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Abstract 
 

Evidence for the warming of the climate system is considered unequivocal. Observations 

from all continents and most oceans show many natural systems are being disturbed by 

regional climate change (IPCC 2007). Agricultural production is strongly influenced by 

climate and so climate change will have profound effects on food production and the natural 

resources on which agriculture depends. In Tasmania, dairy is the largest agriculture industry 

contributing nearly 30% of the gross value of agricultural production. Production and 

consumption of high quality temperate pastures and the availability of irrigation underpin the 

competitiveness of the Tasmanian dairy industry. As a result, the Tasmanian dairy industry 

will need to adapt to any changes in climate that affect the productivity of temperate pastures 

or the availability of irrigation water. Therefore, there is an urgent need to evaluate climate 

change impacts on agricultural production in Tasmania.  

  

Although relatively small in area, Tasmania has a diverse range of regional climates that are 

the result of different synoptic influences. Consequently, climate change might be expected to 

vary in different regions of the state. The aim of this thesis is to quantify the regional impacts 

of projected climate change on the productivity of pasture based dairy systems for six regions 

within Tasmania. Six sites were selected to represent the dairying regions of the north west 

(Woolnorth and Flowerdale), central north (Merseylea), the northern Midlands (Cressy), the 

north east (Ringarooma) and the south (Ouse). 

  

Observed and interpolated historical climate data from four different climate data sources are 

available. A meteorological and biophysical comparison between the four sources of observed 

and interpolated gridded daily climate data for the period 1971 to 2007 was undertaken at 

each site. The data obtained were SILO Patched Point data (observed), SILO Data Drill 

(0.05°), Australian Water Availability Project (AWAP 0.05°) and Australian Water 

Availability Project (AWAP 0.1°). Differences were observed between the four daily climate 

data sources for each region for the climate variables mean daily minimum temperature, 

rainfall and potential evaporation. In addition, outputs from a biophysical model DairyMod 

(version 4.9.2) compared simulated monthly and annual pasture production. There were few 

significant differences in annual pasture production but there were significant differences for 

the months of October and November. 

 

Climate Futures for Tasmania (CFT) used CSIROs Conformal Cubic Atmospheric Model 

(CCAM) to dynamically downscale five General Circulation Models (GCMs) 

(ECHAM5/MPI-OM, GFDL-CM2.0, GFDL-CM2.1, MIROC3.2 (medres) and UKMO-
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HADCM3) reported in the IPCC fourth assessment report and a sixth GCM, CSIRO-Mk3.5. 

The CFT project provided projections under the A2 emissions scenario at a scale of 0.1° 

(≈10km) grid across Tasmania for the period 1961 to 2100. Climate models have variable 

skill and inherent biases. To manage these biases, a bias-adjustment method was undertaken 

to scale the climate modelling outputs to the historical interpolated data of AWAP 0.1. The 

aim was to preserve the change in the frequency distributions from the six GCMs projections. 

The suitability of the downscaled bias-adjusted GCM data for use in a biophysical model was 

evaluated by comparing simulated pasture yields from DairyMod from the downscaled GCMs 

with that from the AWAP 0.1° data source for the period 1990 to 2007. The mean annual 

simulated pasture yields from the downscaled bias-adjusted GCMs and from the AWAP 0.1° 

data source were generally comparable, giving confidence that the bias-adjusted GCM 

simulations were suitable for projections of pasture production.  

 

The projected climate for the A2 emissions scenario at each site was described over the period 

of 1971 to 2100. The mean of daily maximum and daily minimum temperatures at each site 

are projected to increase from a baseline period (1971 to 2000) to 2085 (2071 to 2100) 

ranging from 2.4°C at Woolnorth to 2.7°C at Ringarooma. Mean annual rainfall is projected 

to slightly increase at each site except Flowerdale, from the baseline period to 2085. Seasonal 

rainfall is projected to increase slightly at each site except Woolnorth (summer) and 

Flowerdale (summer and spring). Inter-annual rainfall variability is projected to increase for 

each region. Mean annual potential evapotranspiration rates as calculated by Morton‟s wet 

method (Bennett et al. 2010) are projected to increase by 3% to 4% for each region from the 

baseline period to 2085. No changes in solar radiation are projected for any of the regions.    

 

The Tasmanian dairy industry is a vital component of the state‟s agricultural sector. The 

industry is comprised of approximately 450 farms and produces approximately 7% of the 

national milk production. Regional variation in the projected climate is likely to result in 

regional variation in pasture production across Tasmania. The biophysical model DairyMod 

was used to simulate the growth of perennial ryegrass (Lolium perenne L.) under rainfed and 

irrigated conditions at each site. The simulations were nutrient non-limited, pasture was 

harvested monthly to a residual of 1400 kg /DM/ha, and identical soil physical and chemical 

parameters were used for each site. Throughout the 21
st
 century mean annual pasture yields 

under rainfed conditions at each site are projected to increase above the baseline varying from 

a 29% increase at Woolnorth to 150% increase at Cressy by 2085. Mean annual irrigated 

pasture yields are projected to increase until mid-century, then decrease to 2085. The 

reduction of irrigated pasture yields in the latter half of this century is the result of an increase 

in the number of warm days with maximum temperatures exceeding 28°C. The impact of 
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higher daily maximum temperatures are more evident under the irrigated simulations, because 

the irrigated simulations were not limited by soil moisture. In contrast, the major limitation to 

growth under the rainfed simulations during the summer months is inadequate soil moisture. 

Yield increases under both rainfed and irrigated simulations are projected to occur during late 

winter and spring. The increase in yield is a result of increases in both daily maximum and 

minimum temperatures and the progressive increase of atmospheric CO2 concentrations under 

the A2 scenario.  

 

Inter-annual yield variability for each region is projected to decrease throughout the 21
st
 

century under both the rainfed and irrigated simulations, except at Cressy under irrigation. 

The decrease in inter-annual yield variability is being driven by a marked reduction in yield 

variability during autumn and spring.  

 

Irrigation demand progressively increases throughout the 21
st
 century for each region, except 

at Cressy and Ouse. Although irrigation requirements are projected to increase, there is a 

corresponding increase in the water use efficiency (WUE) of the pastures. This increase in 

WUE is driven by increasing atmospheric CO2 concentrations resulting in an increase in the 

net influx of CO2, increased stomatal resistance and a decline in transpiration per unit of CO2 

fixed (Clark et al. 1995). 

 

Surface runoff was quantified at each site, using the downscaled bias-adjusted GCMs 

simulations within the hydrological model SIMHYD (Chiew et al. 2002) for the period 1971 

to 2100 (Bennett et al. 2010). At each site, except Flowerdale, mean annual surface runoff at 

2085 was projected to increase as a result of increased runoff during the winter months. A 

case study farm at Ringarooma was selected to quantify the projected surface runoff and river 

flow impacts on an irrigated perennial ryegrass based dairy system. Currently the farm is 166 

ha in size with 75 ha of the farm supported by irrigation infrastructure. Irrigation water is 

accessed from both an on-farm catchment (dam) and access to River flows (Ringarooma 

River). Under the projected climate, hydrological modelling indicates that irrigation demand 

by 2085 will be met by the on-farm storage dam 50% of the time in comparison to the current 

baseline of 23%. In contrast, water accessed from the Ringarooma River during summer is 

projected to continually fail to meet irrigation demand from the baseline to 2085.  

 

Modelling the climate change impacts indicate a progressive increase in pasture growth 

within Tasmania throughout the 21
st
 century (particularly under rainfed conditions). The low 

cost of milk production associated with pasture based dairy systems underpins the national 

and international competitive advantage of the Tasmania dairy industry. This study has found 
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the current forage base of Tasmanian dairy regions is resilient to future climate scenarios and 

that adaptations are likely to be within system adaptations, with the industry continuing to 

focus on milk production per hectare and pasture consumption per hectare as key 

determinants of business success. This will allow the Tasmanian dairy industry to retain its 

comparative advantage. 
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CHAPTER 1: INTRODUCTION 

 

Warming of the climate system is considered unequivocal (IPCC 2007). This is evident from 

observed increases in global average air and ocean temperatures, widespread melting of snow 

and ice, and rising global average sea levels. In addition, observations from all continents and 

most oceans show many natural systems are being disturbed by regional climate change, in 

particular from increasing temperatures (IPCC 2007). 

 

Australia, the driest of all inhabited continents, is characterised by an arid to semi-arid climate 

with highly variable rainfall both temporally and spatially (Taschetto & England 2009). 

Climate trends in Australia are consistent with those evident from around the world. Gradual 

increases in mean annual daily temperatures in nearly all locations have been observed 

particularly in overnight minimums (Pittock 2003; Karoly & Braganza 2005). Changes have 

also been observed in mean annual rainfall although these are not consistent. Since 1950, 

north Western Australia has become wetter while much of eastern and southern Australia has 

become drier (Gallant et al. 2007; Nicholls 2007).  

 

Tasmania is the most southerly permanently inhabited island of Australia, lying some 240 km 

off the south-east coast of mainland Australia and located between 40° to 43° south in 

latitude. It has a mostly temperate maritime climate. A prevailing westerly airstream leads to 

a marked variation of cloudiness, rainfall and temperature. Consequently, the west coast and 

highlands are generally cool, wet and cloudy, while the east coast and lowlands are milder, 

drier and sunnier. Rainfall is commonly less (in both amount and frequency) in summer, most 

notably in the west and north west. Winters are not excessively cold, especially compared to 

places at similar latitudes in the northern hemisphere that do not have the surrounding oceans 

moderating influence. The mean daily temperature for Tasmania is 10.4°C (Bureau of 

Meteorology 2011). Since the 1950‟s this has risen by 0.1°C per decade, significantly less 

than for Australia or the globe (Grose et al. 2010). Daily minimum temperatures have 

increased at a greater rate than daily maximum temperatures. The lower rate of warming of 

daily maximum temperatures is consistent with greenhouse warming and analyses of 

observations globally (McInnes et al. 2004; Grose et al. 2010). Since the 1950‟s mean annual 

rainfall in Tasmania has declined by 22 mm per decade. Trends since 1970 show an even 

greater decrease of 45 mm per decade (Bureau of Meteorology 2011). While these changes in 

Tasmania‟s climate are apparent it remains unclear how much of the change is part of natural 

background variability or how much represents a fundamental change in climate due to 

anthropogenic influences.  
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The observed climatic changes are beginning to, and have the potential to, strongly influence 

agricultural production. These changes are likely to increase both the biophysical and 

economic stress within the sector (Harle et al. 2006). Specifically, the impacts of a changing 

climate may include changes to crop yields, product quality and changes in the timing of farm 

operations such as planting and harvesting. Furthermore, changes may occur in suitable crop 

species and cultivars at one level and the suitability of whole farming systems at another.  

 

In 2007, agricultural production in Tasmania contributed approximately $950 million (16%) 

to the state‟s economy. Dairy is Tasmania‟s largest agricultural industry, contributing 

approximately 30% of the state‟s gross agricultural production (Australian Bureau of 

Statistics 2010a). The Tasmanian dairy industry is located along the higher rainfall northern 

coastal areas of the state from Ringarooma in the north east to Smithton in the north west, 

with a smaller number of farms in the Deloraine region, King Island and Derwent Valley. The 

industry is pasture based with the dominant pasture grass specie being perennial ryegrass 

(Lolium perenne L.) commonly sown in a mixed sward with white clover (Trifolium repens 

L.). The reliable production of high quality pasture reduces the demand for supplementary 

feed and provides a competitive advantage for Tasmanian dairy farmers against mainland and 

international producers. However, a heavy reliance on pasture results in the industry being 

vulnerable to climate change either directly through the influences on the production and 

persistence of pasture, or indirectly through a reduction in the availability of irrigation water. 

 

Although the impact of the projected climate change on pasture production remains uncertain, 

it is likely to vary regionally according to the existing regional climate and amount of change 

likely at any one site (Cullen et al. 2009). Currently there is a paucity of climate projection 

data at a regional scale. General Circulation Models (GCMs) are used for creating future 

climate scenarios. These models are based on established physical principles and are capable 

of reproducing the most significant features of the observed climate (Perkins & Pitman 2009; 

Brankovic et al. 2010). However, projections of climate change are not evenly distributed 

over the globe. This necessitates that local or regional climate projections are required to 

quantify local or regional climate impacts (Corney et al. 2010).  

 

The Climate Futures for Tasmania (CFT) project generated climate projections specific to 

Tasmania through fine scale climate modelling using dynamical downscaling (Corney et al 

2010). The CFT project used CSIROs Conformal Cubic Atmospheric Model (CCAM) to 

dynamically downscale five of the twenty three GCMs reported in the IPCC fourth 

assessment report (AR4) and a sixth GCM, CSIRO-Mk3.5, under two Special Report on 

Emission Scenarios (SRES); a higher emissions scenario (A2) and a low emission scenario 



 3 

(B1) (Nakicenovic & Swart 2000). The downscaling increases the spatial resolution from 2° 

to 3° grid cells in the GCMs down to a 0.1° grid (≈10km) for Tasmania (Corney et al. 2010). 

The dynamically downscaled climate projections produced by CFT captures regional and sub-

regional differences allowing the projected climate change impacts to be quantified on a 

regional level (Corney et al. 2010).  

 

Using the bias-adjusted dynamically downscaled GCMs data from the CFT project, this study 

will quantify daily climate outputs for the period 1971 to 2100 for six dairy regions of 

Tasmania. The six sites selected in the study are representative of the Tasmanian dairying 

regions of the north west (Woolnorth and Flowerdale) central north (Merseylea), the northern 

Midlands (Cressy), the north east (Ringarooma) and the south (Ouse). Regional impacts of the 

projected climate change on pasture production, irrigation demand and runoff will be 

quantified using simulation modelling. This study aims to provide assessments of local 

climate change at a regional level across the dairy industry where information has previously 

been scarce. The research will be undertaken to quantify and provide an information base for 

the Tasmanian dairy industry to prepare for the uncertainty and develop adaptation strategies 

to the projected future climate regimes most likely, given current knowledge. 

 

The specific objectives were; 

1. To compare meteorological and biophysical modelling of four observed and 

interpolated daily climate data sources at six sites in Tasmania for the period 1971 to 

2007. 

2. To compare meteorological and biophysical modelling between AWAP 0.1° daily 

climate data and six bias-adjusted dynamically downscaled GCMs daily climate data 

sources at six sites in Tasmania for the period 1990 to 2007. 

3. Evaluate the projected daily climate data from six bias-adjusted dynamically 

downscaled GCMs data sources at six sites in Tasmania for the period 1971 to 2100. 

4. Evaluate the impacts of projected climate change on perennial ryegrass yields at six 

sites within Tasmania for the period 1971 to 2100 using a biophysical modelling 

approach. 

5. Quantify projected surface runoff at six sites in Tasmania from a hydrological model 

using the six bias-adjusted dynamically downscaled GCMs daily climate data for the 

period 1971 to 2100. And undertake an on-farm case study to quantify the projected 

surface runoff and River flow impacts on an irrigated pasture based dairy system.    
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CHAPTER 2: REVIEW OF LITERATURE  

 

2.1 Dairying in Australia 

 

Since European settlement in 1788, the production of cow‟s milk has been an important 

feature of Australian agriculture. When the first fleet established itself at Farm Cove, Port 

Jackson, they had brought with them 7 cows and 2 bulls to supply milk for the colony and 

also to serve as the foundation stock for future herds. This was the beginning of an 

extraordinary industry in Australian agriculture (Dairy Australia 2011). 

 

Today, primary production in Australia contributes approximately $31.9 billion (5.3%) to the 

national economy. The dairy industry is the third largest agriculture industry within Australia 

(behind wheat and meat production), accounting for 9% of the total gross value of primary 

production (Dairy Australia 2011). In 2009/10 the industry produced approximately 9 billion 

litres of milk at a farmgate value of $3.4 billion, of which $2.4 billion was the result of export 

markets (Dairy Australia 2011). There are eight main dairy regions in Australia where 

dairying is well established (Figure 2.1). The dairy industry is concentrated in the south 

eastern corner of Australia, with Victoria (66%), Tasmania (7%) and South Australia (7%) 

accounting for around 80% of the national output (Table 2.1) (Dairy Australia 2011).  

 

Table 2.1 Annual milk production (L) for each state and percentage of national production 

(source Dairy Australia 2011). 

State Production litres 
% National 

production 

Victoria 6,296,934 65.7 

NSW 1,104,942 11.5 

SA 654,702 6.8 

Tasmania 642,239 6.7 

Queensland 534,409 5.6 

WA 349,423 3.6 

Total 9,582,649 99.9 

 

Over the last two decades the phasing out of government support and the deregulation of the 

milk industry in 2000 has lead to a substantial restructuring of the Australian dairy industry. 

Throughout this period the number of dairy farms in Australia has more than halved. 

Restructuring has led to more efficient production at farm scale and an expansion of dairy 

production nationally. The average farm and herd size, volumetric milk production, milk yield 

per cow and supplementary feed inputs have all increased (Dairy Australia 2011). 
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Figure 2.1 Main dairy regions of Australia (source Dairy Australia 2011). 

 

Pasture based dairy systems are found in temperate regions throughout the world, such as 

those operated in the Atlantic Arc of Europe, New Zealand and southern Australia. Pasture is 

generally the cheapest source of feed for dairy cows and there is a strong positive relationship 

between on-farm profit and total pasture dry matter (DM) consumed per hectare (Chapman et 

al. 2009). In Australia and New Zealand pasture comprises between 50% to 80% and 85% to 

95% of the dairy cows‟ diet respectively (McDonald et al. 2010). In southern Australia, 

perennial ryegrass is the most widely sown dairy pasture species supplying 60% to 70 % of 

the diet of lactating cows due to its high nutritional value and digestibility (Armstrong et al. 

2000; Chapman et al. 2008a). Perennial ryegrass based pastures can provide high quality 

forage for most of the year under appropriate environmental and management conditions. 

However, pasture based systems regularly fail to meet the feed requirements for lactating 

dairy cows during late winter and summer. During winter low temperatures restrict perennial 

ryegrass growth, while during summer high maximum temperatures and soil moisture deficits 

restrict growth (Doyle et al. 2000; Chapman et al. 2008a) and can result in poor persistence 

due to low tiller survival (Waller & Sale 2001; Garcia & Fulkerson 2005). 
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The low cost of milk production associated with pasture based dairy systems underpins the 

national and international competitive advantage of the Tasmanian dairy industry. 

Supplementary feeding within the national dairy industry is becoming increasingly common, 

however, increased milk production reliant on increased supplementary feed is less profitable 

than those dairy systems based exclusively on increasing pasture production in order to meet 

the energy requirements of the herd (Chapman et al. 2008b). In Tasmania approximately 80% 

of dairy farmers utilise some form of supplementary feed, with only 20% being totally reliant 

on pasture to meet the herd‟s energy requirements. This figure is considerably higher than for 

mainland Australia, where the total reliance on a pasture ranges from 2% to 9% (Dairy 

Australia 2011).  

 

The heavy reliance of the Tasmanian dairy industry on pasture production is not without risk, 

as neither the quantity nor quality of pastures remains constant (Christie 2006). Maintaining 

high milk production levels via effective pasture management, optimising DM intake and 

maximising pasture production per hectare are important elements for the success of a pasture 

based dairy system (MacDonald et al. 2008; Chapman et al. 2009). More than 80% of dairy 

farms within Tasmania calve their cows in late winter/early spring, such that the peak feed 

requirements of the dairy herd coincide with increased pasture growth during spring. Autumn 

calving occurs on a smaller number of farms, while approximately 16% of farms calve cows 

in both autumn and spring (split) in order to supply milk year round. 

 

The dairy industry is a significant proportion of both the agricultural and manufacturing 

sectors of the state, along with being an important export industry. Approximately 91% of the 

state‟s milk production is manufactured into products such as cheese, milk powders and butter 

(Australian Bureau of Statistics 2010a). Dairy milk manufacturers in Tasmania are export 

orientated. Approximately 65% of milk produced in the state is exported to international 

markets and 26% is consumed within Australia as manufactured product with the remaining 

9% supplying the local fresh milk market. Despite the state‟s geographic isolation and high 

transport costs, the industry competes profitably against both interstate and international 

competitors (Bailey et al. 2004; Dairy Australia 2011).   

 

Over the last two decades, the Tasmanian dairy industry has mirrored trends on mainland 

Australia with reduced dairy farm numbers (approximately 460 farms), increased herd sizes 

and increased milk production per cow. While farm numbers have declined over the last two 

decades, milk production has increased steadily from an annual figure of 450 million litres in 

1990 to approximately 700 million litres in 2008 (Figure 2.2) (Dairy Australia 2011).  
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Figure 2.2 Annual number of Tasmanian dairy farms, cows per farm and annual milk 

production (million L) for the period 1990 to 2008 (Anon. 2009). 

 

The dairy industry in Tasmania is statewide, and can be summarised geographically into three 

main dairying regions; the north west, north and south. The industry is predominately located 

along the higher rainfall northern coastal areas of the state from Ringarooma in the north east 

to Smithton in the far north west. A smaller number of farms are located in the 

Cressy/Deloraine region (central north), King Island (north west) and the Derwent Valley 

(south) (Figure 2.3). 

 

The north west region includes greater than 60% of the state‟s dairy farms and comprises the 

sub regions King Island, the far north west and the central north west. King Island has an 

ideal climate for dairy production, with an annual rainfall of 900 mm to 1000 mm and very 

few frosts, although irrigation on King Island is limited owing to a lack of large streams and 

irrigation storages (Anon. 2009). 

  

The far north west, along the coastal regions from Woolnorth to Wynyard is considered the 

best dairying region in Tasmania and among the best in Australia. As a result a large 

proportion of the state‟s dairy production is based within this area. Mean annual rainfall 

varies from 1000 mm to 1400 mm, and there are comparatively few frosts. The central north 

west includes farms from Wynyard to Devonport and inland regions. Mean annual rainfall 

varies from 800 mm close to the coast to 1000 mm further inland and is winter dominant. 

This results in summer moisture deficits and as such irrigation is required to maintain reliable 

milk production throughout the year. The number of dairy farms in this region has decreased 

over time due to competition from alternative land uses. In particular, land has been converted 

to high value intensive horticulture and land marginal for dairy production has been converted 

to forestry plantations (Anon. 2009).  
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The northern region extends from the central north (Deloraine/Cressy) and to the north east 

(Gladstone/Ringarooma) and incorporates greater than 30% of the state‟s dairy farms. Mean 

annual rainfall across the region varies from less than 800 mm in areas of the north east and 

south of Launceston, to a 1000 mm to 1200 mm closer to the central plateau and north east 

highlands. Inland areas may experience up to 100 frosts per annum (Anon. 2009). 

 

The majority of the dairy production in the southern region of Tasmania is concentrated in the 

Derwent Valley to the north west of Hobart. Mean annual rainfall is comparatively low in 

contrast to the other dairying regions (Table 2.2), ranging from 500 mm to 700 mm, although 

there is potential for further development of large scale irrigated dairy production in the area.  

 

Figure 2.3 Location of dairy properties in Tasmania. 
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The regional variation in climatic conditions that exist between the dairying regions are 

highlighted in Table 2.2. These sites are representative of the dairying regions of the north 

west (Woolnorth and Flowerdale) central north (Merseylea), the northern Midlands (Cressy), 

the north east (Ringarooma) and the south (Ouse). Mean annual daily maximum temperatures 

at all sites are similar with little regional variation, whilst regional variation is observed in 

mean annual daily minimum temperatures, particularly between the coastal regions of 

Woolnorth and Flowerdale and the inland regions of Cressy and Ouse (Table 2.2). The spatial 

distribution of Tasmania‟s mean annual rainfall is reflected between the sites, varying from 

1204 mm at Ringarooma to 534 mm at Ouse. Each site is characterised as being climatically 

temperate maritime with a winter dominant rainfall, although at Ouse the highest seasonal 

rainfall occurs during spring (www.longpaddock.qld.gov.au/silo/; Jeffrey et al. 2001). 

  

Table 2.2 Location, elevation (AMSL) (m), mean annual daily maximum and minimum 

temperature (°C), and mean annual rainfall (mm) for the sites of Woolnorth, Flowerdale, 

Merseylea, Cressy, Ringarooma and Ouse for the period 1961 to 1990 

(www.longpaddock.qld.gov.au/silo/; Jeffrey et al. 2001). 

Site Lat. Long. Elevation Daily maxT Daily minT Annual rainfall 

Woolnorth -40.68, 144.72 10 16.2 9.3 955 

Flowerdale -40.99, 145.61 18 16.4 8.1 1187 

Merseylea -41.33, 146.41 41 16.8 7.2 1037 

Cressy -41.72, 147.08 166 17.2 5.7 621 

Ringarooma -41.25, 147.73 282 16.5 6.9 1204 

Ouse -42.48, 146.71 95 17 5.9 534 

 

In contrast to the Tasmanian dairying regions, the main dairying regions on the mainland are 

much more climatically diverse. The Goulburn Valley, Southern New South Wales (Jerry‟s 

Plains), South Australia and Western Australia, experience a Mediterranean climate (Table 

2.3). These regions are characterised by cool wet winters and hot dry summers. The 

distribution and amount of rainfall and high evaporation rates during summer result in soil 

moisture being the major limitation for pasture growth (Turner & Asseng 2005). Northern 

New South Wales and Southern Queensland experience a sub tropical climate characterised 

by hot humid summers and mild to cool winters with a summer dominant rainfall. North 

Queensland is a tropical environment characterised by a high summer rainfall and warm dry 

winters. The Western district and Gippsland in Victoria are both classified as temperate 

regions (Table 2.3). Both the Tasmanian dairy regions and the southern dairy regions in 

Victoria are characterised by milder summer temperatures and a winter dominant rainfall. 

Whilst these regions are considered temperate, high evaporation levels and low rainfall during 

summer create a Mediterranean like climate for pasture production (Waller & Sale 2001).   

 

 

http://www.longpaddock.qld.gov.au/silo/
http://www.longpaddock.qld.gov.au/silo/
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Table 2.3 Mean annual daily maximum and minimum temperature (°C), mean annual rainfall 

(mm) for the main dairying regions in Victoria, NSW, SA, WA and Queensland for the period 

1961 to 1990 (www.longpaddock.qld.gov.au/silo/; Jeffrey et al. 2001). 

State Region Daily maxT Daily minT Annual rainfall 

Victoria Goulburn Valley 21.2 8.3 482 

 
Gippsland 18.6 9.4 921 

 
Western district 19.2 7.6 782 

NSW Casino 26.7 13.2 1097 

 
Jerry‟s plains 24.5 10.8 665 

SA Murray Bridge 22.5 9.9 353 

WA Donnybrook 23.3 10.1 970 

Queensland Gympie 27.1 14.1 1134 

 
Cairns 28.9 20.7 2064 

 

The Australian dairy industry uses more water than any other industry (Garcia & Fulkerson 

2005).  Irrigation provides the opportunity for more intensive pasture production resulting in 

higher and more reliable yields. In Tasmania, approximately 67% of dairy farms utilise some 

form of irrigation, with approximately 30% of dairy land irrigated (Table 2.4) (Australian 

Bureau of Statistics 2010b). The Tasmanian dairy industry is the major consumer of irrigation 

water using approximately 38% of the total water, on approximately 23% of the total area of 

irrigated land. The average rate of irrigation water applied per ha across the industry is 4.8 

ML (Table 2.4), which is a similar amount to the mainland dairy regions (NSW 3.4 ML/ha, 

Victoria 4.3 ML/ha, Queensland 4.4 ML/ha and SA 6.5 ML/ha) (Australian Bureau of 

Statistics 2010b). Irrigation water for the dairy industry in Tasmania is primarily sourced 

from surface water, which includes rivers and streams and on-farm storage dams. A small 

percentage of irrigation water in the southern region of the state is sourced from government 

irrigation schemes (e.g. Coal River Valley irrigation scheme) as well as limited access to 

groundwater supplies (Anon. 2009).  

 

Table 2.4 Number of dairy farms in each region, number of farms irrigating with percentage 

and application rate (ML/ha) for the period 2008/09 (Australian Bureau of Statistics 2010b).   

Dairy region Total farms Farms irrigating % Farms irrigating ML/ha 

North West  290 198 68 4.1 

North 155 103 66 6.2 

South 16 9 56 4.2 

Total 461 310 Average 67% Average 4.8 

 

The diversity of climatic regions across Australia and the availability of irrigation water 

results in diverse feed bases for each dairying region. In the sub-tropical/tropical dairy regions 

of northern New South Wales and south east Queensland in the higher rainfall areas (coastal 

and tablelands) sub-tropical pasture species (C4 plant spp. which have a competitive 

advantage over plants possessing the more common C3 carbon fixation pathway under 

conditions of high temperatures and drought) provide the major feed base throughout 

http://www.longpaddock.qld.gov.au/silo/


 11 

summer. During winter and spring both annual ryegrass and perennial ryegrass provide the 

major feed base although the pastures lack persistence (Donaghy et al. 1997). In the sub-

tropical/tropical dairy regions just 25% of the feed base is met by pasture production, creating 

a heavy reliance on supplementary feed (Barlow 2008). In south eastern Australia swards of 

perennial ryegrass growth with white clover are the dominant forage source providing 50% to 

80% of the feed base (Barlow 2008), although this is reliant on regional climate and the 

presence or absence of available irrigation water. The management requirements of perennial 

ryegrass are well understood. Perennial ryegrass is suited to regions with a mean annual 

rainfall of > 650 mm with mild summers and its survival during drought years is poor (Waller 

& Sale 2001; Cullen et al. 2006). Perennial ryegrass is characterised by strong spring growth, 

low summer productivity and poor persistence, creating management challenges for the 

effective feeding of high producing dairy cows year round from a perennial ryegrass pasture 

based diet (Waller & Sale 2001; Nie et al. 2004).  

 

Within Tasmania mean annual pasture consumption currently varies from 2.7 to 12.7 t DM/ha 

under rainfed conditions, to 5.1 to 14.7 t DM/ha under irrigation. These figures are 

significantly below the potential pasture consumption which has been achieved under farmlet 

and experimental studies and biophysical modelling within Tasmania (Rawnsley et al. 2008). 

The modelled production potential of perennial ryegrass within the Tasmanian dairy regions 

is estimated at between 9 and 15 t DM/ha under rainfed conditions and between 15 and 21 t 

DM/ha under irrigation. The inter-annual variability and the variations in production potential 

between regions are strongly determined by climate. The two climatic factors that have the 

greatest influence on pasture production and persistence in Tasmanian dairy regions are 

temperature and rainfall (Rawnsley et al. 2008). Even under irrigation, the growth of 

perennial ryegrass is reduced by higher temperatures (Waller & Sale 2001). 

 

Perennial ryegrass pastures are most productive and achieve higher water use efficiency 

(WUE) when irrigated frequently (Dunbabin et al. 1997). Perennial ryegrass is a shallow 

rooting plant with 40% of plant roots in the top 10 cm of soil and 80% of plant roots in the top 

30 cm of soil (Crush et al. 2005). The quantity of readily available water held within the soil 

profile is commonly low during the summer months, subsequently soil moisture needs to be 

maintained at close to field capacity to maximise pasture growth (Rawnsley et al. 2008). Soil 

moisture deficits, caused by extended periods of low or intermittent rainfall and high daily 

evapotranspiration rates are major constraints to pasture production in south eastern Australia 

(Guobin & Kemp 1992; Rawnsley et al. 2008).  
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2.2 Pasture production and climate 

 

The climate is the driver of pasture development and growth and fundamentally determines 

the amount of seasonal feed available (Zhang et al. 2007). The climate is modified by ocean 

currents and topography. The influence of season, latitude, longitude, altitude, aspect and 

coastal proximity on pasture production can be related to their regulating effect on 

temperature and moisture availability for radiation driven plant growth (White & Hodgson 

1999). The dominant climatic factors that influence plant growth are temperature, rainfall, 

evaporation and solar radiation.  

 

Temperature affects the rate at which biochemical reactions occur and is an important factor 

in the rate of plant development. Photosynthesis, respiration and nutrient uptake are all 

temperature dependant (White & Hodgson 1999). The optimum temperature range for the 

growth of temperate pasture species ranges from 20°C to 25°C and growth can cease between 

5°C and 10°C (White & Hodgson 1999). The length of the growing season of perennial 

ryegrass is determined by temperature which influences both the frequency at which leaves 

appear and the rate at which they expand (Peacock 1974). Perennial ryegrass growth during 

winter and early spring in temperate regions is severely restricted by low temperatures (Kemp 

et al. 1989; Harrison et al. 1997). Numerous studies have examined growth responses of 

perennial ryegrass to temperature. Mitchell (1956) and Forde (1966) established the optimum 

temperature for the growth of perennial ryegrass to be 17°C to 21°C. Hunt & Halligan (1981) 

reported the effect of temperature increased linearly with temperature from 7°C to 20°C with 

a new leaf appearing in less than 6 days at a daily maximum temperature of 25°C compared 

with 10 days at 10°C. Temperature affects the duration of leaf expansion, at optimal 

temperature leaf expansion is more rapid for a shorter period producing a longer leaf (Waller 

& Sale 2001). Leaf appearance rates (days per leaf) vary from as low as 18 to 21 days during 

winter to 10 days during late spring (Peacock 1974; Clark et al. 1995) and leaves produced in 

warmer conditions tend to be longer and slightly narrower than those produced under cooler 

conditions (Langer 1973). 

 

Perennial ryegrass is a temperate grass that does not tolerate high temperatures (>28°C) that 

can occur from late spring through to autumn in south east Australia (Waller & Sale 2001). 

Mitchell (1956) states that ryegrass growth ceases above a temperature of 30°C to 35°C, 

while Blaikie & Martin (1987) found the productivity of ryegrass decreased as temperatures 

were increased from 20°C to 40°C and at a temperature range of 33°C to 38°C, the rate of net 

photosynthesis at a given level of irradiance, was less than half that of 21°C to 24°C. High 

temperatures result in low water soluble carbohydrate reserves, threatening the survival of the 



 13 

plant primarily because the loss of carbohydrates through respiration exceeds assimilate 

production. In order to avoid damage by high temperatures during summer, perennial ryegrass 

enters conditional dormancy (Waller & Sale 2001). If the plant remains alive during summer 

its carbohydrate reserves are generally low and plant growth declines, although many plants 

fail to survive. Perennial ryegrass enters conditional dormancy in order to avoid damage by 

high temperatures, however, it is unknown whether perennial ryegrass is able to switch 

quickly to dormancy when sudden hot conditions occur or whether sudden temperature stress 

compounded by low carbohydrate reserves results in the death of the plants (Waller & Sale 

2001).  

 

Rainfall and evaporation are the primary drivers of available soil moisture. Soil moisture is 

essential for pasture production processes including photosynthesis, translocation, leaf 

extension and evaporative cooling (Lazenby & Swain 1972). Excess soil moisture can cause a 

lack of oxygen in the soil for root growth and metabolism reducing pasture production (White 

& Hodgson 1999). Soil moisture deficits, caused by extended periods of low or intermittent 

rainfall and high daily evapotranspiration rates are major constraints on pasture production 

that can reduce pasture growth and persistence through the summer and early autumn months 

(Guobin & Kemp 1992; Rawnsley et al. 2008). Field experiments where moisture stress was 

imposed for several months on perennial ryegrass reduced DM production and tiller density 

markedly (Waller & Sale 2001). Perennial ryegrass has a variety of mechanisms that enable it 

to withstand soil moisture deficits that occur in dry summers including responding to short-

term water stress by partially or completely closing the stomata to maintain cell turgor (White 

& Hodgson 1999). Cell growth is more sensitive to water stress than photosynthesis, with 

reduced cell expansion restricting the size of new leaves (Jones 1988). Leaf rolling and leaf 

death resulting from decreased transpiration is also a short-term water stress response of 

perennial ryegrass, and grazing can further reduce plant survival by defoliating tillers already 

experiencing severe moisture stress (Boschma et al 1996). 

 

Solar radiation is the primary source of energy on the planet and provides the energy for 

photosynthesis (Lovett & Scott 1997). Perennial ryegrass growth is influenced by seasonal 

changes of temperature and solar radiation. Potential production of perennial ryegrass under 

optimal nutrient and water supply is set by the seasonal input of solar radiation and the 

efficiency which it is utilised by the plant (Peacock 1974). The efficiency is determined 

primarily by the duration and photosynthetic rate of the canopy, reliant on the size and 

structure of the canopy and the photosynthetic capacity of individual leaves (Peacock 1974), 

although the effective use of this energy can be restricted by the climatic factors of 

temperature and water stress (Cooper 1964). Seasonal changes in the rate of solar radiation 
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affect the components of leaf expansion in different ways. In many temperate grasses an 

increase in solar radiation increases the rate of leaf appearance, but has different effects on 

leaf length and width (Cooper 1964).  

 

Pastures of the future are likely to be grown under higher levels of atmospheric CO2 levels. 

Increasing atmospheric levels of CO2 have a strong influence on plant physiological processes 

such as water and nutrient efficiency, growth and development and plant productivity (Rogers 

et al. 1998; Ludwig & Asseng 2006). The influence of elevated atmospheric CO2 and air 

temperature on plants has been studied extensively over the past three decades. Crop 

development and production are sensitive to and directly affected by atmospheric CO2 

concentrations (Thomson et al. 2005). Much knowledge has been acquired concerning 

elevated levels of atmospheric CO2 impacts on photosynthesis, water use, biomass allocation 

and general plant growth for many agricultural plants under a range of both environmental 

and nutritional conditions (Romanova 2005; Smith et al. 2005). In field studies using free-air 

CO2 enrichment (FACE) facilities and in experiments in controlled environments, a CO2 

fertilization effect has been observed. Agricultural crops grown under increased CO2 levels 

show increased growth rates, improved water use efficiency and higher yields (Smith et al. 

2005; Ludwig & Asseng 2006). For example, major C3 agricultural crops (wheat, barely, rice 

and soybean) grown under elevated atmospheric CO2 levels of 660 ppm showed an increase 

in yields ranging from 24 to 43% (Ainsworth & Long 2004; Long et al. 2005; Ziska & Bunce 

2007). Further, many studies have shown that an approximate doubling of atmospheric CO2 

concentrations (750 ppm) enhances growth and yield of C3 plant species by an average of 30 

to 40% (Schenk et al. 1997), although there is considerable variation between species (Long 

et al. 2005; Soussana et al. 1996).  

 

Perennial ryegrass responds to elevated levels of CO2 concentrations by increased 

photosynthetic responses and higher DM production resultant of an increase in the net influx 

of CO2, increased stomatal resistance and a decline in transpiration per unit of CO2 fixed 

(Clark et al. 1995; Long et al. 2004). Suter et al. (2001) reported that photosynthetic rates at 

elevated CO2 levels of 600 ppm increased the highest in young fully expanded leaves. The 

plants developed a greater number of new tillers, in contrast to plants grown at ambient CO2 

levels of 360 ppm, resulting in higher yields, increased leaf area index (LAI) and higher total 

DM. Under optimum environmental conditions the additional DM production of perennial 

ryegrass due to elevated levels of CO2 has shown to range between 7% and 30% (Daepp et al. 

2000; Daepp et al. 2001; Suter et al. 2001).  
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Perennial ryegrass leaf emergence and leaf extension rates are temperature dependant and the 

potential for increased shoot growth under elevated CO2 levels is also temperature dependant 

(Soussana et al. 1996). Projected increases in mean daily temperatures for the 21
st
 century 

correlated with an increase of atmospheric CO2 levels (fertilisation effect) are likely to 

enhance perennial ryegrass production via a shift toward increased optimum conditions for 

growth, particularly in regions that are currently temperature limited (Ryle et al. 1992). 

Despite the difficulties associated with reproducing the interactions between elevated CO2 

and other climatic variables under experimental conditions a number of studies have 

examined such interactions. Greer et al. (2000) found that photosynthetic activity is 

stimulated more by elevated CO2 at higher temperatures (>25°C) than at lower temperatures. 

Experimental evidence from numerous studies on C3 crop species under increased 

temperatures (>25°C), and elevated CO2 levels (>600 ppm) showed an increase in biomass 

production of 30% to 40% (Laing et al. 2002). Although Laing et al. (2002) reported that five 

temperate C3 pasture species (including perennial ryegrass) grown at 12°C (constant) under 

elevated CO2 (700 ppm) still showed a strong growth response to elevated CO2 levels. 

 

2.3 Climate and climate change 

 

Climate change refers to a change in the state of the climate that can be measured by changes 

in the mean and/or variability of its properties and that persist for an extended period, 

commonly decades or longer (IPCC 2007).  

 

The 100-year global linear trend (1906 to 2005) shows an increase of 0.74C in mean 

temperature (IPCC 2007). The linear mean warming trend over 50 years from 1956 to 2005 of 

0.65C is nearly twice that for the 100 years from 1906 to 2005 (IPCC 2007). Increases in 

observed temperatures have been widely reported around the globe but have been greater at 

higher northern latitudes. Average Arctic temperatures have increased at almost twice the 

global average rate in the past 100 years (IPCC 2007). Observations since 1961 show that the 

average temperature of the global ocean has increased at depths of at least 3000 m and that 

the ocean has been taking up over 80% of the heat being added to the climate system (IPCC 

2007).   

 

Climate trends in Australia are consistent with global trends (Pittock 2003; Karoly & 

Braganza 2005). Gradual increases in mean annual daily temperatures in nearly all locations 

around the continent have been observed with daily minimum temperatures warming faster 

than daily maximum temperatures (Hughes 2003). Australian mean annual temperatures have 
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increased by 0.9C since 1910, with greater increases observed since 1950 (Hughes 2003; 

CSIRO and Bureau of Meteorology 2007). Since 1950, mean annual temperatures have 

increased by 0.1°C to 0.2C per decade, with a comparable increase in the frequency of very 

warm days (>35C) and a decrease in the frequency of frosts and very cold nights (<5C) 

(CSIRO and Bureau of Meteorology 2007; Murphy & Timbal 2008). Daily minimum 

temperatures have risen at a faster rate (0.11C/decade) than daily maximum temperatures 

(0.06C/decade) (Deuter 2006; Murphy & Timbal 2008).  

 

Tasmania lies between 144.5E and 148.0E and stretches from 40.0S and 43.5S and is an 

island with no place more than 115 km from the ocean (Bureau of Meteorology 1993). 

Tasmania has a distinct gradient in topography, with high mountains in the west extending 

into the central regions while the east of the state remains relatively flat (Hill et al. 2009). The 

mountainous regions in the west of the state affect the flow of air over land and therefore 

rainfall distribution and the principle characteristic of the Tasmania climate is the interaction 

between the westerly wind and mountain ranges near the west coast and central plateau (Hill 

et al. 2009; Grose et al. 2010). This interaction strongly influences the spatial variation of 

cloudiness and rainfall across Tasmania (Langford 1965). The Tasmanian climate is classified 

as temperate maritime and the diurnal range in daily temperature from the coastal regions to 

the inland areas ranges from 7 to 14°C, indicating a slight continental effect. Seasonal 

temperature differences are moderate, with mean daily maximum temperatures in summer of 

18°C to 23°C and in winter 9°C to 14°C (Bureau of Meteorology 1993).   

 

Tasmania has experienced a 0.1°C per decade warming since the 1950‟s, significantly less 

than for Australia or the globe (Grose et al. 2010). Minimum temperatures have increased at a 

greater rate than maximum temperatures, consistent with greenhouse warming and analyses 

of observations globally (McInnes et al. 2004; Grose et al. 2010). Seasonally, summer 

temperatures across Tasmania have increased at a slightly greater rate compared to other 

seasons for the period 1950 to 2010. 

 

Regional variation in the rate of warming across Tasmania is evident from temperature 

records at the six sites which are representative of the dairying regions. All sites recorded a 

rise in mean annual daily temperature since 1950 ranging from 0.07° per decade at Ouse to 

0.19°C per decade at Woolnorth (Table 2.5). However, at all sites since 1950, mean annual 

daily maximum temperatures have risen at a greater rate than mean annual daily minimum 

temperatures while at Ouse the mean annual daily minimum temperature has decreased.  
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Table 2.5 Mean decadal temperature trend (°C) for the period 1950 to 2010 for the sites of 

Woolnorth, Flowerdale, Merseylea, Cressy, Ringarooma and Ouse 

(www.longpaddock.qld.gov.au/silo/; Jeffrey et al. 2001). 

 
Woolnorth Flowerdale Merseylea Cressy Ringarooma Ouse 

Annual mean 0.19 0.10 0.17 0.10 0.10 0.07 

Annual maximum 0.20 0.20 0.17 0.19 0.14 0.20 

Annual minimum 0.17 0.00 0.16 0.00 0.08 -0.07 

 

Australia is characterised by an arid to semi-arid climate, being the driest of all inhabited 

continents, with highly variable rainfall both temporally and spatially (Karoly et al. 2005; 

Taschetto & England 2009). Since 1900, mean annual rainfall has increased slightly by 7.0 

mm per decade (Deuter 2006), although this trend is not significant because of high inter-

annual variability (Bureau of Meteorology 2011; Hughes 2003). Since 1950, north Western 

Australia has become wetter while much of eastern and southern Australia has become drier 

(Gallant et al. 2007) (Figure 2.4) due to a weakening or southward shift of the frontal systems 

that bring most of the rain to these regions (Deuter 2006). Pittock (2003) states that the largest 

and most statistically significant change in observed rainfall has been a decline in the winter 

rainfall dominated region of the far south west of Western Australia, where in the period 1975 

to 2000 winter rainfall has declined by 25%. The observed rainfall decline since the mid 

1990‟s over south eastern Australia has been driven by a reduction in autumn rainfall. This 

trend exhibits similar characteristics to the rainfall decline in the south west of Western 

Australia (Cai & Cowan 2008). The observed decrease in autumn rainfall over south eastern 

Australia has been linked to changes in sea surface temperature of the Indian Ocean (Cai & 

Cowan 2008).  

 

 

Figure 2.4 Mean annual Australian rainfall decadal trends (mm) for the period 1910 to 2010 

and 1950 to 2010 (source Bureau of Meteorology 2011).  

 

The inter-annual and inter-seasonal variability of Australian rainfall is due to various factors 

including the influences of the surrounding Pacific and Indian oceans (England et al. 2005; 

http://www.longpaddock.qld.gov.au/silo/
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Ummenhofer et al. 2009). The El Nino/Southern Oscillation (ENSO) has been linked to 

rainfall anomalies over eastern Australia. The ENSO is responsible for global scale sea 

surface temperature (SST), sea level pressure (SLP) and rainfall anomalies, with a strong 

influence in the equatorial Pacific Ocean and over the adjoining land masses (Suppiah 2004; 

Hill et al. 2008; Taschetto & England 2009). The Southern Oscillation Index (SOI) is the 

standardised anomaly between the mean sea level pressure over Darwin and Tahiti. The SOI 

fluctuates between a positive phase (La-Nina) and a negative phase (El-Nino) and has an 

irregular period of 3 to 7 years (Hill et al. 2008). The relationship is an increase of rainfall 

over eastern and south eastern Australia during La Nina events, and a decrease of rainfall 

during El Nino events (Hunt 2008). Hughes (2003) and Suppiah (2004) report that since the 

1970‟s a reduction has occurred in La Nina events while El Nino events have increased, with 

a negative trend observed in the SOI. Trenberth & Hoar (1997) have suggested that this trend 

and the prolonged 1990 to 1995 ENSO event have a probability of natural occurrence of 

roughly once in 2000 years. 

 

Exceptions to the strong link with ENSO inter-annual variability are extended periods of 

above or below average rainfall (Cai et al 2007). Recent observed rainfall decline in south 

eastern Australia is only now being studied and is yet to be attributed to external causes 

(Ummenhofer et al 2009). Suppiah (2004) summarises that linking the recent increasing trend 

of El Nino events (1970 onwards) to climate change is to simplistic, stating that there are 

other factors to be considered such as an increase in aerosols, land cover changes and natural 

variability.  

  

Tasmania has a large gradient in mean annual rainfall from the west coast (> 3000 mm) to the 

central midlands (500 mm to 600 mm) (Figure 2.5) (Hill et al. 2008; Grose et al. 2010). 

Tasmania lies in the „Roaring 40s‟ belt of westerly airflow and the primary characteristic of 

the Tasmanian climate is the interaction between prevailing westerly wind and the mountain 

ranges near the west coast and the central plateau (Hill et al. 2009; Grose et al. 2010).  These 

interactions strongly influence the spatial variation of rainfall across Tasmania.  
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Figure 2.5 Tasmanian mean annual rainfall for the period 1961 to 1990 (source Bureau of 

Meteorology 2011). 

 

Since 1910, long term mean annual rainfall in Tasmania has remained relatively stable with 

no significant trend in rainfall, although a slight decrease in inter-annual variability has been 

observed. However since 1950, mean annual rainfall in Tasmania has declined by 22 mm per 

decade (Bureau of Meteorology 2011). In the south east and north west of the state rainfall 

has declined by 20 mm to 30 mm per decade and in the south west of the state rainfall appears 

to have increased by up to 30 mm per decade (McInnes et al. 2004). Mean annual rainfall 

trends since 1970 show an even greater decrease across the state (45 mm/decade) (Figure 2.6) 

(Bureau of Meteorology 2011) although, care must be taken in interpreting these trends since 

the 1970‟s were particularly wet in many regions, while conversely in many regions the 

1990‟s were drier (McInnes et al. 2004). A characteristic of this trend has been a reduction in 

inter-annual variability, along with a decrease in the number of exceptionally wet years since 

the mid 1970‟s (Grose et al. 2010). Observed changes of rainfall have not been seasonally 

uniform, with the largest observed seasonal decrease occurring in autumn. The decrease in 

autumn rainfall has been largest in the west of the state, although total autumn rainfall for this 

region is also higher (Grose et al. 2010). 
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Figure 2.6 Mean annual Tasmanian rainfall decadal trends (mm) for the period 1950 to 2010 

and 1970 to 2010 (source Bureau of Meteorology 2011). 

 

Regional rainfall trends across Tasmania‟s dairying regions are evident from the rainfall 

records at Woolnorth, Flowerdale, Merseylea, Cressy, Ringarooma and Ouse. Since 1950, a 

decline has been observed in mean annual rainfall at all sites. The largest decrease of 37 mm 

per decade has been observed at Ringarooma, in contrast a minimal decrease of 2 mm per 

decade has been observed at Ouse (Table 2.6). The patterns of change in rainfall have been 

relatively uniform at each site across seasons (except spring at Ouse), with the largest decadal 

decreases in rainfall at each site having been observed in autumn (Table 2.6). However since 

1910, long term mean annual rainfall at each of the six sites is consistent with statewide 

rainfall observations, where no significant rainfall trends are evident.  

 

Table 2.6 Mean decadal rainfall trends (mm) for the period 1950 to 2010 for the sites of 

Woolnorth, Flowerdale, Merseylea, Cressy, Ringarooma and Ouse. 

(www.longpaddock.qld.gov.au/silo/; Jeffrey et al. 2001). 

 
Woolnorth Flowerdale Merseylea Cressy Ringarooma Ouse 

Annual mean -21 -26 -19 -13 -37 -2 

Summer mean -3 -6 -7 -2 -6 -1 

Autumn mean -13 -13 -12 -9 -16 -10 

Winter mean 0 -5 -2 -2 -10 2 

Spring mean -5 -3 1 -1 -6 6 

   

The climate variables evaporation, potential evaporation and potential evapotranspiration are 

difficult to measure accurately and therefore difficult to assess trends (Gifford et al 2005; 

Jovanovic et al. 2008). Evaporation is an important component of soil water balance and crop 

water availability (Kirono et al. 2009) and potential evaporation is the amount of evaporation 

that would occur if a non limiting water source were available (Jovanovic et al. 2008; 

Shuttleworth et al. 2009). Potential evapotranspiration is a function of temperature, vapour 

pressure, radiation, wind and available soil water moisture and is a collective term for the 

http://www.longpaddock.qld.gov.au/silo/
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transfer of water vapour to the atmosphere from both vegetated and un-vegetated land 

surfaces (Murphy & Timbal 2008). A number of methods are used to calculate potential 

evaporation. The most commonly used methods are the Penman-Monteith (Monteith 1965) 

and Priestly-Taylor (Priestly & Taylor 1972). The Penman-Monteith equation is the 

calculated evaporation rate from stretches of open water and incorporates the variables of 

temperature, solar radiation, wind speed and humidity. The Priestly-Taylor equation was 

developed as a substitute to the Penman-Monteith equation to remove the dependence on 

multiple observations and can be calculated using solar radiation observations alone.  

 

There has long been an expectation that potential evaporation will increase as the average 

surface air temperature increases (Roderick & Farquhar 2004; Jovanovic et al. 2008). 

However, Roderick & Farquhar (2004) reported for the period 1970 to 2002 (30 sites, across 

the continent) a reduction in Class A pan evaporation across Australia was observed despite 

an increase in daily maximum temperatures and no evidence of a decline in solar radiation 

(Nicholls 2007). Pan evaporation declined on average 4 mm per year (Roderick & Farquhar 

2004). In addition, pan evaporation data sourced from the Bureau of Meteorology (2011) 

shows a negative trend of 30 mm per decade for the period 1975 to 2010. The observed 

decreases in pan evaporation rates in Australia are similar to averaged trends in the Northern 

Hemisphere over the last 30 to 50 years (Roderick & Farquhar 2004). 

 

Roderick & Farquhar (2004) suggest there are three possibilities to explain a reduction in pan 

evaporation across Australia, decreases in one or more of vapour pressure deficit, net 

radiation and wind speed. However, Jovanovic et al. (2008) questioned the reliability of the 

pan evaporation data for the period 1970 to 2005. The reliability of the observed historical 

data can be affected by non-climatic factors such as station relocations, changes in exposure, 

or changes in observational practices. These factors can lead to inhomogeneities in the 

observed historical data which can lead to misleading trend estimates. For the period 1970 to 

2005, homogenised data from 60 sites across the continent exhibited a slight negative trend of 

-2.5 ± 5.1 mm per year in annual pan evaporation (Jovanovic et al. 2008). Despite regional 

changes on a continental scale, there has been no marked change in Class A pan evaporation 

over the prior four decades (Jovanovic et al. 2008). Across Tasmania a slight decrease of 0.6 

mm per decade in annual pan evaporation has been observed for the period of 1975 to 2010 

(Bureau of Meteorology 2011). Trends since 1970 vary spatially and between seasons, a 

decrease in pan evaporation has been observed in summer while an increase has been 

observed in winter pan evaporation rates (Grose et al. 2010).  
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The climate of the earth changes over a range of timescales, although evidence of an 

anthropogenic influence on recent climate has steadily increased during the past two decades 

(CSIRO and Bureau of Meteorology 2007). The IPCC (2007) concluded that most of the 

observed increase in globally averaged temperatures since the mid 20
th
 century is very likely 

due to the observed increase in anthropogenic greenhouse gas concentrations. Increases in 

atmospheric greenhouse gases change the radiative heat balance of the earth, influencing the 

entire climate system (CSIRO and Bureau of Meteorology 2007). Global atmospheric 

concentrations of carbon dioxide (CO2), methane (CH4) and nitrous oxide (N2O) have 

increased significantly as a result of human activities since 1750 and now far exceed pre-

industrial values determined from ice cores spanning many thousands of years (IPCC 2007; 

Petit et al. 1999). Furthermore, the IPCC (2007) state that the atmospheric concentrations of 

CO2 and CH4 in 2005 far exceed the natural range over the past 10,000 years (Figure 2.7). 

The global increases in CO2 concentrations are primarily due to fossil fuel use, with land use 

change providing another significant but smaller contribution. The increase in observed CH4 

concentrations is primarily due to agriculture and fossil fuel use, while the increase in N2O 

concentrations is primarily due to agriculture (IPCC 2007). Mean annual atmospheric CO2 

concentrations have increased at a rate of 1.7 ppm per year over the period 1999 to 2008 (Le 

Quere et al. 2009). Further, Petit et al. (1999) state that the current atmospheric CO2 

concentrations exceed those of the past 420,000 years and the current rate of increasing CO2 

levels is unprecedented during the past 20,000 years. 
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Figure 2.7 Increases in greenhouse gases (CO2 ppm, CH4 ppb, N2O ppb) over the last 10,000 

years (large panels) and since 1750 (insert panels) from ice cores and modern data (source 

IPCC 2007). 

 

Global atmospheric CO2 concentrations have increased from a pre-industrial level of 

approximately 280 ppm to 390 ppm in 2010. To estimate future climate change the IPCC 

Special Report on Emissions Scenarios (SRES), Nakicenovic & Swart (2000) calculated 40 

greenhouse gas and sulfate aerosol emission scenarios for the 21
st
 century. The SRES 

scenarios were the result of combining a variety of assumptions about demographic, 

economic and technological driving forces most likely to influence emissions in the future 

(Anwar et al. 2007). The SRES scenarios are divided into four primary groups: A1, A2, B1 

and B2 (Nakicenovic & Swart 2000). The A2 scenario features less rapid technological 

changes and a more heterogeneous world, and by the end of the 21
st
 century, the A2 scenario 

has a lower emission rate than the A1FI scenario. The A1FI scenario is characterised by a 

future of rapid economic growth and is fossil energy intensive. However, since 2001 the 

observed global greenhouse gas emissions have been tracking above the A1FI scenario (Le 
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Quere et al. 2009), indicating that a higher emission scenario is probable, at least in the 

foreseeable future. Under the A2 emissions scenario, atmospheric CO2 levels are projected to 

be greater than 800 ppm by the end of the 21
st
 century (IPCC 2007; Leakey et al. 2009). 

Romanova (2005) states that the maximum level of the projected atmospheric levels of CO2 

based on known fossil fuel resources and rate of use, could feasibly attain a level of 1500 to 

2000 ppm.  

 

Projecting the impact of increasing greenhouse gases on the global, continental and regional 

scale is considered a major scientific challenge. General Circulation Models (GCMs) provide 

the best available estimates for assessing potential climate change on a global scale and are at 

the centre of climate projections (Mitchell 2004; Brankovic et al. 2010). General circulation 

models are based on established physical principles and are capable of reproducing the most 

significant features of the observed climate (Perkins & Pitman 2009). The models are 

designed to simulate the main components (atmosphere, oceans, sea ice and land surface) of 

the earth‟s climate system in a simplified although robust manner (Grose et al. 2010). There is 

now confidence that GCMs are able to provide credible quantitative estimates of future 

climate predictions (Randall et al. 2007), particularly at a continental scale. Confidence levels 

are higher for some climate variables such as maximum and minimum temperatures than 

other variables such as precipitation (Corney et al. 2010).  

 

Estimates of future greenhouse concentrations are an important element of modelling climate 

change. Approximately half the uncertainty in the extent of climate change is due to 

differences in the emissions scenarios (Nicholls 2007). The SRES scenarios of the IPCC 

(Nakicenovic & Swart 2000) incorporate six primary CO2 emissions scenarios based on 

various assumptions regarding economic growth, technological development, social change 

and demographics for the 21
st
 century (Figure 2.8).  

 

Figure 2.8 Projected atmospheric CO2 concentrations (ppmv), from six primary SRES 

scenarios (Nakicenovic & Swart 2000). 
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Climate models have been improving in accuracy as the physical parameters improve and as 

the spatial resolution increases due to increasing computer speed (McIntosh et al. 2005). In 

addition, the observed warming trends in the 20
th
 century are now reproduced by many 

GCMs. The Coupled Model Intercomparison Project (CMIP) stated „that the disparity 

between a typical model simulation and a baseline set of observations is not much greater 

than the difference between sets of observations‟ (Covey 2003). Although GCMs adequately 

simulate climate changes due to increasing greenhouse gases, it remains difficult to simulate 

natural climate variability (McIntosh et al. 2005).  

 

Climate change is a global occurrence, of which the specific impacts will be felt in changes to 

dominant local weather conditions. Smith et al. (2005) report that global mean temperature 

change, while useful as a measure of the overall strength of greenhouse warming, is not the 

most relevant measure for regional impact analysis. The spatial resolutions of GCMs are 

typically 200 km to 400 km, a scale that does not represent regional climates especially where 

complex topography plays an important role in weather patterns (Thomson et al. 2002). This 

necessitates that local or regional studies are required to understand the likely effects of 

climate change to specific areas (Corney et al. 2010). High quality climate projections at a 

local scale in Tasmania were previously unavailable. The Climate Futures for Tasmania 

(CFT) project addressed this issue. 

 

The CFT project generated climate projections specific to Tasmania through fine scale 

climate modelling using a dynamical downscaling approach (Corney et al. 2010). The CFT 

project used CSIROs Conformal Cubic Atmospheric Model (CCAM) to dynamically 

downscale five of the twenty three GCMs reported in the IPCC fourth assessment report 

(AR4) and a sixth GCM, CSIRO-Mk3.5 (Corney et al. 2010). Dynamical downscaling allows 

synoptic weather systems to be expressed at finer scales than those in GCMs while taking into 

account the interaction between the weather systems and Tasmania‟s topography and 

vegetation (Bennett et al. 2010; Holz et al. 2010). 

 

The downscaling undertaken by CFT increased the spatial resolution from 2° to 3° grid cells 

in the GCMs down to a 0.1° grid (approximately 10 x 10 km) for Tasmania (Corney et al. 

2010). Two SRES emission scenarios were used; A2, a higher greenhouse gas emission 

scenario, and B1, a lower emission scenario (Nakicenovic & Swart 2000). The models used 

were CSIRO-Mk3.5, ECHAM5/MPI-OM, GFDL-CM2.0, GFDL-CM2.1, MIROC3.2 

(medres) and UKMO-HADCM3 and the GCMs were primarily selected on objective metrics 

of the models skill in simulating the climate over south east Australia (Corney et al. 2010).  
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Grose et al. (2010) reported that the CFT modelling outputs displayed a high level of skill in 

reproducing the recent climate of Tasmania across a range of climate variables. The multi-

model mean of the Tasmanian mean daily maximum temperature for the period 1961 to 1990 

was within 0.1°C of the Bureau of Meteorology (2010) observed value of 10.4°C. The 

modelled total annual Tasmanian rainfall of 1385 mm was very close to the observed value of 

1390 mm. In addition, the mean monthly temperature had a spatial correlation of 0.99 with 

gridded observations over the state, while for rainfall the spatial correlation was 0.69.  

 

The CFT modelling projections under the A2 scenario show an increase in mean daily 

temperature of 2.9°C over the 21
st
 century. The temperature increase for Tasmania under the 

A2 scenario is less than mainland Australia and the global projections of 3.4°C. The relatively 

lower projected changes for Tasmania are due in part to the temperate Southern Ocean storing 

excess heat and moderating the temperature of the maritime climate in Tasmania (Grose et al. 

2010). The six GCMs show a range of temperature rise from 2.6°C to 3.3°C. In addition the 

projections indicate that temperature increases are lower in the early part of the century, 

although the rate of change increases towards the end of the century. The daily maximum 

temperature rise is projected to be slightly lower (2.85°C) than the daily minimum 

temperature rise (2.89°C) (Grose et al. 2010). 

   

The CFT multi model mean projections of mean annual rainfall shows changes of less than 

100 mm throughout the modelling period under the A2 emissions scenario and decadal 

variability is projected to remain constant. However, there are projected seasonal and regional 

changes to occur throughout the 21
st
 century (Grose et al. 2010). The multi-model mean of 

the projected changes indicate an increase of 20% to 30% of summer and autumn rainfall 

along the east coast. On the west coast a 15% decrease is projected in winter rainfall and an 

18% decrease in summer rainfall. In the central plateau region seasonal rainfall is projected to 

decrease through all seasons (Grose et al. 2010; Holz et al. 2010). Grose et al. (2010) report 

that the projected changes to the general climate in the CFT simulations also impact on a 

range of other climate variables. The increasing temperature over the 21
st
 century is the 

dominant driver of a significant increase in pan evaporation (up to 19%). Spatially complex 

changes to the average wind speed are projected, average cloud cover is projected to decrease 

slightly and solar radiation is projected to remain relatively constant.  
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2.4 Evaluating climate change on dairying 

 

Changes in climate across the dairy regions of Tasmania are likely to alter pasture growth 

rates, which has the potential to modify current dairy farming practices. Even subtle changes 

in the projected amount or seasonal distribution of rainfall, or changes projected to occur in 

temperature and evaporation rates, will influence regional seasonal pasture growth patterns, 

irrigation requirements and water availability. Currently within the Tasmanian dairy industry, 

there is limited information regarding the impact of regional climate change on pasture based 

dairy systems. Necessitating the need for biophysical modelling to quantify the impacts 

climate change will have on regional pasture based dairy systems in Tasmania.    

 

Projections of climate change impacts on agriculture are largely based on biophysical and 

hydrological modelling (Soussana et al. 2010). Biophysical models incorporate climate 

indices that simulate crop or pasture growth while hydrological models are used to estimate 

water yields from catchments and river flows. Long term meteorological records are often 

only available for a few climate variables and these models are generally developed to use the 

climate data available. Numerous models require only daily minimum and maximum 

temperature and rainfall, while other models can utilise potential evaporation, solar radiation 

and relative humidity (Holz et al. 2010).  

 

Climate change projections and scenarios provide the input into simulation models, and the 

models are considered essential tools in order to quantify the impacts of a changing climate 

on agriculture and to further evaluate adaptation strategies (Holz et al. 2010). Simulation 

models have a role in projecting and understanding the impacts of climate on biophysical 

systems (White et al. 2008) and are also a valuable support for biophysical research, enabling 

the effects of regional environments and weather patterns to be quantified (Johnson et al. 

2008).  

 

Pasture systems are complex, involving interactions between soils, plants, water, animals, 

weather and management (Bryant & Snow 2008; White et al. 2008). Experimental 

observations alone provide limited, although essential information given the temporal and 

spatial scale of the processes in a pasture system. The use of biophysical models are able to 

provide greater insights and understanding (Johnson et al. 2003; White et al. 2008), 

particularly for long term analyses such as the impact of variability in weather or climate 

change projections (Johnson et al. 2008). Modelling allows a means of extrapolating research 

site outcomes to other sites and seasons and explore the relative impact of a range of 



 28 

management interventions along with regional climate variation at a whole farm system level 

(Johnson et al. 2008).       

 

Experimental observations of plant responses to climate variables has resulted in the 

development of a wide range of biophysical models (Gobin 2010) and include models such as 

the EcoMod suite (EcoMod, DairyMod, SGS Pasture Model) (Johnson et al. 2008), APSIM 

(Keating et al. 2003), GRAZZPLAN (GrazFeed, GrossGro, AusFarm) (Moore et al. 1997) 

and the DairyNZ Whole farm Model (Wastney et al. 2002; Beukes et al. 2005). The 

biophysical simulation model DairyMod simulates biophysical processes in greater detail than 

a typical computer based decision support system, and generates a greater amount of output 

for analysis (Johnson et al. 2008). Evaluating models such as DairyMod is a complex and 

ongoing process. DairyMod uses daily climate and comprises soil water, soil nutrient, pasture 

growth and animal production modules and allows the ability to explore the inter-

relationships between these modules, either in a whole systems context, or as individual 

components over many years (Cullen et al. 2008). For DairyMod to be used in this context 

the degree of confidence in the simulation of the components of a system need to be 

quantified particularly for grazing systems. The model must be capable of simulating the 

temporal dynamics of pasture growth and removal, since these are the drivers of many other 

key system properties such as nutrient cycling, organic matter accumulation or loss and 

animal intake (Cullen et al. 2008). Therefore, it is important to test and quantify the 

performance of a simulation model. Comparing model outputs with experimental data is 

considered a fundamental test of a model (White et al. 2008). 

 

Cullen et al. (2008) collated a range of pasture growth rates (perennial ryegrass, annual 

ryegrass and white clover) for a range of environments and management systems across 

Australia and New Zealand. The environments ranged from cool temperate climates in 

Tasmania and New Zealand to the subtropical regions of south eastern Queensland. The aim 

of the study was to quantify whether DairyMod could satisfactorily simulate pasture growth 

rates by comparing measured and modelled net herbage accumulation rates. The modelled 

herbage accumulation rates were similar to that in the measured range of the pasture growth 

herbage accumulation data across all the sites. In general the modelled predictions were better 

in the temperate than in the subtropical environments. The results of Cullen et al. (2008) 

study showed that DairyMod can realistically simulate monthly herbage accumulation rates 

and seasonal yields of ryegrass based pastures in both temperate and subtropical 

environments, across a range of soil types and pasture management options.  
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CHAPTER 3: HISTORICAL COMPARISON BETWEEN AN OBSERVED AND 

THREE INTERPOLATED CLIMATE DATA SOURCES 

  

3.1 Introduction 

 

Historical surface observed climate data is an important component of climate knowledge. 

Within Australia the Bureau of Meteorology is the custodian of a vast quantity of surface 

observed climate data collected from a variety of instruments and locations (Rayner et al. 

2004). Spatial modelling applications require gridded climate datasets, which are estimates of 

climate variables over large areas rather than observed climate records. Gridded climate data 

sets are constructed by spatial interpolation of climate observations. Time series from such 

gridded data sources can be utilised at locations where there are no observed climate records, 

or to fill in gaps of incomplete records. In some instances synthetic time series are preferable 

over observed climate records as the spatial interpolation algorithm smoothes out local site 

specific environmental effects. A complete and accurate climate data source is a prerequisite 

for the efficient modelling of a wide variety of environmental processes (Jeffrey et al. 2001; 

Rayner et al. 2004).  

 

The use of biophysical and hydrological models is driving an increasing demand for spatially 

interpolated climate data. However Daly (2006) concludes that many users do not have a 

substantial background in geospatial climatology and as a result are not in a position to 

critically assess the suitability of spatial climate data sets. Errors associated with and between 

spatial climate data sets are commonly assumed to be negligible. This assumption may effect 

the interpretation of results, conclusions and decisions made from these results. There is a 

growing awareness that spatially interpolated climate data sets contain a degree of error 

(Willmott & Johnson 2005).   

 

The complexity of interpolating observed climate variables onto gridded cells is highlighted 

by irregular topography and under representation of high elevation areas (Beesley et al. 

2009). The complexity is reflected in rainfall and potential evaporation, where these metrics 

can be highly variable over area and time, making them difficult to reliably interpolate from 

surrounding station observations (Jeffrey et al. 2001). There are currently three sources of 

historical, continuous, daily climate data within Australia; 

 SILO Patched Point data  

 SILO Data Drill – 0.05°   

 Australian Water Availability Project (AWAP) – 0.05°.  
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Climate Futures for Tasmania (CFT) created a fourth daily climate data source, AWAP – 

0.1°. This data source was created to compare directly to regional climate model outputs at 

0.1°C resolution in validation exercises, and is not available commercially as a formal gridded 

climate data product. This data source is included in this analysis to illustrate effects of 

interpolating to larger grid scales. 

 

The SILO data sources (www.longpaddock.qld.gov.au/silo/; Jeffrey et al. 2001) are presently 

the most easily accessible and are frequently used in agricultural models, although the AWAP 

data source is increasingly being used. The historical daily climate data sources are not 

however, fully consistent with one another due to the scale and interpolation methods 

(Beesley et al. 2009).     

 

Jeffrey et al. (2001) undertook a comprehensive archiving of Australian rainfall and climate 

data constructed from ground based observational data. Continual daily time step records 

were constructed using spatial interpolation algorithms to estimate missing data. The product 

of this was the SILO Patched Point Data set which was constructed for daily rainfall, 

maximum and minimum temperature, evaporation, solar radiation and vapour pressure for 

approximately 4600 locations across Australia. Locations without observational data, (e.g. 

maximum temperature) contain interpolated estimates that are computed for those locations, 

or in some instances are taken directly from gridded surfaces. 

 

Jeffrey et al. (2001) also produced SILO Data Drill – 0.05° which is a high resolution gridded 

surface generated by spatial interpolation calculated by splining and kriging techniques of 

observed daily data. All climate variables (except mean sea level pressure) were generated by 

spatial interpolation using a trivariate thin plate smoothing spline with latitude, longitude and 

elevation as independent variables. Elevation was expressed in kilometers to minimise the 

validated root mean square interpolation error, latitude and longitude were in units of degrees. 

All surfaces were fitted by minimising the generalised cross validation error with constraint of 

first order smoothness imposed. The daily climate data in the SILO data drill sets are all 

synthetic with no original meteorological station data left in the calculated grid fields. SILO 

Data drill data has been produced on a regular grid 0.05° extending from latitude 10°S to 

44°S and longitude 112°E to 154°E. 

 

The Bureau of Meteorology and CSIRO also generated a meteorological analysis and 

remotely sensed datasets for Australia as a contribution to AWAP 

(www.bom.gov.au/jsp/awap). The AWAP product provides interpolated data sets from 1900 

onwards. Jones et al. (2007) state that robust topography resolving analysis methods have 

http://www.longpaddock.qld.gov.au/silo/
http://www.bom.gov.au/jsp/awap
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been developed and applied to meteorological observations of rainfall, maximum and 

minimum temperature, potential and total evaporation, solar radiation and vapour pressure to 

produce analyses at a resolution of  0.05° by 0.05°. The analyses (grids) are computer 

generated using a sophisticated technique which incorporates an optimised Barnes successive 

correction technique that applies a weighted averaging process to the station data (Jones et al. 

2007). Topographical information is included by the use of temperature ratio (actual 

temperature divided by monthly average) in the analysis process. The AWAP climate data is 

interpolated from observations catalogued by the Bureau of Meteorology‟s climate databank 

(Australian Data Archive for Meteorology).  

 

The objectives of this Chapter were to:  

1. Compare the monthly and annual means between the climate variables maximum 

and minimum temperature, rainfall and potential evaporation of the four currently 

available data sources at six sites, for the period 1971 to 2007. 

2. Compare monthly and annual means of simulated perennial ryegrass growth from 

the biophysical model DairyMod between the four currently available data 

sources at six sites, for the period 1971 to 2007. 

 

3.2 Materials and methods 

 

Four climate data sources were compared. These were; 

 

1 SILO Patched Point Data – observations at climate stations with missing data interpolated 

(Jeffrey et al. 2001). 

2 SILO Data Drill – 0.05° gridded data set with all values interpolated (Jeffrey et al. 2001). 

3 Australian Water Availability Project (AWAP) – 0.05° gridded data set of interpolated 

values (Jones et al. 2009).  

4 Australian Water Availability Project (AWAP) – 0.01° gridded data set of interpolated 

values (Corney et al. 2010). 

 

The SILO Patched Point Data and SILO Data Drill continuous daily climate were obtained 

from the SILO database (http://www.longpaddock.qld.gov.au/silo/, Jeffrey et al. 2001). The 

Australian Water Availability Project (AWAP) – 0.05° gridded data set of interpolated values 

of continuous daily climate data was obtained from (http://www.bom.gov.au/jsp/awap/). The 

Australian Water Availability Project (AWAP) – 0.01° gridded data set of interpolated values 

of continuous daily climate data was obtained from the Tasmanian Partnership for Advanced 

Computing (TPAC) portal (https://dl.tpac.org.au/). The daily climate data sets for each site for 

http://www.longpaddock.qld.gov.au/silo/
http://www.bom.gov.au/jsp/awap/
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the period 1
st
 January 1961 to 31

st
 December 2007 were accessed, the climate metrics of 

maximum and minimum temperature (°C), rainfall (mm) and potential evaporation (mm) 

were accessed. The latitude and longitude coordinates shown in Table 3.1 are the location of 

the SILO Patched Point Data observation stations at each site. The six sites selected are 

representative of the dairying regions of the north west (Woolnorth and Flowerdale) central 

north (Merseylea), the northern Midlands (Cressy), the north east (Ringarooma) and the south 

(Ouse). 

 

Table 3.1 Latitude, Longitude and Elevation (AMSL) (m) at the sites of Woolnorth, 

Flowerdale, Merseylea, Cressy, Ringarooma and Ouse. 

Location Latitude Longitude Elevation (m) 

Woolnorth 40°.68`S 144°.72`E 10 

Flowerdale 40°.99`S 145°.61`E 18 

Merseylea 41°.33`S 146°.41`E 41 

Cressy 41°.72`S 147°.08`E  166 

Ringarooma 41°.25`S 147°.73`E 282 

Ouse 42°.48`S 146°.71`E 95 

 

Hereafter the climate data sources will be referred to as PP (SILO Patched Point Data), DD 

(SILO Data Drill – 0.05°), AWAP 0.1 (AWAP 0.1°) and AWAP 0.05 (AWAP 0.05°).      

 

DairyMod version 4.9.2 (Johnson et al. 2008) was used to simulate rainfed perennial ryegrass 

production. A cutting treatment was applied where the pasture was harvested on the last day 

of each month to a residual dry matter of 1400 kg DM/ha. All simulations were conducted 

without nutrient limitation and the soil was a generic clay loam (Table 3.2). The same soil 

physical and chemical parameters were used across each site as the principle aim was to 

determine climatic differences and trends.  

 

The Growth Limiting Factor of Temperature (GLFtemperature) is on a scale of 0 to 1, and is 

defined as the ratio between leaf gross photosynthesis temperature response at the current 

temperature (fp(T)) to that of leaf gross photosynthesis temperature response function at 

optimal temperature (fp(Topt)) such that GLFtemperature is; 

 

     
     

        
 

           (1) 

With DairyMod, perennial ryegrass responses to temperature are described by a generic 

empirical curve. This curve defines the minimum, optimum and maximum temperature for 

photosynthesis based on a representative diurnal temperature that simulate growth restrictions 

in response to high temperature stress 28°C and frost 2°C (Cullen et al. 2009). Both the frost 
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(2°C) and high temperature stress (28°C) temperature parameters were activated within the 

model for the simulations. 

 

High temperatures during the day can affect growth on that day, and subsequent growth. The 

reduction in pasture growth of perennial ryegrass due to high daily temperature extremes lies 

linearly between 28°C (onset temperature – when plant function begins to decrease) and 35°C 

(full temperature – when plant function ceases). The recovery period following exposure to 

heat stress required by the perennial ryegrass plant before photosynthetic function resumes, is 

represented in DairyMod by the critical T-sum. The default critical T-sum setting of 50 in 

DairyMod relates to accumulative temperature difference during the recovery period 

(calculated as 25°C minus the mean daily temperature reaches 50 or more, photosynthesis and 

plant growth in the model resumes) (Equation 2) (Johnson 2005). 

 

                       

           (2) 
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Table 3.2 Key variables and associated parameter values used in DairyMod (Version 4.9.2) to 

simulate growth of perennial ryegrass pastures on a generic clay loam soil. 

Plant variables 

    Maximum photosynthesis rate at reference temperature (mg CO2/m
2/s) 1.0 

Light extinction coefficient m2 ground/m2 leaf 
  

0.5 

C partitioned to total shoot (% of total net C assimilated) 

 

80.0 

C partitioned to leaf (% of C partitioned to total shoot) 

 

20.0 

C partitioned to leaf (% of C partitioned to total shoot) 

 

70.0 

Optimum N content of leaf tissue (%DM) 

   

4.0 

Leaf appearance interval at 5 MJ/m2/ irradiance (d) 

  

22.0 

Leaf appearance interval at 25 MJ/m2/ irradiance (d) 

  

9.0 

Number of live leaves per tiller 

   

3.0 

Transfer of dead material to litter at reference irradiance (%/day) 12.5 

Maximum root depth (cm) 

   

40.0 

Depth to 50% of root mass (cm) 

   

15.0 

Root senescence rate at reference irradiance (% total live weight/day) 2.0 

Initial shoot dry weight (t DM/ha) 1.0 

Fraction of green material in initial shoot weight (%) 50.0 

Initial root dry weight (t DM/ha) 

   

1.0 

Atmospheric CO2 concentration (ppm) - constant  

   

380 

     Soil profile description 

    

 

Soil profile layer 

  

 

Surface A B1 B2 

Depth to bottom of horizon (cm) 2 50 100 200 

Texture C-L C-L C-L C-L 

Saturated water content (% volume) 48 48 48 48 

Saturated hydraulic conductivity (cm/day) 6.7 6.7 6.7 6.7 

Field capacity (% volume) 40 40 40 40 

Wilting point (% volume) 19 19 19 19 

Air dry water content (% volume) 13 13 13 13 

Soil variables 

    Initial water content to wilting point (mm) 

  

274 

Organic C content of the surface soil (% mass) 

  

3.0 

Organic content to 10cm depth (% mass) 

   

2.1 

C:N ratio of organic matter 

   

8.0 

Rate of decay of fast turnover pool or organic matter (%/day) 

 

1.5 

Rate of decay of slow turnover pool of organic matter (%/day) 

 

0.012 

Half life of fast turnover of organic matter (d) 

  

46 

Half life of slow turnover pool of organic matter (year) 

 

15.8 

 

Daily climate data from the four climate data sources at each site for the period 1
st
 January 

1961 to 31
st
 December 2007 were used to drive the DairyMod simulations, and the annual and 

monthly pasture growth rates were exported to a spreadsheet for further computation. The 

daily weather data used were maximum and minimum temperature (°C), rainfall (mm) and 

potential evaporation (mm). Results for the first 10 years were discarded to allow the model 

to equilibrate, and the simulated monthly and annual cut yields for the remaining 36 years 

were averaged to compare the four climate data sources.   

 

A test of normality was carried out on each climate variable within each climate data set using 

the statistical analysis package SPSS (Version 11.5, SPSS Corporation, IL, USA). Climate 

metrics and the simulated annual and monthly pasture production for each region were 

anaylsed as one-way ANOVA with replication (year) using SPSS. Least significant difference 
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(LSD), as defined by Steel and Torrie (1960) were used to compare difference between means 

for the four climate data sources. Inter-annual rainfall variability was quantified using the 

coefficient of variation (CV) (standard deviation/average) over the 36-year time period. 

 

3.3 Results and Discussion 

 

 3.3.1 Temperature 

 

At all sites except Cressy, there were significant (P < 0.05) differences in the mean annual 

daily maximum temperature between the four sources of climate data. At Woolnorth, the PP 

data had a significantly (P < 0.05) lower mean annual daily maximum temperature than the 

other climate data sources. For the region of Flowerdale, AWAP 0.1 data had a significantly 

(P < 0.05) lower mean daily maximum temperature than the other climate data sources. At the 

site of Merseylea the DD had a significantly (P < 0.05) lower mean annual daily maximum 

temperature than the other three climate data sources. For the region of Ringarooma the DD 

data had a significantly (P < 0.05) lower mean annual daily maximum temperature than the 

other climate data sources, while the PP data was significantly (P < 0.05) higher than AWAP 

0.1 but not AWAP 0.05 data. At Ouse the AWAP 0.1 data had a significantly (P < 0.05) 

lower mean annual daily maximum temperature than the other climate data sources (Table 

3.3). Across all sites, none of the four climate data sources were consistently lowest or 

highest. The differences between the mean annual daily maximum temperature ranged from 

0.20°C (Cressy) to 0.57°C (Ouse).  

 

Table 3.3 Mean annual daily maximum temperature (°C) for the sites Woolnorth, Flowerdale, 

Merseylea, Cressy, Ringarooma and Ouse from the data sources of AWAP 0.1, AWAP 0.05, 

PP and DD for the period 1971 to 2007.  

Data set Woolnorth Flowerdale Merseylea Cressy Ringarooma Ouse 

AWAP 0.1 16.53a 16.30b 16.97a 17.45 16.53b 16.73b 

AWAP 0.05 16.63a 16.58a 16.86a 17.46 16.74ab 17.18a 

PP 16.24b 16.55a 16.90a 17.48 16.76a 17.30a 

DD 16.70a 16.55a 16.57b 17.28 16.22c 17.30a 

LSD (P = 0.05) 0.2 0.18 0.17 ns 0.21 0.26 

Means with differing subscripts next to values indicate a significant difference at P < 0.05. 

 

For all regions except Woolnorth, significant differences (P < 0.05) in mean monthly 

maximum temperatures between the four climate data sources occurred during the months of 

April to October (Appendix 1.2-6). At Woolnorth the PP mean monthly maximum 

temperature was significantly lower year round than the other three data sources (Appendix 

1.1). This is most probably the result of the coastal effect on temperature at Woolnorth, where 
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the water temperature can be significantly different from the adjacent land temperature. Daly 

et al. (2002), report that the thermodynamic properties of water are very different than those 

of land, creating complex temperature gradients along coastlines and at adjacent land areas. A 

temperature gradient is evident at Woolnorth, where each of the gridded climate data sources, 

incorporates Bass Strait.      

 

At all sites except Woolnorth, there were significant (P < 0.05) differences in the mean annual 

daily minimum temperature between the four sources of climate data. For the region of 

Flowerdale the AWAP 0.05 data had a significantly (P < 0.05) higher mean annual daily 

minimum temperature than the PP and DD data. At Merseylea, AWAP 0.05 data had a 

significantly (P < 0.05) lower mean annual daily minimum temperature than the PP data. For 

the region of Cressy, AWAP 0.05 data had a significantly (P < 0.05) lower mean annual daily 

minimum temperature than the PP and DD data. At Ringarooma, the DD data had a 

significantly (P < 0.05) lower mean annual daily minimum temperature than the AWAP 0.05 

and PP data. For the region of Ouse the PP data had a significantly (P < 0.05) higher mean 

annual daily minimum temperature than the other climate data sources, while the AWAP 0.1 

data had a significantly (P < 0.05) lower mean annual daily minimum temperature than the 

other climate data sources (Table 3.4). At all sites except Flowerdale, the PP data had the 

highest mean annual daily minimum temperature and the DD data at all sites except 

Merseylea and Cressy had the lowest mean annual daily minimum temperature. The 

differences between the mean annual daily minimum temperature ranged from 0.18°C 

(Woolnorth) to 0.70°C (Ouse).        

 

Table 3.4 Mean annual daily minimum temperature (°C) for the sites Woolnorth, Flowerdale, 

Merseylea, Cressy, Ringarooma and Ouse from the data sources of AWAP 0.1, AWAP 0.05, 

PP and DD for the period 1971 to 2007.  

Data set Woolnorth Flowerdale Merseylea Cressy Ringarooma Ouse 

AWAP 0.1 9.55 8.18ab 7.37ab 5.91bc 6.86ab 5.24c 

AWAP 0.05 9.56 8.28a 7.25b 5.87c 6.97a 5.49b 

PP 9.68 8.02b 7.47a 6.22a 7.04a 5.94a 

DD 9.50 8.00b 7.29ab 6.08ab 6.71b 5.65b 

LSD (P = 0.05) ns 0.21 0.20 0.18 0.19 0.16 

Means with differing subscripts next to values indicate a significant difference at P < 0.05.   

 

For the regions of Merseylea, Cressy, Ringarooma and Ouse the PP data had a significantly 

(P < 0.05) higher mean monthly minimum temperature during the winter months and also 

during spring at Ouse than the other climate data sources. Additionally at Ouse, the PP and 

DD data had a significantly (P < 0.05) higher mean monthly minimum temperature during 

January, February and March than the AWAP 0.1 data. At Ringarooma the DD data had a 
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significantly (P < 0.05) lower mean monthly minimum temperature than the AWAP 0.05 data 

during January and February and AWAP 0.1 and AWAP 0.05 during December (Appendix 

2.1-6).   

 

Dodson & Marks (1997), state that both maximum and minimum temperatures, exhibit a 

strong predictable decrease with an increase in elevation where the atmosphere is well mixed, 

particularly during the warmer months. Winter temperatures, and daily minimum 

temperatures across all seasons, have a more complex relationship with elevation. Mountains 

acting as physical barriers, force air to move vertically (orographic uplift). The rising air will 

then expand and cool provided no heat is exchanged with the outside system. For the region 

of Ouse the statistically significant differences between the PP data and AWAP 0.1 data 

between both mean monthly maximum and minimum temperatures is a reflection of the steep 

gradient that exists. The observation station of the PP data is at an elevation of 95 m, in 

contrast, the elevation of the AWAP 0.1 data is 234 m. The lower daily maximum and 

minimum temperature within the AWAP 0.1 data source is the result of the interpolation of 

the adjacent cells at a higher elevation where a steep gradient is prevalent (average lapse rate 

of -6.5°C/1,000 m).  

 

 3.3.2 Rainfall 

 

At all sites except Flowerdale, there were significant (P < 0.05) differences in the mean 

annual rainfall between the four sources of climate data. At the site of Woolnorth, the PP data 

had a significantly (P < 0.05) lower mean annual rainfall than the other climate data sources. 

For the region of Merseylea, the AWAP 0.1 data had a significantly (P < 0.05) lower mean 

annual rainfall than the other climate data sources. At Cressy, the PP data had a significantly 

(P < 0.05) lower mean annual rainfall than the other climate data sources. For the region of 

Ringarooma, the AWAP 0.1 data had a significantly (P < 0.05) lower mean annual rainfall 

than the AWAP 0.05 data. At Ouse, the PP and DD data had a significantly (P < 0.05) lower 

mean annual rainfall than the AWAP 0.1 and AWAP 0.05 data (Table 3.5). Across all sites 

none of the four climate data sources were consistently highest. The PP data at the sites of 

Woolnorth, Cressy, Ringarooma and Ouse had the lowest mean annual rainfall. The 

differences in mean annual rainfall between the four climate data sources ranged from 30 mm 

(Flowerdale) to 190 mm (Ouse).         
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Table 3.5 Mean annual rainfall (mm) for the sites Woolnorth, Flowerdale, Merseylea, Cressy, 

Ringarooma and Ouse from the data sources of AWAP 0.1, AWAP 0.05, PP and DD for the 

period 1971 to 2007.  

Data set Woolnorth Flowerdale Merseylea Cressy Ringarooma Ouse 

AWAP 0.1 1023a 1159 901b 751a 1120b 737a 

AWAP 0.05 999a 1189 965ab 759a 1230a 738a 

PP 934b 1184 1038a 619b 1189ab 548b 

DD 1040a 1169 949ab 724a 1193ab 565b 

LSD (P = 0.05) 65 ns 102 67 101 51 

Means with differing subscripts next to values indicate a significant difference at P < 0.05.   

 

For the regions of Woolnorth, Flowerdale, Merseylea and Ringarooma there were no 

significant (P > 0.05) differences in mean monthly rainfall between the four sources of 

climate data (Figure 3.1a-c,e). At Cressy, the PP data had a significantly (P < 0.05) lower 

mean monthly rainfall during July and August than the other climate data sources. 

Additionally, the PP data had a significantly (P < 0.05) lower mean monthly rainfall during 

June than the data of AWAP 0.1 and AWAP 0.05 (Figure 3.1d). At Ouse, the AWAP 0.1 and 

AWAP 0.05 data had a significantly (P < 0.05) higher mean monthly rainfall than the PP and 

DD data for all months except February (Figure 3.1f) (Appendix 3.1-6).   

 

Figure 3.1 Mean monthly rainfall (mm) at Woolnorth (a), Flowerdale (b), Merseylea (c), 

Cressy (d), Ringarooma (e) and Ouse (f) from the data sources of AWAP 0.1, AWAP 0.05, 

PP and DD for the period 1971 to 2007. 
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The variation between the four climate data sources from the highest to the lowest mean 

annual rainfall ranged from 3% at Flowerdale to 35% at Ouse. Terrain and water bodies 

commonly have major effects on spatial climate patterns. Regions that have significant terrain 

features (Ouse) along with cold air drainage and temperature inversions are difficult to 

interpolate accurately. Slope and aspect, riparian zones, vegetation and land use are 

commonly not accounted for in spatial climate interpolation. Daly (2006) states that slope and 

aspect even at a relatively small scale contribute in determining the local orographic 

enhancement of rainfall and has the potential to modulate near surface temperatures on the 

basis of exposure to solar radiation and wind. 

  

For the regions of Woolnorth, Cressy and Ouse the PP data had the lowest mean annual 

rainfall. Beesley et al. (2009) state that rainfall is highly variable over area and time and 

hence is difficult to reliably interpolate from surrounding station observations. Numerous 

factors influence the reliability of interpolation and these include observation error, irregular 

geographical distributions of rainfall observations and under representation of steep gradient 

areas which commonly tend to have higher rainfall (Oke et al. 2009). The relationship 

between elevation and rainfall is complex and is highly variable in space. Rainfall generally 

increases with elevation due to forced uplift and cooling of moisture bearing winds by terrain 

barriers (Daly 2006). Hijmans et al. (2005) also concluded that the highest uncertainty with 

interpolated climate data sources is in regions with high variation in elevation. This is 

consistent with the finding from this analysis.  

 

 3.3.3 Potential evaporation 

 

At all sites except Ouse, there were significant (P < 0.05) differences in the mean annual 

potential evaporation between the four sources of climate data. For the regions of Woolnorth, 

Merseylea and Cressy the AWAP 0.1 and AWAP 0.05 data had a significantly (P < 0.05) 

lower mean annual potential evaporation than the PP and DD data. At Flowerdale, the AWAP 

0.1 data had a significantly lower mean annual potential evaporation than the other climate 

data sources, the AWAP 0.05 data had a significantly (P < 0.05) higher mean annual potential 

evaporation than the AWAP 0.1 data and a significantly (P < 0.05) lower mean annual 

potential evaporation than the PP and DD data. For the region of Ringarooma, the AWAP 0.1 

and AWAP 0.05 data had a significantly (P < 0.05) lower mean annual potential evaporation 

than the PP and DD data, and the PP data had a significantly (P < 0.05) higher mean annual 

potential evaporation than the other climate data sources (Table 3.6).  
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Table 3.6 Mean annual potential evaporation (mm) for the sites Woolnorth, Flowerdale, 

Merseylea, Cressy, Ringarooma and Ouse from the data sources of AWAP 0.1, AWAP 0.05, 

PP and DD for the period 1971 to 2007.  

Data set Woolnorth Flowerdale Merseylea Cressy Ringarooma Ouse 

AWAP 0.1 945b 968c 1021b 1004b 932c 979 

AWAP 0.05 948b 985b 1012b 1005b 930c 1000 

PP 1076a 1074a 1108a 1151a 1055a 997 

DD 1090a 1074a 1097a 1141a 1025b 997 

LSD (P = 0.05) 20 16 20 27 28 ns 

Means with differing subscripts next to values indicate a significant difference at P < 0.05.   

 

At all sites except Ouse, mean monthly potential evaporation from the AWAP 0.1 and AWAP 

0.05 data was significantly (P < 0.05) lower from the months of February through to 

September than the PP and DD data (at Cressy, from January to September) (Figure 3.2). For 

the region of Ouse, mean monthly potential evaporation from the AWAP 0.1 and AWAP 0.05 

data was significantly (P < 0.05) lower than from the PP and DD data from April to August 

(Figure 3.2f). At the sites of Woolnorth, Flowerdale, Merseylea and Ouse mean monthly 

potential evaporation from the AWAP 0.1 and AWAP 0.05 data was significantly (P < 0.05) 

higher than the PP and DD data during the months of October, November and December. In 

addition, at Ouse, the AWAP 0.1 and AWAP 0.05 data was significantly (P < 0.05) higher 

than PP and DD data during January (Figure 3.2f) (Appendix 4.1-6) 

  

Figure 3.2 Mean monthly potential evaporation (mm) at Woolnorth (a), Flowerdale (b), 

Merseylea (c), Cressy (d), Ringarooma (e) and Ouse (f) from the data sources of AWAP 0.1, 

AWAP 0.05, PP and DD for the period 1971 to 2007. 
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Across all sites except Ouse, the potential evaporation values from PP and DD were 

consistently higher than the AWAP 0.1 and AWAP 0.05 data, with differences between 

climate data sources ranging from 15% at Woolnorth to 2% at Ouse. The significant 

differences between the AWAP data and DD and PP data can be explained by the different 

interpolation methods and the different potential evaporation calculation methods. Both 

AWAP data sources had potential evaporation calculated using the Priestly-Taylor method 

while the data sources of DD and PP had potential evaporation calculated from a linear 

combination of gridded solar radiation and vapour pressure deficit from within the climate 

data sets (Rayner et al. 2004). 

  

3.3.4 DairyMod simulations 

 

For the region of Woolnorth, the simulated mean annual pasture yield from each climate data 

source ranged from 11,291 kg DM/ha (PP) to 12,325 kg DM/ha (DD) (Figure 3.3a). The 

mean annual simulated pasture yield from the PP data was significantly (P < 0.05) lower than 

the DD data (Table 3.7). The mean monthly simulated pasture yield from the PP data was 

significantly (P < 0.05) lower during April (AWAP 0.1), May (AWAP 0.1, AWAP 0.05) and 

October (AWAP 0.1, AWAP 0.05 and DD). Conversely, the mean monthly simulated pasture 

yield from the PP data was significantly (P < 0.05) higher during July than AWAP 0.1 data 

(Figure 3.3b), (Appendix 5.1). 

Figure 3.3 Annual simulated pasture cut yield (kg DM/ha) for Woolnorth shown as box plots 

(5
th
, 10th, 25

th
, 50

th
, 75

th
, 90

th
 and 95

th
 percentile, with dashed mean line) (a) and mean 

simulated monthly cut yield (kg DM/ha) (b) from the climate data sources of AWAP 0.1, 

AWAP 0.05, PP and DD for the period 1971 to 2007. 

 

At Flowerdale, the simulated mean annual pasture yield from each climate data source varied 

from 11,083 kg DM/ha (DD) to 11,628 kg DM/ha (AWAP 0.05) and there was no significant 

(P > 0.05) difference between the climate data sources (Figure 3.4a). The mean monthly 
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simulated pasture yield from the AWAP 0.05 data was significantly (P < 0.05) lower than the 

PP and DD data during the months of August, September and October  (Figure 3.4b), 

(Appendix 5.2).     

Figure 3.4 Annual simulated pasture cut yield (kg DM/ha) for Flowerdale shown as box plots 

(5
th
, 10th, 25

th
, 50

th
, 75

th
, 90

th
 and 95

th
 percentile, with dashed mean line) (a) and mean 

simulated monthly cut yield (kg DM/ha) (b) from the climate data sources of AWAP 0.1, 

AWAP 0.05, PP and DD for the period 1971 to 2007. 

 

For the region of Merseylea, the simulated mean annual pasture yield from each climate data 

source ranged from 8,003 kg DM/ha (AWAP 0.1) to 9,271 kg DM/ha (PP) (Figure 3.5a). The 

mean annual simulated pasture yield from the AWAP 0.1 data was significantly (P < 0.05) 

lower than the PP data source (Table 3.7). The mean monthly simulated pasture yield from 

the PP data was significantly (P < 0.05) higher than the AWAP 0.05 data (August) and DD 

(August, September). The mean monthly pasture yield from the DD data was significantly (P 

< 0.05) lower than the AWAP 0.1 and AWAP 0.05 data during October (Figure 3.5b), 

(Appendix 5.3). 
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Figure 3.5 Annual simulated pasture cut yield (kg DM/ha) for Merseylea shown as box plots 

(5
th
, 10th, 25

th
, 50

th
, 75

th
, 90

th
 and 95

th
 percentile, with dashed mean line) (a) and mean 

simulated monthly cut yield (kg DM/ha) (b) from the climate data sources of AWAP 0.1, 

AWAP 0.05, PP and DD for the period 1971 to 2007. 

 

At Cressy, the simulated mean annual pasture yield from each climate data source ranged 

from 4,144 kg DM/ha (PP) to 4,882 kg DM/ha (AWAP 0.1) and there was no significant (P > 

0.05) difference between climate data sources (Figure 3.6a). The mean monthly simulated 

pasture yield from the PP data was significantly (P < 0.05) higher than the other data sources 

during September. In contrast the mean monthly simulated pasture yield from the PP data was 

significantly (P < 0.05) lower than the AWAP 0.1 and AWAP 0.05 data during November 

(Figure 3.6b), (Appendix 5.4).  

Figure 3.6 Annual simulated pasture cut yield (kg DM/ha) for Cressy shown as box plots (5
th
, 

10th, 25
th
, 50

th
, 75

th
, 90

th
 and 95

th
 percentile, with dashed mean line) (a) and mean simulated 

monthly cut yield (kg DM/ha) (b) from the climate data sources of AWAP 0.1, AWAP 0.05, 

PP and DD for the period 1971 to 2007. 

 

For the region of Ringarooma, the simulated mean annual pasture yield from each climate 

data source ranged from 9,628 kg DM/ha (DD) to 10,369 kg DM/ha (AWAP 0.05) and there 

was no significant (P > 0.05) differences between the climate data sources (Figure 3.7a). The 
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mean monthly simulated pasture yield from the PP data was significantly (P < 0.05) higher 

than AWAP 0.1 data (August, September) and DD data (September, October). The mean 

monthly simulated pasture yield from the AWAP 0.05 data was significantly (P < 0.05) 

higher than the DD data during October (Figure 3.7b), (Appendix 5.5). 

Figure 3.7 Annual simulated pasture cut yield (kg DM/ha) for Ringarooma shown as box 

plots (5
th
, 10th, 25

th
, 50

th
, 75

th
, 90

th
 and 95

th
 percentile, with dashed mean line) (a) and mean 

simulated monthly cut yield (kg DM/ha) (b) from the climate data sources of AWAP 0.1, 

AWAP 0.05, PP and DD for the period 1971 to 2007. 

 

For the region of Ouse, the simulated mean annual pasture yield from each climate data 

source ranged from 4,275 kg DM/ha (DD) to 4,918 kg DM/ha (AWAP 0.05) and there was no 

significant (P > 0.05) differences between the climate data sources (Figure 3.8a). The mean 

monthly simulated pasture yield form the PP data was significantly (P < 0.05) lower than the 

AWAP 0.1 and AWAP 0.05 data during April. During September the mean monthly 

simulated pasture yield from the PP data was significantly (P < 0.05) higher than the AWAP 

0.1 and AWAP 0.05 data and during October the mean monthly simulated pasture yield from 

the PP data was significantly (P < 0.05) higher than the AWAP 0.1 and DD data (Figure 

3.8b), (Appendix 5.6).  
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Figure 3.8 Annual simulated pasture cut yield (kg DM/ha) for Ouse shown as box plots (5
th
, 

10th, 25
th
, 50

th
, 75

th
, 90

th
 and 95

th
 percentile, with dashed mean line) (a) and mean simulated 

monthly cut yield (kg DM/ha) (b) from the climate data sources of AWAP 0.1, AWAP 0.05, 

PP and DD for the period 1971 to 2007. 

 

The variation between the four climate data sources for simulated pasture yields ranged from 

5% at Flowerdale to 18% at Cressy. For the regions of Flowerdale, Ringarooma and Ouse the 

AWAP 0.05 data had the highest mean annual simulated pasture yield, and the DD data had 

the lowest mean annual pasture yield (Table 3.7). At all sites except Cressy, the data source 

that had the highest mean annual rainfall (Table 3.5) also had the highest mean annual 

simulated pasture yield. This was reflected in the mean monthly simulated pasture yields 

during the summer and autumn months, where the data source that had the highest mean 

monthly rainfall also had the highest mean monthly simulated pasture yields. In addition, the 

data source that had the lowest mean monthly rainfall also had the lowest mean monthly 

simulated pasture yield during the summer and autumn months (Appendix 3.0, 5.0).  

 

Table 3.7 Mean annual simulated pasture cut yields (kg DM/ha) at Woolnorth, Flowerdale, 

Merseylea, Cressy, Ringarooma and Ouse from the climate data sources of AWAP 0.1, 

AWAP 0.05, PP and DD for the period 1971 to 2007. 

 
Woolnorth Flowerdale Merseylea Cressy Ringarooma Ouse 

AWAP 0.1 12026ab 11450 8003b 4882 9820 4596 

AWAP 0.05 11767ab 11628 8321ab 4871 10639 4918 

PP 11291b 11181 9271a 4144 10173 4617 

DD 12325a 11083 8226ab 4549 9628 4275 

LSD (P = 0.05) 929 ns 1263 ns ns ns 

Means with differing subscripts next to values indicate a significant difference at P < 0.05.   

 

During winter and spring at all sites except Woolnorth, the differences between mean 

monthly simulated pasture yields were closely correlated with mean monthly minimum 

temperatures from the four climate data sources. The data source that had the highest mean 

monthly minimum temperature also had the highest mean monthly simulated pasture yield, 
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and the data source that had the lowest mean monthly temperature also had the lowest mean 

monthly simulated pasture yield (Appendix 2.0, 5.0).  

 

The coefficient of variation (CV) of the simulated pasture yields was notably higher at Cressy 

and Ouse (Figure 3.9b), in comparison to the other four sites. This was a result of the lower 

mean annual rainfall at both Cressy and Ouse (Table 3.5) creating greater inter-annual yield 

variability. Perennial ryegrass is suited to regions with a mean annual rainfall of > 650 mm 

(Waller & Sale 2001). At Cressy and Ouse mean annual rainfall is only marginally above this 

value.  

 

The CV of annual rainfall across all sites, averaged from all four climate data sources, ranged 

from 14% at Woolnorth to 23% at Merseylea (Figure 3.9a). The CV of annual rainfall at 

Cressy and Ouse was 21% and 17% respectively. While inter-annual rainfall variability at 

Cressy and Ouse is not discernibly high in comparison to the other sites, the inter-annual 

rainfall variability has had a greater impact on simulated pasture yields due to a greater 

number of years where the annual rainfall would be below the optimum for pasture growth. 

This is most evident during spring, where the inter-seasonal variability of simulated cut yields 

was higher at Cressy and Ouse in contrast to the other sites. Each site has a winter dominant 

rainfall, with lower mean spring rainfall at Cressy and Ouse creating greater variability in the 

pasture yields in comparison to the other sites where spring rainfall is higher. 

 

Figure 3.9 CV (%) of annual rainfall (a) and CV (%) of annual pasture cut yields (b) at 

Woolnorth, Flowerdale, Merseylea, Cressy, Ringarooma and Ouse from the climate data 

sources of AWAP 0.1, AWAP 0.05, PP and DD for the period 1971 to 2007. 
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3.4 Conclusion 

 

The meteorological and simulated biophysical comparison between the four climate data 

sources of AWAP 0.1, AWAP 0.05, PP and DD is an important step in understanding the 

variation that can exist between observed and spatially interpolated climate data sets. 

Evaluation and comparisons between the four climate data sources has provided an insight 

into the geographic distribution of uncertainty between the four climate data sources at each 

of the six sites.  

 

The significant differences observed between the four climate data sources, can be partly 

attributed to different interpolation methods that have been applied to the observed station 

data. Daly (2006) concludes that spatial data sets represent a source of error in any analysis 

that uses them as an input. There is no one satisfactory method for quantitatively estimating 

error in spatial climate data sets, primarily because the field that is being estimated is 

unknown between data points.    

 

While there were significant differences observed between the simulated biological 

comparisons of the four climate data sources, ultimately the significant differences that 

occurred were the exception. Differences were observed between the four climate data 

sources at each site, primarily between the climate metrics as opposed to the simulated mean 

pasture yields. The variation between the four climate data sources of simulated mean pasture 

yields for each of the six sites were similar, demonstrating that the variation between the 

climate data sources at each site is less important than the variation in pasture yields between 

the six sites. However, observed and spatially interpolated climate data sets contain a certain 

degree of error and this error is sometimes measurable as has been shown here. Ultimately no 

observed or spatially interpolated data set is perfect, but they are nevertheless useful for a 

variety of regions and applications providing their limitations and assumptions are 

understood.  

 

The AWAP 0.1 data source was created to compare directly to the regional CFT GCM 

outputs, the AWAP 0.1 data is interpolated onto a larger grid resolution than both the AWAP 

0.05 and DD. The differences that were observed between the four climate data sources is not 

so much a reflection of the each data sources accuracy, but rather the grid resolution of each 

climate data source.  
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CHAPTER 4: A COMPARISON OF THE AWAP 0.1 DATA SOURCE AGAINST THE 

SIX DOWNSCALED GENERAL CIRCULATION MODEL CLIMATE DATA 

SOURCES 

 

4.1 Introduction 

 

General Circulation Models are the best available tools for simulating future climates under 

anthropogenic forcing and projected emissions of greenhouse gases and their use in impact 

assessment studies of climate change is widespread (Suppiah et al. 2007; Perkins & Pittman 

2009; Soussana et al. 2010). The development of GCMs for future climate projections has 

placed increasing demands that the models simulate present day climate well (Perkins et al 

2007). However, the spatial resolution of most GCMs is low, which reduces the realism of 

local projections of climate change, especially in areas with complex terrain (Soussana et al 

2010) such as Tasmania. Corney et al. (2010) reported that Tasmania, due to its diverse 

geography and climate over a small area, is a particularly difficult region for modelling 

climate change when relying solely on GCMs.  

 

In order to address this issue, the CFT project provided credible projections of major climatic 

features specific to Tasmania, by dynamically downscaling six GCMs down to a 0.1° grid 

(Grose et al. 2010). The CFT project dynamically downscaled the GCM climatic outputs 

using the CCAM (Corney et al. 2010). Dynamical downscaling allows synoptic weather 

systems to be expressed at finer scales than those in GCMs, while taking into account the 

interaction between the weather systems and Tasmania‟s topography and vegetation (Bennett 

et al. 2010; Holz et al. 2010). Corney et al. (2010) report that modelling the atmosphere at a 

much finer scale than is possible using a coupled GCM, allows the drivers of Tasmania‟s 

climate to be captured with greater accuracy. 

  

A greater level of confidence in a GCMs ability to simulate a future climate scenario is 

provided if the GCM is able to simulate the historical climate with some degree of accuracy. 

Poor agreement between simulated and observed climate data can indicate that certain 

physical or dynamical processes have been misrepresented (IPCC 2007). The CFT 

downscaled GCM simulations when compared to a historical gridded climate data source 

such as AWAP 0.1, will have systematic differences (Corney et al. 2010). In reporting trends 

in climate data, and for most applications that require climate data as input, a bias in the CFT 

GCM simulations will not adversely affect the output (Corney et al. 2010). However, most 

dynamically downscaled climate simulations need to be bias-adjusted, particularly if the 
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climate simulations are intended to be used in biophysical or hydrological models (Holz et al. 

2010).  

 

The CFT used a bias-adjustment process to correct for systematic errors for five climate 

variables (Corney et al. 2010). These five climate variables were daily maximum and 

minimum temperature, daily rainfall, daily total pan evaporation and daily solar radiation. The 

bias-adjusted variables were modified on a cell by cell basis for each of the land grid cells and 

applied on a seasonal basis using the AWAP 0.1 gridded data source. All five climate metrics 

were bias-adjusted using a percentile binning method (1% bin size) based on the work of 

Panofsky and Brier (1968). Several different techniques for implementing bias-adjustment 

exist. The percentile binning method has an advantage over other bias-adjustment methods as 

it does not assume that the offset is constant for all values of the variable being adjusted or 

even that the distribution of the variable being adjusted is normally distributed about a mean 

(Corney et al. 2010). The bias-adjusted dynamically downscaled GCM data are designed to 

be used within biophysical, hydrological or similar models. In many previous studies where 

climate simulations have been used as input into simulation models, anomalous or perturbed 

historical datasets have been used (Corney et al. 2010). 

 

To have an acceptable degree of confidence in the projections produced by the CFT 

modelling it is necessary to compare and contrast the bias-adjusted downscaled GCMs with 

observational data. In addition to a meteorological comparison, a biophysical comparison 

between the GCMs and observational climate data is considered an important step in further 

building confidence in the timing and magnitude of simulated weather events.  

 

The objectives of this chapter were to: 

1. Compare the monthly and annual means between the climate variables maximum, 

minimum and diurnal temperature, rainfall and solar radiation from the observed 

gridded climate dataset AWAP 0.1 and the six bias-adjusted dynamically 

downscaled GCMs at six sites for the period 1990 to 2007. 

2. Quantify simulated perennial ryegrass yields from the biophysical model 

DairyMod, using the AWAP 0.1 gridded data and the six bias-adjusted 

dynamically downscaled GCMs as inputs into DairyMod at six sites, for the 

period 1990 to 2007. 
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4.2 Materials and methods 

 

The Australian Water Availability Project (AWAP 0.1°) gridded data source of interpolated 

values of continuous daily climate data and the 0.1° gridded bias-adjusted dynamically 

downscaled CSIRO-Mk3.5, ECHAM5/MPI-OM, GFDL-CM2.0, GFDL-CM2.1, MIROC3.2 

(medres) and UKMO-HADCM3 data for each of the six sites (Section 3.2) was obtained from 

the TPAC portal (https://dl.tpac.org.au/). Daily climate data for the period 1
st
 January 1981 to 

31
st
 December 2007, for the climate variables of maximum and minimum temperature (°C), 

rainfall (mm) and solar radiation (MJ/m
2
) were accessed.  

 

In the previous chapter, daily potential evaporation values from the four climate data sources 

PP, DD, AWAP 0.5 and AWAP 0.1 were quantified. In this chapter and in future chapters, 

daily potential evapotranspiration values as calculated by Bennett et al. (2010) (using the 

Morton‟s Wet method) is used from both the bias-adjusted downscaled GCMs and AWAP 0.1 

data, as opposed to the daily potential evaporation values. 

  

Daily solar radiation values within the AWAP 0.1 data prior to 1990 are constant monthly 

means, and as such there is no inter-annual variability. Estimates of solar radiation at the 

earth‟s surface with complete spatial coverage have only been possible since 1990 with the 

advent of satellite records of cloud cover and albedo (Corney et al. 2010). As a result the 

differences in daily solar radiation values prior to 1990 between the AWAP 0.1 data source 

and the bias-adjusted downscaled GCMs prevented the solar radiation values being used from 

the AWAP 0.1 data source prior to 1990. 

 

The suitability of the bias-adjusted downscaled GCMs for use in biophysical models was 

tested by comparing simulated pasture yields from the bias-adjusted downscaled GCMs 

against AWAP 0.1 and is considered an important step in further building confidence in the 

bias-adjusted downscaled GCMs. DairyMod version 4.9.2 (Johnson et al. 2008) was used to 

simulate rainfed perennial ryegrass for the period 1
st
 January 1981 to 31

st
 December 2007, 

results for the first 10 years were discarded to allow the model to equilibrate. The methods 

and parameters of the model used here were identical to those described in Section 3.2. Daily 

climate data from the seven climate data sources at each site for the period 1
st
 January 1991 to 

31
st
 December 2007 were used and monthly and annual pasture yield data were exported to a 

spreadsheet for further computation.  

 

A test of normality was carried out on each climate variable within each climate data set using 

the statistical analysis package SPSS (Version 11.5, SPSS Corporation, IL, USA). Climate 
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metrics and the simulated annual and monthly pasture yield for each region were anaylsed as 

one-way ANOVA with replication (year) using SPSS. Least significant difference (LSD), as 

defined by Steel and Torrie (1960) were used to compare differences between means for the 

seven climate data sources. 

  

4.3 Results and Discussion    

 

 4.3.1 Annual climate metrics 

 

At all sites except Merseylea, there were no significant (P > 0.05) differences in the mean 

annual daily maximum temperature between the seven sources of climate data (Table 4.1). At 

Merseylea, the AWAP 0.1 and MIROC3.2 (medres) data had a significantly (P <0.05) lower 

mean annual daily maximum temperature than the ECHAM5/MPI-OM data. Across all sites 

the ECHAM5/MPI-OM data consistently had the highest mean annual daily maximum 

temperature and the MIROC3.2 (medres) was consistently the lowest at all sites except 

Woolnorth. Differences between climate data sources of the mean annual daily maximum 

temperature ranged from 0.22° at Flowerdale and Merseylea to 0.30°C at Ouse.  

 

Table 4.1 Mean annual daily maximum temperature (°C) at the sites of Woolnorth, 

Flowerdale, Merseylea, Cressy, Ringarooma and Ouse from the data sources of AWAP 0.1, 

CSIRO-Mk3.5, ECHAM5/MPI-OM, GFDL-CM2.0, GFDL-CM2.1, MIROC3.2 (medres) and 

UKMO-HADCM3 for the period 1990 to 2007. Standard deviation is shown in parentheses. 

Data source Woolnorth Flowerdale Merseylea Cressy Ringarooma Ouse 

AWAP 0.1 16.53  (0.43) 16.34  (0.42) 16.97b  (0.38)   17.51  (0.47) 16.61  (0.44) 16.85  (0.56) 

CSIRO-Mk3.5 16.58  (0.31) 16.37  (0.27) 17.02ab  (0.23) 17.49  (0.23) 16.57  (0.21) 16.75  (0.28) 

ECHAM5/MPI-OM 16.76  (0.37) 16.52  (0.23) 17.18a   (0.24) 17.67  (0.21) 16.75  (0.25) 17.00  (0.22) 

GFDL-CM2.0 16.60  (0.27) 16.38  (0.25) 17.01ab  (0.26) 17.50  (0.31) 16.57  (0.26) 16.86  (0.33) 

GFDL-CM2.1 16.57  (0.36) 16.38  (0.33) 17.04ab  (0.33) 17.54  (0.36) 16.59  (0.33) 16.79  (0.39) 

MIROC3.2 (medres) 16.56  (0.41) 16.30  (0.36) 16.96b   (0.35) 17.44  (0.37) 16.51  (0.32) 16.70  (0.39) 

UKMO-HADCM3 16.73  (0.31) 16.43  (0.26) 17.05ab  (0.24) 17.51  (0.26) 16.61  (0.23) 16.83  (0.28) 

LSD (P = 0.05) ns ns 0.19 ns ns ns 

Means with differing subscripts next to values indicate a significant difference at P < 0.05. 

 

At all sites except Merseylea, there were significant (P < 0.05) differences in mean annual 

daily minimum temperature between the seven sources of climate data (Table 4.2). At 

Woolnorth, the UKMO-HADCM3 data had a significantly (P < 0.05) higher mean annual 

daily minimum temperature than all the other data sources except ECHAM5/MPI-OM. For 

the regions of Flowerdale and Cressy, the ECHAM5/MPI-OM and UKMO-HADCM3 data 

had a significantly (P < 0.05) higher mean annual daily minimum temperature than AWAP 

0.1, CSIRO-Mk3.5 and MIROC3.2 (medres) data. At Ringarooma, the ECHAM5/MPI-OM 

data had a significantly (P < 0.05) higher mean annual daily minimum temperature than the 
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AWAP 0.1, CSIRO-Mk3.5 and MIROC3.2 (medres) data. For the region of Ouse, the 

ECHAM5/MPI-OM and UKMO-HADCM3 data had a significantly (P < 0.05) higher mean 

annual daily minimum temperature than the other climate data sources except the GFDL-

CM2.0 data. At the sites of Woolnorth, Flowerdale, Merseylea and Cressy the UKMO-

HADCM3 data had the highest mean annual daily maximum temperature and at the sites of 

Flowerdale, Cressy and Ouse the AWAP 0.1 data had the lowest mean annual daily minimum 

temperature. The differences between climate data sources of the mean annual daily 

maximum temperature ranged from 0.23° at Flowerdale and Merseylea to 0.34°C at Ouse.  

 

At all sites, there were significant (P < 0.05) differences in the mean monthly maximum and 

minimum temperature between the AWAP 0.1 data and the bias-adjusted downscaled GCMs.  

 

Table 4.2 Mean annual daily minimum temperature (°C) at the sites of Woolnorth, 

Flowerdale, Merseylea, Cressy, Ringarooma and Ouse from the data sources of AWAP 0.1, 

CSIRO-Mk3.5, ECHAM5/MPI-OM, GFDL-CM2.0, GFDL-CM2.1, MIROC3.2 (medres) and 

UKMO-HADCM3 for the period 1990 to 2007. Standard deviation is shown in parentheses. 

Data source Woolnorth Flowerdale Merseylea Cressy Ringarooma Ouse 

AWAP 0.1 9.53b   (0.40) 8.11b   (0.40) 7.40  (0.43) 5.91b   (0.39) 6.93b   (0.41) 5.16b   (0.39) 

CSIRO-Mk3.5 9.49b   (0.30) 8.12b   (0.24) 7.34  (0.23) 5.94b   (0.26) 6.91b    (0.25) 5.30b  (0.24) 

ECHAM5/MPI-OM 9.69ab  (0.34) 8.33a    (0.28) 7.55  (0.28) 6.16a   (0.25) 7.15a   (0.30) 5.50a   (0.23) 

GFDL-CM2.0 9.51b   (0.19) 8.19ab  (0.16) 7.41  (0.19) 6.06ab  (0.16) 6.95ab  (0.18) 5.35ab  (0.15) 

GFDL-CM2.1 9.52b   (0.29) 8.16ab  (0.28) 7.39  (0.30) 6.02ab  (0.31) 6.95ab  (0.32) 5.31b   (0.27) 

MIROC3.2 (medres) 9.51b   (0.38) 8.13b    (0.33) 7.33  (0.32) 5.95b    (0.31) 6.89b    (0.32) 5.27b   (0.26) 

UKMO-HADCM3 9.75a   (0.29) 8.34a    (0.29) 7.56  (0.27) 6.17a    (0.26) 7.09ab  (0.27) 5.45a   (0.23) 

LSD (P = 0.05) 0.21 0.19 ns 0.19 0.19 0.17 

Means with differing subscripts next to values indicate a significant difference at P < 0.05. 

 

The standard deviation values of mean annual daily maximum and minimum temperatures 

across all sites from the AWAP 0.1 data were consistently higher than the bias-adjusted 

downscaled GCMs. Corney et al. (2010) state that the AWAP 0.1 data is interpolated using a 

statistical model from the observing station data and that all gridded data sets based on station 

records are influenced by the location and number of stations. As such, the spatial pattern of 

AWAP 0.1 data is fixed, given a particular set of observations. This statistical scaling from 

limited observations may lead to underestimates in the variability of temperature across 

Tasmania. In Tasmania there are a limited number of long term observational stations (six for 

temperature, dating from 1910) that make up the observational network forming the basis of 

the AWAP 0.1 gridded data (Grose et al. 2010).  

 

At all sites except Cressy and Ouse, there were no significant (P < 0.05) differences in the 

mean annual daily diurnal temperature range between the seven sources of climate data 

(Table 4.3). For the region of Cressy, the UKMO-HADCM3 data had a significantly (P < 
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0.05) lower mean annual daily diurnal temperature range than the AWAP 0.1 and CSIRO-

Mk3.5 data. At Ouse, the AWAP 0.1 data had a significantly (P < 0.05) higher mean annual 

daily diurnal temperature range than the other climate data sources. Across all the sites, none 

of the seven climate data sources had consistently the highest mean annual daily diurnal 

temperature. The UKMO-HADCM3 data had the lowest mean annual daily diurnal 

temperature range at each site. The differences between climate data sources of the mean 

annual daily diurnal temperature range ranged from 0.11° at Woolnorth to 0.31°C at Ouse.  

   

Table 4.3 Mean annual daily diurnal temperature range (°C) at the sites of Woolnorth, 

Flowerdale, Merseylea, Cressy, Ringarooma and Ouse from the data sources of AWAP 0.1, 

CSIRO-Mk3.5, ECHAM5/MPI-OM, GFDL-CM2.0, GFDL-CM2.1, MIROC3.2 (medres) and 

UKMO-HADCM3 for the period 1990 to 2007. Standard deviation is shown in parentheses. 

Data source Woolnorth Flowerdale Merseylea Cressy Ringarooma Ouse 

AWAP 0.1 7.00  (0.20) 8.23  (0.25) 9.58  (0.28) 11.60a   (0.38) 9.67  (0.33) 11.69a  (0.36) 

CSIRO-Mk3.5 7.09  (0.20) 8.24  (0.22) 9.68  (0.17) 11.55a   (0.21) 9.66  (0.16) 11.46b  (0.20) 

ECHAM5/MPI-OM 7.07  (0.15) 8.19  (0.24) 9.63  (0.31) 11.50ab  (0.32) 9.61  (0.31) 11.50b  (0.19) 

GFDL-CM2.0 7.09  (0.18) 8.19  (0.23) 9.60  (0.28) 11.44ab  (0.31) 9.62  (0.25) 11.51b  (0.26) 

GFDL-CM2.1 7.05  (0.17) 8.23  (0.21) 9.66  (0.25) 11.51ab  (0.30) 9.64  (0.22) 11.48b  (0.27) 

MIROC3.2 (medres) 7.05  (0.17) 8.17  (0.25) 9.63  (0.26) 11.49ab  (0.30) 9.62  (0.24) 11.43b  (0.25) 

UKMO-HADCM3 6.98  (0.17) 8.09  (0.20) 9.50  (0.22) 11.34b   (0.26) 9.52  (0.22) 11.38b  (0.20) 

LSD (P = 0.05) ns ns ns 0.20 ns 0.17 

Means with differing subscripts next to values indicate a significant difference at P < 0.05. 

 

Corney et al. (2010) state that the ability of GCMs to reproduce the diurnal temperature range 

is more difficult than maximum and minimum temperature alone and hence gives a second 

order assessment of the GCMs performance. In order to simulate the observed diurnal 

temperature range, the seasonality of the daily minimums and maximums of temperature in 

the GCM must be correctly aligned. For example, a hot summer day is likely to have a 

warmer overnight minimum temperature. The bias-adjusted downscaled GCMs, in 

comparison to the AWAP 0.1 data source, have achieved an acceptable standard of capturing 

the broad features of the diurnal temperature range that is exhibited in the AWAP 0.1 data 

source.  

 

At all sites, there were no significant (P > 0.05) differences in the mean annual rainfall 

between the seven sources of climate data (Table 4.4). The differences between the data 

sources of the mean annual rainfall across all sites ranged from 25 mm at Ouse to 90 mm at 

Flowerdale. At all sites, the UKMO-HADCM3 data consistently had the highest mean annual 

rainfall and the CSIRO-Mk3.5 data at Woolnorth, Flowerdale and Merseylea had the lowest 

mean annual rainfall.  
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Table 4.4 Mean annual rainfall (mm) at the sites of Woolnorth, Flowerdale, Merseylea, 

Cressy, Ringarooma and Ouse from the data sources of AWAP 0.1, CSIRO-Mk3.5, 

ECHAM5/MPI-OM, GFDL-CM2.0, GFDL-CM2.1, MIROC3.2 (medres) and UKMO-

HADCM3 for the period 1990 to 2007. Standard deviation is shown in parentheses. 

Data source Woolnorth Flowerdale Merseylea Cressy Ringarooma Ouse 

AWAP 0.1 998    (122) 1131  (197) 874  (186) 724  (135) 1076  (184) 727  (111) 

CSIRO-Mk3.5 995    (118) 1098  (137) 867  (119) 730  (99) 1092  (143) 738  (120) 

ECHAM5/MPI-OM 1025  (141) 1132  (178) 898  (159) 753  (118) 1122  (167) 723  (137) 

GFDL-CM2.0 1003  (91) 1142  (112) 905  (90) 750  (93) 1125  (121) 728  (94) 

GFDL-CM2.1 1036  (123) 1166  (139) 907  (111) 741  (89) 1138  (137) 734  (98) 

MIROC3.2 (medres) 1036  (108) 1148  (141) 900  (110) 738  (92) 1142  (101) 730  (90) 

UKMO-HADCM3 1053  (104) 1188  (154) 915  (138) 761 (142) 1151  (152) 758  (144) 

LSD (P = 0.05) ns ns ns ns ns ns 

 

The standard deviation values of mean annual rainfall from the AWAP 0.1 data at the sites of 

Flowerdale, Merseylea and Ringarooma were higher than the bias-adjusted downscaled 

GCMs (Figure 4.1). Rainfall is considered one of the most important climate metrics for 

agriculture and is also recognised as being a challenging physical process for GCMs to 

accurately simulate (Randall et al. 2007).  Annual and seasonal rainfall trends are complex 

both spatially and seasonally (Grose et al. 2010). Tasmania exhibits a complex spatial pattern 

of rainfall encompassing both positive and negative trends that vary considerably for each 

calendar season. Shepherd (1995) summarises that it is difficult to isolate the cause of rainfall 

patterns for Tasmania. Possible drivers and mechanisms behind the state‟s rainfall patterns 

and the magnitude of the rainfall trends, are driven by an alteration of pressure, atmospheric 

circulation and wind over the Australian region, along with an increase in sea surface 

temperatures off the east coast (Grose et al. 2010). 
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Figure 4.1 Annual rainfall (mm) shown as box plots (10
th
, 25

th
, 50

th
, 75

th
, and 90

th
 percentile, 

with dotted mean line) at Woolnorth (a), Flowerdale (b), Merseylea (c), Cressy (d), 

Ringarooma (e) and Ouse (f) from the climate data sources of AWAP 0.1, CSIRO-Mk3.5, 

ECHAM5/MPI-OM, GFDL-CM2.0, GFDL-CM2.1, MIROC3.2 (medres) and UKMO-

HADCM3 for the period 1990 to 2007. 

 

At all sites, there were significant (P < 0.05) differences in the mean monthly rainfall between 

the AWAP 0.1 data and the bias-adjusted downscaled GCMs. At Woolnorth, the AWAP 0.1 

data had a significantly (P < 0.05) lower mean monthly rainfall during May than the GFDL-

CM2.0 and GFDL-CM2.1 data (Appendix 6.1). For the region of Flowerdale the AWAP 0.1 

data had a significantly (P < 0.05) lower mean monthly rainfall during March than the 

CSIRO-Mk3.5, GFDL-CM2.0 and GFDL-CM2.1 data (Appendix 6.2). At Merseylea, the 
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AWAP 0.1 data had a significantly (P < 0.05) lower mean monthly rainfall during March than 

the CSIRO-Mk3.5 and GFDL-CM2.0 data, and a significantly (P < 0.05) higher mean 

monthly rainfall during January than the CSIRO-Mk3.5 data (Appendix 6.3). For the region 

of Cressy, the AWAP 0.1 data had a significantly (P < 0.05) lower mean monthly rainfall 

during March than all the bias-adjusted downscaled GCMs except UKMO-HADCM3, and a 

significantly (P < 0.05) higher mean monthly rainfall during January than the CSIRO-Mk3.5 

and MIROC3.2 (medres) data (Appendix 6.4). At Ringarooma, the AWAP 0.1 data had a 

significantly (P < 0.05) lower mean monthly rainfall during March than the CSIRO-Mk3.5 

data, during May than the GFDL-CM2.1 data and during September than the ECHAM5/MPI-

OM and UKMO-HADCM3 data. The AWAP 0.1 data also had a significantly (P < 0.05) 

higher mean monthly rainfall during January than the CSIRO-Mk3.5 data (Appendix 6.5). For 

the region of Ouse, the AWAP 0.1 data had a significantly (P < 0.05) lower mean monthly 

rainfall during March than the CSIRO-Mk3.5 data, during May than the GFDL-CM2.1 data 

and during November than the MIROC3.2 (medres) and UKMO-HADCM3 data, and a 

significantly (P < 0.05) higher mean monthly rainfall during October than the MIROC3.2 

(medres) data (Appendix 6.6). 

 

The AWAP 0.1 monthly rainfall data was often found to be significantly lower than the GCM 

data during autumn. Grose et al. (2010) state that autumn rainfall has shown the largest 

decline of any season on a Tasmanian wide basis over the last 30 years. This analyses has 

indicated that the bias-adjusted downscaled GCMs have not been able to capture the observed 

decline in autumn rainfall. There is much conjecture, whether it is a result of changes in 

synoptic patterns as a result of climate change, or whether the observed reduction in mean 

autumn rainfall is the result of background climate variability (Corney et al. 2010; Grose et 

al. 2010). In addition, the 1% bias-adjustment binning method, which effectively smooth‟s 

the data may have contributed to why the bias-adjusted downscaled GCMs failed to capture 

the observed decline in autumn rainfall (Corney et al. 2010).  

 

At all sites, there were no significant (P > 0.05) differences in the mean annual daily solar 

radiation range between the seven sources of climate data (Table 4.5). The differences 

between the data sources of the mean annual daily solar radiation across all sites ranged from 

0.11 MJ/m
2
 at Woolnorth to 0.21 MJ/m

2
 at Ouse. In addition, at all sites, there were no 

significant (P > 0.05) differences in the mean monthly solar radiation between the seven 

sources of climate data. 
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Table 4.5 Mean annual daily solar radiation (MJ/m
2
) at the sites of Woolnorth, Flowerdale, 

Merseylea, Cressy, Ringarooma and Ouse from the data sources of AWAP 0.1, CSIRO-

Mk3.5, ECHAM5/MPI-OM, GFDL-CM2.0, GFDL-CM2.1, MIROC3.2 (medres) and 

UKMO-HADCM3 for the period 1990 to 2007. Standard deviation is shown in parentheses. 

Data source Woolnorth Flowerdale Merseylea Cressy Ringarooma Ouse 

AWAP 0.1 14.49  (0.45) 14.57  (0.38) 15.14  (0.47) 15.29  (0.41) 14.21  (0.47) 14.42  (0.44) 

CSIRO-Mk3.5 14.53  (0.41) 14.64  (0.33) 15.18  (0.25) 15.36  (0.21) 14.25  (0.35) 14.57  (0.25) 

ECHAM5/MPI-OM 14.53  (0.34) 14.66  (0.38) 15.22  (0.44) 15.42  (0.35) 14.33  (0.56) 14.63  (0.26) 

GFDL-CM2.0 14.50  (0.44) 14.48  (0.47) 15.05  (0.42) 15.23  (0.40) 14.16  (0.44) 14.44  (0.44) 

GFDL-CM2.1 14.51  (0.37) 14.65  (0.39) 15.18  (0.36) 15.34  (0.37) 14.27  (0.39) 14.53  (0.40) 

MIROC3.2 (medres) 14.51  (0.42) 14.62  (0.49) 15.20  (0.51) 15.38  (0.51) 14.25  (0.55) 14.48  (0.39) 

UKMO-HADCM3 14.42  (0.48) 14.49  (0.48) 15.09  (0.44) 15.31  (0.42) 14.24  (0.41) 14.46  (0.36) 

LSD (P = <0.05) ns ns ns ns ns ns 

 

A considerable issue when assessing the bias-adjusted downscaled GCMs is that the 

simulations provide an independent time series of the climate that does not correspond to the 

observational record (Holz et al. 2010). That is, there is nothing within a GCM run to assure 

that the weather on a particular day, week or month should be the same as the observed 

weather for the same period (Grose et al. 2010).  

  

4.3.2 DairyMod simulations 

 

For the region of Woolnorth, the simulated mean annual pasture yield from each climate data 

source ranged from 7,408 kg DM/ha (ECHAM5/MPI-OM) to 8,332 kg DM/ha (UKMO-

HADCM3) (Figure 4.2a), and there was no significant (P > 0.05) differences between the 

climate data sources (Table 4.6). The difference in simulated mean annual pasture yields 

between the bias-adjusted downscaled GCMs and the AWAP 0.1 data ranged from -9% to 

2%. The mean monthly simulated cut yield from the AWAP 0.1 data was significantly (P < 

0.05) higher than the GFDL-CM2.0 data during August and significantly (P < 0.05) higher 

than all downscaled GCMs, except MIROC3.2 medres, during September. During December 

the mean simulated pasture yield from the AWAP 0.1 data was significantly (P < 0.05) lower 

than the MIROC3.2 (medres) and UKMO-HADCM3 data (Figure 4.2b; Appendix 7.1). 
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Figure 4.2 Annual simulated pasture yields (kg DM/ha) for Woolnorth shown as box plots 

(10
th
, 25

th
, 50

th
, 75

th
, and 90

th
 percentile, with dashed mean line) (a) and mean simulated 

monthly yield (kg DM/ha) (b) from the climate data sources of AWAP 0.1, CSIRO-Mk3.5, 

ECHAM5/MPI-OM, GFDL-CM2.0, GFDL-CM2.1, MIROC3.2 (medres) and UKMO-

HADCM3 for the period 1990 to 2007. 

 

At Flowerdale, the simulated mean annual pasture yield from each climate data source varied 

between 7,760 kg DM/ha (CSIRO-Mk3.5) and 8,892 kg DM/ha (UKMO-HADCM3) (Figure 

4.3a) and there was no significant (P > 0.05) differences between the climate data sources 

(Table 4.6). The difference in simulated mean annual pasture yields between the bias-adjusted 

downscaled GCMs and the AWAP 0.1 data ranged from -1% to 14%. The mean monthly 

simulated pasture yield from the AWAP 0.1 data was significantly (P < 0.05) lower than 

GFDL-CM2.1 data during April, ECHAM5/MPI-OM data during June, and UKMO-

HADCM3 data during December. In contrast, during December the mean monthly simulated 

pasture yield from the AWAP 0.1 data was significantly (P < 0.05) higher than the GFDL-

CM2.0 data (Figure 4.3b; Appendix 7.2). 
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Figure 4.3 Annual simulated pasture yields (kg DM/ha) for Flowerdale shown as box plots 

(10
th
, 25

th
, 50

th
, 75

th
, and 90

th
 percentile, with dashed mean line) (a) and mean simulated 

monthly yield (kg DM/ha) (b) from the climate data sources of AWAP 0.1, CSIRO-Mk3.5, 

ECHAM5/MPI-OM, GFDL-CM2.0, GFDL-CM2.1, MIROC3.2 (medres) and UKMO-

HADCM3 for the period 1990 to 2007. 

 

For the region of Merseylea, the simulated mean annual pasture yield from each climate data 

source ranged from 4,607 kg DM/ha (CSIRO-Mk3.5) to 5,891 kg DM/ha (UKMO-

HADCM3) (Figure 4.4a) and there was no significant (P > 0.05) difference between the 

climate data sources (Table 4.6). The difference in simulated mean annual pasture yields 

between the bias-adjusted downscaled GCMs and the AWAP 0.1 data ranged from -11% to 

13%. The mean monthly simulated cut yield from the AWAP 0.1 data was significantly (P < 

0.05) lower than the CSIRO-Mk3.5, GFDL-CM2.1 and MIROC3.2 (medres) data sources 

during May. During November the mean monthly simulated pasture yield from the AWAP 

0.1 data was significantly (P < 0.05) higher than the CSIRO-Mk3.5 data (Figure 4.4b; 

Appendix 7.3). 
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Figure 4.4 Annual simulated pasture yields (kg DM/ha) for Merseylea shown as box plots 

(10
th
, 25

th
, 50

th
, 75

th
, and 90

th
 percentile, with dashed mean line) (a) and mean simulated 

monthly yield (kg DM/ha) (b) from the climate data sources of AWAP 0.1, CSIRO-Mk3.5, 

ECHAM5/MPI-OM, GFDL-CM2.0, GFDL-CM2.1, MIROC3.2 (medres) and UKMO-

HADCM3 for the period 1990 to 2007. 

 

At Cressy, the simulated mean annual pasture yield from each climate data sources ranged 

from 1,350 kg DM/ha (CSIRO-Mk3.5) to 2,665 kg DM/ha (UKMO-HADCM3) (Figure 4.5a) 

and there was no significant (P > 0.05) differences between the climate data sources (Table 

4.6). The difference in simulated mean annual pasture yields between the bias-adjusted 

downscaled GCMs and the AWAP 0.1 data ranged from  -40% to 19%. The mean monthly 

simulated pasture yield from the AWAP 0.1 data was significantly (P < 0.05) higher than 

GFDL-CM2.1 and MIROC3.2 (medres) data during March and the CSIRO-Mk3.5 data 

during November. During October the mean monthly simulated pasture yield from the AWAP 

0.1 data was significantly (P < 0.05) lower than the UKMO-HADCM3 data (Figure 4.5b; 

Appendix 7.4). 
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Figure 4.5 Annual simulated pasture yields (kg DM/ha) for Cressy shown as box plots (10
th
, 

25
th
, 50

th
, 75

th
, and 90

th
 percentile, with dashed mean line) (a) and mean simulated monthly 

yield (kg DM/ha) (b) from the climate data sources of AWAP 0.1, CSIRO-Mk3.5, 

ECHAM5/MPI-OM, GFDL-CM2.0, GFDL-CM2.1, MIROC3.2 (medres) and UKMO-

HADCM3 for the period 1990 to 2007. 

 

For the region of Ringarooma, the simulated mean annual pasture yield from each climate 

data source ranged from 5,457 kg DM/ha (CSIRO-Mk3.5) to 6,134 kg DM/ha (GFDL-

CM2.0) (Figure 4.6a) and there was no significant (P > 0.05) difference between the climate 

data sources (Table 4.6). The difference in simulated mean annual pasture yields between the 

bias-adjusted downscaled GCMs and the AWAP 0.1 data ranged from -10% to 1%. The mean 

monthly simulated pasture yield from the AWAP 0.1 data was significantly (P < 0.05) lower 

than the CSIRO-Mk3.5 data during April. During September the mean monthly simulated 

pasture yield from the AWAP 0.1 data was significantly (P < 0.05) higher than all 

downscaled GCMs data except the UKMO-HADCM3 data and during November, the AWAP 

0.1 data was significantly (P < 0.05) higher than the CSIRO-Mk3.5 data (Figure 4.6b; 

Appendix 7.5). 
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Figure 4.6 Annual simulated pasture yields (kg DM/ha) for Ringarooma shown as box plots 

(10
th
, 25

th
, 50

th
, 75

th
, and 90

th
 percentile, with dashed mean line) (a) and mean simulated 

monthly yield (kg DM/ha) (b) from the climate data sources of AWAP 0.1, CSIRO-Mk3.5, 

ECHAM5/MPI-OM, GFDL-CM2.0, GFDL-CM2.1, MIROC3.2 (medres) and UKMO-

HADCM3 for the period 1990 to 2007. 

 

At Ouse, the simulated mean annual pasture yield from each climate data source ranged from 

1,682 kg DM/ha (GFDL-CM2.1) to 2,518 kg DM/ha (UKMO-HADCM) (Figure 4.7a) and 

there was no significant (P > 0.05) difference between the climate data sources (Table 4.6). 

The differences in simulated mean annual pasture yields between the bias-adjusted 

downscaled GCMs and the AWAP 0.1 data ranged from -20% to 19%. The mean monthly 

simulated pasture yield from the AWAP 0.1 data was significantly (P < 0.05) lower than the 

CSIRO-Mk3.5 data during April and the ECHAM5/MPI-OM data during May. The mean 

monthly simulated pasture yield from the AWAP 0.1 data was significantly (P < 0.05) higher 

than the CSIRO-Mk3.5 data during November (Figure 4.7b; Appendix 7.6). 

Figure 4.7 Annual simulated pasture yields (kg DM/ha) for Ouse shown as box plots (10
th
, 

25
th
, 50

th
, 75

th
, and 90

th
 percentile, with dashed mean line) (a) and mean simulated monthly 

yield (kg DM/ha) (b) from the climate data sources of AWAP 0.1, CSIRO-Mk3.5, 

ECHAM5/MPI-OM, GFDL-CM2.0, GFDL-CM2.1, MIROC3.2 (medres) and UKMO-

HADCM3 for the period 1990 to 2007. 
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Table 4.6 Mean annual simulated pasture yields (kg DM/ha) at Woolnorth, Flowerdale, 

Merseylea, Cressy, Ringarooma and Ouse from the climate data sources of AWAP 0.1, 

CSIRO-Mk3.5, ECHAM5/MPI-OM, GFDL-CM2.0, GFDL-CM2.1, MIROC3.2 (medres) and 

UKMO-HADCM3 for the period 1990 to 2007. Standard deviation is shown in parentheses. 

Data source Woolnorth Flowerdale Merseylea Cressy Ringarooma Ouse 

AWAP 0.1 8156  (1517) 7834  (2018) 5194  (2386) 2247  (2138) 6063  (2199) 2110  (1789) 

CSIRO-Mk3.5 7487  (1966)   7760  (2075) 4607  (2241) 1350  (1400) 5457  (2181) 1760  (1756) 

ECHAM5/MPI-OM 7408  (1422) 8298  (2205) 5329  (2208) 2246  (1522) 5673  (2050) 2016  (1528) 

GFDL-CM2.0 7722  (1314) 8393  (2378) 5530  (1953) 2112  (1596) 6134  (2119) 1776  (1258) 

GFDL-CM2.1 8017  (1539) 8452  (1532) 5411  (1474) 1643  (1107) 5631  (1804) 1682  (1265) 

MIROC3.2 medres 8172  (1509) 8682  (1363) 5601  (1371) 1757  (1126) 6090  (1550) 1712  (818) 

UKMO-HADCM3 8332  (1861) 8892  (1955) 5891  (1877) 2665  (2114) 6127  (1748) 2518  (1768) 

LSD (P = 0.05) ns ns ns ns ns ns 

 

The variation between the seven climate data sources at each site, ranged from 12% at 

Woolnorth and Ringarooma to 97% at Cressy. At all sites except Ringarooma, the UKMO-

HADCM3 data resulted in the highest mean annual simulated pasture yield. At all sites except 

Woolnorth and Ouse, the CSIRO-Mk3.5 data had the lowest mean annual simulated pasture 

yield (Table 4.6). The mean annual simulated pasture yields are reflective of the mean annual 

rainfall at each site. The UKMO-HADCM3 data had the highest mean annual rainfall whilst 

the CSIRO-Mk3.5 data had the lowest mean annual rainfall at all sites except Cressy and 

Ouse (Table 4.4). At all sites except Woolnorth and Flowerdale, the standard deviation of the 

mean simulated annual pasture yield was highest from the AWAP 0.1 data, reflecting the 

higher variation in mean annual daily minimum and maximum temperature (Table 4.1; 4.2) 

and mean annual rainfall (Table 4.4) from this climate data source.  
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4.4 Conclusion 

 

Systematic evaluations of GCMs provide a foundation for growing confidence in climate 

model projections (Perkins & Pittman 2009). The evaluation of the bias-adjusted downscaled 

GCMs against the observed gridded AWAP 0.1 data is an important step in building 

confidence in the CFT climate models for their use in impact assessment. The ability of 

GCMs to accurately simulate the historical climate is necessary, but not a completely 

sufficient condition for an accurate projection of future climate change (Corney et al. 2010).  

This study has found that there were inevitable differences in the climate metrics between the 

six bias-adjusted downscaled GCMs and the historical gridded AWAP 0.1 data at each of the 

sites. The differences however, were small enough to give confidence that the six GCMs are 

acceptable for evaluating agricultural system impacts of future climate scenarios.   

 

A feature of the downscaled CFT model outputs (and almost all climate model simulations) is 

that climate models are un-phased regarding the real climate system (Perkins et al. 2007). 

That is daily, monthly or annual data does not correlate between individual models and 

observed climate data (Corney et al. 2010). The bias-adjusted CFT model simulations are 

intended to give an indication of projected climate over decadal time scales (Grose et al. 

2010). The models are expected to reproduce climate and climate variations that are observed 

as represented by reproducing the statistics of the mean climate. The mean values and 

variation of the AWAP 0.1 climate data compared with the bias-adjusted downscaled GCMs 

were within an acceptable range. The demonstrated ability of the six GCMs to simulate the 

historical climate gives confidence that the GCMs are able to provide realistic projections of 

Tasmanian future climate. Furthermore, the variation between the AWAP 0.1 data and the six 

GCMs data in simulated mean annual and monthly pasture yields for each site were 

comparable, demonstrating that the variation between the climate data sources at each site is 

less important than the variation in pasture yields between the six sites. This result implies 

that the future climate data generated by CFT can be used to study climate change impacts on 

agricultural production with some degree of confidence.  
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CHAPTER 5: PROJECTED CLIMATE USING THE SIX BIAS-ADJUSTED 

DYNAMICALLY DOWNSCALED GENERAL CIRCULATION MODELS FOR SIX 

DAIRY REGIONS 

 

5.1 Introduction 

 

Climate change is a global occurrence, of which the specific impacts will be felt in changes to 

dominant local weather conditions. There is a general consensus that the climate will change 

as a result of increased atmospheric CO2 concentrations, although there remains variation in 

the specific projections (Ludwig et al. 2009). For example, more warming is likely in polar 

regions and over land, in contrast to the tropics and oceans (Suppiah et al. 2007). The 

projected global mean temperature change, while beneficial as a measure of the overall 

strength of greenhouse warming, is not the most relevant measure for regional warming 

(Smith et al. 2005). In order to address this, local or regional climate projections are 

necessary to quantify the likely effects of climate change on regional areas (Corney et al. 

2010). This was evident in Tasmania, where high quality, long term climate projections at a 

local scale to assess climate change impacts on agriculture were previously unavailable. 

 

At a state based scale the CFT climate projections under the A2 emissions scenario show an 

increase in mean daily temperature of 2.9°C (model range 2.6°C to 3.3°C) throughout the 21
st
 

century for Tasmania (Grose et al. 2010). The projections indicate that temperature increases 

are lower in the early part of the century, with the rate of change increasing towards the end 

of the century. The daily maximum temperature rise is projected to be slightly lower (2.8°C) 

than for daily minimum temperature (2.9°C) (Grose et al. 2010). Projected mean annual 

rainfall shows an average statewide change of less than 100 mm throughout the 21
st
 century 

and decadal variability is projected to remain constant. However, seasonal and regional 

changes in rainfall are projected to occur throughout the 21
st
 century (Grose et al. 2010).  

 

The CFT dynamically downscaled climate simulations to a 0.1° grid have captured regional 

and sub-regional differences across Tasmania, allowing the projected climate change and 

variability to be quantified at a regional level (Corney et al. 2010). Climate change will not 

only result in regional changes of mean temperature and rainfall distributions but is also 

expected to affect climate variability (particularly rainfall), as a result of changes in climate 

processes and feedbacks (Boer 2009). 

 

Both modes of change are relevant for assessing the impacts of climate change (Raisanen 

2002). Climate variability has a significant impact on agricultural productivity and is the 
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strongest driver of inter-annual variability in agricultural production in many environments, 

particularly rainfed agricultural systems (Ash et al. 2007; Crimp et al. 2008). Some of the 

climate variability can be explained by climate forcing, although much remains unexplained 

and inter-annual and seasonal weather patterns can be notoriously unpredictable (Chapman et 

al. 2008b). Climate variability is the result of an intrinsically non-linear and deterministically 

chaotic system and there are limitations to what can be predicted about the future climate 

variability (Anwar et al. 2007). Although it is commonly stated that observed climate 

variability of historical climate data is indicative of future climate variability, it is also 

probable that there will be increased climate variability in the future (Boer 2009).  

 

Rainfed pasture production systems in Tasmania are highly sensitive to inter-annual climatic 

variability, particularly rainfall (Anwar et al. 2007; Risbey et al. 2008). Inter-annual rainfall 

variability over Tasmania is characterised by a gradient between high rainfall fluctuations in 

the west and lower variability in the east. Hill et al. (2009) summarise that although a gradient 

exists from west to east as a result of orographic effects in a primarily westerly airstream, 

inter-annual rainfall variability is island wide. 

 

In this chapter the projected regional climate change and the rate of change across the 

Tasmanian dairying regions is quantified using the climate metrics of temperature, rainfall 

and potential evapotranspiration for each of the six dairy regions for the period 1971 to 2100, 

using daily climate projections data generated from the CFT project.  

 

The objectives of this chapter were to: 

1. Quantify regional climate change projections in temperature, rainfall, potential 

evapotranspiration and solar radiation using the bias-adjusted downscaled GCMs 

daily climate data, under the A2 scenario at six sites, for the period 1971 to 2100. 

2. Quantify regional inter-annual and inter-seasonal variability in temperature, 

rainfall, potential evapotranspiration and solar radiation using the bias-adjusted 

downscaled GCMs daily climate data, under the A2 scenario at six sites for the 

period 1971 to 2100. 

3. Quantify regional annual and seasonal rainfall intensity using the bias-adjusted 

downscaled GCMs daily climate data, under the A2 scenario at six sites, for the 

period 1971 to 2100. 
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5.2 Materials and methods 

 

The 0.1° gridded bias-adjusted dynamically downscaled CSIRO-Mk3.5, ECHAM5/MPI-OM, 

GFDL-CM2.0, GFDL-CM2.1, MIROC3.2 (medres) and UKMO-HADCM3 data for each of 

the six sites (Section 3.2) was obtained from the TPAC portal (https://dl.tpac.org.au/). The 

daily climate data for the period 1
st
 January 1961 to 31

st
 December 2100, for the climate 

metrics of maximum and minimum temperature (°C), rainfall (mm) potential 

evapotranspiration (mm) and solar radiation (MJ/m
2
) were accessed.  

 

An historical baseline climate and three future climate periods were selected to assess the 

projected climate change and climate variability at each of the six sites. A 30-year climate 

„baseline‟ (1971-2000) was selected, although the period 1961 to 1990 is frequently used as a 

baseline (IPCC 2007), 1971 to 2000 was adopted as the baseline here, as it may better reflect 

the recent climate (Hennessy 2007; Cullen et al. 2009). Three future 30-year climate periods 

were selected; 2025 (2011-2040), 2055 (2041-2070) and 2085 (2071-2100).  

 

The mean annual and seasonal values of summer (D,J,F), autumn (M,A,M), winter (J, J, A) 

and spring (S,O,N) for each 30-year period were calculated for the six climate metrics of; 

maximum and minimum temperature, diurnal temperature range (°C), rainfall (mm), potential 

evapotranspiration (mm) and solar radiation (MJ/m
2
). Due to the mechanistic, non-stochastic 

nature of the GCMs climate data, annual and seasonal means are presented as trends. 

Projected changes in inter-annual and inter-seasonal climate variability were quantified using 

the coefficient of variation (CV) (standard deviation/average) over a moving 30-year time 

period. 

 

Rainfall intensity was quantified at each site by using a „daily intensity index‟ defined as the 

total annual rainfall (rain days <1 mm were excluded) divided by the total annual number of 

rain days >1 mm for each year (White et al. 2010). Each bias-adjusted downscaled GCM data 

source was analysed using the above method, and the multi-model mean of the annual and 

seasonal means are presented.  

 

5.3 Results and Discussion 

 

At all sites, both annually and seasonally, across all six climate metrics, there were 

differences in absolute changes between each of the bias-adjusted downscaled GCMs. Trends 

in climate variables such as maximum and minimum temperature and potential 
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evapotranspiration were generally consistent between the models, although there were often 

differing trends for rainfall. 

  

 5.3.1 Woolnorth 

 

At Woolnorth, mean annual daily maximum temperature is projected to increase by 2.4°C 

(model range 2.02°C to 2.79°C) from the baseline to 2085, and mean annual daily minimum 

temperature is projected to increase by 2.41°C (model range 1.97°C to 2.88°C) from the 

baseline to 2085 (Table 5.1). There was no discernible change in the projected mean daily 

diurnal temperature range over the same period. There is no noticeable change in the 

projected mean annual rainfall (model range - 4 to 8%) from the baseline (model mean, 1031 

mm) to 2085 ( model mean, 1036 mm) (Table 5.1; Figure 5.1a). Mean annual daily potential 

evapotranspiration is projected to increase by 4% (model range 3 to 5%) from the baseline 

(model mean 1034 mm) to 2085 (model mean 1074 mm) (Table 5.1). 

 

Table 5.1 Multi-model mean of the mean annual daily maximum, minimum and diurnal 

temperature range (°C), annual rainfall (mm), daily potential evapotranspiration (mm) and 

daily solar radiation (MJ/m
2
) at Woolnorth, for the baseline, 2025, 2055 and 2085.  

Scenario Daily maxT Daily minT Daily diurnalT Rainfall Evapotranspiration Solar radiation 

Baseline 16.45  (16.33-16.51) 9.42    (9.31-9.48) 7.03  (7.01-7.05) 1031  (1006-1050) 1034  (1031-1037) 14.42  (14.31-14.51) 

2025 17.11  (16.91-17.25) 10.10  (9.86-10.31) 7.01  (6.94-7.07) 1019  (989-1074) 1045  (1041-1046) 14.45  (14.40-14.49) 

2055 17.84  (17.55-18.28) 10.80  (10.47-11.31) 7.04  (6.97-7.11) 1017  (977-1093) 1059  (1056-1064) 14.57  (14.52-14.62) 

2085 18.85  (18.47-19.23) 11.83  (11.39-12.30) 7.02  (6.92-7.10) 1036  (991-1118) 1074  (1064-1086) 14.55  (14.39-14.69) 

Note: model range shown in parenthesis.  

 

The projected increases in daily maximum and minimum temperature at Woolnorth from the 

baseline to 2085 were similar for each season. Projected seasonal increases in daily maximum 

temperature ranged from 2.18°C in spring to 2.67°C in summer. Daily minimum temperatures 

are projected to increase by 2.14°C in spring to 2.65°C in summer. No marked change is 

projected in the seasonal daily diurnal temperature range over the same period. Mean seasonal 

rainfall from the baseline to 2085 was projected to decrease by 9% in summer and increase by 

5% in winter. No discernible change in rainfall was projected in autumn and spring (Figure 

5.1b). Daily potential evapotranspiration was projected to increase by 3% to 4% across all 

seasons. 
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Figure 5.1 Woolnorth multi-model mean annual rainfall (black line) and model range (grey 

lines, highest and lowest) (a) and multi-model mean seasonal rainfall (b) for the period 1971 

to 2100. 

 

 5.3.2 Flowerdale 

 

For the region of Flowerdale, mean annual daily maximum temperature is projected to 

increase by 2.48°C (model range 2.23°C to 2.89°C) from the baseline to 2085, and mean 

annual daily minimum temperature is projected to increase by 2.58°C (model range 2.21°C to 

2.99°C) from the baseline to 2085 (Table 5.2). There was no notable change in the projected 

mean annual daily diurnal temperature range over the same period. There was no discernible 

change in the projected mean annual rainfall (model range - 6 to 6%) from the baseline 

(model mean 1155 mm) to 2085 (model mean 1148 mm) (Table 5.2; Figure 5.2a). Mean 

annual daily potential evapotranspiration is projected to increase by 4% (model range 3 to 

5%) from the baseline (model mean 1028 mm) to 2085 (model mean 1068 mm) (Table 5.2). 

 

Table 5.2 Multi-model mean of the mean annual daily maximum, minimum and diurnal 

temperature range (°C), annual rainfall (mm), daily potential evapotranspiration (mm) and 

daily solar radiation (MJ/m
2
) at Flowerdale, for the baseline, 2025, 2055 and 2085. 

Scenario Daily maxT Daily minT Daily diurnalT rainfall evapotranspiration Solar radiation 

Baseline 16.21  (16.11-16.26) 8.04   (7.95-8.10) 8.17  (8.15-8.22) 1155  (1132-1181) 1028  (1025-1032) 14.53  (14.41-14.69) 

2025 16.89  (16.76-16.99) 8.77   (8.55-8.89) 8.13  (8.05-8.21) 1133  (1084-1184) 1038  (1032-1042) 14.54  (14.42-14.61) 

2055 17.66  (17.44-17.94) 9.54   (9.24-9.91) 8.12  (8.02-8.20) 1136  (1091-1224) 1053  (1049-1057) 14.64  (14.59-14.70) 

2085 18.69  (18.45-19.10) 10.62 (10.25-11.03) 8.07  (7.92-8.21) 1148  (1091-1226) 1068  (1055-1078) 14.62  (14.40-14.73) 

Note: model range shown in parenthesis.  

 

The projected increases in daily maximum and minimum temperature at Flowerdale from the 

baseline to 2085 were similar for each season. Projected seasonal increases in daily maximum 

temperature ranged from 2.23°C in winter to 2.74°C in summer. Daily minimum temperatures 

are projected to increase by 2.28°C in spring to 2.92°C in summer. No notable change is 

projected in the seasonal daily diurnal temperature range over the same period. No discernible 

change is projected in seasonal rainfall from the baseline to 2085 (Figure 5.2b). Daily 
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potential evapotranspiration was projected to increase by a range of 3% (autumn and winter) 

to 5% (spring). 

 

Figure 5.2 Flowerdale multi-model mean annual rainfall (black line) and model range (grey 

lines, highest and lowest) (a) and multi-model mean seasonal rainfall (b) for the period 1971 

to 2100. 

 

5.3.3 Merseylea 

 

At Merseylea, mean annual daily maximum temperature is projected to increase by 2.53°C 

(model range 2.29°C to 2.96°C) from the baseline to 2085, and mean annual daily minimum 

temperature is projected to increase by 2.78°C (model range 2.42°C to 3.19°C) from the 

baseline to 2085 (Table 5.3). Mean annual daily diurnal temperature range is projected to 

decrease slightly by 0.25°C from the baseline to 2085. Mean annual rainfall is projected to 

increase by 4% (model range -1 to 10%) from the baseline (model mean 904 mm) to 2085 

(model mean 944 mm) (Table 5.3; Figure 5.3a). Mean annual daily potential 

evapotranspiration is projected to increase by 4% (model range 3 to 5%) from the baseline 

(model mean 1053 mm) to 2085 (model mean 1092 mm) (Table 5.3). 

 

Table 5.3 Multi-model mean of the mean annual daily maximum, minimum and diurnal 

temperature range (°C), annual rainfall (mm), daily potential evapotranspiration (mm) and 

daily solar radiation (MJ/m
2
) at Merseylea, for the baseline, 2025, 2055 and 2085. 

Scenario Daily maxT Daily minT Daily diurnalT rainfall evapotranspiration Solar radiation 

Baseline 16.87  (16.78-16.91) 7.24  (7.14-7.28) 9.63  (9.59-9.67) 904  (887-925) 1053  (1050-1056) 15.12  (15.02-15.29) 

2025 17.56  (17.38-17.71) 8.03  (7.80-8.13) 9.53  (9.36-9.65) 899  (863-945) 1063  (1054-1068) 15.12  (14.97-15.18) 

2055 18.33  (18.14-18.53) 8.86  (8.55-9.24) 9.47  (9.29-9.59) 913  (868-993) 1076  (1071-1083) 15.16  (15.07-15.21) 

2085 19.40  (19.16-19.83) 10.02 (9.65-10.43) 9.38  (9.19-9.51) 944  (897-999) 1092  (1080-1104) 15.15  (14.93-15.29) 

Note: model range shown in parenthesis.  

 

The projected increases in daily maximum and minimum temperature at Merseylea from the 

baseline to 2085 were similar for each season. Projected seasonal increases in daily maximum 

temperature ranged from 2.28°C in winter to 2.75°C in summer. Daily minimum temperatures 
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are projected to increase by 2.41°C in spring to 3.19°C in summer. No discernible change is 

projected in the seasonal daily diurnal temperature range over the same period. Mean seasonal 

rainfall from the baseline to 2085 was projected to increase by a range of 2% in spring to 6% 

in summer and autumn (Figure 5.3b). Daily potential evapotranspiration was projected to 

increase by a range of 3% (winter) to 5% (spring).  

 

Figure 5.3 Merseylea multi-model mean annual rainfall (black line) and model range (grey 

lines, highest and lowest) (a) and multi-model mean seasonal rainfall (b) for the period 1971 

to 2100. 

 

 5.3.4 Cressy 

 

For the region of Cressy, mean annual daily maximum temperature is projected to increase by 

2.52°C (model range 2.29°C to 3.02°C) from the baseline to 2085, and mean annual daily 

minimum temperature is projected to increase by 2.80°C (model range 2.47°C to 3.29°C) 

from the baseline to 2085 (Table 5.4). Mean annual daily diurnal temperature range is 

projected to decrease slightly by 0.28°C from the baseline to 2085. Mean annual rainfall is 

projected to increase by 6% (model range 0 to 15%) from the baseline (model mean 746 mm) 

to 2085 (model mean 790 mm) (Table 5.4; Figure 5.4a). Mean annual daily potential 

evapotranspiration is projected to increase by 3% (model range 2 to 5%) from the baseline 

(model mean 1052 mm) to 2085 (model mean 1088 mm) (Table 5.4).  

 

Table 5.4 Multi-model mean of the mean annual daily maximum, minimum and diurnal 

temperature range (°C), annual rainfall (mm), daily potential evapotranspiration (mm) and 

daily solar radiation (MJ/m
2
) at Cressy, for the baseline, 2025, 2055 and 2085. 

Scenario Daily maxT Daily minT Daily diurnalT rainfall evapotranspiration Solar radiation 

Baseline 17.35  (17.27-17.40) 5.85  (5.76-5.91) 11.50  (11.45-11.54) 746  (720-767) 1052  (1050-1055) 15.32  (15.23-15.45) 

2025 18.03  (17.81-18.21) 6.66  (6.49-6.75) 11.37  (11.19-11.47) 752  (723-799) 1061  (1052-1067) 15.29  (15.15-15.35) 

2055 18.81  (18.64-19.01) 7.53  (7.24-7.88) 11.28  (11.04-11.40) 761  (695-837) 1074  (1068-1079) 15.29  (15.20-15.35) 

2085 19.87  (19.64-20.37) 8.66  (8.32-9.14) 11.22  (10.99-11.31) 790  (745-859) 1088  (1078-1101) 15.25  (15.05-15.35) 

Note: model range shown in parenthesis.  
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At Cressy, the projected increases in daily maximum and minimum temperature from the 

baseline to 2085 were similar for each season. Projected seasonal increases in daily maximum 

temperature ranged from 2.27°C in winter to 2.73°C in summer. Daily minimum temperatures 

are projected to increase by 2.49°C in spring to 3.13°C in summer. No notable change is 

projected in the daily diurnal temperature range over the same period. Mean seasonal rainfall 

from the baseline to 2085 was projected to increase by 3% in spring to 8% in summer and 

autumn (Figure 5.4b). Daily potential evapotranspiration was projected to increase by 3% 

(summer, autumn and winter) to 5% (spring). 

 

Figure 5.4 Cressy multi-model mean annual rainfall (black line) and model range (grey lines, 

highest and lowest) (a) and multi-model mean seasonal rainfall (b) for the period 1971 to 

2100. 

 

 5.3.5 Ringarooma 

  

At Ringarooma, mean annual daily maximum temperature is projected to increase by 2.59°C 

(model range 2.38°C to 3.01°C) from the baseline to 2085, and mean annual daily minimum 

temperature is projected to increase by 2.83°C (model range 2.52°C to 3.23°C) from the 

baseline to 2085 (Table 5.5). Mean annual daily diurnal temperature range from the baseline 

to 2085 is projected to decrease slightly by 0.24°C. Mean annual rainfall is projected to 

increase by 6% (model range -2 to 10%) from the baseline (model mean 1128 mm) to 2085 

(model mean 1193 mm) (Table 5.5; Figure 5.5a). Mean annual daily potential 

evapotranspiration is projected to increase by 4% (model range 3 to 5%) from the baseline 

(model mean 1038 mm) to 2085 (model mean 1076 mm) (Table 5.5).  
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Table 5.5 Multi-model mean of the mean annual daily maximum, minimum and diurnal 

temperature range (°C), annual rainfall (mm), daily potential evapotranspiration (mm) and 

daily solar radiation (MJ/m
2
) at Ringarooma, for the baseline, 2025, 2055 and 2085. 

Scenario Daily maxT Daily minT Daily diurnalT rainfall evapotranspiration Solar radiation 

Baseline 16.42  (16.34-16.47) 6.79  (6.70-6.84) 9.63  (9.58-9.66) 1128  (1106-1145) 1038  (1034-1040) 14.22  (14.16-14.38) 

2025 17.12  (16.92-17.29) 7.60  (7.37-7.70) 9.52  (9.37-9.64) 1127  (1072-1203) 1046  (1037-1053) 14.18  (14.01-14.25) 

2055 17.92  (17.71-18.10) 8.47  (8.16-8.81) 9.45  (9.26-9.55) 1150  (1093-1228) 1061  (1054-1066) 14.22  (14.12-14.28) 

2085 19.01  (18.80-19.43) 9.62  (9.32-10.02) 9.39  (9.18-9.48) 1193  (1111-1244) 1076  (1068-1089) 14.18  (14.04-14.29) 

Note: model range shown in parenthesis.  

 

The projected increases in daily maximum and minimum temperature at Ringarooma from the 

baseline to 2085 were similar for each season. Projected seasonal increases in daily maximum 

temperature ranged from 2.36°C in winter to 2.72°C in summer and autumn. Daily minimum 

temperatures are projected to increase by 2.51°C in spring to 3.16°C in summer. There was no 

noticeable change is projected in the seasonal daily diurnal temperature range. Mean seasonal 

rainfall was projected to increase from the baseline to 2085 by 1% in autumn to 12% in winter 

(Figure 5.5b). Daily potential evapotranspiration was projected to increase by a range of 3% 

(summer and autumn) to 5% (spring). 

 

Figure 5.5 Ringarooma multi-model mean annual rainfall (black line) and model range (grey 

lines, highest and lowest) (a) and multi-model mean seasonal rainfall (b) for the period 1971 

to 2100. 

 

 5.3.6 Ouse 

 

For the region of Ouse, mean annual daily maximum temperature is project to increase by 

2.52°C (model range 2.28°C to 2.98°C) from the baseline to 2085, and mean annual daily 

minimum temperature is projected to increase by 2.62°C (model range 2.26°C to 3.14°C) 

from the baseline to 2085 (Table 5.6). No discernible change was projected in mean annual 

daily diurnal temperature over the same period. Mean annual rainfall is projected to increase 

by 5% (model range -2 to 17%) from the baseline (model mean 728 mm) to 2085 (model 

mean 767 mm) (Table 5.6; Figure 5.6a). Mean annual daily potential evapotranspiration is 
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projected to increase by 3% (model range 3 to 4%) from the baseline (model mean 1012 mm) 

to 2085 (model mean 1045 mm) (Table 5.6).  

 

Table 5.6 Multi-model mean of the mean annual daily maximum, minimum and diurnal 

temperature range (°C), annual rainfall (mm), daily potential evapotranspiration (mm) and 

daily solar radiation (MJ/m
2
) at Ouse, for the baseline, 2025, 2055 and 2085. 

Scenario Daily maxT Daily minT Daily diurnalT rainfall evapotranspiration Solar radiation 

Baseline 16.63  (16.57-16.69) 5.19  (5.11-5.23) 11.44  (11.40-11.47) 728  (694-749) 1012  (1008-1014) 14.45  (14.32-14.53) 

2025 17.31  (17.14-17.46) 5.93  (5.77-6.11) 11.38  (11.31-11.46) 739  (713-776) 1022  (1019-1025) 14.44  (14.41-14.49) 

2055 18.12  (17.93-18.30) 6.72  (6.44-7.05) 11.39  (11.24-11.49) 747  (692-823) 1033  (1029-1035) 14.43  (14.37-14.51) 

2085 19.15  (18.91-19.61) 7.80  (7.45-8.33) 11.35  (11.16-11.47) 767  (714-854) 1045  (1041-1054) 14.35  (14.26-14.42) 

Note: model range shown in parenthesis.  

 

At Ouse, the projected increases in daily maximum and minimum temperature from the 

baseline to 2085 were similar for each season. Projected seasonal increases in daily maximum 

temperature ranged from 2.36°C in winter to 2.72°C in summer. Daily minimum temperatures 

are projected to increase by a range of 2.55°C in spring to 3.67°C in winter. There was no 

discernible change projected in the seasonal daily diurnal temperature range over the same 

period. Mean seasonal rainfall is projected to increase from the baseline to 2085 by 8% in 

summer, 10% in autumn, and 6% in winter, with no marked change projected for spring 

(Figure 5.6b). Daily potential evapotranspiration was projected to increase by a range of 3% 

(summer, autumn and winter) to 4% (spring). 

 

Figure 5.6 Ouse multi model mean annual rainfall (black line) and model range (grey lines, 

highest and lowest) (a) and multi-model mean seasonal rainfall (b) for the period 1971 to 

2100. 

 

At all sites, there is no discernible change (± 1%) projected in both the mean annual daily and 

mean seasonal solar radiation from the baseline to 2085. 

 

At all sites, a progressive increase is projected in mean annual daily maximum temperatures 

ranging from 2.40°C at Woolnorth to 2.59° at Ringarooma from the baseline to the 2085. The 
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same trend was observed in mean annual daily minimum temperatures at each site, although 

the range of the projected minimum temperature increase are greater, ranging from 2.41°C at 

Woolnorth to 2.83°C at Ringarooma. At all sites except Woolnorth, the mean annual daily 

diurnal temperature range was projected to narrow slightly from the baseline to 2085, due to 

daily minimum temperatures increasing at a slightly greater rate than daily maximum 

temperatures. This is in agreement with the observed historical (since 1950) trend in diurnal 

temperature across Tasmania (Grose et al. 2010). Seasonally, the greatest rate of projected 

increases in both daily maximum and minimum temperatures at each site occur during 

summer, followed by autumn, spring and winter. The projected changes in mean temperature 

across Tasmania under the A2 emission scenario are less than projected increases for 

mainland Australia of 3.4°C (range 2.2°C to 5.0°C) and global projections of 3.4°C (range 

2.0°C to 5.4°C) (CSIRO and Bureau of Meteorology 2007). Rises in temperature are 

generally greater over land than over oceans and as such temperature increases over inland 

continental Australia are greater than over the coastal regions, Tasmania or New Zealand 

(Grose et al. 2010). As a result, the projected temperature increases for each dairy region 

across Tasmania are less than the dairy regions on mainland Australia. The projected 

increases for each of the mainland dairy regions range from 3°C to 4°C by the end of the 21
st
 

century, except for the coastal dairying regions of Queensland where the projected 

temperature increase ranges from 2°C to 3°C (CSIRO and Bureau of Meteorology 2007).  

 

There was little regional variation in the rate of the projected increases in daily maximum and 

minimum temperature. The projected changes to the mean values of daily maximum and 

minimum temperature exhibit a relatively simplistic response to greenhouse forcing. Grose et 

al. (2010) reported from a statewide analysis of the six bias-adjusted downscaled GCMs, that 

the rise in the mean annual maximum and minimum temperature is relatively uniform over 

the state of Tasmania despite the spatially varied mean. Seasonally, the increase in daily 

maximum and minimum temperatures is less spatially uniform and it is probable that it is a 

result of the projected changes in the dominant winds across the state within the GCMs 

simulations. The gradient in the temperature change during summer (greater increase near the 

west coast) may be related to the projected reduction in the dominant westerly wind, bringing 

cool air off the ocean (Grose et al. 2010). 

 

The inter-model range in the maximum temperature projections showed that the CSIRO-

Mk3.5 GCM consistently projected maximum temperature above the multi-model mean value 

at all sites both annually and seasonally. Conversely the ECHAM5/MPI-OM and GFDL-

CM2.0 GCMs consistently projected maximum temperature below the multi-model mean 

value at each site both annually and seasonally. The inter-model range in the minimum 
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temperature projections revealed that the CSIRO-Mk3.5 and the UKMO-HADCM3 GCM 

consistently projected minimum temperature above the multi-model mean value at all sites 

both annually and seasonally. In contrast the GFDL-CM2.0 GCM consistently projected 

minimum temperature below the multi-model mean value at each site both annually and 

seasonally. However, Grose et al (2010) state that the inter-model range in temperature is 

tighter than the GCMs responses for the globe as presented in the IPCC fourth Assessment 

Report, both for the present climate and into the future. This reduced inter-model range is due 

to the modelling approach taken by CFT, which included a bias-adjustment of sea surface 

temperature prior to the downscaling process. Resulting in the sea-surface temperature 

boundary condition from each parent GCM to correctly reflect the observed climate for the 

1961 to 1990 reference period.     

    

Since 1970, Tasmania has observed a reduction in mean annual rainfall across the state of 45 

mm per decade (Bureau of Meteorology 2011) along with a reduction in inter-annual rainfall 

variability (Grose et al. 2010). The reduction has been driven by a decrease in autumn rainfall 

(Alexander et al. 2007). At all sites, the projections of the six GCMs in annual and seasonal 

rainfall throughout the 21
st
 century show little change. In contrast, mean annual rainfall 

projections for the mainland dairy regions show a much greater rate of change, ranging from -

30% to +20% in northern and eastern Australia to -30% to +5% across southern Australia 

(CSIRO and Bureau of Meteorology 2007). At all Tasmanian sites except Woolnorth and 

Flowerdale, mean annual rainfall is projected to only slightly increase from the baseline to 

2085, ranging from 4% at Merseylea to 6% at Cressy and Ringarooma. The absence of 

significant changes in projected annual and seasonal rainfall trends is not unusual, considering 

that rainfall is not expected to respond as consistently or strongly to increases in greenhouse 

gas forcing as temperature (Alexander & Arblaster 2009).  

 

The inter-model range in the rainfall projections showed that the UKMO-HADCM3 GCM 

consistently projected rainfall above the multi-model mean value at all sites both annually and 

seasonally. However, the inter-annual rainfall variability of each GCM at each site was 

generally lower than that from the observed data for the period of 1961 to 2007 (Grose et al 

2010). 

 

Grose et al. (2010), report that GCMs are capable of realistically simulating the general 

aspects of the Southern Annular Mode (SAM). The local influence of the SAM in the 

dynamically downscaled GCM simulations was explored using a modified version of the 

Regional Antarctic Oscillation Index (AOIR) of Meneghini et al. (2007). The index is based 

on the difference in the mean sea level pressure at 40° south and 65° south in the Australian 
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region. The trend in the AOIR has been positive for all seasons for the period 1955 to 2005 

(Meneghini et al. 2007) and the CFT GCM projections indicate a continuation of the current 

trend. The trend means an increasing occurrence of the high phase of the SAM for the region, 

where mid-latitude westerlies tend to be weaker, resulting in lower moisture transport to 

western Tasmania. The negative correlation between rainfall anomalies and the AOIR is 

greatest during summer and the increase in the index is consistent with the projected decrease 

of summer rainfall at Woolnorth and to a lesser extent Flowerdale. However, the SAM can 

only partially explain seasonal rainfall trends and variability, and there are other influences on 

synoptic activity in the region (Meneghini et al. 2007).  

 

Autumn rainfall across Tasmania has shown the largest change of any season in the last 30 

years (Bureau of Meteorology 2011). The mean GCM simulated rainfall data for this period 

does not accurately reflect the observed record from the AWAP 0.1 data source. This result 

indicates that the reduced autumn rainfall that has been observed is not an ongoing climate 

state throughout the 21
st
 century (Grose et al 2010), although it is important to note that the 

range of rainfall projections between the GCMs is comparable to the observed record. The 

projected changes in rainfall across Tasmania along with the uncertainty associated with the 

GCM simulations, indicates that at this point in time it appears that the long term mean annual 

rainfall over Tasmania is likely to remain relatively stable throughout the 21
st
 century (Grose 

et al 2010). 

 

5.3.7 Climate variability 

 

At all sites, the CV of annual and seasonal maximum and minimum temperatures and CV of 

annual potential evapotranspiration increased slightly from the baseline to 2085 (data not 

shown).  

 

At each site, the CV of annual rainfall increased from 1971 to 2100, the increase in the CV of 

annual rainfall from the baseline to 2085 ranged from 15% at Merseylea to 22% at Ouse 

(Figure 5.7a-f). The CV of seasonal rainfall at all sites is projected to increase from the 

baseline to 2085 for each season (Figure 5.7a-f). The projected increase of the CV of summer 

rainfall from the baseline to 2085, ranges from 3% at Merseylea to 11% at Woolnorth. The 

projected increase in the CV of autumn rainfall ranges from 12% at Merseylea to 11% at 

Woolnorth. The projected increase in the CV of winter rainfall ranges from 9% at Ouse to 

26% at Flowerdale, while the projected increase in the CV of spring rainfall ranges from 9% 

at Merseylea to 18% at Ouse. The inter-model range in the projected CV of annual rainfall 
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showed that the CSIRO-Mk3.5 and GFDL-CM2.1 GCMs consistently projected the CV of 

rainfall below the multi-model mean value at all sites.  

 

Figure 5.7 Multi-model rolling 30-year CV (%) of annual and seasonal rainfall at Woolnorth 

(a), Flowerdale (b), Merseylea (c), Cressy (d), Ringarooma (e) and Ouse (f) for the period 

1971 to 2100.  

 

Climate change is commonly expected to result in an increase in annual and seasonal rainfall 

variability (Salinger 2005; Anwar et al. 2007; Boer 2009), this is consistent with the findings 

presented here. While annual and seasonal rainfall variability has declined since the 1970‟s at 

each of the sites, this is attributed to the decrease in the number of exceptionally wet years 

since the mid 1970‟s (Grose et al 2010). The recent decline in rainfall variability is projected 

to reverse throughout the 21
st
 century, as a result of increased sea surface temperatures 

leading to a more energetic atmosphere with increased moisture flux and changes to the mean 

sea level pressure. Projected changes in sea surface temperatures near Tasmania are likely to 

affect rainfall and rainfall variability at a local scale (Grose et al 2010). The projected 

increases in annual and seasonal rainfall variability at each of the six sites are small relative to 

the mainland dairy regions. Rainfall variability across the mainland dairy regions is projected 

to increase at a greater rate in response to the projected ranges of -30% to +20% change in 

mean annual rainfall across each of the mainland dairy regions  (CSIRO and Bureau of 

Meteorology 2007; Quiggin et al. 2010).    
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Inter-annual and inter-seasonal rainfall variability over Tasmania is influenced by the SAM, 

ENSO, Indian Ocean Dipole (IOD) and atmospheric blocking in the Tasman Sea (Grose et al. 

2010). The ENSO influence is strongest in the north of the state, whereas the SAM is most 

prominent over the southwest of the state. Inter-annual and inter-seasonal rainfall variability 

is driven by direct atmospheric forcing and sea surface temperature variations in the tropical 

Pacific (Hill et al. 2009). Seasonally, the relationships vary between SAM, ENSO and IOD, 

with different climate drivers having a greater influence on rainfall and rainfall variability in 

different seasons (Hill et al. 2008; Grose et al. 2010). 

 

5.3.8 Rainfall intensity 

 

At all sites, mean annual rainfall intensity is projected to increase from the baseline to 2085. 

The projected increase in rainfall intensity ranged from 7% (Flowerdale) to 13% (Cressy). At 

all sites, the total annual number of rain days are projected to decrease from the baseline to 

2085, ranging from 7% (Woolnorth, Flowerdale) to 3% (Ringarooma) (Figure 5.8a-f). For the 

region of Woolnorth, the greatest change in seasonal rainfall intensity is projected to occur 

during winter, increasing 11% by 2085 above the baseline. At the sites of Flowerdale, 

Merseylea, Cressy and Ringarooma the greatest change in seasonal rainfall intensity is 

projected to occur during spring, increasing 9%, 17%, 20% and 17% respectively by 2085 

above the baseline. At Ouse, the greatest change in seasonal rainfall intensity is projected to 

occur during summer, increasing 17% by 2085 above the baseline (Appendix 8.0). 

 

The inter-model range in the projected annual rainfall intensity showed that the 

MIROC3.2(medres) and UKMO-HADCM3 GCMs consistently projected rainfall intensity 

above the multi-model mean value at all sites. In contrast the CSIRO-Mk3.5, GFDL-CM2.0 

and GFDL-CM2.1 GCMs consistently projected annual rainfall intensity below the multi-

model mean value at each site. However, these trends tend to be small relative to the mean 

rainfall intensity.    
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Figure 5.8 Multi-model mean of the annual total number of rain days (>1 mm) and multi-

model mean annual rainfall intensity (mm) at Woolnorth (a), Flowerdale (b), Merseylea (c), 

Cressy (d), Ringarooma (e) and Ouse (f) for the period 1971 to 2100. 

 

The pattern of change in rainfall intensity in a future warmer climate is related to increases of 

water vapour and is a consequence of an increase in the capacity of a warmer atmosphere to 

hold moisture (Meehl et al. 2005; Boer 2009). General Circulation Models indicate an 

increase in rainfall intensity in most regions across the globe, under a warmer climate 

(Haylock & Nicholls 2000; Hughes 2003; Perkins & Pittman 2009), even in regions where 

mean rainfall decreases (Christensen & Christensen 2004; Meehl et al. 2005; Kharin & 

Zwiers 2007). Projected rainfall intensity across Tasmania is consistent with these reported 

findings. Rainfall intensity across Tasmania is projected to increase throughout the 21
st
 

century (White et al. 2010), with projected increases of up to 60% in some seasons, in some 

coastal regions with an affiliated decrease in the mean number of rain days. Consistent with 

the analysis by White et al. (2010), at all sites in the current study, rainfall intensity is 

projected to increase, along with a projected decrease in the mean number of annual rain days 

throughout the 21
st
 century.  
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5.4 Conclusion 

 

The bias-adjusted dynamically downscaled GCM simulations undertaken by CFT represented 

a series of climate change experiments driven by an increase of atmospheric greenhouse gases 

under the A2 scenario (Corney et al. 2010). Increasing greenhouse gases lead to an alteration 

of the radiative heat balance of the globe, resulting in changes in the entire climate system 

(Grose et al. 2010). At all sites, the bias-adjusted gridded daily climate projections show that 

the observed temperature trends during the latter half of the 20
th
 century are projected to 

continue into the 21
st
 century. Little change is projected in annual and seasonal rainfall, 

however rainfall variability and rainfall intensity are projected to increase. 

 

In quantifying the scale of future climate projections it is important to recognise the 

limitations. Climate change projections will inevitably vary as a result of continual 

improvements in the ability of GCMs to depict global and more importantly, regional climate 

systems. Uncertainties remain in the parameters of some processes within GCMs, for example 

cloud formation and dissipation. However, the gap is decreasing as analysis and modelling 

techniques are constantly evolving (Mitchell 2004; Nicholls 2007). The CFT GCM 

simulations presented here should not be regarded as forecasts, rather, they are intended to 

give an indication of projected climate change over decadal time scales (Corney et al. 2010).  

   

This study has quantified the projected regional climate change and variability at each of the 

six dairy regions for the remainder of the 21
st
 century. The climatic environment currently 

experienced at all sites is projected to change, particularly mean temperatures. In order to 

prepare and adapt pasture based feed systems to a changing climate it is important to ascertain 

how regional climate change and variability will affect pasture production. Climate and 

agriculture are inextricably linked and various features of climate change, such as higher 

atmospheric CO2 concentrations, increased temperatures and altering rainfall patterns will 

have varying impacts on pasture production. In the following chapter, the likely impacts of 

the projected regional climate change on pasture based dairy systems in Tasmania are 

quantified.  
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CHAPTER 6: MODELLED RESPONSES OF PERENNIAL RYEGRASS TO THE 

PROJECTED CLIMATE 

 

6.1 Introduction 

 

Production and consumption of high quality perennial ryegrass pastures underpin the 

competitiveness of the Tasmanian dairy industry. Any change in climate or climate variability 

has the potential to alter the feed supply and the management of these pasture based dairy 

systems. However, the impact of the projected climate change on pasture based dairy systems 

in the Tasmanian dairy regions remains uncertain. Climate change is projected to vary 

regionally across Tasmania and as a result the influence of climate change on pasture 

production is also likely to vary regionally. The rate of change in pasture production will be 

dependent on the combination of changes to temperature, rainfall and evapotranspiration as 

well as plant responses to elevated atmospheric CO2 concentrations (Cullen et al. 2009). 

Regional climate change projections across six differing dairy regions of Tasmania indicate 

an increase in mean daily temperatures ranging from 2.4°C to 2.7°C by 2085, with the 

absence of any discernible change in annual and seasonal rainfall. Potential 

evapotranspiration rates are projected to increase between 3% and 5%. 

 

By providing estimates of pasture growth under a greater range of climate variables than can 

be feasibly determined through many short term experiments, simulating pasture production 

under future climate scenarios is a valuable means for management and determining research 

priorities by extending short-term results to longer term pasture production (Robertson 2006). 

In Mediterranean and temperate climates, Cullen & Eckard (2011) report that pasture 

production may increase slightly with both increased warming of 1°C and a reduction in 

rainfall of 10%, although with further warming of ≈3°C and reduced rainfall of > 10% mean 

annual pasture production is projected to decline. Pasture production in cool temperate 

climates, like Tasmania (Bureau of Meteorology 2007), appear to be more resilient to such 

climatic changes (Cullen & Eckard 2011). However, across Tasmania the projected regional 

climate change and the rate of change of the climate metrics of temperature, rainfall and 

potential evapotranspiration have the potential to strongly influence perennial ryegrass 

production. This may result in changes to total annual pasture growth, changes in the 

seasonality of the pasture growth and changes in irrigation requirements and water 

availability. To assess the potential influences of the projected climate change across the 

Tasmanian dairying regions, pasture production on a daily basis was simulated using the 

biophysical model DairyMod (Johnson et al. 2008) for each of the six dairy regions for the 

period 1971 to 2100, using daily climate projections data generated from the CFT project.  
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The objectives of this chapter were to: 

1. Quantify projected regional climate change impacts on simulated pasture 

production using the six dynamically downscaled GCMs daily climate data at six 

sites for the period 1971 to 2100.  

2. Quantify inter-annual and inter-seasonal simulated pasture production variability 

using the six dynamically downscaled GCMs daily climate data at six sites for the 

period 1971 to 2100. 

3. Quantify the impact of rising atmospheric CO2 concentrations under the A2 

emissions scenario on pasture production at six sites for the period 1971 to 2100. 

 

6.2 Materials and methods 

 

The 0.1° gridded bias-adjusted dynamically downscaled CSIRO-Mk3.5, ECHAM5/MPI-OM, 

GFDL-CM2.0, GFDL-CM2.1, MIROC3.2 (medres) and UKMO-HADCM3 data for each of 

the six sites (Section 3.2) was obtained from the TPAC portal (https://dl.tpac.org.au/). The 

daily climate data for the period 1
st
 January 1961 to 31

st
 December 2100, for the climate 

metrics of maximum and minimum temperature (°C), rainfall (mm) potential 

evapotranspiration (mm) and solar radiation (MJ/m
2
) were accessed.  

 

Each daily climate data set from the GCMs was run independently within DairyMod. 

DairyMod version (4.9.2) (Johnson et al. 2008) was used to simulate rainfed and irrigated 

perennial ryegrass growth and the methods and parameters of the model used in this chapter 

were identical to Section 3.2 with two exceptions. Firstly, the irrigation simulations were 

parameterised to allow irrigation daily if the Growth Limiting Factor of water (GLFwater) fell 

below 0.9 (Table 6.1). Secondly, atmospheric CO2 concentrations were increased annually 

within each climate data source consistent with the ISAM A2 emissions scenario (Figure 6.2). 

 

The GLFtemperature (Section 3.2) and Growth Limiting Factor of Water (GLFwater) can be used to 

identify the most limiting factor on simulated pasture growth. The GLFwater is calculated 

within DairyMod and is defined from the wilting point, recharge point, field capacity and 

saturated water content (Figure 6.1). The GLFwater is on a scale from 0 to 1, if the GLFwater is 1 

then there is no limitation to growth, if it is 0 then there is total limitation. For water contents 

below the wilting point, the plant cannot extract water from the soil and the GLFwater is 0. 

Between the wilting point and recharge point the GLFwater increases from 0 to 1 and above the 

recharge point to field capacity, the GLFwater is 1 (Johnson 2005). For the current study, the 

recharge point was set at the halfway point (0.5) between wilting point and field capacity for 

the onset of water stress (0 to 1) and the GLFwater saturation was set at 0.9. 
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Figure 6.1 Model parameters used within DairyMod for GLFwater (Johnson et al 2005), 

Growth Limiting Factor Water (GLF), Wilting Point (WP), Field Capacity (FC) and 

Saturation (Sat). 

 

Table 6.1 Key irrigation variables and associated parameter values used in DairyMod 

(Version 4.9.2) to simulate growth of perennial ryegrass pastures on a generic clay loam soil. 

Irrigate in response to soil water deficit (SWD) initiated 

Scale factor between WP and FC for the onset of water stress (0-1) 0.50 

Irrigate when crop Growth Limiting Factor (%) fall below 90 

Minimum days between irrigation applications 1 

Target root profile water content as percent of field capacity 100 

Depth for SWD calculation (cm) 40 

Critical SWD at which to irrigate (cm) 20 

 

 

Figure 6.2 Annual A2 ISAM SRES CO2 concentration (ppm). 

 

The mean annual and monthly simulated pasture yields, mean annual and monthly irrigation 

requirements, and the mean annual and monthly growth limiting factors for both water 

(GLFwater) and temperature (GLFtemperature) were calculated for each 30-year period (as defined 

in Section 5.2). Projected changes in inter-annual and inter-seasonal simulated pasture cut 

yields were quantified using the CV over a moving 30-year time period. The gross production 

water-use index (GPWUI) as defined by Purcell and Currey (2003) was used to quantify 

WUE under the irrigated simulations at all sites. The GPWUI was calculated as the total 

annual yield divided by the total annual water received (irrigation plus rainfall). Due to the 
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mechanistic, non-stochastic nature of the GCMs climate data, annual and monthly means are 

presented as trends and compared for each 30-year period. 

 

The annual pasture yield response of perennial ryegrass to elevated atmospheric CO2 

concentrations were modelled at each site by comparing simulated pasture yields at a baseline 

CO2 concentration of 380 ppm (ambient CO2) and a yearly incremental increase of 

atmospheric CO2, under the SRES A2 scenario (Figure 6.19), for the period 1971 to 2100.  

 

6.3 Results and Discussion 

 

 6.3.1 Rainfed and irrigated pasture cut yields 

 

At all sites, annual rainfed pasture production is projected to increase throughout the 21
st
 

century (Figure 6.3a-f). At all sites except Woolnorth (Figure 6.3a), the simulated mean 

annual rainfed pasture yields are projected to progressively increase from the baseline to 2085 

at Flowerdale by 46% (model range 39% to 68%), Merseylea by 82% (64% to 114%), Cressy 

by 150% (131% to 232%), Ringarooma by 81% (64% to 107%) and at Ouse by 137% (109% 

to 206%). At Woolnorth, the simulated mean annual rainfed pasture yields are projected to 

peak in 2055 at 30% (20% to 48%) above the baseline, then decline slightly by 2085 (Table 

6.2). The inter-model range in the annual rainfed pasture yields showed that the UKMO-

HADCM3 GCM consistently projected yields above the multi-model mean value at all sites. 

In contrast the MIROC3.2 (med res) GCM consistently projected annual yields below the 

multi-model mean value at each site.  
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Figure 6.3 Annual simulated rainfed pasture yields (kg DM/ha), from the six dynamically 

downscaled GCMs, for Woolnorth (a), Flowerdale (b), Merseylea (c), Cressy (d), 

Ringarooma (e) and Ouse (f) for the period 1971 to 2100. 

 

Table 6.2 Multi-model mean of the simulated mean annual rainfed pasture yields (kg DM/ha) 

at Woolnorth, Flowerdale, Merseylea, Cressy, Ringarooma and Ouse for the baseline, 2025, 

2055 and 2085.  

Scenario Woolnorth Flowerdale Merseylea Cressy Ringarooma Ouse 

Baseline 8618 8837 6059 3292 6246 3088 

2025 10628 11674 8792 5616 9220 5285 

2055 11169 12680 10078 7000 10550 6700 

2085 11094 12892 11021 8233 11299 7319 

% change Baseline - 2055 30% 43% 66% 113% 69% 117% 

% change Baseline - 2085 29% 46% 82% 150% 81% 137% 

 

At all sites, mean annual irrigated pasture production is projected to increase throughout the 

21
st
 century (Figure 6.4a-f). The simulated mean annual irrigated pasture yields are projected 

to increase from the baseline to 2085 by 26% (model range 23% to 29%) at Woolnorth, 34% 

(31% to 36%) at Flowerdale, 34% (31% to 39%) at Merseylea, 26% (16% to 37%) at Cressy, 

41% (36% to 46%) at Ringarooma and by 31% (20% to 44%) at Ouse (Table 6.3). However, 

at all sites except Flowerdale, the greatest projected increase in mean annual irrigated pasture 

yields occurs at approximately 2055. At each site excluding Flowerdale, a slight decrease is 

projected in mean annual irrigated pasture yields from 2055 to 2085, at Woolnorth, the 

projected decrease is 1%, at Merseylea 2%, at Cressy 9% at Ringarooma 1% and at Ouse 8% 

(Table 6.3). The inter-model range in the annual irrigated pasture yields showed that the 

GFDL-CM2.1 GCM consistently projected yields above the multi-model mean value at all 
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sites, in contrast the MIROC3.2 (med res) GCM consistently projected annual yields below 

the multi-model mean value at each site. However, the model range of the projected yields 

under irrigation tended to be much tighter than the model range of the projected yields under 

dryland conditions where the inter-model range is much larger in comparison. This is a result 

of the irrigated simulations not being water limited, conversely the rainfed simulations were 

limited by both water and temperature, creating a greater inter-model range in the projected 

yields. 

Figure 6.4 Annual simulated irrigated pasture yields (kg DM/ha), from the six dynamically 

downscaled GCMs, at Woolnorth (a), Flowerdale (b), Merseylea (c), Cressy (d), Ringarooma 

(e) and Ouse (f) for the period 1971 to 2100. 

 

Table 6.3 Multi-model mean of the simulated mean annual irrigated pasture yields (kg 

DM/ha) at Woolnorth, Flowerdale, Merseylea, Cressy, Ringarooma and Ouse for the baseline, 

2025, 2055 and 2085.  

Scenario Woolnorth Flowerdale Merseylea Cressy Ringarooma Ouse 

Baseline 17715 16705 16092 11992 13644 9298 

2025 21568 21014 20612 15727 17861 12452 

2055 22570 22423 22140 16541 19310 13210 

2085 22238 22439 21631 15094 19254 12208 

% change Baseline - 2055 27% 34% 38% 38% 42% 42% 

% change Baseline - 2085 26% 34% 34% 26% 41% 31% 

 

The multi-model GLFtemperature presented in Figure 6.5a-f is representative for both the rainfed 

and irrigated simulations, while the multi-model GLFwater is only applicable to the rainfed 

simulations as water is non-limiting under the irrigation simulations. All sites demonstrated a 

linear trend in GLFtemperature, with the values progressively become less limiting for the period 
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of 1971 to 2100 as a result of the projected increase in temperatures. At Woolnorth, mean 

annual GLFtemperature decreases by 9% from the baseline to 2085, at Flowerdale by 12%, at 

Merseylea by 13% at Cressy by 14% at Ringarooma by 16% and at Ouse by 15%. At all sites, 

there was little change in the annual GLFwater from 1971 to 2100 (Figure 6.5a-f).  

 

Under rainfed conditions at Cressy, Ringarooma and Ouse temperature is the most limiting 

factor for pasture growth throughout the period of 1971 to 2100 (Figure 6.5d-f). At 

Woolnorth, the most limiting factor for pasture growth changes from temperature to water by 

approximately 2020, whilst at Flowerdale and Merseylea water becomes most limiting factor 

for pasture growth at approximately 2070 and 2050 respectively (Figure 6.5a-c). 

 

Figure 6.5 Multi-model mean annual GLFTemperature and GLFWater at Woolnorth (a), Flowerdale 

(b), Merseylea (c), Cressy (d), Ringarooma (e) and Ouse (f) for the period 1971 to 2100. 

 

The projected increase in simulated annual rainfed pasture yields above the baseline is driven 

by a progressively earlier start and increased growth during winter and also an increase in 

spring growth throughout the 21
st
 century (Figure 6.6a-f). This is most noticeable at 

Merseylea, Cressy, Ringarooma and Ouse which are currently more temperature limited than 

the other two sites and where lower temperatures are restricting growth during the late 

winter/early spring period. At Woolnorth and Flowerdale, regions that currently experience 

relatively mild winter and spring temperatures, winter/spring growth is still projected to 

increase, though not as substantially in comparison to the inland sites.  
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At all sites, under simulated rainfed conditions, summer pasture yields are projected to 

decrease below the baseline value at 2085, but are compensated for by an increase in winter 

and spring growth (Figure 6.6a-f). The likely explanation for the decrease in summer pasture 

yields by 2085 is projected higher daily maximum temperatures.      

 

Figure 6.6 Multi-model mean simulated monthly rainfed pasture yields (kg DM/ha) at 

Woolnorth (a), Flowerdale (b), Merseylea (c), Cressy (d), Ringarooma (e) and Ouse (f) for the 

baseline, 2025, 2055 and 2085.   

 

The projected increase in simulated mean annual irrigated pasture yields is also due to a 

progressively earlier start and increased growth during winter and spring (Figure 6.7a-f). 

Under irrigated conditions summer pasture yields at Woolnorth and Flowerdale are projected 

to peak at 2055 then decrease at 2085 (Figure 6.7a,b). At Merseylea, Cressy, Ringarooma and 

Ouse summer pasture yields are projected to peak at 2025 and begin to decrease at 2055 and 

continue to decrease at 2085 (Figure 6.7c-f). At all four of these sites, the projected pasture 

yield during summer in 2085 is below the baseline pasture yield, while at Cressy and Ouse the 

projected pasture yield at 2055 is below the baseline figure, driven by the projected increase 

in daily maximum temperatures.  
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Figure 6.7 Multi-model mean simulated monthly irrigated pasture yields (kg DM/ha) at 

Woolnorth (a), Flowerdale (b), Merseylea (c), Cressy (d), Ringarooma (e) and Ouse (f) for the 

baseline, 2025, 2055 and 2085. 

 

Under the rainfed and irrigated simulations at Woolnorth, Flowerdale, Merseylea and 

Ringarooma, mean monthly GLFtemperature is projected to progressively become less limiting 

from the baseline to 2085 for the months of April to November (Figure 6.8a-c,e). For Cressy 

and Ouse, mean monthly GLFtemperature is projected to progressively become less limiting for 

the months of April to October (Figure 6.8d,f). At Woolnorth and Flowerdale GLFtemperature is 

projected to be more limiting for growth during January and February by 2085 in comparison 

to the baseline. At Merseylea, Cressy, Ringarooma and Ouse GLFtemperature at 2085 is projected 

to be increasingly limiting for growth during the months of January, February and December, 

in comparison to the baseline, particularly at Cressy and Ouse (Figure 6.8d,f). At all sites 

under rainfed simulations, mean monthly GLFwater is projected to become a greater limitation 

for pasture growth during November and December by 2085 in comparison to the baseline 

period. In addition, at the sites of Woolnorth and Flowerdale mean monthly GLFwater is also 

projected to be increasingly limiting for growth during January (Figure 6.8a,b). 
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Figure 6.8 Multi-model mean monthly GLFtemperature and GLFwater at Woolnorth (a), 

Flowerdale (b), Merseylea (c), Cressy (d), Ringarooma (e) and Ouse (f) for the baseline and 

2085. 

 

All six sites are temperature limited under the current climatic conditions during winter and 

spring. Yield increases are projected to be less at sites with currently high potential yields 

(Woolnorth, Flowerdale) than currently lower yielding sites (Merseylea, Cressy, Ringarooma, 

Ouse). Primarily due to lower minimum temperatures limiting growth at the inland sites, as 

opposed to the coastal regions of Woolnorth and Flowerdale, which have relatively milder 

climates.  

 

Woolnorth and Cressy were selected to demonstrate the regional variation of the projected 

climate on simulated perennial ryegrass growth. At Woolnorth, simulated mean monthly 

rainfed pasture yields during August, September and October are projected to increase 

linearly throughout the 21
st
 century (Figure 6.9a). The GLFtemperature progressively becomes 

less limiting during the same period, indicating that the projected temperature increases are 

driving the increase in pasture yields (Figure 6.9b) correspondingly there is a progressive 

decrease in the number the number of days <2°C during these months (Figure 6.9c).   
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Figure 6.9 Woolnorth multi-model mean monthly simulated rainfed pasture yield (kg DM/ha) 

(a) mean monthly GLFtemperature (b) and total number of days <2°C (c) for the months of 

August, September and October for the period 1971 to 2100.  

 

Rainfed pasture yields at Cressy are also projected to increase linearly throughout the 21
st
 

century during the months of August, September and October (Figure 6.10a). Similarly, 

GLFtemperature progressively becomes less limiting, demonstrating that the projected 

temperature increases are driving the increase in pasture yields (Figure 6.10b), and there is a 

progressive decrease in the number of days <2°C from 9 days (model range 4 to 16) at the 

baseline to 3 days (model range 0 to 6) by 2085 (Figure 6.10c). Cressy currently experiences 

a greater temperature limitation to pasture growth during the winter/spring period than 

Woolnorth. The temperature limitation for pasture growth is further highlighted by the 

number of days at Woolnorth that are <2°C during the winter/spring period (0 to 1 at the 

baseline) (Figure 6.9c) in contrast to Cressy where there are 4 to 16 days <2°C at the baseline 

(Figure 6.10c).    

  

Figure 6.10 Cressy multi-model mean monthly simulated rainfed pasture yield (kg DM/ha) 

(a) mean monthly GLFtemperature (b) and total number of days <2°C (c) for the months of 

August, September and October for the period 1971 to 2100.  

 

Under the irrigated simulations, simulated mean annual pasture yields at Woolnorth are 

projected to decrease slightly from 2055 to 2085. The slight decrease in mean annual yields is 

being driven by decreasing summer yields in the months of January, February, March and 
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December (Figure 6.11a). The GLFtemperature progressively becomes more limiting for pasture 

growth from 2055 onwards (Figure 6.11b), as the number of days >28°C in January, 

February, March and December increases slightly from <1 day at the baseline to 1 to 2 days at 

2085 (Figure 6.11c). 

     

Figure 6.11 Woolnorth multi-model mean simulated irrigated pasture yield (kg DM/ha) (a) 

mean monthly GLFtemperature (b) and total number of days >28°C (c) for the months of January, 

February, March and December for the period 1971 to 2100.  

 

Simulated mean annual irrigated pasture yields for the region of Cressy are projected to 

decrease by 9% from 2055 to 2085, driven by decreasing summer yields in the months of 

January, February, March and December (Figure 6.12a). The GLFtemperature becomes 

increasingly limiting for pasture growth from approximately 2030 onwards during the 

summer months (Figure 6.12b), with a progressive increase in the number of days >28°C in 

December, January, February and March from 2 days (model range 1 to 4) at the baseline to 6 

days (model range 4 to 10) at 2085 (Figure 6.12c).  

 

Cressy is projected to experience a greater temperature limitation for pasture growth during 

summer than Woolnorth through the latter part of the 21
st
 century due to a greater number of 

days exceeding 28°C. In contrast to Woolnorth, the projected rate of increased very warm 

days at Cressy is limiting growth from approximately 2025 onwards (Figure 6.12a), whereas 

at Woolnorth pasture growth is not limited during the summer months until approximately 

2055 (Figure 6.11a). In addition, the decline of December pasture yields at Cressy is marked 

in contrast to Woolnorth.  
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Figure 6.12 Cressy multi-model mean simulated irrigated pasture yield (kg DM/ha) (a) mean 

monthly GLFtemperature (b) and total number of days >28°C (c) for the months of January, 

February, March and December for the period 1971 to 2100.  

 

At all sites under rainfed simulations, mean annual pasture yields are projected to increase 

from the baseline to 2085. Under the irrigated simulations mean annual pasture yields are 

projected to increase to 2055, then decline slightly through to the end of the 21
st
 century. The 

progressive increase in both minimum and maximum temperatures has driven an increase in 

pasture growth during winter and spring (Table 6.4) where at all sites, an increasing optimum 

temperature range for perennial ryegrass growth has occurred. Peacock (1974) states there is a 

high positive correlation between mean temperature and pasture growth rates and that the 

growth rates of temperate grasses decreases rapidly below 10°C, with little growth occurring 

below 6°C (Cooper & Tainton 1968). 

 

Perennial ryegrass growth during winter and early spring in temperate regions is severely 

restricted by low temperatures (Cressy and Ouse, Table 6.4). This is partly due to frost 

susceptibility and other factors such as low solar radiation, short days and low daily 

temperatures (Thomas & Norris 1979; Kemp et al. 1989). Plants grown at lower temperatures 

(<10°C) partition less dry weight to leaves and produce thicker shorter leaves (Beevers 1961; 

Hunt & Halligan 1981). In addition, Cooper (1964) reported a strong negative correlation 

between the rate of leaf expansion and low temperatures. Leaf expansion is influenced 

primarily by temperature and to a lesser extent by available soil moisture (Fulkerson & 

Donaghy 2001). Tillering of perennial ryegrass under optimum temperatures (approximately 

20°C) responds similarly to leaf growth, with new tillers appearing rapidly and producing 

leaves in quick succession (Langer 1973; Hunt & Thomas 1985).  
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Table 6.4 Multi-model mean of the mean spring daily minimum temperature (°C) at 

Woolnorth, Flowerdale, Merseylea, Cressy, Ringarooma and Ouse, for the baseline, 2025, 

2055 and 2085.   

Spring Woolnorth Flowerdale Merseylea Cressy Ringarooma Ouse 

baseline 8.46 7.19 6.76 5.61 6.05 4.98 

2025 9.09 7.85 7.49 6.37 6.78 5.73 

2055 9.66 8.48 8.13 7.04 7.49 6.44 

2085 10.60 9.47 9.17 8.09 8.56 7.53 

 

The projected decrease of irrigated pasture yields evident from 2055 (from 2025 at Cressy 

and Ouse) is the result of increased maximum temperatures during summer and early autumn 

and a progressive increase in the number of days exceeding 28°C, throughout the 21
st
 century. 

The effect of warmer temperatures towards the end of the 21
st
 century on summer pasture 

yields, were greater under the irrigated simulations, primarily due to the simulations not being 

water limited. In contrast, the rainfed simulations were limited by both water and temperature 

during the summer months. 

   

Perennial ryegrass being a cool season grass is not adapted to higher temperatures (Waller & 

Sale 2001). Blaikie & Martin (1987) reported that increasing the temperature from 20°C to 

40°C has a significant negative impact on perennial ryegrass growth. As the temperature rose, 

the rate of net photosynthesis at a given level of irradiance declined, and at 33°C to 38°C was 

less than half the rate at 21°C to 24°C. The temperature response curve for perennial ryegrass 

is frequently described as a convex parabola with an optimum of close to 20°C (Hunt & 

Halligan 1981). Several studies have examined growth responses of perennial ryegrass to 

temperature in controlled environments. Mitchell (1956) established that the optimum 

ambient temperature range for perennial ryegrass growth was 17°C to 21°C and that growth 

can cease above 30°C to 35°C. At Cressy and Ouse, mean daily summer maximum 

temperatures by 2085 have increased beyond the optimum range for perennial ryegrass 

growth (Table 6.5), driving a greater decrease in irrigated annual pasture cut yields in 

comparison to the other four sites. 

 

Table 6.5 Multi-model mean of the mean summer daily maximum temperature (°C) at 

Woolnorth, Flowerdale, Merseylea, Cressy, Ringarooma and Ouse, for the baseline, 2025, 

2055 and 2085.   

Summer Woolnorth Flowerdale Merseylea Cressy Ringarooma Ouse 

Baseline 19.94 20.18 21.22 22.86 21.13 22.12 

2025 20.67 20.92 21.93 23.54 21.83 22.87 

2055 21.49 21.75 22.78 24.41 22.69 23.73 

2085 22.61 22.92 23.97 25.59 23.85 24.84 
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Under the rainfed simulations at all sites, increasing soil moisture deficit by 2085 is projected 

to become a greater limitation for pasture growth during the months of November and 

December (Figure 6.8a-f). Perennial ryegrass is sensitive to soil moisture deficit stress, caused 

by low or intermittent rainfall correlated with high evapotranspiration rates (Guobin & Kemp 

1992; Turner & Asseng 2005). Poor persistence of perennial ryegrass is a common problem in 

high winter rainfall and summer dry regions (Eckard et al. 2001; Nie et al. 2004) and soil 

moisture deficits during summer and autumn reduce herbage production and quality and can 

result in dormancy or death under more severe stress (Waller & Sale 2001). Results from field 

experiments where moisture stress was imposed for several months, showed that DM 

production and tiller density can be markedly reduced (Waller & Sale 2001). Perennial 

ryegrass has a variety of mechanisms that enable it to withstand (to an extent), moisture 

deficits that occur in dry summers. As soil moisture levels decline, leaf growth decreases, 

primarily as a result of reduced cell expansion restricting the size of new leaves (Waller & 

Sale 2001) and smaller leaves reducing water loss through transpiration and via the use of 

assimilates in respiration (Jones 1988).  

 

It is important to recognise a caveat of DairyMod in that the model is unable to simulate the 

death of the plant. Therefore when growing conditions improve the plants shift back into 

growth mode, without any loss of accumulated growth due to plant death e.g. over summer at 

Cressy and Ouse. Therefore when assessing simulated pasture production from regions that 

are exposed to either excessive or extended periods of cold or high temperatures, this 

limitation of the model should be taken into consideration.  

 

6.3.2 Annual and monthly irrigation requirements 

 

At Woolnorth, Flowerdale, Merseylea and Ringarooma the mean annual irrigation 

requirements progressively increased from the baseline to 2085 (Figure 6.13a-c,e). Mean 

annual irrigation requirements increased from the baseline to 2085 by 16% at Woolnorth, 

14% at Flowerdale, 8% at Merseylea and by 10% at Ringarooma (Table 6.6). At Cressy and 

Ouse (Figure 6.13d,f) mean annual irrigation requirements increased by 5% and 3% 

respectively by 2055 above the baseline. However, by 2085 mean annual irrigation 

requirements decreased slightly below the baseline values by 1% and 2% respectively (Table 

6.6).  
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Figure 6.13 Annual total irrigation (mm/ha) applied, from the six dynamically downscaled 

GCMs, at Woolnorth (a), Flowerdale (b), Merseylea (c), Cressy (d), Ringarooma (e) and Ouse 

(f) for the period 1971 to 2100. 

 

Table 6.6 Multi-model mean of mean annual irrigation (mm/ha) requirements at Woolnorth, 

Flowerdale, Merseylea, Cressy, Ringarooma and Ouse, for the baseline, 2025, 2055 and 2085.   

Scenario Woolnorth Flowerdale Merseylea Cressy Ringarooma Ouse 

Baseline 447 416 515 523 422 458 

2025 474 439 538 544 444 471 

2055 497 457 553 547 459 472 

2085 517 474 557 516 467 450 

% change Baseline - 2055 11% 10% 7% 5% 9% 3% 

% change Baseline - 2085 16% 14% 8% -1% 10% -2% 

 

The projected increases in annual irrigation at Woolnorth, Flowerdale, Merseylea and 

Ringarooma is driven by an increase of both spring and December irrigation requirements 

from the baseline to 2085 (Figure 6.14a-c,e). At all sites, the decrease of summer irrigation is 

due to higher daily maximum temperatures that are limiting pasture growth and in turn 

reducing transpiration rates. Irrigation demand is driven by the potential evapotranspiration 

rates of the pasture. This is partly a function of plant transpiration rates which are influenced 

by pasture growth rates. The lower summer pasture yields towards the end of the century 

mean that there will be a reduction in irrigation requirements. This is particularly evident at 

Cressy and Ouse, which exhibit the greatest reduction in pasture growth over the summer 

period due to high temperature stresses.   
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Figure 6.14 Multi-model mean of mean monthly irrigation (mm/ha) at Woolnorth (a), 

Flowerdale (b), Merseylea (c), Cressy (d), Ringarooma (e) and Ouse (f) for the baseline and 

2085. 

 

Currently the average rate of irrigation water applied per ha across the Tasmanian dairy 

industry is 4.8 ML/ha (Australian Bureau of Statistics 2010b) (Table 2.4). The simulated 

baseline irrigation requirements from DairyMod is closely aligned with the current industry 

figures. The mean simulated rate of irrigation received for the baseline period across each of 

the six sites is 4.6 ML/ha, giving an acceptable degree of confidence in the projected 

simulated irrigation requirements for each of the six sites.  
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6.3.3 Gross production water-use index 

 

At all sites, annual GPWUI is projected to increase linearly to approximately 2050, then 

decline slightly through to 2100 (Figure 6.15a-f).  

 

Figure 6.15 Multi-model mean of annual total water (mm) and annual GPWUI (kg DM/mm) 

at Woolnorth (a), Flowerdale (b), Merseylea (c), Cressy (d), Ringarooma (e) and Ouse (f) for 

the period 1971 to 2100.     

 

Under elevated atmospheric CO2 concentrations, a C3 plant is expected to have an increase in 

the net influx of CO2, increased stomatal resistance and a decline in transpiration per unit of 

CO2 fixed (Clark et al. 1995; Long et al. 2004). This is likely to result in increased WUE 

(Casella et al. 1996), this response was simulated at each site. The simulated change in WUE 

was similar to that reported by Schapendonk et al. (1997) where under two different levels of 

CO2 (350 ppm and 700 ppm) the WUE of perennial ryegrass under the elevated CO2 level 

was significantly (up to 50%) higher than at ambient CO2 levels. This is consistent with the 

simulated findings in the current study, where the GPWUI from the baseline to 2085 

increased at all six sites ranging from 19% at Woolnorth to 32% at Ringarooma (Table 6.7).  

 

From 2055 to 2085 the GPWUI decreased by a range of 2% (Flowerdale) to 9% (Cressy) 

(Table 6.7). The projected decrease in GPWUI at all sites by 2085 was driven by a decrease in 

GPWUI during summer, again with notable decreases occurring at Cressy and Ouse as a 

result of increasing daily maximum temperatures limiting pasture growth (Appendix 9.0).  
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Table 6.7 Multi model mean of mean annual total water (mm) and mean annual GPWUI (kg 

DM/mm) at Woolnorth, Flowerdale, Merseylea, Cressy, Ringarooma and Ouse for the 

Baseline 2025, 2055 and 2085. 

 
Woolnorth Flowerdale Merseylea Cressy Ringarooma Ouse 

Scenario 
Total 

water 

GP-

WUI 

Total 

water 

GP-

WUI 

Total 

water 

GP-

WUI 

Total 

water 

GP-

WUI 

Total 

water 

GP-

WUI 

Total 

water 

GP-

WUI 

Baseline 1478 12.0 1571 10.7 1419 11.4 1269 9.5 1551 8.8 1186 7.8 

2025 1493 14.5 1571 13.4 1437 14.4 1296 12.1 1571 11.4 1210 10.3 

2055 1514 14.9 1593 14.1 1466 15.1 1308 12.7 1609 12.0 1219 10.9 

2085 1553 14.3 1622 13.9 1501 14.4 1306 11.6 1660 11.6 1217 10.0 

% change 

Baseline - 2055 
2% 24% 1% 32% 3% 33% 3% 34% 4% 36% 3% 38% 

% change 

Baseline - 2085 
5% 19% 3% 30% 6% 27% 3% 22% 7% 32% 3% 28% 

 

6.3.4 Annual and seasonal cut yield variability 

 

Regional differences in seasonal pasture growth curves are reflective of both local climatic 

and soil type conditions (Chapman et al. 2008a). Comparing regional means of both annual 

and seasonal pasture production fails to recognise the inter-annual and inter-seasonal 

variability. This variability is often a key characteristic of a region and influences many key 

farm management decisions. To quantify the regional differences in variability and how this 

is projected to change under future climate scenarios both the CV of the mean annual and 

seasonal yield over a moving 30-year period where calculated for the time period 1971 to 

2100. 

 

At all sites, the CV of the simulated annual rainfed pasture yield is projected to decrease from 

the baseline to 2085 (Figure 6.16a-f). The projected decrease in CV ranged from 5% at 

Woolnorth to 41% Ouse. The projected decrease of inter-annual variability under the rainfed 

simulations is due to increasing temperatures throughout the 21
st
 century, particularly at sites 

that are currently temperature limited such as Cressy and Ouse. The variability of annual 

rainfall has a significant impact on the inter-annual variability of pasture yields (Ash et al. 

2007). However at all sites, annual rainfall and inter-annual rainfall variability exhibit little 

change, indicating that increasing temperatures are driving the simulated decrease in year to 

year pasture yield variability. 

 

Under the irrigation simulations, at all sites except Cressy, the CV of the simulated annual 

pasture yield is projected to decrease from the baseline to 2085 (Figure 6.16a-f). The 

projected decrease in CV ranged from 1% at Ouse to 27% at Flowerdale. At Cressy the CV of 

the simulated annual pasture yield is projected to increase by 26% from the baseline to 2085 

(Figure 6.16d). At all sites, inter-annual variability under the irrigated simulation is 
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discernibly lower than the variability under the rainfed simulations because under the 

irrigated simulations the amount and variability of the rainfall and evapotranspiration rates are 

negated by the use of irrigation.   

 

Figure 6.16 Multi-model mean of rolling 30-year average of CV (%) of rainfed and irrigated 

annual pasture cut yields for Woolnorth (a), Flowerdale (b), Merseylea (c), Cressy (d), 

Ringarooma (e) and Ouse (f) for the period 1971 to 2100.    

 

At all sites, the CV of the simulated rainfed summer pasture yields are projected to increase 

from the baseline to 2085, ranging from 2% at Merseylea to 16% at Ouse (Figure 6.17a-f). At 

all sites except Woolnorth, the CV of autumn pasture yields are projected to decrease by a 

range of 9% at Flowerdale to 33% at Ouse. At Woolnorth the CV of autumn yields is 

projected to increase by 7% (Figure 6.17a). At Woolnorth and Flowerdale, no discernible 

change is projected of spring CV pasture yields from the baseline to 2085, while at the other 

four sites the CV of spring yields is projected to decrease by a range of 31% at Merseylea to 

59% at Ouse (Figure 6.17a-f). At all sites, the CV of winter yields is projected to decrease 

notably from the baseline to 2085 (data not shown).   

 

At Cressy and Ouse, the CV of autumn yields decreases rapidly from 1985 to approximately 

2030 (Figure 6.17d,f), indicating that the current lower temperature range is limiting pasture 

growth considering there is no significant change projected in autumn rainfall over the same 

time period. The CV of spring yields at Merseylea, Cressy, Ringarooma and Ouse 

progressively decreases from the baseline to 2085 (Figure 6.17c-f), again driven by increasing 

0%

10%

20%

30%

40%

50%

60%

1985 1995 2005 2015 2025 2035 2045 2055 2065 2075 2085

M
e

a
n

 a
n

n
u

a
l 

C
V

 (
%

) 
c
u

t
 y

ie
ld

(a) Irrigated

Rainfed

0%

10%

20%

30%

40%

50%

60%

1985 1995 2005 2015 2025 2035 2045 2055 2065 2075 2085

M
e

a
n

 a
n

n
u

a
l 

C
V

 (
%

) 
c
u

t
 y

ie
ld

(b) Irrigated

Rainfed

0%

10%

20%

30%

40%

50%

60%

1985 1995 2005 2015 2025 2035 2045 2055 2065 2075 2085

M
e

a
n

 a
n

n
u

a
l 

C
V

 (
%

) 
c
u

t
 y

ie
ld

(c) Irrigated

Rainfed

0%

10%

20%

30%

40%

50%

60%

1985 1995 2005 2015 2025 2035 2045 2055 2065 2075 2085

M
e

a
n

 a
n

n
u

a
l 

C
V

 (
%

) 
c
u

t
 y

ie
ld

(d) Irrigated

Rainfed

0%

10%

20%

30%

40%

50%

60%

1985 1995 2005 2015 2025 2035 2045 2055 2065 2075 2085

M
e

a
n

 a
n

n
u

a
l 

C
V

 (
%

) 
c
u

t
 y

ie
ld

(e) Irrigated

Rainfed

0%

10%

20%

30%

40%

50%

60%

1985 1995 2005 2015 2025 2035 2045 2055 2065 2075 2085

M
e

a
n

 a
n

n
u

a
l 

C
V

 (
%

) 
c
u

t
 y

ie
ld

(f) Irrigated

Rainfed



 102 

temperatures, particularly in early spring. In contrast, at Woolnorth and Flowerdale, sites that 

currently experience a milder climate, the CV of spring yields is notably lower than the other 

four sites, and is not projected to change from the baseline to 2085 (Figure 6.17a,b).  

 

Figure 6.17 Multi-model mean of rolling 30-year average of CV (%) of rainfed seasonal 

pasture cut yields for Woolnorth (a), Flowerdale (b), Merseylea (c), Cressy (d), Ringarooma 

(e) and Ouse (f) for the period 1971 to 2100.    

 

At all sites under the irrigated simulations, the CV of summer pasture yields is projected to 

increase notably from the baseline to 2085, ranging from 25% at Flowerdale to 193% at 

Cressy (Figure 6.18a-f). The CV of autumn yields is projected to increase from the baseline to 

2085 at all sites, by a range of 19% at Merseylea to 49% at Cressy.  The CV of spring yields 

is projected to decrease at all sites ranging from 24% at Woolnorth to 61% at Ouse (Figure 

6.18a-f) At all sites, the CV of winter yields is projected to markedly decrease from the 

baseline to 2085 (data not shown). 

 

Similar to the trends under the rainfed simulations, inter-annual variability of spring and 

winter irrigated pasture yields are projected to decrease throughout the 21
st
 century. Again 

this is most notable at those sites that are currently the most temperature limited (Merseylea, 

Cressy, Ringarooma and Ouse) (Figure 6.18a-f). At all sites, a marked increase in the inter-

annual variability during summer and autumn is projected from the baseline to 2085. The 

projected increases of pasture yield variability during summer and autumn is driven by 

increasing temperatures, where higher daily maximum temperatures are beginning to restrict 
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growth and increase year to year seasonal variability. This is most notable during summer at 

the sites of Cressy and Ouse from approximately 2030 (Figure 6.8d,f) and to lesser extent at 

Merseylea and Ringarooma from 2050. At all sites, the increasing daily maximum 

temperatures during March is driving the increase in autumn cut yield variability, which is 

further reflected in the GLFtemperature values (Figure 6.8a-f).   

 

Figure 6.18 Multi-model mean of rolling 30 year average of CV (%) of irrigated seasonal 

pasture cut yields for Woolnorth (a), Flowerdale (b), Merseylea (c), Cressy (d), Ringarooma 

(e) and Ouse (f) for the period 1971 to 2100. 

  

The projected changes in climatic conditions at all sites, has shown that not only will the 

changes affect the mean state of the climate, but also affect the variability of the climate. 

Changes in climate variability are more relevant to agricultural production than changes in the 

mean climate (Luo et al. 2005). Climate variability has a significant impact on pasture 

productivity (Ash et al. 2007), and stems from variation between years of primarily rainfall as 

well as other climatic factors, such as temperature, that influence plant growth (Chapman et 

al. 2009). The projected increases in minimum and maximum temperatures during winter and 

spring throughout the 21
st
 century, along with minimal change in rainfall and/or rainfall 

variability has increased the optimum climatic conditions for perennial ryegrass growth under 

the rainfed simulations and resulted in a decrease in the inter-annual variability of pasture 

production at all sites. However, under irrigated conditions inter-annual seasonal pasture yield 

variability during summer and autumn is projected to increase at all sites from the baseline to 

2085 driven by increasing mean daily maximum temperatures. At all sites, the variability of 
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daily maximum temperatures during summer and autumn does not increase notably, however, 

the pasture yield variability increases due to daily maximum temperatures exceeding 28°C 

with increased frequency, impacting on pasture yields via a reduction in the optimum 

temperature range for pasture growth (Mitchell 1956; Waller & Sale 2001).     

 

6.3.5 Perennial ryegrass growth comparisons under two CO2 scenarios 

 

The annual pasture yields response to elevated CO2 concentration was modelled at each site 

by comparing production at 380 ppm CO2 (ambient) with the ISAM SRES A2 CO2 

concentration (Figure 6.19). 

 

 

Figure 6.19 Annual ambient CO2 (380 ppm) and SRES A2 CO2 concentration. 

 

At all sites, mean annual pasture yields are projected to progressively increase under both 

rainfed and irrigated simulations at a greater rate under the A2 CO2 scenario in comparison to 

the ambient CO2 (Table 6.8) By 2085 under the A2 CO2 levels, the increase in rainfed pasture 

yields ranged from 19% (Woolnorth, Flowerdale) to 24% (Ouse) above the yields achieved 

under the ambient CO2 (Table 6.8). Similarly, mean annual irrigated pasture yields increased 

under the A2 CO2 levels in comparison to the ambient CO2 ranging from 17% (Woolnorth, 

Flowerdale) to 23% (Ouse) (Table 6.8). In addition at all sites, the pasture yield responses 

under the A2 CO2 levels were greater under the rainfed simulations than under the irrigated 

simulations (Figure 6.20a-f).  
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Table 6.8 Simulated mean annual rainfed and irrigated pasture cut yield percentage difference 

between the ambient CO2 and A2 CO2 levels at Woolnorth, Flowerdale, Merseylea, Cressy, 

Ringarooma and Ouse for the baseline 2025, 2055 and 2085. 

 
Woolnorth Flowerdale Merseylea Cressy Ringarooma Ouse 

 
Rainfed Irrigation Rainfed Irrigation Rainfed Irrigation Rainfed Irrigation Rainfed Irrigation Rainfed Irrigation 

Baseline -9% -8% -10% -9% -11% -9% -14% -10% -11% -9% -14% -11% 

2025 11% 10% 11% 10% 12% 10% 15% 12% 12% 10% 16% 13% 

2055 17% 14% 17% 15% 18% 15% 21% 18% 18% 16% 22% 19% 

2085 19% 17% 19% 17% 20% 18% 22% 21% 20% 18% 24% 23% 

 

Mitscherlich‟s law of physiological relations states that the yield response of plants to an 

increase of a limiting nutrient is proportional to the decrement from the maximum yield 

attainable (A): The integral form of differential equation of Mitscherlich law takes the form, 

 

dY/dX = (A-Y) K (equation 1) 

 

Which relates the rate of response of dY/dX of the yield with respect to the factor to the 

difference between the maximum obtainable yield A and the actual yield Y. The incremental 

increase in yield is proportional (with coefficient K) to the decrement from the maximum.  

 

Upon integration the exponential form of this equation is; 

 

Y = A(1 – e
-kx

) (equation 2) or 

 

Y = A(1-e
-(ln2/h)x

) (equation 3) 

 

Where h is the quantity of nutrient required to give a half maximum yield also known as the 

„Baule unit‟ and x is the amount of the „growth factor‟ (independent variable), in this instance 

CO2. Table 6.9 shows the yield increase with increasing amounts of CO2 (A2 SRES) in 

comparison to the ambient CO2, using equation 3. 

       

The Mitscherlich equation is based on Liebig‟s law of the minimum and describes the 

response of a crop to an increase in the factor that is limiting growth, other factors being 

constant (Von Liebig 1855; Mitscherlich 1909; 1913). Although Mitscherlich‟s equation was 

assumed to apply to all factors that could limit growth such as light, temperature, water and 

nutrients, it is most commonly applied to nutrients.   

 

At all sites, under the rainfed simulations the maximum pasture yield difference between the 

A2 CO2 and ambient CO2 levels range from 19.8% at both Woolnorth and Flowerdale to 



 106 

24.9% at Ouse. The increase in atmospheric CO2 above the baseline that achieved half the 

maximum yield ranged from 49.4 ppm at Ouse, to 57.1 ppm at Woolnorth. Under the irrigated 

simulation the maximum yield difference ranged from 17.5% at Woolnorth to 24% at Ouse. 

The increase in atmospheric CO2 above the 380 ppm baseline that achieved the half maximum 

yield ranged from 56.2 ppm at Ringarooma to 60.1 ppm at Cressy (Table 6.9).     

 

The projected increase in mean maximum annual pasture yield at Woolnorth is 30%, with 

66% of this yield increase being attributed to increasing CO2 levels under the A2 scenario 

(Table 6.9). In contrast at Cressy, mean annual rainfed pasture yields are projected to increase 

by 150% above the baseline at 2085, whilst only 16% of the projected yield increase can be 

attributed to elevated CO2 levels.  

 

Under the irrigated simulations at all sites, mean annual pasture yields are projected to 

increase the highest above the baseline at 2055, ranging from 27% at Woolnorth to 42% at 

both Ringarooma and Ouse (Table 6.3). At Woolnorth 65% of the projected maximum 

increase in mean annual pasture yields of 27% at 2055 can be explained by the increase of 

CO2 levels under the A2 scenario. Similarly at Ouse, the increasing CO2 levels under the A2 

scenario can explain 57% of the projected 42% increase in mean annual cut yields at 2055.   

 

Table 6.9 The maximum yield difference expressed as percentage between A2 and ambient 

CO2 scenario at each site under rainfed and irrigation conditions and the corresponding 

increase in atmospheric CO2 concentration above the 380 ppm ambient level that attains half 

this yield increase using equation 3. 

 
Rainfed  Irrigated 

Site Yield max % x half R2  Yield max % x half R2 

Woolnorth 19.8% 57.1 ppm 98.1  17.5% 58.1 ppm 98.2 

Flowerdale 19.8% 55.2 ppm 98.3  17.7% 56.5 ppm 98.3 

Merseylea 20.9% 52.8 ppm 98.2  18.4% 57.3 ppm 98.3 

Cressy 23.7% 48.6 ppm 97.6  22.0% 60.1 ppm 98 

Ringarooma 20.7% 52.3 ppm 98.2  18.7% 56.2 ppm 98.3 

Ouse 24.9% 49.4 ppm 97.5  24.0% 58.7 ppm 97.9 

 

The impact of increasing levels of CO2 on pasture growth under rainfed conditions is more 

pronounced at those sites that are currently not as temperature limited, such as Woolnorth and 

Flowerdale (Figure 6.20a,b). Proportionally, the sites of Cressy and Ouse and to a lesser 

extent Merseylea and Ringarooma, gain a much larger increase in mean annual pasture yields 

in response to the projected temperature increases (Figure 6.20c-f). Temperature is a 

dominant variant on plant growth, accordingly, it is evident that temperature influences the 

response of perennial ryegrass to increased atmospheric CO2. Leaf emergence and leaf 

extension rates in perennial ryegrass is temperature dependant and the potential for increased 
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shoot growth under elevated CO2 concentrations is also reliant on temperature. Therefore 

under optimal soil nutrient supply, increased DM production under elevated CO2 levels would 

be restricted at below optimal temperatures (Idso et al. 1987; Soussana et al. 1996). In 

addition, Nijs & Impens (1996) reported significant stimulation by elevated CO2 (700 ppm) 

was observed in perennial ryegrass growth at a constant temperature of 19°C but not at 15°C. 

Greer et al. (2000) conclude this photosynthetic activity is stimulated more by elevated CO2 

at higher temperatures, than at lower temperatures.  

 

At all sites, under irrigated conditions the response to the increasing levels of CO2 

contributing to increased pasture yields is comparable between each site ranging from 45% at 

Ringarooma to 65% at Woolnorth. At all sites except Woolnorth, pasture growth responses to 

increasing levels of CO2 were proportionally higher under the irrigated simulations, due to the 

absence of soil moisture deficits during summer and autumn. Under the rainfed simulations, 

where summer and early autumn pasture growth is restricted by soil moisture deficits, the 

greatest yield increases occur in late winter and spring and the projected increase in 

temperatures are the primary driver of increased growth, most noticeable at those sites that are 

currently temperature limited.   

      

Figure 6.20 Rainfed and irrigated annual pasture cut yield percentage difference of maximum 

yield between the ambient CO2 and A2 CO2 concentrations, with fitted Mitscherlich equation 

at Woolnorth (a), Flowerdale (b), Merseylea (c), Cressy (d), Ringarooma (e) and Ouse (f) for 

the period 1971 to 2100.    
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Exposed to elevated CO2 concentrations, plants exhibit three physiological responses: an 

increase in photosynthetic potential, a decrease in stomatal conductance, (and therefore 

canopy conductance) and a decrease in plant N content (Long et al. 2004). Increased 

photosynthetic rates under elevated CO2 generally persist and lead to enhanced growth 

provided there is an adequate supply of nutrients and water under favorable environmental 

conditions (Fischer et al. 1997). At all sites under both rainfed and irrigated simulations, the 

increase in DM production associated with elevated CO2 levels ranged from 17 to 24%. The 

simulated DM production increases are consistent with those reported in literature, where soil 

nutrients were non-limiting. For example, under optimum environmental conditions the 

additional DM production of perennial ryegrass due to elevated CO2 levels has shown to be 

between 7 to 25% at 600 ppm (Daepp et al. 2000) but up to a 30% increase (Daepp et al. 

2001), a 19% increase at 630 ppm (Nijs et al. 1989) and between a 14 to 20% increase at 700 

ppm (Casella et al. 1996).  
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6.4 Conclusion  

 

Annual pasture production in the dairy regions of Tasmania is projected to increase 

throughout the 21
st
 century with the majority of the additional growth occurring during winter 

and spring. Increased temperatures and elevated atmospheric CO2 concentrations are 

projected to positively increase regional pasture production in the absence of any significant 

changes in rainfall patterns or rainfall variability. Pasture production in each of the Tasmanian 

dairy regions was shown to be relatively resilient to the projected climate change until later in 

the century where higher daily maximum temperatures are projected to begin to limit pasture 

growth during summer and early autumn, most notably under irrigated conditions. Year to 

year variability of pasture production was shown to decrease throughout the century with a 

slight increase in the projected irrigation requirements, correlated with increased WUE of the 

pasture as a result of increasing atmospheric CO2 levels. Regional responses to the projected 

climate change were relatively similar between sites although greater increases in pasture 

production were projected at sites that are currently temperature limited, such as Cressy and 

Ouse, in contrast to the coastal sites of Woolnorth and Flowerdale. The projected results 

suggest that pasture based dairy production systems can continue to be viable as the basis of 

the dairy industry in Tasmania.  

 

The projected increase in irrigation demand throughout the 21
st
 century will be reliant on 

available water, most notably projected runoff and River flows. Projected changes in seasonal 

rainfall and evapotranspiration can manifest in altered runoff and River flows, thereby 

possibly reducing seasonal water security for irrigation demand. In the following chapter the 

projected surface runoff at all sites and River flow at the site of Ringarooma are quantified to 

ascertain whether the projected surface runoff will meet the projected irrigation demand 

throughout the 21
st
 century.  
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CHAPTER 7: MODELLED SURFACE RUNOFF IN RESPONSE TO PROJECTED 

CLIMATE CHANGE AT EACH SITE AND PROJECTED RIVER FLOW AT 

RINGAROOMA 

 

7.1 Introduction 

 

The climate drives the hydrological cycle (Crosbie et al. 2010) and projected changes in 

spatial and temporal patterns of the climate variables will impact on regional hydrological 

processes, in particular changes in rainfall will be amplified as an impact on surface runoff 

(Chiew 2006; Wang et al. 2010). Rainfall is the largest factor in the water balance of 

catchment runoff and flows into rivers and farm dams (Mpelasoka & Chiew 2008). Higher 

temperatures increase potential evapotranspiration which may further lead to a reduction in 

surface runoff and also soil moisture levels (Chiew & McMahon 2002; Crosbie et al. 2010).  

 

Surface runoff is an important but variable component of the hydrological balance of a grazed 

pasture system (Murphy et al. 2004). Runoff is influenced by a range of rainfall 

characteristics such as amount of rainfall, seasonal distribution and rainfall intensity. Surface 

runoff is also influenced by soil type and pasture conditions. Ground cover, which is defined 

as any non-soil material influences both the frequency and the magnitude of runoff events. 

During a rainfall event, both the soil water content and the available storage capacity of the 

soil profile influence the water infiltration rate and as a direct result the generation of surface 

runoff (Murphy et al. 2004). The relationship between the volume of water that reaches water 

catchments and rainfall is non-linear since it is reliant on soil moisture levels and the 

implication regarding water balances is that a given reduction in rainfall leads to greater 

reduction in the water flowing into catchments (Murphy & Timbal 2008; Chiew et al. 2010; 

Wang et al. 2010).  

 

Large multi-decadal changes in rainfall have been observed across Australia since the 1950‟s 

(Gallant et al. 2007). A significant impact of rainfall decline, correlated with increases in 

temperature in south eastern Australia has been a reduction in runoff in water catchments 

(Hennessy 2007; Chiew et al. 2010). Since the mid 1970‟s in Tasmania, a decline has been 

observed in mean annual statewide rainfall. This decline has been particularly noticeable 

since the mid 1990s (Bennett et al. 2010; Bureau of Meteorology 2011). The decline in 

rainfall has resulted in an estimated 7% decline in surface runoff for the period 1997 to 2007, 

compared to the long term average (1924 to 2007) (Viney et al. 2009). However, Bennett et 

al. (2010) as part of the CFT project, projected runoff and river flows to the end of the 21
st
 

century and reported that the observed recent decline of statewide runoff is not projected to 
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continue throughout the 21
st
 century, consistent with the absence of any significant trend in 

the projected statewide rainfall (Bennett et al. 2010; Grose et al. 2010). 

  

Regional variation in the amount of surface runoff is projected under future climate scenarios. 

In the central highlands of Tasmania, mean annual surface runoff is projected to significantly 

decrease by up to 30%, while in the eastern regions mean annual surface runoff is projected to 

increase. In addition to annual runoff changes, modelling of 78 river flows across Tasmania 

has indicated that on average 28 of the 78 rivers modelled are projected to have decreased 

mean annual flows by 2100 (Bennett et al. 2010). 

 

In Tasmania, approximately 67% of dairy farms utilise some form of irrigation, with 

approximately 30% of dairy land irrigated (Australian Bureau of Statistics 2010b). Irrigation 

provides the opportunity for more intensive pasture production resulting in higher and more 

reliable yields. The Tasmanian dairy industry is the major consumer of irrigation water using 

approximately 38% of the total water, on approximately 23% of the total area of irrigated land 

(Australian Bureau of Statistics 2010b). Irrigation water for the dairy industry is primarily 

sourced from surface water, which includes rivers and streams (33%) and on-farm storage 

dams (49%). A small percentage of irrigation water in the southern region of the state is 

sourced from government irrigation schemes (e.g. Coal river Valley irrigation scheme) as 

well as limited access to groundwater supplies (Australian Bureau of Statistics 2010b). 

Profitability of the Tasmanian dairy industry is in part dependant on water availability and 

water security. Climatic conditions affect both the availability of water for irrigation and the 

need to irrigate in order to supplement rainfall. The availability and security of irrigation 

water for the Tasmania dairy industry is a major issue, with the increasing demand from the 

dairy industry occurring at a time when irrigation water availability in many river catchments 

is in a state of decline, along with increasing conflicts between competing agricultural, urban 

and environmental demands for water.  

 

To assess the potential influences of the projected climate change on surface runoff across the 

Tasmanian dairying regions, Bennett et al. (2010) simulated surface runoff using the 

hydrological model SIMHYD (Chiew et al. 2002) for each of the six dairy regions for the 

period 1971 to 2100 using daily climate data projections generated from the CFT project.  
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The objectives of this chapter were to: 

1. Quantify the projected regional climate change impact on surface runoff from the 

six bias-adjusted dynamically downscaled GCMs for the six sites over the period 

1971 to 2100.  

2. Undertake an on-farm case study analysis at Ringarooma, quantifying surface 

runoff and river flow projections on irrigation requirements using the six bias-

adjusted dynamically downscaled GCMs for the period 1971 to 2100.  

 

7.2 Materials and methods 

 

The daily SIMHYD (Chiew et al. 2002) surface runoff data generated by Bennett et al. (2010) 

as part of the CFT project was generated on a 0.05° grid, calibrated to interpolated 

observations from the SILO Data Drill 0.05° gridded data source (Jeffrey et al. 2001). 

Previously in this report, rainfall data from the AWAP 0.05° data source (Jones et al. 2009), 

interpolated to a 0.1° grid (AWAP 0.1) had been used as the basis for rainfall calibrations. 

However, the hydrological model SIMHYD is calibrated to interpolated observations from 

the SILO Data Drill 0.05° gridded data source (Jeffrey et al. 2001). SIMHYD is configured to 

accept 0.05° gridded data, accordingly, the CFT GCM climate simulations were re-gridded 

from a 0.1° grid down to a 0.05° grid using a cubic spline interpolation. Further details of the 

SIMHYD daily runoff data modelling methods are described in Bennett et al. (2010).  

 

Bennett et al. (2010) generated 0.05° gridded bias adjusted daily runoff projections using the 

ensemble of the dynamically downscaled GCMs of CSIRO-Mk3.5, ECHAM5/MPI-OM, 

GFDL-CM2.0, GFDL-CM2.1, MIROC3.2 (medres) and UKMO-HADCM3 data for each of 

the six sites (Section 3.2). The SIMHYD daily runoff data for the period 1
st
 January 1961 to 

31
st
 December 2100 was obtained from the TPAC portal (https://dl.tpac.org.au/).  

 

An irrigated dairy farm at Ringarooma was selected as a case study farm to highlight the 

influences of projected climate change impacts on on-farm water availability. Bennett et al. 

(2010) generated Ringarooma river flow projections from the TasSY (Ling et al. 2009), River 

models using the ensemble of the dynamically downscaled GCMs of CSIRO-Mk3.5, 

ECHAM5/MPI-OM, GFDL-CM2.0, GFDL-CM2.1, MIROC3.2 (medres) and UKMO-

HADCM3 data for the Ringarooma site (Section 3.2). The daily Ringarooma river flow data 

for the period 1
st
 January 1961 to 31

st
 December 2100 was obtained from the TPAC portal 

(https://dl.tpac.org.au/). Using the runoff and river flow projections a water budget of the 

current and projected irrigation requirements for the case study dairy farm was created for the 

period 1971 to 2100. 
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The Ringarooma dairy farm is 166 ha in size, with 75 ha (45%) of the farm supported by 

irrigation infrastructure. Irrigation water is accessed from both an on-farm catchment (dam) 

and access to river flows (Ringarooma river) (Plate 7.1). The area under irrigation from the 

on-farm storage dam is 38 ha (51% of the irrigated area) while the area under irrigation from 

water accessed from the Ringarooma river is 37 ha (49% of the irrigated area). 

 

The on-farm storage dam has a holding capacity of 89 ML and is supported by a surrounding 

catchment area of 104 ha (Plate 7.1). The farm has a water allocation license to harvest annual 

surface runoff, however, the water allocation license and amount of harvestable water is 

determined by two catchment „seasons‟ a „winter season‟ and „summer season‟. The „winter 

season‟ catchment period runs from May 1
st
 to November 30

th
. The farm has a water 

allocation license to harvest 20% of total surface runoff during the „winter season‟, the 

remaining 80% is released for downstream users and environmental flows (Van Brecht pers. 

comm. 2011). The „summer season‟ catchment period runs from December 1
st
 to April 30

th
. 

The farm has a water allocation license to harvest 0.34 ML of surface runoff per day for 100 

days, resulting in a total allocation of 34 ML during the „summer season‟. 

 

To irrigate the remaining 37 ha water is sourced from the Ringarooma river during the 

„summer season‟ of December to April. The farm has a water allocation license of 1.125 ML 

per day for 100 days, in total 112.5 ML of irrigation water is available for the „summer 

season‟ for this area.  

 

The projected River flows for the Ringarooma river are the flows remaining after all water 

extractions, diversions and other losses have been accounted for (Bennett et al. 2010). The 

extractions, diversions and other losses were calculated according to operating guidelines and 

water licenses that were current as of December 31, 2007. No account has been taken 

concerning future changes to land use or water management practices that could affect the 

river flow. The projected river flow under the future climate scenarios presented in this 

chapter are the changes caused only by climate.  
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Plate 7.1 Ringarooma case study farm site. 
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Simulated mean annual and monthly surface runoff values for each region and simulated 

mean annual and monthly river flow for the Ringarooma river for each 30-year period were 

calculated. Due to the mechanistic, non-stochastic nature of the GCMs, annual and monthly 

surface runoff and Ringarooma river flow means are presented and compared for each 30-

year period. In addition (Appendix 10), simulated monthly surface runoff for each region was 

anaylsed as one-way ANOVA with replication (year) using SPSS. Least significant difference 

(LSD), as defined by Steel and Torrie (1960) was used to compare differences between means 

of the four climate periods. 

 

Averaging projections from the ensemble of the six GCMs is a useful method in summarising 

projected changes and the method is commonly used in climate studies. The runoff 

simulations at all sites include natural inter-decadal variations that are present in the GCMs. 

Natural variations may present as a wet decade or a dry decade at any particular time for a 

given GCM (as is observed in historical records). Averaging GCMs has the effect of reducing 

inter-decadal variations within individual GCMs, meaning that the projected changes shown 

are more likely to be the result of climate change as opposed to the natural variability of an 

individual GCM (Bennett et al. 2010). 

  

7.3 Results and Discussion 

 

 7.3.1 Surface runoff at each of the six dairy regions 

 

For the region of Woolnorth, simulated mean annual runoff is projected to increase by 7% 

(model range -8% to 42%) above the baseline (model mean 156 mm) by 2085 (model mean 

167 mm) (Figure 7.1a). Mean monthly runoff is projected to increase significantly (P < 0.05) 

by 2085 above the baseline from June through to November (Figure 7.1b) (Appendix 10.1). 
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Figure 7.1 Annual simulated runoff (mm/ha) for Woolnorth shown as box plots (5
th
, 10

th
, 

25
th
, 50

th
, 75

th
, 90

th
 and 95

th
 percentile, with dashed mean line) (a) and mean simulated 

monthly runoff (mm/ha) (b) from the six bias-adjusted dynamically downscaled GCMs for 

the baseline, 2025, 2055 and 2085. 

 

At Flowerdale, simulated mean annual runoff is projected to increase slightly by 2% (model 

range -6 to 13%) above the baseline (model mean 498 mm) by 2085 (model mean 508 mm) 

(Figure 7.2a). Mean monthly runoff is projected to increase significantly (P < 0.05) by 2085 

above the baseline from June through to August (Figure 7.2b) (Appendix 10.2).  

Figure 7.2 Annual simulated runoff (mm/ha) for Flowerdale shown as box plots (5
th
, 10

th
, 

25
th
, 50

th
, 75

th
, 90

th
 and 95

th
 percentile, with dashed mean line) (a) and mean simulated 

monthly runoff (mm/ha) (b) from the six bias-adjusted dynamically downscaled GCMs for 

the baseline, 2025, 2055 and 2085. 

 

For the region of Merseylea, simulated mean annual runoff is projected to increase 15% 

(model range -3 to 50%) above the baseline (model mean 237 mm) by 2085 (model mean 268 

mm) (Figure 7.3a). Mean monthly runoff is projected to increase significantly (P < 0.05) by 

2085 above the baseline from May to August (Figure 7.3b) (Appendix 10.3).  
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Figure 7.3 Annual simulated runoff (mm/ha) for Merseylea shown as box plots (5
th
, 10

th
, 25

th
, 

50
th
, 75

th
, 90

th
 and 95

th
 percentile, with dashed mean line) (a) and mean simulated monthly 

runoff (mm/ha) (b) from the six bias-adjusted dynamically downscaled GCMs for the 

baseline, 2025, 2055 and 2085. 

 

At Cressy, simulated mean annual runoff is projected to increase 17% (model range -1 to 

47%) above the baseline (model mean 119 mm) by 2085 (model mean 140 mm) (Figure 

7.4a). Mean monthly runoff is projected to increase significantly (P < 0.05) by 2085 above 

the baseline from June to August, along with increases during October and November (Figure 

7.4b) (Appendix 10.4).  

Figure 7.4 Annual simulated runoff (mm/ha) for Cressy shown as box plots (5
th
, 10

th
, 25

th
, 

50
th
, 75

th
, 90

th
 and 95

th
 percentile, with dashed mean line) (a) and mean simulated monthly 

runoff (mm/ha) (b) from the six bias-adjusted dynamically downscaled GCMs for the 

baseline, 2025, 2055 and 2085. 

 

For the region of Ringarooma, simulated mean annual runoff is projected to increase by 12% 

(model range -4 to 28%) above the baseline (model mean 484 mm) by 2085 (model mean 541 

mm) (Figure 7.5a). Mean monthly runoff is projected to increase significantly (P < 0.05) by 

2085 above the baseline from June through to November (Figure 7.5b) (Appendix 10.5).   
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Figure 7.5 Annual simulated runoff (mm/ha) for Ringarooma shown as box plots (5
th
, 10

th
, 

25
th
, 50

th
, 75

th
, 90

th
 and 95

th
 percentile, with dashed mean line) (a) and mean simulated 

monthly runoff (mm/ha) (b) from the six bias-adjusted dynamically downscaled GCMs for 

the baseline, 2025, 2055 and 2085. 

 

At Ouse, simulated mean annual runoff is projected to increase by 27% (model range -2 to 

88%) above the baseline (model mean 35 mm) by 2085 (model mean 44 mm) (Figure 7.5a). 

Mean monthly runoff is projected to increase significantly (P < 0.05) by 2085 above the 

baseline during May, and from July through to December (Figure 7.5b) (Appendix 10.6). 

Figure 7.6 Annual simulated runoff (mm/ha) for Ouse shown as box plots (5
th
, 10

th
, 25

th
, 50

th
, 

75
th
, 90

th
 and 95

th
 percentile, with dashed mean line) (a) and mean simulated monthly runoff 

(mm/ha) (b) from the six bias-adjusted dynamically downscaled GCMs for the baseline, 2025, 

2055 and 2085. 

 

At all sites, there is considerable variation between the GCMs of projected mean annual 

surface runoff. However, all the GCMs project a general increasing trend in future surface 

runoff and the modelled mean annual surface runoff projections show increases at each site 

above the baseline levels.  

 

(a)

Baseline 2025 2055 2085

A
n
n
u
a

l 
ru

n
o
ff

 (
m

m
)

0

200

400

600

800

1000

0

20

40

60

80

100

120

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

M
e

a
n

 m
o

n
th

ly
 r

u
n

 o
ff

 (
m

m
)

(b)Baseline
2025
2055
2085

(a)

Baseline 2025 2055 2085

A
n
n
u
a
l 
ru

n
o
ff

 (
m

m
)

0

100

200

300

400

0

10

20

30

40

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

M
e

a
n

 m
o

n
th

ly
 r

u
n

 o
ff

 (
m

m
)

(b)Baseline
2025
2055
2085



 119 

At all sites except Ouse, the simulated mean annual surface runoff is projected to decrease 

slightly by 2025 ranging from 1% at Cressy to 6% at Merseylea (Table 7.1). The slight 

decrease in projected runoff is the result of decreased winter rainfall over the same time 

period. As rainfall is the main driver of surface runoff (Chiew et al. 2010; Vaze & Tang 2011) 

it is not surprising that at all sites except Ouse, winter rainfall is projected to decrease, 

although this decrease is only in the range of 2% to 4%. Each site has winter dominant 

rainfall and even a slight contraction in projected winter rainfall has manifested as a reduction 

in runoff. These results are consistent with similar studies with Chiew et al. (2010) reporting 

that across the winter dominant rainfall region of south eastern Australia, a projected decrease 

in winter rainfall will lead to a decrease in winter runoff. By 2085 the simulated mean annual 

surface runoff is projected to increase at all sites by a range of 2% to 27% above the baseline 

levels (Table 7.1). The increase is the result of the increased runoff during the winter and 

spring months. Winter rainfall by 2085 is projected to increase at all sites by 2% at 

Flowerdale to 12% at Ringarooma, while spring rainfall is projected to increase at the sites of 

Merseylea, Cressy and Ringarooma. 

 

Table 7.1 Mean annual simulated surface runoff (mm/ha) at Woolnorth, Flowerdale, 

Merseylea, Cressy, Ringarooma and Ouse for the baseline, 2025, 2050 and 2085. 

Scenario Woolnorth Flowerdale Merseylea Cressy Ringarooma Ouse 

Baseline 156 498 237 119 484 35 

2025 151 478 223 118 475 36 

2055 151 484 240 123 497 37 

2085 167 508 268 140 541 44 

% change Baseline - 2025 -4% -4% -6% -1% -2% 4% 

% change Baseline - 2055 -3% -3% 1% 3% 3% 7% 

% change Baseline - 2085 7% 2% 13% 17% 12% 27% 

 

Changes in the projected surface runoff rates are not necessarily caused by average changes in 

precipitation alone. Increases in average daily rainfall intensities are just as likely to increase 

mean annual and monthly runoff as much as increases in mean annual and monthly rainfall 

(Bennett et al. 2010; White et al. 2010). Rainfall intensity at any location varies, and is reliant 

on the duration of rainfall (Freebairn & Boughton 1981), short duration high intensity rainfall 

events are associated with a high magnitude of surface runoff (Preston & Jones 2008; Post et 

al. 2009). As noted previously (Section 5.3.8), at all sites, by 2085 mean annual rainfall 

intensity is projected to increase above the baseline ranging from 7% at Flowerdale to 13% at 

Cressy (Figure 5.8). At Woolnorth, the greatest change in seasonal rainfall intensity is 

projected to occur during winter, increasing 11% above the baseline by 2085. At the sites of 

Flowerdale, Merseylea, Cressy and Ringarooma the greatest change in seasonal rainfall 

intensity is projected to occur during spring, increasing 9%, 17%, 20% and 17% respectively 

above the baseline by 2085. At Ouse, the greatest change in seasonal rainfall intensity is 
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projected to occur during summer, increasing 17% above the baseline by 2085 (Appendix 

8.0). 

 

Rainfall intensity is a relatively robust feature of climate projections and is a consequence of 

an increase in the capacity of a warmer atmosphere to hold moisture (Meehl et al. 2005; Boer 

2009). It has been widely reported that in a projected warmer climate, GCM simulations 

exhibit a general increase in rainfall intensity, even in regions where mean rainfall decreases 

(Christensen & Christensen 2004; Meehl et al. 2005; Kharin & Zwiers 2007; Post et al. 

2009). White et al. (2010) reported that rainfall intensity across the whole of Tasmania is 

projected to increase throughout the 21
st
 century, with an increase of up to 60% in some 

seasons, in some coastal regions. Paradoxically, the number of rain days across Tasmania are 

likely to decrease. This is consistent with the findings presented here, where at each site 

rainfall intensity is projected to increase throughout the 21
st
 century. These changes are also 

accompanied by a decrease in the mean number of annual rain days at all sites (Figure 5.13). 

 

7.3.2 Ringarooma on-farm catchment and irrigation supply 

  

For the region of Ringarooma, mean annual simulated irrigated pasture yields are projected to 

increase by 41% above the baseline by 2085 (Table 6.3). This is driving a progressive 

increase in irrigation requirements throughout the 21
st
 century and by 2085 irrigation 

requirements for the region are projected to be 10% above the baseline level (Table 6.6). 

Mean annual rainfall is projected to increase by 6% above the baseline by 2085 (Table 5.5), 

while mean annual runoff is projected to increase by 12% above the baseline by 2085 (Table 

7.1).   

 

At Ringarooma, the total rainfall during the „winter season‟ (May to November) is projected 

to decline slightly by 2025 (model mean 782 mm) from the baseline level (model mean 796 

mm). However, by 2055 and 2085 the „winter season‟ rainfall is projected to increase above 

the baseline mean value (Figure 7.7a). Using the case study farm with a catchment area of 

104 ha, the total surface runoff/ha during the „winter season‟ is projected to decrease slightly 

by 2025. From 2055 onwards the total surface runoff/ha during the „winter season‟ is 

projected to increase above the baseline and 2025 levels (Figure 7.7b).  
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Figure 7.7 Total rainfall (mm) during the „winter season‟ (a), and total surface runoff 

(mm/ha) during the „winter season‟ (b) for Ringarooma shown as box plots (5
th
, 10

th
, 25

th
, 

50
th
, 75

th
, 90

th
 and 95

th
 percentile, with dashed mean line) from the six bias-adjusted 

dynamically downscaled GCMs for the baseline, 2025, 2055 and 2085.  

 

At Ringarooma, the total rainfall during the „summer season‟ (December to April) is 

projected to increase by 2025 (model mean 345 mm) from the baseline level (model mean 

333 mm), then decrease slightly through to 2085 (model mean 337 mm) below the 2025 value 

(Figure 7.8a). The pasture irrigation requirements as simulated by DairyMod during the 

„summer season‟ are projected to progressively increase from the baseline level of 3.41 

ML/ha to 3.50 ML/ha by 2085 (Figure 7.8b). In addition, the total pasture evapotranspiration 

during the „summer season‟ is projected to slightly increase above the baseline level of 554 

mm to >565 mm for the future climate scenarios (Figure 7.8c).  

 

Figure 7.8 Total rainfall (mm) received (a), total irrigation required (ML/ha) (b) and total 

pasture evapotranspiration (mm/ha) (c) during the „summer season‟ shown as box plots (5
th
, 

10
th
, 25

th
, 50

th
, 75

th
, 90

th
 and 95

th
 percentile, with dashed mean line) from the six bias-adjusted 

dynamically downscaled GCMs for the baseline, 2025, 2055 and 2085. 

 

The total harvestable surface runoff during the „winter season‟ and maximum storage capacity 

of the on-farm dam (89 ML) is shown in Figure 7.9a. Maximum on-farm storage capacity is 
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reached irregularly prior to 2050, however, post 2050, maximum on-farm storage capacity is 

reached with greater frequency. Maximum on-farm storage capacity for the baseline period is 

reached 37% of the time (3.7 years in 10). By 2025 the number of years maximum on-farm 

storage capacity is reached declines to 13% (1.3 years in 10). By 2055 maximum on-farm 

storage capacity is reached 47% of the time (4.7 years in 10) and by 2085 maximum on-farm 

storage capacity is reached 73% of the time (7.3 years in 10) (Table 7.2). The harvestable 

surface runoff of 34 ML that is available for the Ringarooma farm during the „summer 

season‟ is currently reliant on the amount and security of the „summer season‟ surface runoff. 

Total surface runoff for the „summer season‟ period is not projected to markedly change from 

the baseline level to the end of the 21
st
 century (data not shown) indicating that the current 34 

ML harvested during the „summer season‟ is projected to be relatively reliable into the future.  

 

Figure 7.8b shows the annual total harvestable „winter and summer season‟ surface runoff 

from the 104 ha catchment and total irrigation requirements of the 38 ha during the „summer 

season‟. Figure 7.8c shows the total difference between the irrigation pasture requirements of 

the 38 ha during the „summer season‟ and allocated surface runoff from the 104 ha catchment 

area during the „winter and summer season‟. The current baseline irrigation requirements for 

the 38 ha of the Ringarooma case study farm are rarely achieved (Figure 7.8c). The baseline 

irrigation requirements are met just 23% of the time. By 2025 the irrigation requirements are 

projected to be met only 13% of the time. By 2055 however, the irrigation requirements are 

projected to be met 20% of the time and by 2085 the irrigation requirements are projected to 

be met 50% of the time (Table 7.2).  

 

Figure 7.9 Multi-model mean total harvestable surface runoff (20% of total surface runoff 

from the 104 ha catchment) (ML) (black line) and maximum on-farm storage capacity of 89 

ML (grey line) during the „winter season‟ (a). Total harvestable „winter and summer season‟ 

surface runoff from the 104 ha catchment (ML) and total irrigation requirements (ML) during 

the „summer season‟ (b) for the period 1971 to 2100. Cumulative distribution functions of the 

total difference between irrigation pasture requirements during the „summer season‟ and 

allocated „winter and summer season‟ surface runoff (c) for the baseline, 2025, 2055 and 

2085. 
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Table 7.2 Percentage on-farm maximum storage capacity reached during the „winter season‟ 

and percentage irrigation demand during the „summer season‟ is met from the „winter and 

summer season‟ harvestable runoff at Ringarooma for the baseline, 2025, 2055 and 2085.  

Scenario % on-farm storage capacity reached % irrigation demand met 

Baseline 37% 23% 

2025 13% 13% 

2055 47% 20% 

2085 73% 50% 

 

7.3.3 Ringarooma River flows and irrigation supply 

  

Mean annual simulated flows for the Ringarooma river are projected to slightly increase by 

3% above the baseline (model mean 85 GL) by 2085 (model mean 88 GL) (Figure 7.10a). 

The projected mean annual increase in the Ringarooma river flow by 2085 is being driven by 

increases in monthly flows during July and August (Figure 7.10b) (Appendix 11.1).  

Figure 7.10 Annual simulated Ringarooma river flow (GL) shown as box plots (5
th
, 10

th
, 25

th
, 

50
th
, 75

th
, 90

th
 and 95

th
 percentile, with dashed mean line) (a) and mean simulated monthly 

Ringarooma river flow (GL) (b) from the six bias-adjusted dynamically downscaled GCMs 

for the baseline, 2025, 2055 and 2085. 

 

At Ringarooma, mean annual river flows during the „summer season‟ are projected to peak 

above the baseline at 2025 (11.8 GL), then slightly decline for the remainder of the century 

below the baseline level (Figure 7.11a). The Ringarooma case study farm is currently allowed 

to harvest 112.5 ML (1.125 ML per day for 100 days) during the „summer season‟. The 

projected slight decline in the Ringarooma river flow during the „summer season‟ from 2055 

onwards will not have an adverse effect on the supply and security of irrigation water for this 

farm. However, the current irrigation allocation frequently fails to meet the total irrigation 

requirements for the available 37 ha (Figure 7.11b). The irrigation requirements during the 

„summer season‟ are met only 6% of the time from the available allocated water supply. This 

highlights the need for the adoption of practices that achieve higher WUE. This could include 
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the growing of fodder crops such as forage brassica and forage maize which intrinsically have 

higher WUE than perennial pastures (Eckard et al. 2001; Jacobs et al. 2006; Neal et al. 2011) 

or the adoption of deficit irrigation approaches which have been shown to increase the WUE 

of perennial pastures (Rawnsley et al. 2009).   

Figure 7.11 Total Ringarooma river flow (GL) for the „summer season‟ shown as box plots 

(5
th
, 10

th
, 25

th
, 50

th
, 75

th
, 90

th
 and 95

th
 percentile, with dashed mean line) for the baseline, 

2025, 2055 and 2085 (a) and pasture irrigation requirements and allocated water entitlement 

(ML) (b) for the „summer season‟ at Ringarooma for the period 1971 to 2100 from the six 

bias-adjusted dynamically downscaled GCMs. 

 

A total water budget for the Ringarooma case study farm has shown that the current reliance 

on „summer season‟ rainfall to meet pasture water requirements is projected to continue. 

Existing allocations of irrigation water from both harvested surface runoff and river flow fails 

to meet the irrigation requirements of the farms 75 ha of irrigated land. In the absence of other 

changes, such as land use change, increased water allocation or larger on-farm storage dams, 

this reliance is projected to continue into the future, most notably in the near future.  
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7.4 Conclusion 

 

This chapter has examined the potential impacts of climate change on surface runoff at the six 

dairy sites using the data generated by Bennett et al. (2010) from the hydrological model 

SIMHYD. The modelled mean surface runoff using the climate change projections from the 

six GCMs at each site is projected to increase by a range of 2% to 27% throughout the 21
st
 

century, driven by increased seasonal runoff during winter and spring. At all sites however, a 

slight contraction in surface runoff is projected in the near future (2025) relative to the 

baseline levels, before increasing above the baseline levels by the end of the century (2085). 

Regional responses and the rate of change in surface runoff to the projected climate were 

relatively similar in both the amounts and seasonal distribution. 

 

Precipitation runoff and flows into rivers and farm dams are a vital component of irrigated 

agricultural production and large reductions in water storage as a result of decreased runoff 

could potentially affect the viability of some currently irrigated farming systems within 

Tasmania. A total farm water budget out to 2100 for the Ringarooma case study dairy farm 

showed that a reduction in catchment runoff is projected in the near future, increasing the 

dependence on summer rain events to meet pasture water requirements. The analysis has 

highlighted the need for the Ringarooma case study farm to adopt approaches to improve its 

current WUE to meet both the current and future irrigation demands  

 

This chapter has quantified the influences of climate projections on water availability and 

water requirements for a given farm enterprise. A similar approach could be extended to 

quantify the likely changes in water availability at a regional level and examine the adoption 

of key adaptation strategies. These adaptation strategies could be at a farm level up to a whole 

of catchment/regional level. This would be highly valuable for adaptation research regarding 

the management of catchment/regions water storages under a changing future climate.  
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CHAPTER 8: CONCLUSION AND RECOMMENDATIONS 

 

The primary aim of this thesis was to provide the Tasmania dairy industry with sound 

knowledge regarding the projected regional climate change influences on the current forage 

base of Tasmania‟s dairying production systems. A vast amount of information now exists 

regarding the nature and extent to which regional changes in climate have already occurred in 

Australia, combined with information of the projected climate change across Australia from 

course resolution climate models (Crimp et al. 2008). This study has added to the knowledge 

base of projected climate change by providing an assessment of climate change at a regional 

level using fine scale model projections.  

 

In Tasmania, dairy is the largest agriculture industry and the production and consumption of 

high quality temperate pastures along with the availability of irrigation water underpin the 

competitiveness of the industry. Regional impacts of the projected climate change on pasture 

production, irrigation demand and surface runoff were quantified using simulation modeling 

for six dairy regions across Tasmania. The research was undertaken to quantify and provide 

information for the Tasmanian dairy industry to prepare for the uncertainty and develop 

adaptation strategies to the projected future climate. 

 

Previous studies of climate change impacts on Tasmanian pasture based dairy systems have 

used perturbed historical climate data with anomalies calculated from GCMs, such as those 

associated with the OzClim database (Ricketts & Page 2007). This method guarantees the 

baseline climate period is the same scale as observations. The climate projections using this 

method are generated by adjusting the baseline observations by the anomaly. Variables such 

as temperature are adjusted additively and rainfall is adjusted proportionally. The CFT 

generated climate data used in this study was unique in capturing changes in climate at any 

particular location that are the result of changes in synoptic meteorology and local climate 

processes. Changes in the seasonality, frequency and intensity of synoptic patterns such as, 

high and low pressure systems which change the frequency distributions of the climate 

variables have been captured and accounted for.  

 

General Circulation Models have variable skill and inherent biases (Corney et al. 2010). To 

address this, the CFT project bias-adjusted the dynamically downscaled GCMs using the 

historical AWAP 0.1° gridded climate data source. Optimal use of the CFT generated 

projections requires an understanding of the features of the GCM outputs and also of 

observed data (Holz et al. 2010). There are three frequently used sources of historic 

continuous daily climate data available; SILO Patched Point data (observed), SILO Data Drill 



 127 

(0.05°) and Australian Water Availability Project (AWAP 0.05°). Climate Futures for 

Tasmania generated a fourth, AWAP 0.1°, interpolated from the AWAP 0.05° gridded data 

source. The AWAP 0.1° data source was created to compare directly to the regional climate 

models and is not commercially available as a formal gridded data source. 

 

A meteorological and biophysical comparison between the four sources of observed and 

interpolated daily climate data for the period 1971 to 2007 was undertaken for each dairying 

region. No previous analysis has been undertaken regarding comparisons between the four 

sources of observed and interpolated climate data sources, and this study was unique in that 

these differences was quantified. Differences were observed between the four daily climate 

data sources for each site for the climate variables; mean daily minimum temperature, rainfall 

and potential evaporation. In addition, outputs from the biophysical model DairyMod (version 

4.9.2) compared simulated monthly and annual pasture production. There were few 

significant differences in annual pasture production. The mean annual simulated pasture 

yields from the four sets of observed and interpolated data sources were generally 

comparable, giving confidence that the use of CFT generated AWAP 0.1° data source for the 

bias-adjustment of the dynamically downscaled GCMs simulations was suitable. 

 

To establish confidence in the CFT bias-adjusted dynamically downscaled GCMs climate 

projections, the GCMs outputs were compared against the interpolated historical climate data 

of AWAP 0.1°. The suitability of the downscaled bias-adjusted GCM outputs for use in a 

biophysical model was evaluated by comparing the climate metrics of mean daily maximum, 

minimum and diurnal temperature range, rainfall and solar radiation against the AWAP 0.1° 

data source for the period 1990 to 2007. Differences were observed between the AWAP 0.1° 

data source and the bias-adjusted downscaled GCMs at each of the six sites, most notably 

between mean daily minimum temperature. Simulated mean monthly and annual pasture 

production outputs from the biophysical model DairyMod (version 4.9.2) were compared 

between the AWAP 0.1 data source and the six GCMs. The mean monthly and annual 

simulated pasture yields from the AWAP 0.1° data source and the downscaled bias-adjusted 

GCMs were comparable, giving an acceptable degree of confidence that the bias-adjusted 

GCM simulations were suitable for projections of pasture production.  

 

The projected climate under the A2 emissions scenario at each site was described over the 

period of 1971 to 2100. The mean daily maximum and daily minimum temperatures at each 

site are projected to increase from the baseline period to 2085 ranging from 2.4°C at 

Woolnorth to 2.7°C at Ringarooma. At each site except Flowerdale, mean annual rainfall is 

projected to slightly increase from the baseline period to 2085. Seasonal rainfall is projected 
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to increase slightly at each site except Woolnorth (summer) and Flowerdale (summer and 

spring). At all sites from the baseline to 2085, inter-annual rainfall variability is projected to 

increase and mean annual potential evapotranspiration rates are projected to increase by 3% to 

4%. No changes in solar radiation are projected for any of the regions.   

  

In assessing the impacts of the projected future climate on pasture based systems for each 

dairying region the biophysical model DairyMod (version 4.9.2) was used to simulate the 

growth of perennial ryegrass under rainfed and irrigated conditions. Throughout the 21
st
 

century mean annual pasture yields under rainfed conditions at each site are projected to 

increase above the baseline varying from 29% at Woolnorth to 150% at Cressy by 2085. 

Mean annual irrigated pasture yields are projected to increase until approximately 2050, then 

decrease to 2085. The reduction of irrigated pasture yields in the latter half of this century is 

the result of an increase in the number of warmer days, characterised by maximum 

temperatures exceeding 28°C. The impacts of higher daily maximum temperatures are more 

evident under the irrigated simulations, because the irrigated simulations were not limited by 

soil moisture. In contrast, the major limitation to pasture growth in the rainfed simulations 

during the summer months is available moisture. Pasture yield increases, under both rainfed 

and irrigated simulations are projected to occur during late winter and spring.  This increase is 

a result of increased daily temperatures and the associated increases in the atmospheric 

concentration of CO2.  

 

At each site, under both the rainfed and irrigated simulations, inter-annual pasture yield 

variability is projected to decrease from the baseline to 2085 except at Cressy under irrigation. 

The decrease in inter-annual yield variability is being driven by a notable reduction in 

seasonal pasture yield variability during autumn and spring. Inter-annual variability was 

consistently greater in regions where the baseline pasture yields were lower (Cressy and 

Ouse). 

 

At all sites, except Cressy and Ouse, irrigation demand progressively increases throughout the 

21
st
 century. Whilst irrigation requirements are projected to increase, there is a corresponding 

increase in the WUE of the pasture. The increase in WUE is driven by increasing atmospheric 

CO2 concentrations as a result of increased net influx of CO2, increased stomatal resistance 

and a decline in transpiration per unit of CO2 fixed (Long et al. 2004).  

 

Surface runoff for each of the six sites, was quantified from the downscaled bias-adjusted 

GCMs outputs using the hydrological model SIMHYD for the period 1971 to 2100 (Bennett 

et al. 2010). At all sites, except Flowerdale, mean annual surface runoff by 2085 is projected 
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to increase as a result of increased surface runoff during the winter months. An on-farm case 

study at Ringarooma was undertaken to quantify the projected surface runoff and River flow 

impacts on an irrigated pasture based dairy system. Irrigation water is accessed from both on-

farm catchment (dam) and access to River flows (Ringarooma River). By 2085, irrigation 

demand met by the on-farm storage dam is projected to be met 50% of the time, increasing 

above the current baseline of 23%. In contrast, the current water entitlement from the 

Ringarooma River during summer is projected to increasingly fail to meet irrigation demand 

from the baseline to 2085, the result of both a limited water allocation, and an increasing 

irrigation demand from the pasture bases.  

 

This thesis has evaluated the projected regional climate change and quantified the likely 

impacts the projected change will have on the forage base for the Tasmanian dairy industry. 

Biophysical modelling indicates a progressive increase in pasture growth within Tasmania 

throughout the 21
st
 century. Currently the low cost of milk production associated with pasture 

based dairy systems underpins the national and international competitive advantage of the 

Tasmania dairy industry. This study has indicated that the most likely changes in pasture 

production for Tasmanian dairy regions is that annual pasture production will increase in the 

short to medium term with higher levels of pasture growth occurring during the winter and 

early spring period. The probable implication of this is that adaptations are likely to be within 

system options that are learned and not sudden. These are likely to include adjustments to 

stocking rates and calving dates to better match feed supply and feed demand, along with 

increased forage conservation opportunities during spring. A greater demand for nitrogen 

fertiliser (and other nutrients) is also probable, if the potential increases in pasture growth are 

to be captured. Pasture production during summer is projected to increase in the short to 

medium term across each region, however the current summer feed deficits will remain, 

requiring supplementary feed to meet the summer feed gap, while the demand for irrigation 

water will also remain high during the summer months.   

 

This study has found the current forage base of Tasmanian dairy regions is relatively resilient 

to future climate scenarios and whilst no adaptation management options were considered in 

this study. In reality dairy farmers will gradually adapt to the projected climate change with 

the industry continuing to focus on milk production per hectare and pasture consumption per 

hectare as key determinants of business success.  

 

This study has implications for future research directions for the Tasmanian dairy industry. 

Further climatic research can be undertaken concerning the impacts of a changing climate on 

regional pasture production, particularly drought frequency, heat waves and extreme rainfall 
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events. Further research is needed in the area of on-farm adaptation options and management 

to minimise the risk of climate change and variability, with particular focus on alternative 

pasture species such as deeper rooted C3 perennials and or the inclusion of C4 pasture species. 

The projected pasture yield increases reported in this study are partly reliant on the realisation 

of beneficial CO2 effects on pasture growth and WUE as currently measured in experimental 

trials (Parry et al. 2004). The potential long term effects of CO2 in the field remain uncertain. 

Understanding the long term impacts of elevated CO2 on pasture based systems especially on 

WUE and carbon uptake of the pasture remains a priority for quantifying the impacts of 

climate change. In addition, availability and security of irrigation water for the Tasmanian 

dairy industry is an important and ongoing issue. This study has gone some way to 

quantifying the changes in irrigation demand and associated water availability for the main 

dairy regions under a changing future climate. Further research quantifying the projected 

regional surface runoff to meet the projected regional irrigation demands of the Tasmanian 

agricultural industries is also required.    
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Appendix 1.0 

 

Mean monthly maximum temperature from the data sources of AWAP 0.1, AWAP 0.05, PP 

and DD for the period 1971 to 2007, for the sites of Woolnorth, Flowerdale, Merseylea, 

Cressy, Ringarooma and Ouse.  

 

Appendix 1.1 Mean monthly maximum temperature (°C) at Woolnorth from the data sources 

of AWAP 0.1, AWAP 0.05, PP and DD for the period 1971 to 2007.  

 
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

AWAP 0.1 20.35ab 20.98ab 19.73ab 17.46 15.24ab 13.36ab 12.71b 13.19ab 14.22a 15.63a 17.11a 18.68ab 

AWAP 0.05 20.45a 21.07ab 19.83ab 17.56 15.34ab 13.46ab 12.82ab 13.29a 14.33a 15.73a 17.21a 18.78a 

PP 19.93b 20.69b 19.39b 17.14 15.12b 13.20b 12.68b 13.03b 13.92b 15.12b 16.66b 18.26b 

DD 20.53a 21.24a 19.87a 17.53 15.46a 13.49a 13.00a 13.42a 14.38a 15.65a 17.25a 18.86a 

LSD (P = 0.05) 0.52 0.44 0.46 ns 0.31 0.28 0.24 0.26 0.29 0.24 0.41 0.45 

Means with differing subscripts next to values indicate a significant difference at P < 0.05. 

 

Appendix 1.2 Mean monthly maximum temperature (°C) at Flowerdale from the data sources 

of AWAP 0.1, AWAP 0.05, PP and DD for the period 1971 to 2007.  

 
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

AWAP 0.1 20.61 21.12 19.62 17.10 14.66 12.49b 11.88b 12.38b 13.80 15.60b 17.58 19.11 

AWAP 0.05 20.85 21.36 19.89 17.38 14.93 12.79a 12.19a 12.67a 14.09 15.86a 17.85 19.36 

PP 20.90 21.32 19.81 17.29 14.88 12.80a 12.22a 12.77a 14.04 15.77ab 17.72 19.34 

DD 20.90 21.32 19.81 17.29 14.88 12.80a 12.22a 12.77a 14.04 15.77ab 17.72 19.34 

LSD (P = 0.05) ns ns ns ns ns 0.18 0.24 0.28 ns 0.26 ns ns 

Means with differing subscripts next to values indicate a significant difference at P < 0.05. 

 

Appendix 1.3 Mean monthly maximum temperature (°C) at Merseylea from the data sources 

of AWAP 0.1, AWAP 0.05, PP and DD for the period 1971 to 2007.  

 
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

AWAP 0.1 21.72 22.27 20.58 17.93
a
 15.09

a
 12.63

a
 11.98

a
 12.81

a
 14.41

a
 16.22

a
 18.36

a
 19.99 

AWAP 0.05 21.65 22.19 20.48 17.81
ab 

14.97
a
 12.50

ab 
11.86 12.67

a
 14.29

a
 16.12

a
 18.27

ab 
19.90 

PP 21.75 22.15 20.50 17.70
ab 

14.93
a
 12.64

a
 12.02

a
 12.76

a
 14.22

a
 16.10

a
 18.24

ab 
20.09 

DD 21.44 21.92 20.27 17.42
b
 14.61

b
 12.27

b
 11.64

b
 12.37

b
 13.83

b
 15.75

b
 17.90

b
 19.76 

LSD (P = 0.05) ns ns ns 0.45 0.28 0.30 0.24 0.27 0.34 0.29 0.46 ns 

Means with differing subscripts next to values indicate a significant difference at P < 0.05. 

 

Appendix 1.4 Mean monthly maximum temperature (°C) at Cressy from the data sources of 

AWAP 0.1, AWAP 0.05, PP and DD for the period 1971 to 2007.  

 
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

AWAP 0.1 23.55 23.89 21.46 18.04 14.71 11.73 11.31 12.56 14.69 16.92 19.49 21.45 

AWAP 0.05 23.58 23.90 21.47 18.05 14.71 11.73 11.31 12.55 14.69 16.91 19.50 21.46 

PP 23.68 24.03 21.68 17.97 14.58 11.73 11.36 12.50 14.50 16.85 19.41 21.82 

DD 23.33 23.74 21.46 17.81 14.48 11.72 11.27 12.37 14.31 16.64 19.17 21.49 

LSD (P = 0.05) ns ns ns ns ns ns ns ns ns ns ns ns 

Means with differing subscripts next to values indicate a significant difference at P < 0.05. 
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Appendix 1.5 Mean monthly maximum temperature (°C) at Ringarooma from the data 

sources of AWAP 0.1, AWAP 0.05, PP and DD for the period 1971 to 2007.  

 
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

AWAP 0.1 21.76 22.11 20.39
ab 

17.28
ab 

14.38
a
 11.99

a
 11.35

a
 12.08

a
 13.70

ab 
15.84

ab 
17.90

ab 
19.91 

AWAP 0.05 21.96 22.30 20.59
a
 17.49

a
 14.59

a
 12.21

a
 11.57

a
 12.32

a
 13.94

a
 16.06

a
 18.10

ab 
20.12 

PP 21.97 22.34 20.55
a
 17.43

a
 14.59

a
 12.09

a
 11.49

a
 12.30

a
 14.00

a
 16.11

a
 18.28

a
 20.30 

DD 21.51 21.93 20.09
b
 16.88

b
 14.02

b
 11.52

b
 10.90

b
 11.66

b
 13.38

b
 15.54

b
 17.77

b
 19.81 

LSD (P = 0.05) ns ns 0.45 0.44 0.29 0.31 0.27 0.32 0.38 0.37 0.47 ns 

Means with differing subscripts next to values indicate a significant difference at P < 0.05. 

 

Appendix 1.6 Mean monthly maximum temperature (°C) at Ouse from the data sources of 

AWAP 0.1, AWAP 0.05, PP and DD for the period 1971 to 2007.  

 
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

AWAP 0.1 22.64 23.23 20.55 17.02 13.78b 10.75b 10.57b 12.13b 14.14b 16.47b 18.99 20.86 

AWAP 0.05 23.08 23.64 20.99 17.48 14.24a 11.14a 11.01a 12.63a 14.63ab 16.94a 19.41 21.30 

PP 23.40 23.76 21.07 17.52 14.24a 11.39a 11.18a 12.73a 14.72a 16.95a 19.46 21.50 

DD 23.40 23.76 21.07 17.52 14.24a 11.39a 11.18a 12.73a 14.72a 16.95a 19.46 21.50 

LSD (P = 0.05) ns ns ns ns 0.38 0.39 0.33 0.43 0.52 0.43 ns ns 

Means with differing subscripts next to values indicate a significant difference at P < 0.05. 

 

Appendix 2.0 

 

Mean monthly minimum temperature from the data sources of AWAP 0.1, AWAP 0.05, PP 

and DD for the period 1971 to 2007, for the sites of Woolnorth, Flowerdale, Merseylea, 

Cressy, Ringarooma and Ouse.  

  

Appendix 2.1 Mean monthly minimum temperature (°C) at Woolnorth from the data sources 

of AWAP 0.1, AWAP 0.05, PP and DD for the period 1971 to 2007.  

 
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

AWAP 0.1 12.47 12.87 12.03 10.53 9.10 7.29 6.53b 7.05 7.61 8.42 9.74 11.17 

AWAP 0.05 12.47 12.87 12.01 10.51 9.08 7.30 6.57b 7.08 7.62 8.45 9.74 11.17 

PP 12.42 12.93 12.09 10.60 9.41 7.64 6.97a 7.28 7.76 8.48 9.71 11.09 

DD 12.38 12.87 11.92 10.35 9.13 7.30 6.62ab 7.01 7.60 8.38 9.62 11.05 

LSD (P = 0.05) ns ns ns ns ns ns 0.40 ns ns ns ns ns 

Means with differing subscripts next to values indicate a significant difference at P < 0.05. 

 

Appendix 2.2 Mean monthly minimum temperature (°C) at Flowerdale from the data sources 

of AWAP 0.1, AWAP 0.05, PP and DD for the period 1971 to 2007.  

 
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

AWAP 0.1 11.56 12.00 10.90 9.04 7.34 5.35 4.73 5.15 6.00 7.12 8.93 10.31 

AWAP 0.05 11.72 12.13 11.01 9.12 7.35 5.37 4.75 5.24 6.12 7.26 9.09 10.47 

PP 11.65 12.04 10.61 8.65 7.09 5.17 4.58 5.00 5.89 6.98 8.70 10.10 

DD 11.65 12.04 10.61 8.64 7.09 5.10 4.47 4.95 5.88 6.97 8.70 10.10 

LSD (P = 0.05) ns ns ns ns ns ns ns ns ns ns ns ns 

Means with differing subscripts next to values indicate a significant difference at P < 0.05. 
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Appendix 2.3 Mean monthly minimum temperature (°C) at Merseylea from the data sources 

of AWAP 0.1, AWAP 0.05, PP and DD for the period 1971 to 2007.  

 
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

AWAP 0.1 11.38 11.61 10.03 7.97 5.88 3.75ab 3.13b 4.03 5.37 6.74 8.64 10.13 

AWAP 0.05 11.26 11.49 9.89 7.84 5.77 3.65b 3.05b 3.92 5.25 6.62 8.51 10.01 

PP 11.45 11.65 10.10 7.94 6.11 4.15a 3.73a 4.24 5.39 6.66 8.47 10.01 

DD 11.29 11.51 9.97 7.84 6.00 3.83ab 3.38ab 4.04 5.24 6.52 8.31 9.83 

LSD (P = 0.05) ns ns ns ns ns 0.46 0.42 ns ns ns ns ns 

Means with differing subscripts next to values indicate a significant difference at P < 0.05. 

 

Appendix 2.4 Mean monthly minimum temperature (°C) at Cressy from the data sources of 

AWAP 0.1, AWAP 0.05, PP and DD for the period 1971 to 2007.  

 
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

AWAP 0.1 10.25 10.34 8.60 6.24 3.91b 1.89b 1.34c 2.49b 4.11 5.48 7.52 9.04 

AWAP 0.05 10.21 10.30 8.56 6.18 3.86b 1.85b 1.31c 2.45b 4.06 5.44 7.47 8.98 

PP 10.14 10.18 8.39 6.20 4.58a 3.40a 3.11a 3.37a 4.27 5.39 7.17 8.73 

DD 10.41 10.51 8.73 6.44 4.35ab 2.15b 1.78b 2.69b 4.19 5.58 7.40 9.00 

LSD (P = 0.05) ns ns ns ns 0.58 0.44 0.42 0.30 ns ns ns ns 

Means with differing subscripts next to values indicate a significant difference at P < 0.05. 

 

Appendix 2.5 Mean monthly minimum temperature (°C) at Merseylea from the data sources 

of AWAP 0.1, AWAP 0.05, PP and DD for the period 1971 to 2007.  

 
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

AWAP 0.1 10.92ab 11.34ab 9.67 7.60 5.45 3.52b 2.77b 3.49b 4.63 5.92ab 7.84 9.49a 

AWAP 0.05 11.03a 11.43a 9.78 7.71 5.56 3.61ab 2.87b 3.59ab 4.74 6.04ab 7.95 9.60a 

PP 10.85ab 11.17ab 9.72 7.67 5.80 3.92a 3.40a 3.81a 4.91 6.08a 7.94 9.43ab 

DD 10.49b 10.83b 9.42 7.41 5.57 3.61ab 2.97ab 3.46b 4.58 5.75b 7.57 9.05b 

LSD (P = 0.05) 0.47 0.52 ns ns ns 0.40 0.45 0.30 ns 0.32 ns 0.39 

Means with differing subscripts next to values indicate a significant difference at P < 0.05. 

 

Appendix 2.6 Mean monthly minimum temperature (°C) at Ouse from the data sources of 

AWAP 0.1, AWAP 0.05, PP and DD for the period 1971 to 2007.  

 
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

AWAP 0.1 9.20b 9.05b 7.49b 5.68 3.59c 1.61b 1.07c 1.95b 3.43b 5.07b 6.73 8.28 

AWAP 0.05 9.51ab 9.34ab 7.77ab 5.88 3.75bc 1.77b 1.22bc 2.16b 3.69ab 5.36ab 7.03 8.60 

PP 9.77a 9.63a 8.01a 6.05 4.38a 2.97a 2.59a 2.91a 4.04a 5.45a 7.07 8.60 

DD 9.77a 9.63a 8.01a 5.96 4.13ab 1.90b 1.47b 2.25b 3.84a 5.40a 7.05 8.59 

LSD (P = 0.05) 0.40 0.54 0.40 ns 0.49 0.46 0.34 0.36 0.41 0.30 ns ns 

Means with differing subscripts next to values indicate a significant difference at P < 0.05. 
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Appendix 3.0  

 

Mean monthly rainfall from the data sources of AWAP 0.1, AWAP 0.05, PP and DD for the 

period 1971 to 2007, for the sites of Woolnorth, Flowerdale, Merseylea, Cressy, Ringarooma 

and Ouse.  

 

Appendix 3.1 Mean monthly rainfall (mm) at Woolnorth from the data sources of AWAP 

0.1, AWAP 0.05, PP and DD for the period 1971 to 2007.  

 
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

AWAP 0.1 48 40 60 85 99 124 128 119 104 86 65 66 

AWAP 0.05 46 40 59 83 101 113 130 115 103 85 64 61 

PP 43 37 55 74 91 106 121 113 95 79 62 57 

DD 48 41 61 84 102 118 134 125 106 89 68 63 

LSD (P = 0.05) ns ns ns ns ns ns ns ns ns ns ns ns 

Means with differing subscripts next to values indicate a significant difference at P < 0.05. 

 

Appendix 3.2 Mean monthly rainfall (mm) at Flowerdale from the data sources of AWAP 

0.1, AWAP 0.05, PP and DD for the period 1971 to 2007.  

 
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

AWAP 0.1 59 42 56 92 111 124 142 141 133 103 77 79 

AWAP 0.05 59 42 58 96 123 129 151 138 128 106 78 80 

PP 60 43 58 95 122 131 151 138 126 102 78 79 

DD 59 42 58 92 119 128 149 136 125 105 77 78 

LSD (P = 0.05) ns ns ns ns ns ns ns ns ns ns ns ns 

Means with differing subscripts next to values indicate a significant difference at P < 0.05. 

 

Appendix 3.3 Mean monthly rainfall (mm) at Merseylea from the data sources of AWAP 0.1, 

AWAP 0.05, PP and DD for the period 1971 to 2007.  

 
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

AWAP 0.1 53 35 50 71 88 99 111 106 90 75 62 60 

AWAP 0.05 55 37 53 75 96 107 119 118 94 80 67 65 

PP 60 39 56 73 101 115 134 127 108 87 73 65 

DD 54 36 50 72 90 109 126 113 95 80 64 59 

LSD (P = 0.05) ns ns ns ns ns ns ns ns ns ns ns ns 

Means with differing subscripts next to values indicate a significant difference at P < 0.05. 

 

Appendix 3.4 Mean monthly rainfall (mm) at Cressy from the data sources of AWAP 0.1, 

AWAP 0.05, PP and DD for the period 1971 to 2007.  

 
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

AWAP 0.1 51 31 43 58 70 74a 84a 89a 76 63 56 55 

AWAP 0.05 53 32 44 60 71 73a 84a 88a 78 63 57 56 

PP 46 28 41 48 54 54b 63b 69b 66 53 49 49 

DD 52 30 43 56 68 67ab 81a 86ab 75 61 55 52 

LSD (P = 0.05) ns ns ns ns ns 13 18 19 ns ns ns ns 

Means with differing subscripts next to values indicate a significant difference at P < 0.05. 

 



 151 

Appendix 3.5 Mean monthly rainfall (mm) at Ringarooma from the data sources of AWAP 

0.1, AWAP 0.05, PP and DD for the period 1971 to 2007.  

 
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

AWAP 0.1 66 44 61 91 114 112 132 136 111 95 82 75 

AWAP 0.05 72 47 61 96 128 126 146 152 120 110 87 84 

PP 72 45 59 93 121 120 143 144 123 106 84 79 

DD 70 45 61 96 120 120 146 144 116 109 86 79 

LSD (P = 0.05) ns ns ns ns ns ns ns ns ns ns ns ns 

Means with differing subscripts next to values indicate a significant difference at P < 0.05. 

 

Appendix 3.6 Mean monthly rainfall (mm) at Ouse from the data sources of AWAP 0.1, 

AWAP 0.05, PP and DD for the period 1971 to 2007.  

 
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

AWAP 0.1 46ab 33 46a 59a 58a 62a 76a 70a 79a 83a 61ab 64a 

AWAP 0.05 51a 36 43ab 59a 53ab 63a 72a 77a 73ab 84a 65a 61a 

PP 38b 27 34b 42b 42b 42b 53b 58b 58b 62b 50b 44b 

DD 39b 28 34b 43b 44ab 44b 54b 59b 60b 63b 50b 46b 

LSD (P = 0.05) 11 ns 11 11 15 14 17 16 17 19 15 14 

Means with differing subscripts next to values indicate a significant difference at P < 0.05. 

 

Appendix 4.0 

 

Mean monthly potential evaporation from the data sources of AWAP 0.1, AWAP 0.05, PP 

and DD for the period 1971 to 2007, for the sites of Woolnorth, Flowerdale, Merseylea, 

Cressy, Ringarooma and Ouse.  

 

Appendix 4.1 Mean monthly potential evaporation (mm) at Woolnorth from the data sources 

of AWAP 0.1, AWAP 0.05, PP and DD for the period 1971 to 2007.  

 
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

AWAP 0.1 153ab 123b 92b 47b 23b 12b 17b 35b 62b 101a 127a 154a 

AWAP 0.05 154b 123b 92b 47b 23b 12b 17b 35b 62b 101a 127a 154a 

PP 158ab 134a 108a 68a 47a 36a 41a 53a 69a 97b 119b 147b 

DD 160a 135a 109a 69a 48a 37a 42a 54a 70a 98b 121b 148 

LSD (P = 0.05) 6 6 4 3 2 2 2 2 3 3 4 7 

Means with differing subscripts next to values indicate a significant difference at P < 0.05. 

 

Appendix 4.2 Mean monthly potential evaporation (mm) at Flowerdale from the data sources 

of AWAP 0.1, AWAP 0.05, PP and DD for the period 1971 to 2007.  

 
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

AWAP 0.1 158 124b 97b 49b 24b 12b 16b 34b 61b 104a 131a 160a 

AWAP 0.05 160 125b 99b 50b 24b 13b 16b 35b 62b 105a 133a 162a 

PP 159 132a 107a 67a 45a 35a 39a 51a 68a 98b 122b 150b 

DD 159 132a 107a 67a 45a 35a 39a 51a 68a 98b 122b 150b 

LSD (P = 0.05) ns 6 4 2 2 2 2 2 3 3 4 6 

Means with differing subscripts next to values indicate a significant difference at P < 0.05. 
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Appendix 4.3 Mean monthly potential evaporation (mm) at Merseylea from the data sources 

of AWAP 0.1, AWAP 0.05, PP and DD for the period 1971 to 2007.  

 
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

AWAP 0.1 166 131b 103b 52b 26b 13b 16b 36b 63b 109a 138a 168a 

AWAP 0.05 164 130b 103b 51b 25b 13b 16b 36b 62b 108a 137a 167a 

PP 168 139a 112a 68a 43a 33a 36a 49a 69a 103b 129b 159b 

DD 168 139a 112a 67a 42a 31a 35a 48a 68a 102b 128b 159b 

LSD (P = 0.05) ns 6 4 2 2 2 3 2 3 3 5 7 

Means with differing subscripts next to values indicate a significant difference at P < 0.05. 

 

Appendix 4.4 Mean monthly potential evaporation (mm) at Cressy from the data sources of 

AWAP 0.1, AWAP 0.05, PP and DD for the period 1971 to 2007.  

 
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

AWAP 0.1 168b 131b 102b 49b 24b 11b 14b 33b 61b 104 137 170 

AWAP 0.05 168b 131b 102b 49b 24b 11b 14b 33b 62b 105 138 170 

PP 182a 152a 119a 68a 40a 28a 32a 46a 71a 106 137 171 

DD 179a 148a 118a 68a 41a 29a 32a 46a 69a 105 135 169 

LSD (P = 0.05) 7 7 5 3 2 2 2 2 3 ns ns ns 

Means with differing subscripts next to values indicate a significant difference at P < 0.05. 

 

Appendix 4.5 Mean monthly potential evaporation (mm) at Ringarooma from the data 

sources of AWAP 0.1, AWAP 0.05, PP and DD for the period 1971 to 2007.  

 
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

AWAP 0.1 153b 119b 97b 46b 24b 11b 15b 33b 56c 96b 127a 155 

AWAP 0.05 152b 119b 97b 46b 24b 11b 15b 32b 56c 96b 127a 155 

PP 161a 130a 104a 61a 38a 28a 33a 48a 70a 102a 125ab 154 

DD 160a 131a 105a 61a 37a 26a 30a 44a 65b 97b 120b 150 

LSD (P = 0.05) 7 8 5 3 2 2 2 3 4 4 6 ns 

Means with differing subscripts next to values indicate a significant difference at P < 0.05. 

 

Appendix 4.6 Mean monthly potential evaporation (mm) at Ouse from the data sources of 

AWAP 0.1, AWAP 0.05, PP and DD for the period 1971 to 2007.  

 
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

AWAP 0.1 166a 128 94b 45b 21b 10b 14b 34b 63 104a 137a 164a 

AWAP 0.05 169a 131 95ab 46b 21b 10b 15b 35b 64 106a 139a 168a 

PP 154b 126 98a 59a 38a 26a 30a 44a 64 94b 118b 146b 

DD 154b 126 98a 59a 38a 26a 30a 44a 64 94b 118b 146b 

LSD (P = 0.05) 7 ns 4 3 3 2 2 3 ns 4 6 8 

Means with differing subscripts next to values indicate a significant difference at P < 0.05. 
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Appendix 5.0 

 

Mean simulated monthly pasture cut yield (kg DM/ha) from the data sources of AWAP 0.1, 

AWAP 0.05, PP and DD for the period 1971 to 2007, for the sites of Woolnorth, Flowerdale, 

Merseylea, Cressy, Ringarooma and Ouse. 

 

Appendix 5.1 Woolnorth mean simulated monthly pasture cut yield (kg DM/ha) from the 

data sources of AWAP 0.1, AWAP 0.05, PP and DD for the period 1971 to 2007.  

 
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

AWAP 0.1 656 270 335 674a 648a 384 428b 891 1552 2423a 2390 1374 

AWAP 0.05 588 240 313 623ab 636a 386 435ab 901 1574 2441a 2362 1268 

PP 611 132 251 425b 463b 379 478a 928 1562 2344b 2287 1431 

DD 701 227 283 543ab 569ab 406 471ab 930 1582 2432a 2540 1641 

LSD (P = 0.05) ns ns ns 233 131 ns 44 ns ns 60 ns ns 

Means with differing subscripts next to values indicate a significant difference at P < 0.05. 

 

 

Appendix 5.2 Flowerdale mean simulated monthly pasture cut yield (kg DM/ha) from the 

data sources of AWAP 0.1, AWAP 0.05, PP and DD for the period 1971 to 2007.  

 
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

AWAP 0.1 909 503 358 574 541 222 170 529ab 1254ab 2275ab 2450 1666 

AWAP 0.05 899 498 335 591 541 233 185 592a 1320a 2337a 2455 1641 

PP 1036 481 318 432 425 179 142 459b 1180b 2224b 2524 1782 

DD 1023 468 309 430 419 174 136 417b 1148b 2223b 2546 1788 

LSD (P = 0.05) ns ns ns ns ns ns ns 116 130 102 ns ns 

Means with differing subscripts next to values indicate a significant difference at P < 0.05. 

 

 

Appendix 5.3 Merseylea mean simulated monthly pasture cut yield (kg DM/ha) from the data 

sources of AWAP 0.1, AWAP 0.05, PP and DD for the period 1971 to 2007.  

 
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

AWAP 0.1 561 363 261 294 339 43 16 97ab 890ab 2258a 1878 1003 

AWAP 0.05 655 411 283 334 346 37 13 75b 789ab 2235a 1989 1154 

PP 843 435 305 322 327 54 45 183a 988a 2199ab 2158 1412 

DD 748 367 246 241 236 46 23 91b 740b 2084b 2105 1299 

LSD (P = 0.05) ns ns ns ns ns ns ns 92 200 139 ns ns 

Means with differing subscripts next to values indicate a significant difference at P < 0.05. 

 

 

Appendix 5.4 Cressy mean simulated monthly pasture cut yield (kg DM/ha) from the data 

sources of AWAP 0.1, AWAP 0.05, PP and DD for the period 1971 to 2007.  

 
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

AWAP 0.1 517 194 216 121 55 0 0 0 23b 1007 1884a 866 

AWAP 0.05 523 198 225 130 51 0 0 0 18b 977 1864a 885 

PP 486 104 126 54 14 7 0 2 125a 1058 1392b 776 

DD 600 145 150 74 42 0 0 0 25b 860 1704ab 949 

LSD (P = 0.05) ns ns ns ns ns ns ns ns 72 ns 431 ns 

Means with differing subscripts next to values indicate a significant difference at P < 0.05. 
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Appendix 5.5 Ringarooma mean simulated monthly pasture cut yield (kg DM/ha) from the 

data sources of AWAP 0.1, AWAP 0.05, PP and DD for the period 1971 to 2007.  

 
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

AWAP 0.1 1162 609 537 607 340 30 9 23b 412b 1786ab 2540 1766 

AWAP 0.05 1313 687 599 629 359 37 12 33ab 517 1890a 2641 1924 

PP 1164 537 486 484 376 53 19 75a 697a 1942a 2482 1858 

DD 1224 559 492 465 323 35 12 31ab 397b 1616b 2508 1965 

LSD (P = 0.05) ns ns ns ns ns ns ns 49 205 261 ns ns 

Means with differing subscripts next to values indicate a significant difference at P < 0.05. 

 

Appendix 5.6 Ouse mean simulated monthly pasture cut yield (kg DM/ha) from the data 

sources of AWAP 0.1, AWAP 0.05, PP and DD for the period 1971 to 2007.  

 
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

AWAP 0.1 531 173 154 188a 61 0 0 0 12b 570c 1910 998 

AWAP 0.05 481 161 141 176ab 56 0 0 0 31b 934ab 1989 949 

PP 474 77 64 58c 36 4 0 0 110a 1194a 1751 849 

DD 490 90 61 66bc 26 0 0 0 46ab 840bc 1753 903 

LSD (P = 0.05) ns ns ns 114 ns ns ns ns 72 313 ns ns 

Means with differing subscripts next to values indicate a significant difference at P < 0.05. 

 

Appendix 6.0           

 

Mean monthly rainfall (mm) from the data sources of AWAP 0.1, CSIRO-Mk3.5, 

ECHAM5/MPI-OM, GFDL-CM2.0, GFDL-CM2.1, MIROC3.2 (medres) and UKMO-

HADCM3 for the period 1990 to 2007, at the sites of Woolnorth, Flowerdale, Merseylea, 

Cressy, Ringarooma and Ouse. 

 

Appendix 6.1 Woolnorth mean monthly rainfall (mm) from the data sources of AWAP 0.1, 

CSIRO-Mk3.5, ECHAM5/MPI-OM, GFDL-CM2.0, GFDL-CM2.1, MIROC3.2 (medres) and 

UKMO-HADCM3 for the period 1990 to 2007. 

Data source Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

AWAP 0.1 50 47 52 80 84b 126 127 123 103 84 61b 60 

CSIRO-Mk3.5 39 38 67 79 97ab 134 125 119 94 72 67ab 64 

ECHAM5/MPI-OM 44 42 58 89 101ab 127 130 116 109 76 75ab 57 

GFDL-CM2.0 48 40 64 70 109a 127 122 116 105 78 68ab 54 

GFDL-CM2.1 42 44 65 84 114a 125 127 129 100 87 69ab 50 

MIROC3.2 (medres) 38 53 59 91 101ab 128 120 127 97 74 82a 65 

UKMO-HADCM3 43 35 62 81 100ab 134 132 130 105 79 82a 70 

LSD (P = 0.05) ns ns ns ns 21 ns ns ns ns ns 20 ns 

Means with differing subscripts next to values indicate a significant difference at P < 0.05. 
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Appendix 6.2 Flowerdale mean monthly rainfall (mm) from the data sources of AWAP 0.1, 

CSIRO-Mk3.5, ECHAM5/MPI-OM, GFDL-CM2.0, GFDL-CM2.1, MIROC3.2 (medres) and 

UKMO-HADCM3 for the period 1990 to 2007. 

Data source Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

AWAP 0.1 60 47 45b 76 95 129 139 151 137 100 80 72 

CSIRO-Mk3.5 45 50 74a 78 94 140 131 133 112 87 78 74 

ECHAM5/MPI-OM 53 48 68ab 92 95 122 140 126 138 92 89 69 

GFDL-CM2.0 57 51 71a 83 107 130 136 128 129 96 84 69 

GFDL-CM2.1 52 48 72a 92 117 126 147 146 124 97 87 59 

MIROC3.2 (medres) 49 60 69ab 92 100 119 131 141 121 85 104 76 

UKMO-HADCM3 51 43 65ab 83 99 137 140 150 136 101 101 83 

LSD (P = 0.05) ns ns 26 ns ns ns ns ns ns ns ns ns 

Means with differing subscripts next to values indicate a significant difference at P < 0.05. 

 

Appendix 6.3 Merseylea mean monthly rainfall (mm) from the data sources of AWAP 0.1, 

CSIRO-Mk3.5, ECHAM5/MPI-OM, GFDL-CM2.0, GFDL-CM2.1, MIROC3.2 (medres) and 

UKMO-HADCM3 for the period 1990 to 2007. 

Data source Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

AWAP 0.1 60a 41 36b 62 75 101 105 110 94 70 65 54 

CSIRO-Mk3.5 37b 41 67a 64 75 107 101 104 79 62 63 65 

ECHAM5/MPI-OM 47ab 39 60ab 72 79 91 114 104 99 65 69 61 

GFDL-CM2.0 48ab 47 61a 66 87 106 108 102 92 72 62 55 

GFDL-CM2.1 43ab 39 58ab 70 94 99 121 111 92 65 64 52 

MIROC3.2 (medres) 40ab 47 59ab 75 80 96 105 108 86 60 78 65 

UKMO-HADCM3 43ab 32 53ab 67 78 107 104 122 100 71 70 68 

LSD (P = 0.05) 21 ns 24 ns ns ns ns ns ns ns ns ns 

Means with differing subscripts next to values indicate a significant difference at P < 0.05. 

 

Appendix 6.4 Cressy mean monthly rainfall (mm) from the data sources of AWAP 0.1, 

CSIRO-Mk3.5, ECHAM5/MPI-OM, GFDL-CM2.0, GFDL-CM2.1, MIROC3.2 (medres) and 

UKMO-HADCM3 for the period 1990 to 2007. 

Data source Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

AWAP 0.1 60a 37 30b 52 59 75 82 90 76 59 56 49 

CSIRO-Mk3.5 38b 40 59a 53 56 78 80 85 64 53 61 64 

ECHAM5/MPI-OM 45ab 34 54a 66 58 71 89 82 80 56 62 56 

GFDL-CM2.0 41ab 45 56a 54 64 76 81 84 77 62 59 50 

GFDL-CM2.1 41ab 33 53a 53 72 70 93 91 76 56 53 50 

MIROC3.2 (medres) 40b 39 53a 58 60 68 81 88 68 52 73 60 

UKMO-HADCM3 43ab 30 48ab 54 56 75 84 98 86 60 63 64 

LSD (P = 0.05) 19 ns 21 ns ns ns ns ns ns ns ns ns 

Means with differing subscripts next to values indicate a significant difference at P < 0.05. 
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Appendix 6.5 Ringarooma mean monthly rainfall (mm) from the data sources of AWAP 0.1, 

CSIRO-Mk3.5, ECHAM5/MPI-OM, GFDL-CM2.0, GFDL-CM2.1, MIROC3.2 (medres) and 

UKMO-HADCM3 for the period 1990 to 2007. 

Data source Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

AWAP 0.1 73a 46 45b 77 101b 115 123 150 110b 92 81 63 

CSIRO-Mk3.5 46b 50 77a 77 105ab 132 120 142 115ab 75 67 85 

ECHAM5/MPI-OM 56ab 44 65ab 96 103ab 118 136 132 138a 88 76 71 

GFDL-CM2.0 61ab 58 66ab 77 123ab 122 126 129 127ab 86 72 78 

GFDL-CM2.1 52ab 52 65ab 86 136a 111 141 146 127ab 86 66 70 

MIROC3.2 (medres) 55ab 60 66ab 97 116ab 122 126 134 116ab 76 90 84 

UKMO-HADCM3 59ab 38 60ab 86 112ab 135 129 142 139a 89 80 82 

LSD (P = 0.05) 22 ns 24 ns 32 ns ns ns 27 ns ns ns 

Means with differing subscripts next to values indicate a significant difference at P < 0.05. 

 

Appendix 6.6 Ouse mean monthly rainfall (mm) from the data sources of AWAP 0.1, 

CSIRO-Mk3.5, ECHAM5/MPI-OM, GFDL-CM2.0, GFDL-CM2.1, MIROC3.2 (medres) and 

UKMO-HADCM3 for the period 1990 to 2007. 

Data source Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

AWAP 0.1 49 34 40b 56 48b 67 75 81 79 81a 57b 60 

CSIRO-Mk3.5 38 36 69a 52 47ab 75 61 85 74 57ab 77ab 67 

ECHAM5/MPI-OM 46 35 61ab 64 47ab 74 64 63 71 66ab 79ab 51 

GFDL-CM2.0 49 44 53ab 54 56ab 66 72 67 80 65ab 70ab 52 

GFDL-CM2.1 35 34 63ab 53 68a 66 67 85 69 75ab 67ab 52 

MIROC3.2 (medres) 41 38 57ab 53 60ab 68 57 72 67 61b 85a 70 

UKMO-HADCM3 45 36 56ab 52 54ab 67 83 70 80 71ab 86a 60 

LSD (P = 0.05) ns ns 25 ns 19 ns ns ns ns 20 25 ns 

Means with differing subscripts next to values indicate a significant difference at P < 0.05. 

 

Appendix 7.0         

 

Mean simulated monthly pasture cut yield (kg DM/ha) from the data sources of AWAP 0.1, 

CSIRO-Mk3.5, ECHAM5/MPI-OM, GFDL-CM2.0, GFDL-CM2.1, MIROC3.2 (medres) and 

UKMO-HADCM3 for the period 1990 to 2007, at the sites of Woolnorth, Flowerdale, 

Merseylea, Cressy, Ringarooma and Ouse. 

 

Appendix 7.1 Woolnorth mean simulated monthly pasture cut yield (kg DM/ha) from the 

data sources of AWAP 0.1, CSIRO-Mk3.5, ECHAM5/MPI-OM, GFDL-CM2.0, GFDL-

CM2.1, MIROC3.2 (medres) and UKMO-HADCM3 for the period 1990 to 2007. 

Data source Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

AWAP 0.1 307 144 230 263 278 109 202 654a 1342a 2193 1817 618b 

CSIRO-Mk3.5 282 97 82 278 235 86 176 574ab 1201b 2172 1453 851ab 

ECHAM5/MPI-OM 391 89 106 157 245 118 192 583ab 1190b 2172 1560 606ab 

GFDL-CM2.0 352 126 156 235 219 115 158 554b 1123b 2166 1835 684ab 

GFDL-CM2.1 259 68 149 284 238 98 179 615ab 1192b 2158 1928 849ab 

MIROC3.2 (medres) 319 64 164 316 220 72 161 574ab 1237ab 2151 1743 1150a 

UKMO-HADCM3 243 8 130 224 261 97 194 620ab 1162b 2208 1949 1236a 

LSD (P = 0.05) ns ns ns ns ns ns ns 99 113 ns ns 474 

Means with differing subscripts next to values indicate a significant difference at P < 0.05. 
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Appendix 7.2 Flowerdale mean simulated monthly pasture cut yield (kg DM/ha) from the 

data sources of AWAP 0.1, CSIRO-Mk3.5, ECHAM5/MPI-OM, GFDL-CM2.0, GFDL-

CM2.1, MIROC3.2 (medres) and UKMO-HADCM3 for the period 1990 to 2007. 

Data source Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

AWAP 0.1 456 307 233 191b 190 39b 39 182 948a 2051 2086 1111b 

CSIRO-Mk3.5 369 167 388 480ab 295 38ab 30 215 904ab 2083 1714 1076ab 

ECHAM5/MPI-OM 664 194 243 442ab 319 87a 55 288 894ab 2047 1984 1080ab 

GFDL-CM2.0 640 266 367 410ab 274 64ab 19 174 788b 2064 2210 1116ab 

GFDL-CM2.1 426 197 256 539a 277 45ab 24 252 939ab 2033 2258 1207ab 

MIROC3.2 (medres) 548 117 352 389ab 272 30ab 38 174 905ab 2059 2150 1649ab 

UKMO-HADCM3 515 106 406 362ab 240 46ab 36 259 923ab 2077 2205 1717a 

LSD (P = 0.05) ns ns ns 299 ns 43 ns ns 156 ns ns 588 

Means with differing subscripts next to values indicate a significant difference at P < 0.05. 

 

Appendix 7.3 Merseylea mean simulated monthly pasture cut yield (kg DM/ha) from the data 

sources of AWAP 0.1, CSIRO-Mk3.5, ECHAM5/MPI-OM, GFDL-CM2.0, GFDL-CM2.1, 

MIROC3.2 (medres) and UKMO-HADCM3 for the period 1990 to 2007. 

Data source Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

AWAP 0.1 225 270 242 137 62b 6 14 15 355 1860 1447a 562 

CSIRO-Mk3.5 191 51 183 306 216a 3 0 3 295 1835 874b 650 

ECHAM5/MPI-OM 477 148 112 187 177ab 1 0 0 458 1824 1258ab 687 

GFDL-CM2.0 408 208 120 284 160ab 7 0 0 194 1896 1623ab 629 

GFDL-CM2.1 168 165 55 311 202a 6 0 4 394 1961 1447ab 699 

MIROC3.2 (medres) 377 42 65 288 217a 1 0 0 261 1824 1446ab 1080 

UKMO-HADCM3 280 45 128 171 136ab 3 0 4 511 2014 1624ab 975 

LSD (P = 0.05) ns ns ns ns 128 ns ns ns ns ns 518 ns 

Means with differing subscripts next to values indicate a significant difference at P < 0.05. 

 

Appendix 7.4 Cressy mean simulated monthly pasture cut yield (kg DM/ha) from the data 

sources of AWAP 0.1, CSIRO-Mk3.5, ECHAM5/MPI-OM, GFDL-CM2.0, GFDL-CM2.1, 

MIROC3.2 (medres) and UKMO-HADCM3 for the period 1990 to 2007. 

Data source Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

AWAP 0.1 286 128 156a 54 1 0 0 0 0 294b 1009a 319 

CSIRO-Mk3.5 123 10 82ab 141 20 0 0 0 0 169ab 320b 486 

ECHAM5/MPI-OM 359 125 11ab 74 23 0 0 0 0 352ab 887ab 415 

GFDL-CM2.0 180 117 65ab 111 28 0 0 0 0 248ab 948ab 416 

GFDL-CM2.1 61 58 7b 29 13 0 0 0 0 266ab 824ab 385 

MIROC3.2 (medres) 218 9 0b 55 7 0 0 0 0 75ab 770ab 624 

UKMO-HADCM3 182 39 50ab 78 7 0 0 0 0 572a 1187ab 551 

LSD (P = 0.05) ns ns 147 ns ns ns ns ns ns 224 529 ns 

Means with differing subscripts next to values indicate a significant difference at P < 0.05. 
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Appendix 7.5 Ringarooma mean simulated monthly pasture cut yield (kg DM/ha) from the 

data sources of AWAP 0.1, CSIRO-Mk3.5, ECHAM5/MPI-OM, GFDL-CM2.0, GFDL-

CM2.1, MIROC3.2 (medres) and UKMO-HADCM3 for the period 1990 to 2007. 

Data source Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

AWAP 0.1 654 441 236 222b 100 0 0 0 137a 1240 2101a 933 

CSIRO-Mk3.5 308 233 279 534a 154 0 0 0 39b 1196 1595b 1118 

ECHAM5/MPI-OM 714 198 136 361ab 148 0 0 0 30b 1222 1876ab 988 

GFDL-CM2.0 831 315 312 375ab 110 6 0 0 3b 1007 2041ab 1133 

GFDL-CM2.1 333 261 322 380ab 108 0 0 0 5b 1126 1970ab 1126 

MIROC3.2 (medres) 795 219 166 365ab 127 0 0 0 31b 956 1901ab 1531 

UKMO-HADCM3 648 163 157 135ab 118 0 0 0 70ab 1367 2044ab 1425 

LSD (P = 0.05) ns ns ns 261 ns ns ns ns 85 ns 407 ns 

Means with differing subscripts next to values indicate a significant difference at P < 0.05. 

 

Appendix 7.6 Ouse mean simulated monthly pasture cut yield (kg DM/ha) from the data 

sources of AWAP 0.1, CSIRO-Mk3.5, ECHAM5/MPI-OM, GFDL-CM2.0, GFDL-CM2.1, 

MIROC3.2 (medres) and UKMO-HADCM3 for the period 1990 to 2007. 

Data source Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

AWAP 0.1 294 77 31 3b 0b 0 0 0 0 187 1138a 379 

CSIRO-Mk3.5 150 17 64 190a 25ab 0 0 0 0 125 532b 658 

ECHAM5/MPI-OM 264 109 0 25b 32a 0 0 0 0 203 847ab 536 

GFDL-CM2.0 177 129 66 115ab 1b 0 0 0 0 49 786ab 453 

GFDL-CM2.1 73 0 18 0b 2b 0 0 0 0 108 925ab 557 

MIROC3.2 (medres) 234 35 0 5b 1b 0 0 0 0 95 609b 733 

UKMO-HADCM3 220 39 33 6b 5ab 0 0 0 0 197 1221a 797 

LSD (P = 0.05) ns ns ns 115 28 ns ns ns ns ns 501 ns 

Means with differing subscripts next to values indicate a significant difference at P < 0.05. 
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Appendix 8.0         

 

Multi-model mean seasonal rainfall intensity (mm)  from the data sources of CSIRO-Mk3.5, 

ECHAM5/MPI-OM, GFDL-CM2.0, GFDL-CM2.1, MIROC3.2 (medres) and UKMO-

HADCM3 for the period 1971 to 2100, at the sites of Woolnorth, Flowerdale, Merseylea, 

Cressy, Ringarooma and Ouse. 

Appendix 8.0 Multi-model mean seasonal rainfall intensity (mm) at Woolnorth (a), 

Flowerdale (b), Merseylea (c), Cressy (d), Ringarooma (e) and Ouse (f) for the period 1971 to 

2100. 
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Appendix 9.0 

 

Multi-model mean seasonal GPWUI (kg DM/mm)  from the data sources of CSIRO-Mk3.5, 

ECHAM5/MPI-OM, GFDL-CM2.0, GFDL-CM2.1, MIROC3.2 (medres) and UKMO-

HADCM3 for the period 1971 to 2100, at the sites of Woolnorth, Flowerdale, Merseylea, 

Cressy, Ringarooma and Ouse. 

Appendix 9.0 Multi-model mean of seasonal GPWUI (kg DM/mm) at Woolnorth (a), 

Flowerdale (b), Merseylea (c), Cressy (d), Ringarooma (e) and Ouse (f) for the period 1971 to 

2100. 
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Appendix 10.0 

 

Mean simulated monthly runoff (mm) from the data sets of AWAP 0.1, CSIRO-Mk3.5, 

ECHAM5/MPI-OM, GFDL-CM2.0, GFDL-CM2.1, MIROC3.2 (medres) and UKMO-

HADCM3 at the sites of Woolnorth, Flowerdale, Merseylea, Cressy, Ringarooma and Ouse, 

for the baseline, 2025, 2055 and 2085. 

 

Appendix 10.1 Woolnorth multi-model mean simulated monthly runoff (mm) for the 

baseline, 2025, 2055 and 2085. 

 
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Baseline 4.09a 2.30 2.79a 4.02 8.98 17.91ab 26.47b 29.40b 23.61ab 16.16b 11.69ab 8.80 

2025 4.34a 2.27 2.27ab 3.88 8.26 16.59b 25.87b 28.29b 23.48ab 16.48b 10.86b 7.91 

2055 3.96ab 2.16 2.31ab 4.15 8.70 17.17ab 26.14b 29.39b 22.41b 16.05b 11.07b 7.90 

2085 3.09b 2.05 2.22b 4.20 8.73 18.61a 29.55a 32.87a 24.94a 19.05a 13.28a 8.11 

LSD (P = 0.05) 0.90 ns 0.55 ns ns 1.79 2.33 2.73 2.12 1.84 1.64 ns 

Means with differing subscripts next to values indicate a significant difference at P < 0.05. 
 

Appendix 10.2 Flowerdale multi-model mean simulated monthly runoff (mm) for the 

baseline, 2025, 2055 and 2085. 

 
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

baseline 11.03
ab 

7.45 10.50 15.66 30.81 59.02
ab 

87.22
b
 95.24

ab 
80.63

a
 51.97 29.00

a
 19.68 

2025 12.57
a
 8.67 10.12 16.52 29.20 54.49

b
 84.84

b
 90.62

b
 76.45

ab 
50.42 26.42

ab 
17.24 

2055 11.68
ab 

8.88 10.72 16.67 32.20 57.27
ab 

85.39
b
 93.75

ab 
73.27

b
 49.48 25.83

b
 18.68 

2085 10.10
b
 8.83 11.53 16.54 30.57 63.41

a
 96.31

a
 98.09

a
 74.58

b
 53.40 26.84

ab 
17.52 

LSD (P = 0.05) 2.19 ns ns ns ns 6.89 7.85 6.88 5.76 ns 2.71 ns 

Means with differing subscripts next to values indicate a significant difference at P < 0.05. 

 

Appendix 10.3 Merseylea multi-model mean simulated monthly runoff (mm) for the 

baseline, 2025, 2055 and 2085. 

 
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

baseline 2.27b 1.61b 2.96 5.21 12.91ab 28.49b 51.93b 60.00a 39.20a 17.64b 8.94 5.86 

2025 3.36a 2.35a 3.12 5.40 11.80b 25.61b 50.16b 53.81b 36.53ab 18.24b 7.66 5.10 

2055 2.74ab 2.03ab 3.02 5.82 14.84ab 31.22b 55.25b 58.95ab 34.38b 18.81b 7.80 5.06 

2085 2.63ab 2.33a 3.48 6.55 15.77a 36.31a 63.98a 61.97a 36.49ab 23.66a 8.95 5.94 

LSD (P = 0.05) 0.91 0.66 ns ns 3.17 5.06 6.92 6.05 4.46 3.04 ns ns 

Means with differing subscripts next to values indicate a significant difference at P < 0.05. 

 

Appendix 10.4 Cressy multi-model mean simulated monthly runoff (mm) for the baseline, 

2025, 2055 and 2085. 

 
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Baseline 2.78b 1.93b 3.02 3.99b 6.36 11.28b 20.28b 26.33a 22.09 10.71b 5.32ab 5.33 

2025 3.99a 2.85a 4.00 4.73ab 6.36 10.43b 20.19b 25.09a 20.67 10.31b 4.67b 4.70 

2055 3.41ab 2.52ab 3.60 4.72ab 7.17 12.04b 21.79b 27.05a 20.10 10.48b 4.83b 5.01 

2085 3.41ab 2.91a 4.20 5.53a 7.17 14.26a 25.24a 30.88b 22.10 13.68a 5.84a 5.05 

LSD (P = 0.05) 0.86 0.62 ns 1.31 ns 1.98 2.88 2.92 ns 1.6 0.87 ns 

Means with differing subscripts next to values indicate a significant difference at P < 0.05. 
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Appendix 10.5 Ringarooma multi-model mean simulated monthly runoff (mm) for the 

baseline, 2025, 2055 and 2085. 

 
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

baseline 16.20 10.31
b
 10.25 14.66 33.12 53.50

b
 77.17

b
 86.12

bc
 76.43

b
 50.75

b
 30.35

b
 24.69 

2025 16.88 11.89
ab 

11.20 15.67 30.67 50.95
b
 75.69

b
 82.20

c
 76.09

b
 51.65

b
 29.07

b
 23.31 

2055 17.02 11.63
ab 

10.81 14.48 31.53 54.04
b
 81.00

b
 92.08

b
 77.68

ab 
52.31

b
 30.27

b
 24.08 

2085 16.34 12.49
a
 11.27 15.29 33.70 60.06

a
 92.34

a
 99.71

a
 82.04

a
 59.82

a
 33.61

a
 24.35 

LSD (P = 0.05) ns 1.79 ns ns ns 5.95 6.79 6.31 5.52 4.02 2.60 ns 

Means with differing subscripts next to values indicate a significant difference at P < 0.05. 

 

Appendix 10.6 Ouse multi-model mean simulated monthly runoff (mm) for the baseline, 

2025, 2055 and 2085. 

Scenario Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Baseline 0.85b 0.55b 1.08 1.20b 1.95b 3.80 5.59b 6.34b 5.59ab 3.44b 2.57ab 1.90ab 

2025 1.09ab 0.77ab 1.56 1.76ab 1.95b 4.09 5.80ab 6.18b 5.44ab 3.57b 2.27b 1.68b 

2055 1.27a 0.92a 1.24 1.88a 2.39ab 3.97 5.97ab 6.19b 5.16b 3.61ab 2.68ab 1.98ab 

2085 1.20ab 0.96a 1.38 2.01a 2.57a 4.44 6.99a 8.63a 6.36a 4.38a 3.20a 2.31a 

LSD (P = 0.05) 0.39 0.29 ns 0.64 0.56 ns 1.27 1.76 1.06 0.79 0.65 0.53 

Means with differing subscripts next to values indicate a significant difference at P < 0.05. 

 

Appendix 11.0 

 

Mean simulated monthly River flow (GL) from the data sets of AWAP 0.1, CSIRO-Mk3.5, 

ECHAM5/MPI-OM, GFDL-CM2.0, GFDL-CM2.1, MIROC3.2 (medres) and UKMO-

HADCM3 at Ringarooma, for the baseline, 2025, 2055 and 2085. 

 

Appendix 11.0 Ringarooma multi-model mean simulated monthly River flow (GL) for the 

baseline, 2025, 2055 and 2085. 

Scenario Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Baseline 2315 1385 1481 2587 6902 10488 14690b 15624bc 13219 8189b 4731 3748 

2025 2420 1594 1623 2729 6331 9852 14175b 14792c 13044 8252b 4385 3403 

2055 2305 1487 1504 2412 6162 9957 14855b 16441ab 12848 8280b 4416 3405 

2085 2171 1612 1579 2521 6180 10887 16091a 17084a 13258 9044a 4624 3286 

LSD (P = 0.05) ns ns ns ns ns ns 1185 1164 ns 681 ns ns 

Means with differing subscripts next to values indicate a significant difference at P < 0.05. 

 

 

 

 

 

 

 

 

 

 

 

“For the gardens end, is where the wilderness begins” 

 


