pinzon et al., 2007). Detailed occurrences that are accounted for in the corrections 

are: NOAA-9 descending node data from September 1994 to January 1995; volcanic 

stratospheric aerosol correction for 1982-1984 (due to El Chichon eruption) and 1991-1994 

(due to Mt. Pinatubo eruption); and improved NDVI using empirical mode 

decomposition/reconstruction (EMD) in order to minimize effects of orbital drift (Pinzon et 

al., 2007). The GIMMS NDVI data is produced in 8 km resolution with Albers Equal Area 

Conic projection as reference system. The temporal resolution of the data is monthly, 
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although based on 15-day time steps. The NDVI data gathered for this study consist of 

monthly maximum averages in NDVI values, obtained from the Global Land Cover Facility, 

with a total time span of 24 years, from December 1981 to August 2006.  

 

Land-use data 
 

The land-use data of this study comprise national scale land-use maps of Australia, 

constructed by the Australian Bureau of Agricultural and Resource Economics – Bureau of 

Rural Sciences (ABARE–BRS), as a product of the Australian Collaborative Land-use and 

Management Program (ACLUMP, 2010). The Maps have a time span of 1992-2005, in which 

the maps in 1992-2001 are a different version (version 3) to the 2005 map (version 4). The 

non-agricultural land-uses in the maps are based on existing digital maps (ACLUMP, 2010). 

The agricultural land-use in the maps are based on the Australian Bureau of Statistics' 

agricultural censuses and surveys. The spatial distribution of the agricultural land-uses is 

interpreted and has been determined using AVHRR satellite imagery together with ground 

control data (ACLUMP, 2006). The output layer of the land-use maps is classified according 

to the Australian Land-use and Management Classification (ALUMC). The reference system 

of the maps is GDA94. The maps have an uneven spatial resolution (due to differing 

components), but have 0.01° in cell size (ACLUMP, 2010). The obtained maps for this study 

are from ACLUMP, with annual land-use classifications, including several layers of 

description in their attribute information. Monthly land-use data were not available; moreover 

the only years available from ACLUMP are: 1992, 1993, 1996, 1998, 2000, 2001, and 2005. 

Therefore, all these annual land-use maps were used in this study, although it had been 

intended to use more years.     

 

Data limitations 

 

Although the temperature and rainfall data are measured from meteorological stations across 

Australia, these meteorological stations are not equally distributed. For example, the inner 

parts of the country have more sparse coverage, compared to the coasts (Jones et al., 2009). 

The rainfall data has, however, slightly better coverage than temperature, since the rainfall 

stations are more closely spaced. The quality control of the rain and temperature data is 

limited in areas with sparse data coverage (BOM, 2013a). This means that observational 

errors may occasionally enter the analyses because they cannot be detected by comparison 

with other analyses.  
  

A major limitation of the solar radiation data, as with most other satellite measurements, is the 

dense cloudy condition that sometimes occur. During cloudy days, solar radiation 

measurements by MTSAT-2 could have a potential error of up to 20% (BOM, 2012). This 

means that during the summers the solar radiation errors are highest in northern Australia, 

because of the monsoon climate. Another limitation of the solar radiation data is errors of 

calculated ground irradiance caused by inaccurate surface albedo measurements (BOM, 
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2012). The sources of these errors are clouds and water vapor. Clouds cause errors in 

calculated ground irradiance because they are irregularly shaped, which may lead to high 

variability in reflected irradiance from a given cloud, relative to the positions of the sun and 

satellite. This type of error could be up to approximately 5% (BOM, 2012). Since water vapor 

in the atmosphere is calculated using numerical predictions and data from radiosondes, this 

results in an error of approximately 2%. 

 

Despite the correction of several errors in the GIMMS NDVI data set, some remain 

unaccounted for. For example, soil background reflectance causes error in low NDVI values 

(Pinzon et al., 2007). This could mean that similar low NDVI values in different areas may in 

reality have different vegetation densities. However, this error is reduced in the data used here 

by the EMD (empirical mode decomposition) noise removal correction. Another limitation of 

the NDVI data set is that despite a specific correction for the Mt. Pinatubo eruption, the 

eruption still gives traces of error in the data. Pinzon et al. 2007 report that the NDVI in the 

GIMMS data set shows a decline in mid-1991 due to the Pinatubo eruption and the 

subsequent cooling, which may not be related to actual declines in vegetation density. Trends 

of vegetation variability in tropical regions, such as in northern Australia, are affected by this 

decline (Pinzon et al., 2007). Thereby, it means a limitation for NDVI in these regions, but 

only for a short period. 

 

The land-use data (maps) used in the study have many limitations, making it unreliable 

compared to the other data sets. Firstly, there are only 7 years of annual map data available 

from ACLUMP. Secondly, the different versions of the maps (version 3 in the 1992-2001 

maps and version 4 in 2005) means that there are some differences between them (ACLUMP, 

2010). These differences could result in changes over 2001-2005 that may not be related to 

actual land-use changes. The maps with older version could also be less reliable than the 

newer version used in 2005. Furthermore, the spatial resolution is differentiated within the 

land-use maps because of the various land-use classes. In other words, some land-use 

information used for the maps are relatively accurate with high resolution, while some other 

information is relatively inaccurate with lower resolution. This results in a general uncertainty 

and differentiated reliability among the information used in the land-use maps. 

 

GIS analysis 
 

Before the data were analyzed, they were adjusted and recalculated. All the GIS operations 

that were utilized for this study (Figure 2) were applied with ArcGIS software version 10.0 

(ESRI, 2013). Initially, the temperature data were calculated to monthly mean averages, using 

monthly maximum/minimum mean data. The climate data (consisting of temperature, rainfall, 

and solar radiation) were then calculated to 3 month winter and summer periods, resulting in 

mean winter and mean summer values as output. Mean winter and mean summer values of 

temperature and rainfall were calculated for 1982 to 2006. Mean winter and mean summer 

solar radiation values were calculated for 1990 to 2006, because of an absence of data over a 
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longer period. To align the NDVI and land-use data to the climate data, the coordinate 

systems (reference systems) attached to associated maps were changed from Albers Equal 

Area Conic (NDVI) and GDA94 (land-use) to WGS84 (climatic maps). After this step mean 

winter and mean summer NDVI values were calculated, using the same method that was 

applied on the climate data. After transforming the coordinate system in the land use data 

(between 1992 and 2005), the tool "lookup" was used in ArcGIS (Arcmap) to extract desired 

specific types of attributes with description including: (1) conservation and natural 

environments; (2) intensive uses (extensive modification, generally in association with 

residential settlement, commercial, or industrial uses); (3) production from dryland agriculture 

and plantations: (4) production from irrigated agriculture and plantations; (5) production from 

relatively natural environments (e.g. forestry); and (6) water. The water class consists of lakes 

and streams. 

 

Interactions between variables and correlation analysis in variability 

 

To calculate temporal variations of mean winter and mean summer values in the climatic and 

NDVI variables, the tool "band collection statistics" was used in ArcGIS. This operation was 

also used to calculate correlation between the temporal variations, using the mean winter and 

mean summer values calculated earlier. The correlations and the temporal winter and summer 

variations were averaged over the whole Australian continent. Therefore, the outputs of this 

operation are generalized.  

 

To estimate correlation between spatial variations in the climatic and NDVI variables, the 

climatic maps with mean winter and mean summer values (produced earlier) were initially 

resampled to the same spatial resolution of the NDVI maps (8 km). The climatic and NDVI 

maps were then used to calculate spatial variations in absolute values and percentage, over the 

1982-2006 study period. Spatial variations in solar radiation could only be calculated during 

1990-2006. Therefore, to compare spatial variations in solar radiation with NDVI, the NDVI 

variation was in addition to the 1982-2006 period also calculated between 1990 and 2006. 

After this operation the maps with spatial variations over the study period were reclassified to 

percentage variation classes, ranging from (-) >80% to (+) >80%, in 20% class steps, resulting 

in total of 10 classes. Finally, the sum of the percentage variation classes in the climatic and 

NDVI maps was calculated to provide spatial correlation. The climatic maps were in this 

operation recalculated with value 100 added to each class, therefore resulting in unique values 

in the summation, which was useful to get the exact correlated variations with NDVI as 

output. The final maps were simplified to show more visible and clear results by resampling 

to lower resolution and using "majority filter" in ArcGIS. This simplification of the final maps 

means that small areas with correlated spatial variations in climate and NDVI are removed in 

the visualization. By implementing this simplification, the correlation patterns are more easily 

observed. 
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Figure 2: Data processing methodology with GIS. The flowchart shows a summary of the workflow for the GIS 

analysis with the most evident operations used to process the climate, NDVI, and land-use data (maps). 

 

After the "lookup" operation was completed on the land use data, a series of operations were 

used in order to analyze the correlation between climatic variation and land-use change over 

1992-2005. Initially, the land-use maps (with their specific attributes) were resampled to the 

same spatial resolution of the climatic maps with mean winter and mean summer values 

(produced in the preparation section). Then, as a separate analysis, the land-use attributes in 

the land-use maps were used as zones in the "zonal statistics" tool in ArcGIS.  With this tool, 

temporal variations in mean winter and mean summer values of climatic parameters were 

calculated within these zones. After the resampling operation, the land-use maps were also 

used to extract 4 of the 6 associated attributes (classes), which were then mapped separately. 

These separate attribute maps contain: (1) water, (2) conservation and natural environments, 

(3) production from dryland agriculture and plantations, and (4) production from irrigated 

agriculture and plantations. These attribute maps (raster) were then converted to polygons 
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(vector). The polygons were then used to erase the 1992 areal coverage from the coverage in 

2005, to obtain the area difference (change) between 1992 and 2005. The output of this 

operation is in this case expanded land-use areas. This is because if, for example, the areal 

coverage of a certain land-use class in 1992 was larger than in 2005, then the erase operation 

would have removed all areas in 2005. Therefore, the visible areas resulting from this 

operation are only expanded areas. Both the agriculture maps (dryland and irrigated) were 

added together to form a single expanded "cropland" map. After this operation, calculated 

spatial variations in climatic parameters between 1992 and 2005 (based on mean winter and 

mean summer values of temperature, rainfall, and solar radiation) were extracted using the 

estimated expanded land-use areas as boundaries. The result of this operation provides 

correlation of spatial variations in climatic parameters with expanded land-use areas, which is 

at least one type of change. The final maps were simplified to show more visible and clear 

results by using "focal statistics" in ArcGIS. This simplification of the final maps means that 

the boundaries of the expanded land-use areas are slightly enlarged in the visualization. By 

implementing this simplification, the patterns of spatial variations in climatic parameters 

within the expanded land-use areas are more easily observed. Correlation of spatial variations 

in climatic parameters with contracted (or cleared) land-use areas was not estimated, in 

addition to expanded land-use areas (regarding the selected land-use attributes). This is 

because the quantity of result from correlation of spatial variations in climatic parameters 

with expanded land-use areas became very large during the study. Therefore, it was decided 

that producing additional result regarding contracted land-use areas would be inappropriate, 

as the total quantity of result from this analysis would then be excessively huge.  
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Results  
 

Climatic variations  

 

Mean summer and mean winter temperatures across Australia show minor inter-annual 

variation over the period 1982-2006 (Figure 3). Mean winter temperature ranges between 

14.6°C (min) and 15.6°C (max) during the study period. Mean summer temperature ranges 

over the 1982-2006 study period between 26.7°C (min) and 28.4°C (max). There is a trend of 

warming mean winter temperature over the study period. The mean summer temperature 

shows, however, an insignificant trend during 1982-2006. Mean summer temperature 

increased from 27.8°C in 1982 by approximately 0.4°C to 28.2°C in 2006 (Appendix 2). The 

mean winter temperature increased from 14.6°C in 1982 to 14.9°C in 2006, a change of  

0.3°C. The inter-annual variation in mean summer temperature is larger from 1994, and 

onward. Mean winter temperature displays a similar increase in inter-annual variation, from 

1994.  

 

Figure 3: Temporal variations and trends in mean temperature across continental Australia 1982-2006. The 

chart shows temporal winter and summer variations in mean temperature. The estimated trend lines (black 

dotted) are based on linear regressions. R² values indicate the slope (strength) of the trend lines; where 0-0.1 = 

insignificant, 0.1-0.2 = weak, 0.2-0.5 = moderate, 0.5-1 = strong. 

 

The slight warming occurring in mean winter temperature over 1982-2006 is not evenly 

distributed across the continent (Figure 4). The north-eastern part of Australia has undergone 

the largest increase in mean winter temperature (about 2.5 to 3°C). The largest decrease in 

mean winter temperature during the study period occurred in the north-western part (-2 to -

3°C). The increasing mean summer temperatures over 1982-2006 occur mostly in eastern and 

central Australia. The largest increase in mean summer temperature occurred in the central 

part (approximately 3°C). The western part has undergone the largest decrease in mean 
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summer temperature (between -2.5 and -3°C). Winter temperatures over the study period 

increase between 0% and 20%, distributed mostly in the eastern and western regions (Figure 

4). The rest of the country has during 1982-2006 broadly undergone a decrease in winter 

temperature between -20% and 0%. In addition, summer temperature displays over the study 

period an increase between 0% and 20%, mostly in the eastern and central parts. Summer 

temperature displays also during the study period a decrease between -20% and 0%, mostly in 

the western part.  

Figure 4: Spatial variations in temperature 1982-2006. Spatial variations in winter and summer temperature, in 

absolute values (maps to the left) and in percentage classes (maps to the right). The maps to the right have been 

simplified by resampling to lower resolution. 
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Mean winter and mean summer rainfall show high inter-annual variation between 1982 and 

2006 across Australia (Figure 5). Mean winter rainfall ranges between 9.3 mm (min) and 37 

mm (max) over the study period. Mean summer rainfall over the 1982-2006 study period 

ranges between 47.7 mm (min) and 77.6 mm (max). There is a trend of increasing mean 

summer rainfall during the study period. Conversely, mean winter rainfall illustrates no 

significant trend during 1982-2006. Mean summer rainfall increased by 5.1 mm (or 7%) over 

the study period (Appendix 2). Also, mean summer rainfall declined from 1982 to 1990 and 

then essentially increased over the remaining period. Mean winter rainfall increased by 6.5 

mm (almost 70%) between 1982 and 2006. Mean winter rainfall was, however, exceptionally 

low in 1982 (9.3 mm), and was also low in 1994 and 2002. In 1986 and 1998 the mean winter 

rainfall was relatively high (above 30 mm).  

 

Figure 5: Temporal variations and trends in mean rainfall across continental Australia 1982-2006. The chart 

shows temporal winter and summer variations in mean rainfall. The estimated trend lines (black dotted) are 

based on linear regressions. R² values indicate the slope (strength) of the trend lines; where 0-0.1 = insignificant, 

0.1-0.2 = weak, 0.2-0.5 = moderate, 0.5-1 = strong. 

 

The variation of mean winter rainfall between 1982 and 2006 (Figure 6), shows an even 

spatial distribution. The largest increase in mean winter rainfall over the study period 

occurred in eastern Australia (approximately 30-50 mm). The largest decrease between 1982 

and 2006 in mean winter rainfall is found in the western part (about 10-40 mm). The mean 

summer rainfall between 1982 and 2006 is highly uneven in its spatial variation. Summer 

rainfall has increased over the study period mostly in northern and western Australia. Some of 

the northern part has undergone an increase in summer rainfall of over 200 mm between 1982 

and 2006. The largest decrease in mean summer rainfall over the study period occurred in 

small parts of the central, eastern, and northern regions, with particularly large decrease 

occurring at the north-western coast (over 100 mm). Most of the Australian continent has 

undergone an increase of over 80% in winter rainfall between 1982 and 2006 (Figure 6). This 

winter rainfall increase is found especially in the central, southern, and eastern regions. Areas 
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with more than -80% decrease over the study period in winter rainfall occur mostly in the 

western part. Over 80% increase in summer rainfall occur between 1982 and 2006 mostly in 

the southern and western parts of the continent. A relatively large area in central Australia has 

undergone a decrease of more than -40% in summer rainfall over the study period. Otherwise, 

the variation of summer rainfall (in %) between 1982 and 2006 is differentiated across the 

continent. 

Figure 6: Spatial variations in rainfall between 1982 and 2006. Spatial variations in winter and summer rainfall, 

in absolute values (maps to the left) and in percentage classes (maps to the right). The maps to the right have 

been simplified by resampling to lower resolution. 
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Mean winter and mean summer solar radiations on the Australian continent (Figure 7), 

indicate moderate inter-annual variation during the 1990-2006 study period. Mean winter 

radiation ranges between 13.7 MJ/m² (min) and 16.1 MJ/m² (max) over the study period. 

Mean summer solar radiation is over the 1990-2006 study period ranging between 24.6 MJ/m² 

(min) and 26.7 MJ/m² (max). There is a weak trend of decreasing mean summer solar 

radiation over the study period. Conversely, mean winter solar radiation displays a clear trend 

of increasing values during 1990-2006. Mean winter radiation increased over the study period 

by approximately 1.9 MJ/m², from 14 MJ/m² in 1990 to 15.9 MJ/m² in 2006 (Appendix 2). 

Mean summer radiation decreased from 25.8 MJ/m² in 1990 to 25.7 MJ/m² in 2006; a 

decrease of 0.1 MJ/m².  

 

Figure 7: Temporal variations and trends in mean solar radiation across continental Australia 1990-2006. The 

chart shows temporal winter and summer variations in mean solar radiation. The estimated trend lines (black 

dotted) are based on linear regressions. R² values indicate the slope (strength) of the trend lines; where 0-0.1 = 

insignificant, 0.1-0.2 = weak, 0.2-0.5 = moderate, 0.5-1 = strong. 

 

Between 1990 and 2006 increases in mean winter solar radiation are observed across the 

whole continent (Figure 8). The largest increase in mean winter radiation over the study 

period is found in the western region (about 3-4 MJ/m²). Only on Tasmania some decrease 

occurred in mean winter radiation over 1990-2006 (approximately 1 MJ/m²). The spatial 

distribution of mean summer solar radiation during the study period is divided into 

approximately two halves, one with a clear radiation increase and one with a clear decrease. 

Most of the increase in summer radiation over 1990-2006 is distributed in the southern part, 

particularly in the south-eastern region (more than 4 MJ/m² increase). The decrease in mean 

summer solar radiation over the study period is mostly located in the northern part (ranging 

from -3 MJ/m² to -6 MJ/m²). Winter solar radiation over 1990-2006 shows an increase 

between 0 and 20% across most the continent (Figure 8). A few areas display a 20-40% 

increase in winter radiation during the study period, located in the western and south-eastern 
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parts of the continent. Summer solar radiation increases between 0 and 20% over 1990-2006 

on the southern half of the continent, and decreases between -20 and 0% on the northern half.  

Figure 8: Spatial variations in solar radiation 1990-2006. Spatial variations in winter and summer solar 

radiation, in absolute values (maps to the left) and in percentage classes (maps to the right). The maps to the 

right have been simplified by resampling to lower resolution. 
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Environmental variations  
 

Mean winter NDVI (vegetation) over 1982-2006 displays high inter-annual variation (Figure 

9), ranging between 0.31 (min) and 0.41 (max). Conversely, mean summer NDVI  displays a 

moderate inter-annual variation over the same period (maximum range of 0.3 to 0.32). The 

summer trend of mean NDVI is insignificant during the 1982-2006 study period. The trend of 

mean winter NDVI over the same period shows a weak increase. The mean summer NDVI 

displays insignificant change between 1982 and 2006. The mean winter NDVI has increased 

by 0.05 in NDVI value, from 0.36 in 1982 to 0.41 in 2006 (Appendix 2). The mean winter 

NDVI displays a severe declining period from 1990 to 1994. From 1994 to 2006 the mean 

winter NDVI essentially increased.     

 

Figure 9: Temporal variations and trends in mean NDVI across continental Australia 1982-2006. The chart 

shows temporal winter and summer variations in mean NDVI. The estimated trend lines (black dotted) are based 

on linear regressions. R² values indicate the slope (strength) of the trend lines; where 0-0.1 = insignificant, 0.1-

0.2 = weak, 0.2-0.5 = moderate, 0.5-1 = strong. 

 

Mean summer NDVI over the 1982-2006 period displays an uneven distribution across the 

continent (Figure 10). Small areas of increased mean summer NDVI are located in south-

eastern, northern, and western Australia. In the south-western part there is increase in mean 

summer NDVI around 0.2-0.3 over the study period. Decreases in mean summer NDVI are 

mostly concentrated in the north-eastern region, with values between approximately -0.1 and  

-0.2. Areas with an increase in mean winter NDVI between 1982 and 2006 are found in the 

western, north-eastern, and south-eastern parts of Australia. In western Australia mean winter 

NDVI increased from 0.25 to 0.5 over the study period. The largest regions with mean winter 

NDVI decrease (values between -0.1 and -0.15) are found in the central, eastern, and south-

western parts of Australia. Winter and summer NDVI display a moderate spatial variation (in 

%) across Australia over the study period (Figure 10). The summer NDVI displays an 

increase of over 80% in small regions located in the south-eastern and western parts of the 

continent, during 1982-2006. The eastern half of Australia has undergone a decrease in 

R² = 0,2432 

R² = 0,0045 

0,25 

0,275 

0,3 

0,325 

0,35 

0,375 

0,4 

0,425 

1982 1986 1990 1994 1998 2002 2006 

N
D

V
I 
v
a

lu
e

 

Temporal variations and trends in mean NDVI over 

continental Australia, 1982-2006 

winter 

summer 

trendline 

trendline 

23



  

summer NDVI, ranging from -40% to 0% over the study period. The winter NDVI has 

undergone the largest increase (of over 80%) in the western and eastern parts of Australia 

during 1982-2006. The largest decrease in winter NDVI, between -20% and -40%, occurred 

in the central part of the continent.  

Figure 10: Spatial variations in NDVI 1982-2006. Spatial variations in winter and summer NDVI, in absolute 

values (maps to the left) and in percentage classes (maps to the right). The maps to the right have been simplified 

by resampling to lower resolution.  
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The areal change from 1992 to 2005 in land-use shows generally minor variations (Figure 

11). The largest increase of area (in km²) over the study period has occurred in the 

conservation land-use, increasing from 2 609 700 to 2 821 300 km² (Appendix 3). The largest 

area increase (in %) during 1992-2005 has occurred in the cropping (agriculture) land-use, 

increasing from 193 300 to 268 200 km², an area increase of 38.7%. Between 1992 and 2005 

forestry displays a decrease of 23 300 km² (14.4%) in area. However, it should be noted that 

many areas defined as forest are in some land-use datasets classified as conservation, as this is 

their primary use (ACLUMP, 2011). Even though most of the increases in the land-use areas 

over the study period are relatively small in absolute terms, the changes in percentage are 

generally rather large. The garden cultivation (or horticulture) land-use area has increased by 

25% during 1992-2005. The area of intensive use has increased by 34.5 % over the study 

period. The conservation area during 1992-2005 increased by 8.1%. Grazing and water areas 

have both decreased by about 6% over the study period. However, the areal decrease in 

grazing over 1992-2005 is 263 500 km², a large area in absolute terms. Moreover, grazing has 

the largest representation of the total land-use area in all these land-use types, accounting for 

almost 60%. 

 

Cropland displays the largest increase in areal coverage over the 1992-2005 study period 

(Figure 12). Cropland has expanded mostly in the south-western and eastern parts of 

Australia. Expanded areas of conservation and natural environments are located in small 

regions across the whole continent. The total areal extent of water has decreased over the 

study period (Figure 11); although some small areas of expansion are distributed across the 

continent (Figure 12). The expansion of areal water coverage is mostly located in the south-

eastern and south-western parts of Australia during 1992-2005. 
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(a)  

(b)  

Figure 11: Area change in land-use 1992-2005. Area change in km² of various land-use types across Australia 

in (a) and (b), based on ACLUMP (2011) using annual data. The years represented here are not equally 

distributed because of temporally limited land-use data. 

 

 

 

 

 

 

 

 

 

 

 

0 

50 000 

100 000 

150 000 

200 000 

250 000 

300 000 

1992 1993 1996 1998 2000 2001 2005 

K
m

² 

Area change in land use types 1992-2005  

Forestry 

Cropping 

Garden cultivation 

Intensive uses 

Water 

2 000 000 

2 500 000 

3 000 000 

3 500 000 

4 000 000 

4 500 000 

5 000 000 

1992 1993 1996 1998 2000 2001 2005 

K
m

² 

Area change in land use types 1992-2005  

Conservation and 
natural environments 

Grazing 

26



  

Figure 12: Expansion of water, conservation, and cropland areas 1992-2005. The map shows the areal 

expansion of water, conservation and cropland land-uses in continental Australia. 
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Correlation between spatial variations in climatic parameters and NDVI 

 

Spatial variations in winter NDVI and winter temperature have undergone correlated 

increases between 0% and 20% during the 1982-2006 study period (Figure 13). They have 

also undergone correlated decreases between -20% and 0% over the same period. Note that 

0% in both of these spatial variation classes does not contain exact 0% (or 0.0%). Spatial 

variations in summer NDVI and summer temperature show similar correlation patterns over 

the study period. The increases between 0% and 20% in NDVI and temperature correlate 

stronger than their decreases over the 1982-2006 period. This is indicated by the areal extent 

of the correlated spatial variations in winter and summer NDVI and temperature (Figure 13).  

The correlated increases between 0% and 20% in winter NDVI and winter temperature during 

1982-2006 are located across almost the whole continent. The correlated increases of 0-20% 

in summer NDVI and summer temperature are located mostly in the south-eastern and north-

western parts of the continent over the same period. The total areal extent of correlated spatial 

variations in NDVI and temperature reveals that their spatial correlation is strong during the 

1982-2006 period.    

 

Spatial variations in winter NDVI and winter rainfall over 1982-2006 (Figure 14) correlate 

only in a few small regions. Increases above 80% in winter NDVI and winter rainfall during 

1982-2006 spatially correlate mostly in the eastern part of Australia. Spatial variations in 

summer NDVI and summer rainfall correlate in small regions, distributed across the 

continent. Correlated increases in summer NDVI and summer rainfall occur in western and 

north-western regions. These increases range between 0% and above 80% in summer NDVI 

and summer rainfall (Figure 14). The eastern part of the continent has generally undergone 

correlated decreases between -60% and 0% in summer NDVI and summer rainfall over the 

study period. The total areal extent of correlated spatial variations in NDVI and rainfall 

reveals that their spatial correlation is moderate during the 1982-2006 period.    

 

Spatial variations in winter NDVI and winter solar radiation over 1990-2006 correlate mostly 

in increases on the continent (Figure 15). Increases between 0% and 20% in winter NDVI and 

winter solar radiation during the study period are strongly correlated, indicated by a large 

areal size of this class. These correlated increases in winter NDVI and winter solar radiation 

are generally located along the southern and northern coasts, and in the central part. The 

spatial variations in summer NDVI and summer solar radiation correlate in moderately sized 

areas, distributed across the continent during the 1990-2006 study period. The spatial 

variations in summer NDVI and summer solar radiation correlate roughly in two halves over 

the study period: one northern part with correlated decreases between -20% and 0%, and one 

southern part with increases between 0% and 20%. The total areal extent of correlated spatial 

variations in NDVI and solar radiation indicates that their spatial correlation is strong during 

the 1990-2006 period. 
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Figure 13: Temperature-NDVI correlation in spatial variations 1982-2006. The maps show the correlation 

between spatial winter and summer variations in temperature and NDVI, in percentage classes. The maps have 

been simplified by resampling to lower resolution and using a majority filter. This simplification means that 

small areas with correlated spatial variations in temperature and NDVI are removed in the visualization.    
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Figure 14: Rainfall-NDVI correlation in spatial variations 1982-2006. The maps show the correlation between 

spatial winter and summer variations in rainfall and NDVI, in percentage classes. The maps have been simplified 

by resampling to lower resolution and using a majority filter. This simplification means that small areas with 

correlated spatial variations in rainfall and NDVI are removed in the visualization.    
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Figure 15: Solar radiation-NDVI correlation in spatial variations 1990-2006. The maps show the correlation 

between spatial winter and summer variations in solar radiation and NDVI, in percentage classes. The maps have 

been simplified by resampling to lower resolution and using a majority filter. This simplification means that 

small areas with correlated spatial variations in solar radiation and NDVI are removed in the visualization.   
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Correlation between climatic variations and expanded land-use areas  
 

Mean winter and mean summer temperatures have both increased within all three expanded 

land-use areas (of water, conservation, and cropland) over the 1992-2005 study period (Figure 

16). The largest increase in mean winter temperature occurred during the study period within 

expanded cropland area, by approximately 0.9°C (Appendix 4). The largest increase in mean 

summer temperature (~ 0.7°C over the study period) occurred within expanded water areas. 

Increases in mean winter and mean summer temperature within expanded conservation areas 

are ~ 0.5°C over the study period. The expanded water areas have been subjected to increase 

in mean winter temperature of almost 0.5°C. Within the expanded cropland areas the increase 

in mean summer temperature is 0.6°C.    

 

Figure 16: Mean temporal variation in temperature over expanded land-use types in Australia. Data are shown 

for 3 land -use categories (water, conservation, and cropland). Changes in mean winter temperature and mean 

summer temperature over 1992-2005 are shown for these land-use classes.    

 

The increase in summer temperature within expanded water, conservation, and cropland areas 

varies between 0.5°C and 1°C over the 1992-2005 study period (Figure 17). The expanded 

conservation areas that displays the largest increases in summer temperature (2.5-2.7°C), is 

located in a tiny region on the western coast of Australia. This increase in mean summer 

temperature  is larger than is observed in any other land-use area. The expanded conservation 

areas are also most commonly associated with decreases in summer temperature (-1.3°C to -

1°C). The expanded conservation areas that has undergone decreases in mean summer 

temperature are located in the northern and southwestern parts of the continent. There is 

almost no association between expanded water and cropland areas and decreases in mean 

summer temperature. Expanded cropland areas are most commonly associated with an 

increase in summer temperature (approximately 2-2.3°C). This mostly occur in the south-

eastern part of the continent. 
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Figure 17: Spatial variability of changes in mean summer temperature over expanded land-use areas 1992-

2005. The maps show how well spatial variation (patterns) in summer temperature correlates with land-use 

expansion. The maps have been simplified by using focal statistics in ArcGIS. This simplification of the maps 

means that the boundaries of the expanded land-use areas are slightly enlarged in the visualization. 

 

The mean winter temperature has increased across most expanded land-use areas over the 

study period (Figure 18). However, this increase is lower than that observed for the mean 

summer temperature. The largest increase in winter temperature (1.5-1.9°C) during the study 

period occurred in the southeastern part of the continent. Expanded cropland area is the most 

common land-use here. However, an area of expanded cropland that displays a decrease in 

winter temperature (around -1°C) over 1992-2005 occurs in the southwestern part of 

Australia. Expanded water areas and, especially, expanded conservation areas frequently 

display decreases in winter temperature over the study period, in particular in the western part 

of the continent. However, expanded cropland areas frequently correlate with increases in 
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 winter temperature (up to 1.9°C) in the eastern part of the continent. The largest decrease in 

winter temperature (up to -1.9°C) in expanded conservation areas occur in the north-west of 

the continent.  

Figure 18: Spatial variability of changes in mean winter temperature over expanded land-use areas 1992-2005. 

The maps show how well spatial variation (patterns) in winter temperature correlates with land-use expansion. 

The maps have been simplified by using focal statistics in ArcGIS. This simplification of the maps means that 

the boundaries of the expanded land-use areas are slightly enlarged in the visualization. 

 

Mean winter rainfall displays an increase within all three expanded land-uses (water, 

conservation, and cropland) over the 1992-2005 study period (Figure 19). The mean summer 

rainfall has, however, decreased within all three expanded land-uses over the study period. 

Expanded cropland areas have been subjected to the largest increase in mean winter rainfall 

(of approximately 19 mm/year) (Appendix 4). The largest decrease in mean summer rainfall 

(of about 12 mm/year) occurred also in expanded cropland areas. Expanded water areas have 

34



  

been subjected to an increase of about 5 mm/year in mean winter rainfall. However, mean 

summer rainfall has decreased by approximately 5 mm/year in expanded water areas. In 

expanded conservation areas, the mean winter rainfall has increased by 10 mm/year. 

Conversely, mean summer rainfall decreased by almost 5 mm/year in expanded conservation 

areas over the study period.   

 

Figure 19: Mean temporal variation in rainfall over expanded land-use types in Australia. Data are shown for 3 

land -use categories (water, conservation, and cropland). Changes in mean winter rainfall and mean summer 

rainfall over 1992-2005 are shown for these land-use classes. 

 

There is minimal spatial variation in the change in mean summer rainfall across expanded 

water areas over the 1992-2005 study period (Figure 20). Expanded conservation areas also 

display wide areas with minimal summer rainfall variation, especially in the central and 

western parts of Australia. Expanded conservation areas have undergone increases in summer 

rainfall of more than 100 mm/year during 1992-2005 (in the northern region). The largest 

decrease in summer rainfall over the study period is also found in expanded conservation 

areas. This occurs on the eastern coast (with decreases reaching -320 mm/year). Expanded 

cropland areas show high variations in summer rainfall, except for in the southwestern part 

and on Tasmania. Expanded cropland areas cover wide areas which have been subjected to 

decrease in summer rainfall (of -50 mm/year to -100 mm/year). These are located in the 

eastern part of Australia. Similar to the expanded conservation areas, there is a region of 

expanded cropland located on the eastern coast that has undergone a decrease in summer 

rainfall ranging from -150 mm/year to -320 mm/year over 1992-2005. 
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Figure 20: Spatial variability of changes in mean summer rainfall over expanded land-use areas 1992-2005. 

The maps show how well spatial variation (patterns) in summer rainfall correlates with land-use expansion. The 

maps have been simplified by using focal statistics in ArcGIS. This simplification of the maps means that the 

boundaries of the expanded land-use areas are slightly enlarged in the visualization. 

 

Spatial variation of change in mean winter rainfall over the 1992-2005 study period (Figure 

21) display across expanded water areas broadly the same spatial pattern as in summer 

rainfall. That is, the spatial variation is insignificant. Expanded cropland and conservation 

areas in southwestern Australia have undergone a decrease in winter rainfall greater than -20 

mm/year. Small increases (of 10-30 mm/year) in winter rainfall have occurred in expanded 

conservation areas in central Australia. Winter rainfall has also increased by 20-50 mm/year 

in expanded conservation areas in eastern Australia. Expanded cropland areas are over 1992-
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2005 dominated by increases in winter rainfall, found in the eastern part of the continent. The 

largest increase in winter rainfall (of approximately 100-200 mm/year), observed in expanded 

cropland areas, is located along the east coast. 

Figure 21: Spatial variability of changes in mean winter rainfall over expanded land-use areas 1992-2005. The 

maps show how well spatial variation (patterns) in winter rainfall correlates with land-use expansion. The maps 

have been simplified by using focal statistics in ArcGIS. This simplification of the maps means that the 

boundaries of the expanded land-use areas are slightly enlarged in the visualization. 

 

Between 1992 and 2005 all expanded land-uses (water, conservation, and cropland) have 

undergone increased mean summer and mean winter solar radiations (Figure 22). Over the 

study period expanded water areas have undergone the largest increase in mean winter solar 

radiation (0.93 MJ/m²; Appendix 4). Also, the largest increase in summer solar radiation (1.27 

MJ/m²) occurred over expanded water areas. The smallest increase in winter radiation 

occurred over expanded cropland areas (0.4 MJ/m²). The increase in summer radiation was 

1.1 MJ/m² over expanded cropland areas. Expanded conservation areas have undergone the 
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smallest increase in summer solar radiation (just under 1 MJ/m²). During the study period 

expanded conservation areas have increase in winter radiation by 0.63 MJ/m². 

 

Figure 22: Mean temporal variation in solar radiation over expanded land-use types in Australia. Data are 

shown for 3 land -use categories (water, conservation, and cropland). Changes in mean winter solar radiation and 

mean summer solar radiation over 1992-2005 are shown for these land-use classes. 

 

The summer solar radiation within expanded water areas (Figure 23), shows an increase 

around 2 MJ/m² over 1992-2005. This is visible in the central and western parts of Australia. 

Expanded conservation areas have a high spatial variation in summer radiation over the study 

period. A small decrease in summer radiation (close to 0 MJ/m²) occurred in the north of the 

continent, over expanded conservation areas during the study period. An 2-3 MJ/m² increase 

in summer solar radiation occurred over expanded conservation areas in the center of the 

continent, as well as larger increases (3-5 MJ/m²) along the southeastern and southwestern 

coasts. Expanded cropland areas display a spatial variation in summer radiation that is 

dominated by increase. Summer solar radiation over expanded cropland areas increased 

broadly by 2-5 MJ/m² over the 1992-2005 study period. 

 

Mean winter solar radiation over expanded conservation areas displays an uneven spatial 

pattern across the 1992-2005 study period (Figure 24). However, it increases over most of 

these areas during the study period. The increase in winter radiation within expanded 

conservation areas is mostly small (0.5-1.5 MJ/m²). The largest increase in winter radiation 

(>2 MJ/m²) occurred in the western part of the continent, over expanded conservation areas. 

Expanded water areas have mainly undergone an increase in winter solar radiation of 1-1.5 

MJ/m² over the study period. The spatial variation in winter radiation is low over expanded 

cropland areas, with a general increase of 0.5-1 MJ/m². Expanded cropland areas display 

smaller increases in winter solar radiation than the other expanded land-uses.  
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Figure 23: Spatial variability of changes in mean summer solar radiation over expanded land-use areas 1992-

2005. The maps show how well spatial variation (patterns) in summer solar radiation correlates with land-use 

expansion. The maps have been simplified by using focal statistics in ArcGIS. This simplification of the maps 

means that the boundaries of the expanded land-use areas are slightly enlarged in the visualization. 
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Figure 24: Spatial variability of changes in mean winter solar radiation over expanded land-use areas 1992-

2005. The maps show how well spatial variation (patterns) in winter solar radiation correlates with land-use 

expansion. The maps have been simplified by using focal statistics in ArcGIS. This simplification of the maps 

means that the boundaries of the expanded land-use areas are slightly enlarged in the visualization. 
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Correlation between temporal variations in climatic parameters and NDVI 

 

The relationship between mean summer temperature and NDVI during 1982-2006 (Figure 25) 

displays a negative correlation. The correlation between mean summer temperature and NDVI 

has during 1982-2006 a moderate inter-annual variation, ranging from -0.43 (min) to -0.57 

(max). The mean correlation between summer temperature and NDVI was -0.53 over this 

period (Appendix 5). Over the study period, the correlation between mean summer 

temperature and NDVI increased by 4%. The relationship between mean winter temperature 

and NDVI indicates a weak negative correlation during the study period, with only -0.11 in 

mean correlation. The correlation between mean winter temperature and NDVI was weakly 

positive in 1994 (correlation coefficient = 0.1). The correlation between mean winter 

temperature and NDVI displays a high inter-annual variation (maximum range of -0.24 to 

0.1). The correlation between mean winter temperature and NDVI decreased over the study 

period by 41% (Appendix 5). The correlation of both mean winter and mean summer 

temperature with NDVI shows insignificant trends during the study period. 

 

Figure 25: Correlation analysis of temperature and NDVI 1982-2006 across continental Australia. The chart 

shows the variation in correlation between mean winter and mean summer temperature and NDVI. The 

correlation coefficient indicates the strength of relationship. 0 = no correlation, 1.0 = perfect positive correlation, 

-1.0 = perfect negative correlation;  (+-) 0.1-0.3 = weak correlation, (+-) 0.3-0.5 = moderate correlation, (+-) 0.5-

0.9 = strong correlation. The estimated trend lines (black dotted) are based on linear regressions. R² values 

indicate the slope (strength) of the trend lines; where 0-0.1 = insignificant, 0.1-0.2 = weak, 0.2-0.5 = moderate, 

0.5-1 = strong. 

 

The relationships of mean winter and mean summer rainfall with NDVI (Figure 26) show 

positive correlations during 1982-2006. Correlations in mean winter and mean summer 

rainfall with NDVI indicate high inter-annual variations over the study period (maximum 

range of 0.24 to 0.56). The correlation between mean winter rainfall and NDVI during 1982-

2006 ranges between 0.29 (min) and 0.51 (max). The correlation between mean winter 

rainfall and NDVI increased over the study period by 14% (Appendix 5). The correlation 
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between mean summer rainfall and NDVI increased during the study period by 5%. The mean 

correlation between winter rainfall and NDVI during 1982-2006 is 0.4, whereas it is 0.38 

between summer rainfall and NDVI over the same period. A weak trend of decreasing 

correlation between mean summer rainfall and NDVI is displayed over the study period. The 

correlation trend between mean winter rainfall and NDVI was insignificant over 1982-2006.     

 

Figure 26: Correlation analysis of rainfall and NDVI 1982-2006 across continental Australia. The chart shows 

the variation in correlation between mean winter and mean summer rainfall and NDVI. The correlation 

coefficient indicates the strength of relationship. 0 = no correlation, 1.0 = perfect positive correlation, -1.0 = 

perfect negative correlation;  (+-) 0.1-0.3 = weak correlation, (+-) 0.3-0.5 = moderate correlation, (+-) 0.5-0.9 = 

strong correlation. The estimated trend lines (black dotted) are based on linear regressions. R² values indicate the 

slope (strength) of the trend lines; where 0-0.1 = insignificant, 0.1-0.2 = weak, 0.2-0.5 = moderate, 0.5-1 = 

strong. 

 

Mean winter and mean summer solar radiation negatively correlate with NDVI over the 1990-

2006 study period (Figure 27). The correlation between mean winter solar radiation and 

NDVI is weak during the study period (mean of -0.22; Appendix 5). In contrast, the 

correlation between mean summer solar radiation and NDVI during 1990-2006 is strong 

(mean of ~ -0.5). The correlations of mean winter and mean summer solar radiation with 

NDVI display high inter-annual variations. The correlation between mean summer solar 

radiation and NDVI ranges between -0.35 (min) and -0.73 (max). The correlation between 

mean winter solar radiation and NDVI ranges between -0.02 (min) and -0.3 (max). Over 

1990-2006, the correlation between mean summer solar radiation and NDVI decreased by 

almost 30% (Appendix 5). The correlation between mean winter solar radiation and NDVI 

has also decreased, by 23% over the study period. The negative correlation between mean 

summer solar radiation and NDVI shows a clear increased trend over 1990-2006, indicating 

that the correlation become weaker over the study period. In contrast, the correlation trend 

between mean winter solar radiation and NDVI  is insignificant over 1990-2006. 
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Figure 27: Correlation analysis of solar radiation and NDVI 1990-2006 across continental Australia. The chart 

shows the variation in correlation between mean winter and mean summer solar radiation and NDVI. The 

correlation coefficient indicates the strength of relationship. 0 = no correlation, 1.0 = perfect positive correlation, 

-1.0 = perfect negative correlation;  (+-) 0.1-0.3 = weak correlation, (+-) 0.3-0.5 = moderate correlation, (+-) 0.5-

0.9 = strong correlation. The estimated trend lines (black dotted) are based on linear regressions. R² values 

indicate the slope (strength) of the trend lines; where 0-0.1 = insignificant, 0.1-0.2 = weak, 0.2-0.5 = moderate, 

0.5-1 = strong. 

 

Relationships between climatic variables and land-use 

 

The temporal (inter-annual) variation of mean summer temperature over areas of water, 

conservation, and production from natural environments is broadly the same over the 1992-

2005 study period (Figure 28 ). The temporal variation of mean winter temperature displays 

similar pattern over these land-use areas (Figure 29). In addition, temporal variations over 

these land-use areas display higher mean summer and mean winter temperatures than the 

other land-use areas over the study period. Areas of water, conservation, and production from 

natural environments display during 1992-2005 mean summer temperature ranging between  

26.9°C and 28.9°C (Appendix 6). Mean winter temperature range between 14.9°C and 17°C 

within these land-use areas over the study period. Areas of intensive uses and dryland-

irrigated agriculture display mean summer temperature ranging between 21.5°C and 24.5°C 

during 1992-2005. Mean winter temperature over these land-use areas ranges between 10.3°C 

and 12.8°C over the study period. All land-use areas over 1992-2005 show minor inter-annual 

variations in mean winter and mean summer temperatures. 
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Figure 28: Temporal variation of mean summer temperature within selected land-use areas, 1992-2005. The 

chart shows the temporal variation of mean summer temperature within specific land-use attributes, across the 

Australian continent. The years represented here are not equally distributed because of temporally limited land-

use data.  

 

 

Figure 29: Temporal variation of mean winter temperature within selected land-use areas, 1992-2005. The 

chart shows the temporal variation of mean winter temperature within specific land-use attributes, across the 

Australian continent. The years represented here are not equally distributed because of temporally limited land-

use data. 
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The temporal variation of mean summer rainfall within most land-use areas is differentiated 

over 1992-2005 (Figure 30). Conversely, the temporal variation of mean winter rainfall is 

more similar over all land-use areas during the study period (Figure 31). Areas of water, 

conservation, and production from natural environments display similar inter-annual variation 

in mean summer rainfall (41-114 mm) over the study period (Appendix 6). Inter-annual 

variation in mean winter rainfall during 1992-2005 is also similar over these land-use areas 

(12-37 mm). Temporal variations over areas of water, conservation, and production from 

natural environments display generally higher mean summer rainfall than the other land-use 

areas over the study period. Areas of dryland-irrigated agriculture and intensive uses display 

mean summer rainfall that ranges between 35 mm and 124 mm over the study period. Of 

these land-use areas, the highest inter-annual variation in mean summer rainfall during 1992-

2005 is found over intensive uses (63-124 mm). Areas of dryland-irrigated agriculture and 

intensive uses display similar inter-annual variation in mean winter rainfall (39-82 mm). 

During the study period all land-use areas display high inter-annual variations in mean 

summer and mean winter rainfall. Moreover, in year 2000 the temporal variation of mean 

winter rainfall over the study period shows a clear decline across all land-use areas. This 

corresponds with declines in winter and summer temperature and in summer solar radiation.  

 

Figure 30: Temporal variation of mean summer rainfall within selected land-use areas, 1992-2005. The chart 

shows the temporal variation of mean summer rainfall within specific land-use attributes, across the Australian 

continent. The years represented here are not equally distributed because of temporally limited land-use data. 
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Figure 31: Temporal variation of mean winter rainfall within selected land-use areas, 1992-2005. The chart 

shows the temporal variation of mean winter rainfall within specific land-use attributes, across the Australian 

continent. The years represented here are not equally distributed because of temporally limited land-use data. 

 

The temporal variation of mean summer solar radiation is differentiated within most land-use 

areas during 1992-2005 (Figure 32). In contrast, the temporal variation of mean winter solar 

radiation is more similar across all land-use areas during the study period (Figure 33). Areas 

of water, conservation, and production from natural environments display similar inter-annual 

variation in mean summer solar radiation over the study period, ranging between 23.8 MJ/m² 

and 27.8 MJ/m² (Appendix 6). The inter-annual variation of mean winter solar radiation is 

also similar over these land-use areas during 1992-2005 (13.2-16 MJ/m²). Temporal 

variations over areas of water, conservation, and production from natural environments 

display generally higher mean summer and mean winter solar radiations than the other land-

use areas over the study period. Areas of dryland-irrigated agriculture and intensive uses 

display mean summer solar radiation that ranges between 23.5 MJ/m² and 26.6 MJ/m² during 

1992-2005. The inter-annual variation of mean winter solar radiation across these land-use 

areas is similar over the study period (9.7-11.6 MJ/m²). All land-use areas show high inter-

annual variation in mean summer solar radiation during 1992-2005. Conversely, all land-use 

areas show minor inter-annual variation in mean winter solar radiation over the study period.  
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Figure 32: Temporal variation of mean summer solar radiation within selected land-use areas, 1992-2005. The 

chart shows the temporal variation of mean summer solar radiation within specific land-use attributes, across the 

Australian continent. The years represented here are not equally distributed because of temporally limited land-

use data. 

 

 

Figure 33: Temporal variation of mean winter solar radiation within selected land-use areas, 1992-2005. The 

chart shows the temporal variation of mean winter solar radiation within specific land-use attributes, across the 

Australian continent. The years represented here are not equally distributed because of temporally limited land-

use data. 
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Discussion 
 

Temporal variations during the 1982-2006 study period reveal trends that possibly interact 

with each other. A key finding of this study is that there is a trend of increasing winter solar 

radiation over the 1990-2006 period. There is also a trend of increasing winter temperature 

from 1982 to 2006. This is likely a response to increasing winter solar radiation, even if the 

period covered by solar radiation data is shorter. The areal coverage, greenness, and density of 

winter vegetation (NDVI) have also increased over the 1982-2006 study period, in correlation 

with increases in winter solar radiation and winter temperatures. It is likely that the climatic 

change over the 1982-2006 period is forcing the observed change in winter vegetation. During 

1982-2006, there is also a trend of increasing summer rainfall. The trend of increasing winter 

vegetation density and areal coverage over the same period is likely also a late response from 

the increasing summer rainfall. As shown by Schultz & Halpert (1995), vegetation 

distribution has in certain regions, such as subtropical and monsoon regions, a lagged or late 

response from climatic change. Together, the trend findings indicate that winter is the key 

season over the 1982-2006 study period, as there are systematic variations of solar radiation, 

temperature, and vegetation distribution-density. 

 

It is possible that some of the climatic variations over 1982-2006  are mainly caused by the 

ENSO effect. However, as these variations are interfered from e.g. global warming (IPCC, 

2007) and other ENSO unrelated climate effects (Sturman & Tapper, 1996), the strength of 

the correlation to ENSO becomes harder to detect. When, for instance, the Inter-decadal 

Pacific Oscillation (IPO) increases temperatures in the tropical Pacific Ocean, there is 

according to Power et al. (1999) no strong correlation between annual Australian climatic 

variations (in temperature and rainfall) and ENSO. During 1982-2006 there were two strong 

El Niño events, 1982-1983 and 1997-1998 (McPhaden et al., 2006). There were also El Niño 

events affecting Australia's climate in 1994 and 2002 (BOM, 2005). The temporal variations 

in the climatic parameters over the 1982-2006 period show low mean winter rainfall in 1982, 

1994 and 2002, which thereby correlate with El Niño events. However, only winter rainfall is 

clearly affected. For instance, the corresponding pattern of temperature during 1982-2006 

with  El Niño years is ambiguous. In terms of La Niña, there was over the 1982-2006 period a 

single significant event, between 1998 and 2000 (BOM, 2005). As shown in this study, mean 

winter rainfall was relatively high in 1998, thus occurring during the La Niña event. Mean 

winter temperature in 1998 is also higher than average, contradicting its supposed La Niña 

pattern, as it should in fact be low (BOM, 2005). In summary, winter rainfall during the 1982-

2006 study period strongly correlates with ENSO events, while temperature displays a weak 

correlation.    

 

The correlation between variations (temporal and spatial) of vegetation distribution-density 

and climatic parameters has previously been studied extensively by many researchers, 

including on the Australian continent. Schultz & Halpert (1995) reported that global trends of 

vegetation distribution (NDVI) are not strongly correlated with variations in land surface 
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temperature or rainfall. However, their findings show a negative correlation in the vegetation-

temperature relationship in Australia during 1982-1992. Moreover, their findings show that 

regions with a strong vegetation-rainfall correlation also have a strong vegetation-temperature 

correlation. The negative correlation in vegetation-temperature reported by Schultz & Halpert 

(1995) corresponds with the correlation findings over 1982-2006 in this study. There is, 

however, an important difference, which is the land surface temperature data used by Schultz 

& Halpert (1995). The land surface temperature data is remotely sensed, whereas the air 

temperature data used in this study is not. Schultz & Halpert's (1995) correlation findings in 

vegetation-temperature and vegetation-rainfall are similar but slightly different from the 

findings of Ichii et al. (2002) and Kawabata et al. (2001). Ichii et al. (2002) concluded that 

areas with negative vegetation-temperature correlation over 1982-1990 correspond well with 

areas of positive vegetation-rainfall correlation. These areas mostly occur in semiarid regions. 

Moreover, Kawabata et al. (2001) and Ichii et al. (2002) found a strong positive vegetation-

rainfall correlation in northern Australia (about 0.75 in correlation coefficient) during 1982-

1990, where also the vegetation-temperature correlation is negative. The correlation findings 

in temporal variations during 1982-2006 were in the present study averaged over the entire 

Australian continent. Therefore, the correlation coefficients are generally lower than in 

regional correlation analyzes. But despite this, the correlation findings in this study 

correspond to the findings by Kawabata et al., (2001) and Ichii et al. (2002), at least in 

northern and semiarid Australia. Their studies were, however, also based on a shorter period 

(1982-1990), which could result in stronger correlation coefficients due to less time-related  

impacts. The correlation findings over 1982-2006 in spatial variations of vegetation 

distribution and climatic parameters, correspond also in their general strengths with the 

previous studies. Overall, the correlation findings of this study (in temporal and spatial 

variations) show largely similar patterns as previous studies. 

 

Future variations in temperature and rainfall are predicted to have significant impacts on 

vegetation across Australia (Hughes, 2003). Also, variations in vegetation distribution are 

expected to be most rapid and severe at boundaries between vegetation types. High spatial 

variations of temperature, rainfall, solar radiation, and vegetation distribution over 1982-2006 

are in the present study mostly found in coastal areas of Australia. These findings together 

with previous predictions (e.g. Hughes, 2003; Mpelasoka et al., 2008; Pitman et al., 2007) 

indicate that coastal vegetation distribution may be particularly vulnerable to climatic change 

in the future.     

 

If the climatic trends found in this study during the 1982-2006 period continue in the future, 

they could eventually be harmful for Australia, in terms of the climate, vegetation, and certain 

land-uses. A continuation of the winter climatic trends during 1982-2006 could potentially 

lead to dryer climate over Australia, increasing the severity of droughts particularly in the 

south-eastern part (McAlpine et al., 2009). Eventually, a dryer climate could also decrease 

woody vegetation distribution and density, due to increasing bush-, grass-, and forest fires 

(Pitman et al., 2007), and cause problems for agriculture (croplands) due to water scarcity 
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(Risbey, 2011). Recent droughts have affected water supplies negatively in most major cities 

of Australia (McAlpine et al., 2009), which indicate the vulnerability of urban water to future 

droughts. According to previous studies, rainfall is an important factor for various land-use 

related changes, especially for agriculture and grazing (Hill et al., 2004; Fensham et al., 2005; 

Luo et al. 2005). This is likely because these land-uses are vulnerable to droughts (Risbey, 

2011; McAlpine et al., 2009; Nelson et al., 2010). If the droughts in Australia would increase 

in frequency or severity in the future, the vulnerability to droughts would therefore increase in 

urban water, agriculture and grazing. Agriculture and grazing will then will be at risk for 

degradation, clearing or land-use activity change. The summer climatic trends found over 

1982-2006 could on the contrary (to the winter trends) lead to a wetter climate over the whole 

Australian continent. Wet summers can produce strong vegetation growth, indicated by the 

temporal correlation between vegetation and rainfall found in this study over 1982-2006, but 

also by others (e.g. Donohue et al., 2009; Kawabata et al., 2001). This provides a lot of fire 

fuel for upcoming drought periods (Bradstock, 2010), which eventually may be harmful for 

Australia. Mpelasoka et al. (2008) predict an increase in future drought frequency on the 

Australian continent. Also, global warming will likely continue over the next decades (IPCC, 

2007), increasing the severity of droughts (McAlpine et al., 2009). The frequency and 

severity of vegetation fires increase as consequence to the droughts would likely be of great 

concern in the future, as these fires are already a great issue in Australia (Williams et al., 

2009). If the climatic winter and summer trends during 1982-2006 persist into the future they 

could cause an increase in potential vulnerability of the Australian continent to future climate 

variation. This is because the current global warming (IPCC, 2007) is already increasing the 

severity of droughts (McAlpine et al., 2009), contributing to the initial vulnerability.    

 

There is an importance of the winter rainfall in the climatic trends. On a continent-wide basis, 

winter rainfall does not display any significant trend in the present study, based on temporal 

variation. However, the spatial variation during 1982-2006 displays a significant pattern of 

decreased rainfall in the west of Australia. This reveal a shortcoming in the approach of the 

study, as regional changes can be obscured in continent-wide trends. A decrease in winter 

rainfall together with the trend of increasing summer rainfall over 1982-2006 might cause a 

negative outcome for the western part of the continent. This is because of higher 

evapotranspiration in summer seasons that decreases water runoff to streams and soils (Chiew 

& McMahon, 2002). Winter rainfall is predicted to decrease in the future across Australia, 

particularly in the southwestern part of the continent (Prowse & Brook, 2011). This prediction 

together with the rainfall findings of the present study indicate that winter rainfall is 

important, particularly for Western Australia. 

 

As 1982 was an exceptional drought year, caused by El Niño (BOM, 2005), it may have some 

impact on the study because it was used as the initial year in the 1982-2006 study period. For 

instance, the spatial variation in rainfall was calculated from the first to the last year of this 

period. Therefore, this estimated variation is affected by the 1982 El Niño year. The temporal 

variations during 1982-2006 show extremely low winter rainfall in 1982, but also very high 
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summer rainfall. The impact from the El Niño in 1982 differs therefore on winter and summer 

rainfall. The spatial variation in winter rainfall shows mostly an increase across Australia over 

1982-2006. As the temporal variation in winter rainfall is affected by the 1982 El Niño year, 

the increase in spatial variation during 1982-2006 is likely also affected to some extent. It is 

hard though to detect the precise degree of this impact. In terms of temperature, there is no 

indication of impact from the El Niño effect in 1982, which is shown by the temporal 

variation in winter and summer temperature. It is therefore unlikely that the spatial variation 

in winter and summer temperature from 1982 to 2006 is affected in great degree by the 1982 

El Niño year. Trends of temporal variations in winter and summer rainfall over 1982-2006 

show a correlation with the general patterns seen in spatial variations, over the same period. 

The temporal trends, as well as the correspondence between spatial and temporal correlations 

during 1982-2006 between vegetation and climatic parameters, indicate that the total impact 

of the 1982 El Niño year on the study may be minor. However, it could have been larger if, 

for example, 1986 was used as starting year of the study period, because of its high winter 

rainfall.   

 

Generally, NDVI data have some reliability issues, e.g. due to cloud-based errors or errors in 

estimates of absorbed radiation etc. (Hill et al., 2004). The GIMMS data set is probably one 

of the more trustworthy NDVI data sets, as it has already been calibrated and corrected for 

several issues (Pinzon et al., 2007). The GIMMS data is imperfect though. For instance, the 

temporal variation in winter NDVI during 1982-2006 reveals a severe decline from 1990 that 

proceeds until 1994. This declining period correlates with the volcanic stratospheric aerosol 

period initiated in June 1991 by the Mt. Pinatubo eruption, which proceeded to December 

1994 (Pinzon et al., 2007). This is indicated despite a correction for the Mt. Pinatubo eruption 

in the GIMMS data set. The declining period from 1990 to 1994 in winter NDVI may then not 

be caused by actual decline in vegetation density, greenness, and areal coverage, but by error 

caused by the Pinatubo eruption. Holm et al. (2003) made a comparison between ground-

based and remotely-sensed estimates of phytomass, in which the remote sensing is based on 

NDVI. Since they concluded that the ground-based measurements show strong correlation 

with the remotely-sensed measurements, the NDVI data then proved to be reliable, at least in 

their study area (Western Australia) and study period (1992-1999). Because the temporal 

variation in summer NDVI during 1982-2006 shows no clear impact from the Mt. Pinatubo 

eruption, this study shows overall minor impact from the eruption on NDVI.    

 

The findings of this study, in which land-use data was used, relate to certain issues that affect 

their patterns and significance. The land-use data, with coverage of the Australian continent, 

have limited availability, consisting of annual maps in only certain years during the 1992-

2005 period. It was therefore difficult to measure the land-use relationship with climatic 

parameters in this study. The land-use data also have an issue with some of the contents 

because they are interpreted and classified based on a certain system (ACLUMP, 2006). 

Interpreted data always bring a potential level of uncertainty, even if ground control data (or a 

“ground truth”) is additionally used. This is because if the interpreted content were, for 
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example, based on another classification system or interpreted by another group of people, 

then the outcome would most likely look different. A potential error in the land-use data is 

observed, for example, in agriculture areas (cropland), which show unreasonably large 

expanded areas during the 1992-2005 period in eastern Australia. This is visible in the 

separate annual land use maps (appendix 1), and in Figure 12. Presumably, this error is 

mainly based on the version difference between the 1992-2001 (version 3) and 2005 (version 

4) land-use maps. This version difference means that the maps are estimated by slightly 

different methods (ACLUMP, 2010), which therefore could cause errors when estimating 

land-use change over 1992-2005. The correlations between spatial climatic variations and 

expanded land uses are, because of the land-use data limitation, perhaps investigated across a 

too short study period (1992-2005). Also, because the related findings  show no clear and 

explainable correlation patterns, they could be random. Together with the errors (issues) in 

the land-use data, the findings are therefore unreliable.  

 

Areas of water, conservation, and production from relatively natural environments generally 

display higher mean values in climatic parameters during 1992-2005 than other land-use 

areas. Because these land-use areas are mainly distributed in hot and arid climate zones, their 

distribution might be connected to this pattern. However, the high climatic mean values 

within the land-use areas are not entirely consistent with the conditions of the climate zones. 

For instance, the summer rainfall is also high within these land-use areas, which is then 

illogical as arid climate is usually dry (normally receiving low rainfall amounts). However, 

the hydrological regime in Australia is a bit unusual. For example, periodic cyclones can 

penetrate into the inner (arid) parts of the continent and dump huge amounts of rainfall 

(Garnett et al., 2010). An area that is usually dry might therefore receive a few hundred mm 

of rainfall in a few days and then return to a few years of drought (Martin, 2006). The high 

summer rainfall over areas of water, conservation, and production from relatively natural 

environments are then perhaps not so illogical after all. This climate zone explanation may 

indicate that these land-use areas are unsuitable for agriculture because of their large aridity 

and erratic rainfall. Overall, this might explain why these land-use areas have generally higher 

temperature, rainfall, and solar radiation than the other land-use areas (e.g. croplands).  

 

There are few studies with comparable methods and findings to the current study. This is 

because studies on how land-use and vegetation relate to spatial and temporal variations in 

climatic parameters, are not very common in Australia. Data used in studies by Fensham et al. 

(2005) and Luo et al. (2005), include either same or similar variables as this study. But such 

studies among others (e.g. Taylor et al., 2012; Holm et al., 2003) have usually applied a 

specific calculated model in their analysis followed by findings that are not truly comparable 

to this study. The research field with the most comparable studies is the climate-vegetation 

relationship and their trends, where temperature and rainfall are the most commonly analyzed 

climatic variables. Correlation is a commonly used form of relationship analysis, not just 

between climatic variables and vegetation. This is because correlation analysis usually gives 

quick and relatively reliable results. Relationships between climate and land-use are little 

52



  

explored in remote sensing-GIS, especially in Australia. This is probably because land-use 

and its related variables have broadly not much remote sensing-GIS data available. The 

limited availability of land-use related data is not just present in Australia but also worldwide. 

In existing research, climate is often correlated with specific land-use related variables (e.g. 

Taylor et al., 2012; Luo et al., 2005; Hill et al., 2004) instead of broad land-use classes. 

Because of this the research tends to be constricted, which reduces the comparability with 

other studies. Temporal trends in solar radiation and their  relationships with vegetation is 

also an unusual research topic, partly because solar radiation alone is relatively unexplored in 

existing research, particularly in context with GIS. It is also likely because most researchers 

simply do not find solar radiation trends and their relationship with vegetation to be 

particularly interesting or important. They are, however, worthy of further research because 

solar radiation trends are related to vegetation and likely limits the distribution of vegetation, 

particularly in the summer when the radiation generally is higher.  
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Conclusions 
 

Temporal variations and trends in climatic parameters and vegetation identify winter as the 

key season across Australia. This is because there are systematic variations of solar radiation, 

temperature, and vegetation distribution-density. Also, winter rainfall is important because 

lower evapotranspiration, which is partly determined by cooler winter temperatures, increases 

water runoff to soils and streams. Winter rainfall is found to be particularly important in 

Western Australia. Spatial variations in the climatic parameters and vegetation distribution 

show highest variations over eastern and northern Australia. Significant increases in areal 

coverage of land-use are only found in cropland and conservation, while the areal coverage of 

grazing has largely decreased. A strong correlation is found between spatial variations in 

vegetation distribution and temperature. Vegetation distribution also correlates strongly with 

spatial variations in solar radiation. Correlations between spatial variations in climatic 

parameters and expansion of selected land-use areas are unreliable. There is a strong 

correlation in the temporal variations of vegetation distribution and density with temperature. 

Temporal variation in vegetation density is also strongly correlated with solar radiation. 

Relationships between temporal variations in climatic parameters and selected land-use areas 

reveal the following pattern. In general, areas of water, conservation, and production from 

relatively natural environments show higher mean values in climatic parameters than other 

land-use areas. This pattern might be explained by the distribution of these land-use areas in 

hot and arid climate zones of Australia, because the aridity and erratic rainfall provide an 

unsuitable climate for agriculture. 

 

The findings of the present study along with the current global warming indicate that the 

future for Australia in climatic and environmental terms is challenging and that its 

vulnerability to climate change is of great concern. In particular, increasing frequency and 

severity of drought and forest fires, would likely be of great concern in the future, especially 

for water supply, agriculture, grazing, and vegetation. Further exploration of solar radiation 

trends and their impact on vegetation, land-use, and especially water supplies (urban and 

rural) will provide an improved basis for managing and predicting the future impact of 

climate change on Australia.  
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Appendix  

 

A1 - Seasonal/Annual maps of climatic variables, NDVI and land-use 

Figure 34: Mean winter and mean summer temperature in Australia 1982-2006. 
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Figure 35: Mean winter and mean summer rainfall in Australia 1982-2006. 
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Figure 36: Mean winter and mean summer solar radiation in Australia 1990-2006. 
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Figure 37: Winter and summer mean of NDVI in Australia 1982-2006. 
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Figure 38: Land-use in Australia 1992-1998. 
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Figure 39: Land-use in Australia 2000-2005. 
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A2 - Tables with mean of climatic variables and NDVI 

 

Table 2: Mean temperature in Australia, winter and summer 1982-2006. 

 

 

Table 3: Mean rainfall in Australia, winter and summer 1982-2006. 

 

 

Table 4: Mean solar radiation in Australia, winter and summer 1990-2006. 

 

 

Mean temperature in continental mean variation mean variation

Australia 1982-2006 1982 1986 1990 1992 1993 1994 1996 1982-2006 1982-2006 in +/- (%)

mean winter  temperaure (C°) 14,5586 14,6348 14,8249 15,159 15,3588 14,8212 16,119 0,295 2,026293737

mean summer temperature (C°) 27,8041 27,5021 27,5175 27,298 27,2344 27,373 27,3167 0,4327 1,556245302

1998 2000 2001 2002 2005 2006 total mean 1982-2006

mean winter temperaure (C°) 15,6398 14,7553 15,1713 15,1142 15,5898 14,8536 15,1231

mean summer temperature (C°) 28,4176 26,6038 27,8211 26,7163 27,9356 28,2368 27,52130769

Mean rainfall in continental mean variation mean variation 

Australia 1982-2006 1982 1986 1990 1992 1993 1994 1996 1982-2006 1982-2006 in +/- (%)

mean winter rainfall (mm) 9,313 34,0163 23,1523 22,6815 25,9162 12,1657 30,1656 6,4433 69,18608397

mean summer rainfall (mm) 72,3166 53,7763 47,7364 56,6121 83,5207 69,3161 58,7281 5,0814 7,026602467

1998 2000 2001 2002 2005 2006 total mean 1982-2006

mean winter rainfall (mm) 37,079 16,5695 22,848 12,7563 31,9613 15,7563 22,64469231

mean summer rainfall (mm) 68,3379 101,5836 95,6366 77,6466 51,6814 77,398 70,33003077

Mean solar radiation in continental mean variation mean variation 

Australia 1990-2006 1990 1992 1993 1994 1996 1998 2000 1990-2006 1990-2006 in +/- (%)

mean winter radiation (MJ/m²) 13,9478 14,2995 13,705 15,6681 14,6411 14,3557 15,3468 1,9383 13,89681527

mean summer radiation (MJ/m²) 25,7997 26,4238 25,2985 25,1714 26,6654 26,0879 24,6095 -0,0855 -0,331399202

2001 2002 2004 2005 2006 total mean 1990-2006

mean winter radiation (MJ/m²) 15,2769 16,1057 15,4451 15,154 15,8861 14,98598333

mean summer radiation (MJ/m²) 25,0026 25,276 25,7308 27,565 25,7142 25,77873333
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Table 5: Mean NDVI in Australia, winter and summer 1982-2006. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Mean NDVI in continental mean variation mean variation

Australia 1982-2006 1982 1986 1990 1992 1993 1994 1996 1982-2006 1982-2006 in +/- (%)

mean winter NDVI value 0,3639077 0,3435844 0,376206 0,3692818 0,3283066 0,3085593 0,3629474 0,04808735 13,21416226

mean summer NDVI value 0,3107474 0,3226612 0,2978375 0,3083895 0,3266978 0,3194746 0,3244353 0,00369278 1,188354156

1998 2000 2001 2002 2005 2006 total mean 1982-2006

mean winter NDVI value 0,3821565 0,3961472 0,3978723 0,3722295 0,3678282 0,411995 0,367770918

mean summer NDVI value 0,3042088 0,3231481 0,3486938 0,3177927 0,3198725 0,3144402 0,318338417
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A3 - Tables with land-use area cover 

 

Table 6: Annual area cover in land-use classes 1992-2005, in Australia.  

 

 

 

 

 

 

 

 

 

 

Area covered in each year (km²) Change 1992-2005

Land use class 1992 1993 1996 1998 2000 2001 2005 in +/- (%)

Conservation and natural 2 609 700 2 613 300 2 619 500 2 636 900 2 674 900 2 679 500 2 821 300 8,1

environments

Forestry 161 500 161 500 160 500 157 100 151 800 150 000 138 200 -14,4

Grazing 4 551 100 4 544 100 4 510 700 4 471 600 4 437 200 4 433 400 4 287 600 -5,8

Cropping 193 300 198 000 225 300 248 300 250 300 250 000 268 200 38,7

Garden cultivation 4 000 3 500 4 100 4 900 4 700 5 700 5 000 25,0

(Horticulture)

Intensive uses 22 900 22 100 22 700 24 100 24 100 24 500 30 800 34,5

(including some potential 

agricultural land)

Water 133 200 133 200 133 200 133 200 133 200 133 200 125 000 -6,2

No data 2 200 2 200 1 900 1 800 1 600 1 600 1 700 -22,7

Total area (rounded 7 677 900 7 677 900 7 677 900 7 677 800 7 677 800 7 677 900 7 677 800 0,0

from raw data)
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Table 7: Annual proportion of total land-use area in land-use classes 1992-2005, in Australia.  

 

 

 

 

 

 

 

 

 

 

Proportion of total area (%)

Land use class 1992 1993 1996 1998 2000 2001 2005

Conservation and natural 33,99 34,04 34,12 34,34 34,84 34,90 36,75

environments

Forestry 2,10 2,10 2,09 2,05 1,98 1,95 1,80

Grazing 59,28 59,18 58,75 58,24 57,79 57,74 55,84

Cropping 2,52 2,58 2,93 3,23 3,26 3,26 3,49

Garden cultivation 0,05 0,05 0,05 0,06 0,06 0,07 0,07

(Horticulture)

Intensive uses 0,30 0,29 0,30 0,31 0,31 0,32 0,40

(including some potential 

agricultural land)

Water 1,73 1,73 1,73 1,73 1,73 1,73 1,63

No data 0,03 0,03 0,02 0,02 0,02 0,02 0,02

Total area (rounded 100,00 100,00 100,00 100,00 100,00 100,00 100,00

from raw data)
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A4 - Table with variation of climatic variables within expanded land-use  

 

Table 8: Mean winter and mean summer variation of climatic variables within expanded land-use types 1992-2005, in Australia.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Mean variation of temperature, rainfall & winter

solar radiation in land use expansion 1992-2005 Temperature (C°) Rainfall (mm) Radiation (MJ/m²)

Water 0,47509194 5,002474029 0,934363096

Conservation and natural environments 0,499183746 9,738945804 0,63148865

Croplands 0,897312934 18,84067493 0,401824123

summer

Temperature (C°) Rainfall (mm) Radiation (MJ/m²)

Water 0,668609112 -5,309261199 1,271628289

Conservation and natural environments 0,461775191 -4,500756548 0,963723532

Croplands 0,597287817 -11,85045553 1,112928055
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A5 - Tables with correlation between climatic variables and NDVI  

 

Table 9: Temperature and NDVI correlation in Australia 1982-2006.  

 

 

 

 

 

 

Table 10: Rainfall and NDVI correlation in Australia 1982-2006.  
 

 

 

 

 

 

 

Table 11: Solar radiation and NDVI correlation in Australia 1990-2006. 

 

 

 

 

 

 

 

Temperature and NDVI correlation change change 1982-2006 

 in continental Australia 1982-2006 1982 1986 1990 1992 1993 1994 1996 1982-2006 in +/- (%)

winter correlation coefficient -0,10181 -0,09214 -0,23981 -0,16259 0,06722 0,10279 -0,23901 0,0421 -41,35153718

summer correlation coefficient -0,53184 -0,50301 -0,43003 -0,46522 -0,65225 -0,56602 -0,53303 -0,02366 4,448706378

1998 2000 2001 2002 2005 2006 mean correlation 1982-2006

winter correlation coefficient) -0,18378 -0,09721 -0,16877 -0,141 -0,21338 -0,05971 -0,117630769

summer correlation coefficient -0,55781 -0,57218 -0,6261 -0,42578 -0,48862 -0,5555 -0,531337692

Rainfall and NDVI correlation change change 1982-2006 

 in continental Australia 1982-2006 1982 1986 1990 1992 1993 1994 1996 1982-2006 in +/- (%)

winter correlation coefficient 0,37221 0,39472 0,50787 0,3285 0,3271 0,28777 0,38065 0,05365 14,41390613

summer correlation coefficient 0,27546 0,45946 0,56088 0,60648 0,18653 0,3443 0,54372 0,01491 5,412764104

1998 2000 2001 2002 2005 2006 mean correlation 1982-2006

winter correlation coefficient) 0,49655 0,4157 0,30839 0,41038 0,49757 0,42586 0,396405385

summer correlation coefficient 0,38287 0,22065 0,1883 0,24044 0,59114 0,29037 0,3762

Solar radiation and NDVI correlation change change 1990-2006 

 in continental Australia 1990-2006 1990 1992 1993 1994 1996 1998 2000 1990-2006 in +/- (%)

winter correlation coefficient -0,2622 -0,20108 -0,03867 -0,01569 -0,23142 -0,30115 -0,19767 0,05943 -22,66590389

summer correlation coefficient -0,50325 -0,72563 -0,45106 -0,5052 -0,67211 -0,53967 -0,42131 0,14861 -29,53005464

2001 2002 2004 2005 2006 mean correlation 1990-2006

winter correlation coefficient) -0,28317 -0,27821 -0,28451 -0,39165 -0,20277 -0,224015833

summer correlation coefficient -0,35747 -0,3624 -0,41251 -0,7203 -0,35464 -0,502129167
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A6 - Tables with mean of climatic variables within land-use 

 

Table 12: Mean summer temperature within land-use classes in Australia 1992-2005. 

 

Table 13: Mean winter temperature within land-use classes in Australia 1992-2005. 

 

Table 14: Mean summer rainfall within land-use classes in Australia 1992-2005.  

 

Mean summer temperature in land use classes in continental 

Australia 1992-2005 Temperature (C°) variation variation 1992-2005 mean

Land use class 1992 1993 1996 1998 2000 2001 2005 1992-2005 in +/- (%) 1992-2005

Water 27,385 27,435 27,404 28,606 27,098 28,772 27,872 0,4871 1,778736954 27,79588571

Conservation and natural environments 27,873 27,615 28,003 28,941 26,889 28,158 28,489 0,6159 2,209649412 27,99541429

Intensive uses 21,832 22,351 21,489 23,32 22,222 23,553 22,5 0,6681 3,060228933 22,46648571

Production from relatively natural environments 27,703 27,673 27,564 28,798 27,017 28,153 28,916 1,2129 4,378210381 27,97471429

Production from dryland agriculture and plantations 21,935 22,403 21,776 23,232 22,345 23,652 23,499 1,5636 7,128203725 22,69171429

Production from irrigated agriculture and plantations 21,904 22,766 21,937 23,765 22,878 24,581 22,512 0,6081 2,776217934 22,906

Mean winter temperature in land use classes in continental 

Australia 1992-2005 Temperature (C°) variation variation 1992-2005 mean

Land use class 1992 1993 1996 1998 2000 2001 2005 1992-2005 in +/- (%) 1992-2005

Water 15,4385 15,6053 16,339 15,8302 15,2053 15,6113 15,5378 0,0993 0,643197202 15,65248571

Conservation and natural environments 15,8611 15,618 16,9968 16,318 15,3664 15,6141 15,9453 0,0842 0,530858515 15,95995714

Intensive uses 11,785 12,4508 12,2342 12,1434 11,9134 12,4452 12,7721 0,9871 8,37590157 12,24915714

Production from relatively natural environments 15,3103 15,7316 16,1409 15,8306 14,9102 15,4065 16,4371 1,1268 7,359751279 15,68102857

Production from dryland agriculture and plantations 10,8261 11,2817 11,2471 10,8998 10,7041 11,0792 11,8726 1,0465 9,666454217 11,13008571

Production from irrigated agriculture and plantations 10,2515 11,3268 11,126 11,0039 10,6061 11,4162 11,6947 1,4432 14,07793981 11,06074286

Mean summer rainfall in land use classes in continental 

Australia 1992-2005 Rainfall (mm) variation variation 1992-2005 mean

Land use class 1992 1993 1996 1998 2000 2001 2005 1992-2005 in +/- (%) 1992-2005

Water 53,3752 85,2432 60,3548 69,7212 100,522 93,2965 41,4789 -11,8963 -22,28806637 71,99882857

Conservation and natural environments 52,0158 87,2511 60,0061 68,1733 113,98 105,598 45,4944 -6,5214 -12,53734442 76,0741

Intensive uses 124,037 79,7901 91,613 62,6268 76,7265 71,3374 84,15 -39,887 -32,15734015 84,32582857

Production from relatively natural environments 59,3719 84,7881 58,3832 72,1605 99,83 96,8323 55,3383 -4,0336 -6,793786286 75,24347143

Production from dryland agriculture and plantations 51,6224 52,7708 49,1903 35,4491 56,2236 36,8978 53,8631 2,2407 4,340557587 48,00244286

Production from irrigated agriculture and plantations 69,4038 78,8857 65,7842 50,5398 66,9562 52,9296 77,5922 8,1884 11,79820125 66,01307143
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Table 15: Mean winter rainfall within land-use classes in Australia 1992-2005. 

 

Table 16: Mean summer solar radiation within land-use classes in Australia 1992-2005. 

 

Table 17: Mean winter solar radiation within land-use classes in Australia 1992-2005. 

 

 

Mean winter rainfall in land use classes in continental 

Australia 1992-2005 Rainfall (mm) variation variation 1992-2005 mean

Land use class 1992 1993 1996 1998 2000 2001 2005 1992-2005 in +/- (%) 1992-2005

Water 23,295 21,7102 27,9228 29,9771 15,0609 22,2753 27,1705 3,8755 16,6366173 23,91597143

Conservation and natural environments 21,2228 23,0861 23,1771 30,0856 11,6786 23,5816 28,7611 7,5383 35,51981831 23,0847

Intensive uses 50,5462 59,5902 73,1157 81,6448 47,3457 48,4756 68,1434 17,5972 34,81409087 61,26594286

Production from relatively natural environments 18,5909 23,6135 29,4042 36,9385 14,9887 18,7944 26,3586 7,7677 41,78226982 24,0984

Production from dryland agriculture and plantations 58,8955 55,6323 72,5228 70,8021 49,2397 49,5024 57,9101 -0,9854 -1,673132922 59,21498571

Production from irrigated agriculture and plantations 44,3014 46,1355 60,3401 59,2194 38,9113 39,921 63,1847 18,8833 42,62461231 50,28762857

Mean summer solar radiation in land use classes in 

continental Australia 1992-2005 Radiation (MJ/m²) variation variation 1992-2005 mean

Land use class 1992 1993 1996 1998 2000 2001 2005 1992-2005 in +/- (%) 1992-2005

Water 25,9777 25,1198 25,8105 25,5612 24,397 24,6046 27,4109 1,4332 5,517039615 25,55452857

Conservation and natural environments 26,3405 25,8239 26,6465 26,2594 23,8098 24,5426 27,7894 1,4489 5,500654885 25,88744286

Intensive uses 23,5609 23,5242 23,9141 24,754 23,6951 24,6005 24,8993 1,3384 5,68059794 24,13544286

Production from relatively natural environments 26,67 25,061 26,8143 25,9748 25,058 25,1916 27,7495 1,0795 4,047619048 26,07417143

Production from dryland agriculture and plantations 25,2113 24,9773 25,937 26,4816 25,1314 25,9701 26,555 1,3437 5,329752928 25,75195714

Production from irrigated agriculture and plantations 25,4117 24,2914 25,6021 25,8442 25,0441 25,7568 25,7396 0,3279 1,290350508 25,38427143

Mean winter solar radiation in land use classes in 

continental Australia 1992-2005 Radiation (MJ/m²) variation variation 1992-2005 mean

Land use class 1992 1993 1996 1998 2000 2001 2005 1992-2005 in +/- (%) 1992-2005

Water 13,7619 13,2441 14,2262 13,9725 14,7573 14,8593 14,5575 0,7956 5,781178471 14,19697143

Conservation and natural environments 14,6892 14,2364 15,2481 14,9005 16,0986 15,6755 15,6431 0,9539 6,493886665 15,21305714

Intensive uses 10,8575 10,0761 10,7034 10,1106 11,2812 11,3371 11,2963 0,4388 4,041446005 10,80888571

Production from relatively natural environments 14,6216 13,9184 14,7968 14,6087 15,5345 15,6151 15,8895 1,2679 8,671417629 14,9978

Production from dryland agriculture and plantations 10,3708 9,93972 10,2787 10,0529 10,8223 11,0144 11,6559 1,2851 12,39152235 10,59067429

Production from irrigated agriculture and plantations 10,1172 9,68088 10,1759 10,0896 10,789 11,1604 10,8194 0,7022 6,940655517 10,40462571
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