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Abstract

Both the agricultural and water sectors are sensitive to meteorological phenomena over a range of timescales.  Weather services for agriculture concentrate on timescales from the present to a few days ahead. Improvements in short-term weather forecasts can be expected over the next few years. Defining, monitoring and predicting climate variability is central to both the tactical and strategic management of climate risks and opportunities, and in helping to ensure that natural resources are managed in a long-term sustainable manner. Significant improvements in dynamical climate models should deliver major benefits for agriculture. Climate change may exacerbate already difficult conditions for agriculture in some countries, particularly with regard to the availability of water for irrigation and decreases in soil moisture in some locations.  Improved earth system modelling can deliver improved predictions of water availability in terms of river flows for storage management and water allocation as well as for variables such as soil moisture that will be valuable to decision-making in many agricultural applications such as crop planning and management.
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Introduction

Recent times have seen an unprecedented demand for weather and climate information, principally due to the impacts of extreme weather events (high temperatures, severe storms, cyclones, etc) and the severe and widespread drought conditions that have occurred in many parts of the world. On shorter time-scales, weather and hydrological services are utilised by government, industries, farmers and a range of other end-users for their decision-making. The meteorological observations, which underpin the wide range of products and services provided by National Meteorological and Hydrological Services (NMHSs), are also a valuable information source made available to governments, industry and the community.

The impacts of climate variability (e.g. drought) on agriculture are high. For example, the 2002-03 El Niño-related drought in Australia resulted in a 1% drop in the Gross Domestic Product (Australian Bureau of Statistics, 2003; Coughlan et al., 2004) and earlier droughts have had similar impacts.

The aim of this paper is to highlight the potential benefits of meteorological and hydrological services (weather, climate and water) to the agricultural community and for water resource management. The paper attempts to provide a global perspective but draws heavily on the experiences within Australia. NMHSs have certain national responsibilities in respect of the atmosphere and parts of the land phase of the hydrological cycle and, accordingly, play a key role in the planning, development and operations of the agricultural sector on national and regional scales.  They also liaise closely with various government agencies on policy and operational matters regarding disaster management for droughts and floods, as well as aspects of the spread of agricultural pests and diseases. The majority of NMHSs perform these functions in the public interest generally but also for the purpose of assisting people and authorities engaged in natural resources management.

Weather Services for Agriculture

The agricultural sector is sensitive to weather phenomena over a range of timescales and weather services for agriculture concentrate on timescales from the present to a few days ahead. 

Because of the industry’s sensitivity to weather over short time scales, the availability of accurate weather forecasts and warnings together with current observational data is essential to minimise losses in production and improve efficiency. Some key issues for agriculture, with regard to these shorter-term weather services, are:

· Further developments in weather services will improve tactical decision-making; and 

· Farmers and other end-users would benefit from greater access to weather services.

Improving tactical decisions

Some examples of services and how they can improve on-farm efficiency include:

· The ability to forecast rain following a dry spell with a high degree of accuracy enables farmers to make critical planting decisions. Improved rainfall prediction products such as rainfall amounts and probabilities are seen as vital inputs to these decisions;

· The provision of services advising of the likelihood of frost or cold, wet and windy weather enable farmers to shelter stock susceptible to hypothermia and orchardists and viticulturalists to take protective measures against frost or fungal disease outbreaks. Improved awareness of the existing forecast and warning products and improved presentation could reduce both crop and livestock losses and also reduce the cost of unnecessary or badly timed protective methods; and

· The effectiveness of crop spraying depends greatly on the wind speed and humidity at the site of application. Awareness of when favourable conditions are forecast and when they are being experienced in real-time will greatly reduce costs to the producer by reducing the amount of misapplied chemicals and increasing the efficiency of those that are applied. 

Benefits from easier access to weather services

To increase the use of agricultural weather services it is imperative that producers are aware that the services exist and can gain easy access to them on the farm and in the field. One option is to establish a web site specifically aimed at agricultural producers containing relevant services, together with explanatory material that assists them in using the products. One challenge to the introduction of such an enhanced service in many countries is the availability of Internet connections in rural and remote areas capable of handling products that are becoming more graphical in nature and therefore larger. 

Climate variability and change

The focus of the climate activities of an NMHS is on describing those features of climate variability and change that are of importance to the agricultural community, in supporting related research and in providing services. 

Seasonal climate variability and prediction

As an example, Australian agriculture experiences a climate which is more variable than many other nations with major agricultural sectors (e.g., Figure 1). This high variability largely reflects the influence of the El Niño – Southern Oscillation phenomenon (ENSO), which leads to a regular cycle from meteorological drought (usually in association with an El Niño event) to periods of abundant (and even excessive) rainfall in association with La Niña events.

Defining, monitoring and predicting climate variability is central to both the tactical and strategic management of climate risks and opportunities, and in helping to ensure that natural resources are managed in a long-term sustainable way. Understanding climate variability and its natural range, requires spatially extensive, high-quality, and consistent long-term meteorological observations.

Figure 1.  

The coefficient of variation of national annual rainfall for Australia and 10 other countries. Values are calculated by dividing the standard deviation of annual rainfall by its mean. (Source: Love (2005))
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Understanding the mechanisms and predicting climate variations on seasonal to interannual time-scales requires globally extensive monitoring of the atmosphere, oceans, and land surface. Using past observations and statistical modelling, it is possible to formulate seasonal climate outlooks which define the likelihood of a climatic outcome (such as above average rainfall, or below average temperatures). Recently developed complex computer models (Coupled Global Climate Models), which are based on physical rather than statistical relationships, have the potential to allow for longer range and more accurate forecasts, but require massive computing resources and globally extensive and timely observations of climate variables. 

Climate forecasts offer the opportunity for improved risk management in the face of climate variability. Particularly when linked to agricultural or farm economic modelling tools, climate forecasts enable climate sensitive industries to move beyond the simple application of fixed climate statistics when making decisions. They also raise the possibility for proactive prediction-based drought policy. 

There are clearly opportunities to improve policy outcomes for agriculture through enhanced climate services and increased uptake of existing climate services in agriculture through:

· Improved climate data thereby ensuring that climatological risk is better defined, and that agricultural practice best reflects actual long-term climate expectations;

· Improved climate monitoring thereby providing the opportunity for improved tactical management by farmers, allowing active redefinition of climate risk and the opportunity for decisions to reflect current climatic conditions; and

· Improved seasonal prediction, particularly when coupled with decision support tools, which offer the opportunity to actively manage climate risk and opportunity, by forewarning of adverse or beneficial climatic conditions.

Benefits from improved climate data

Climate services include climate data collection, climate monitoring (analysis) and climate prediction. Climate prediction is not possible without the process of climate monitoring, and similarly climate monitoring is not possible without data collection, highlighting the foundation role of meteorological, oceanographic and related observational data. However, while widespread use is made of data from the observation networks operated by NMHSs, the definition of climate variability and concomitant agricultural impacts could make greater use of the available remotely sensed data (e.g. from satellites). 

Benefits from improved climate monitoring

Climate monitoring consists of analysing climate data, with an emphasis on comparison to past observations and baselines. Associated products establish the historical context for climate variability, thereby enabling the definition of exceptional events, and when coupled with agricultural decision support tools enable better tactical and strategic management of farm risks. For example, Abawi et al. (1995) has shown how the risk of rain damage to wheat is substantially elevated when the western Pacific Ocean is warmer than average, a situation which often occurs during Pacific La Niña events. Advance knowledge of such information can be used to modify the time of harvesting, reducing the risk of crop downgrades, and substantially increasing expected farm profit.

Improvements in climate monitoring can be expected over the next few years especially in relation to the linking of parameters such as climate, soil moisture and water resources information. Recent work as part of the research program of the Cooperative Research Centre for Catchment Hydrology to develop tools for the stochastic generation of rainfall and climate data at annual, monthly and daily time steps for all locations in Australia (Srikanthan and Chiew, 2003) provides the data needed to support more detailed examination of risk in the design and operation of a wide range of agricultural and water management systems.

Benefits from improved seasonal climate forecasts

NMHSs have a major role in the development and public dissemination of seasonal climate forecasts. For example, in Australia, three month (seasonal) outlooks which give the likelihood of rainfall and temperature being near “normal”, “above normal”, and “below normal” are produced every month, and are distributed via the Bureau’s website. More detailed information is distributed via a cost-recovery subscription service. 

The Bureau of Meteorology has been using coupled general circulation models (CGCMs) to provide routine forecasts of ENSO since the late 1990s (Wang et al. 2001; Power et al. 1998). The latest system is called POAMA (Predictive Ocean Atmosphere Model for Australia). Unlike earlier statistical seasonal outlook schemes, the CGCM-based forecast systems are based on the physics which control climate variability rather than a history of past observations. This means that the systems have the potential to be better able to cope with events that are outside the range represented by the observed statistics (including severe events and a changing climate) and can provide longer-lead and more accurate forecasts. Climate change means that observations of the past are an increasingly less useful guide to the future, necessitating this shift from history to physics. However, the application of CGCM-bases forecast systems to agriculture has been slowed by the need to accurately model the atmosphere, ocean, and land processes together, a very challenging and resource intensive task that has become known as Integrated Earth System Modelling. In the long term, CGCM-based forecast systems offer the opportunity for much more accurate and agriculturally tailored seasonal outlook information. However, such opportunity will only be realised through ongoing investment in basic data and climate science.

Improving the use of climate variability information in agricultural management also offers a low or zero cost opportunity to increase the ability of agricultural activities to adapt to climate change. For example, water conservation measures activated during droughts may equally well be applied in response to climate change if there is reduced water availability in the future. It is probable that many sectors are already adopting adaptation strategies for climate change, simply by better managing the impact of climate variability. Clearly, improving the uptake of such information will lead to an increase in adaptive capacity.

Climate change: potential impacts, observations and possible future changes

The findings and issues of most relevance to agriculture with regard to climate change are:

· Climate change is expected to have considerable impact on agriculture and this presents challenges for the future;

· Improvements in climate data and climate science are reducing uncertainties in our understanding of climate change;

· There is an urgent need for a rigorous detection and attribution effort to determine the extent to which recent unusual climate anomalies reflect natural as compared to anthropogenic climate change; and

· The need for improved climate change projections and, in particular, probabilistic climate change projections which describe the future evolution of climate risk and opportunity for agriculture, thereby facilitating the adoption of rigorous risk management practices.

Potential impacts of climate change

A recent Australian Greenhouse Office (AGO) publication (Pittock, 2003) reports that climate change may exacerbate already difficult conditions for Australian agriculture, particularly with regard to the availability of water for irrigation. This publication also states that, by the mid-to-late twenty-first century, the net effects of climate change on agriculture in Australia are likely to be negative. IPCC (2001b) conclusions tend to support these while noting that many uncertainties remain.

Climate change poses a major potential threat to the sustainability, and even viability, of some agricultural activities and potential impacts need to be carefully assessed and managed, and their policy implications also assessed. 

At regional and national levels, long-term climate change presents at least three distinct policy relevant issues which distinguish it from what would need to be considered solely from climate variations, without the influence of enhanced greenhouse forcing. These include:

· Uncertainty about the magnitude and relative contributions of natural and human induced factors on observed climate change, leading to a less than perfect knowledge of climate risk;

· Uncertainty about the rate and (in some cases) direction of future climate change, leading to uncertainty about the optimal adaptation strategies; and

· Uncertainty about changes to national and international competitive advantage in agriculture. For example, drying trends might benefit farmers on the southern edge of the cropping zone and disadvantage farmers on the northern end, while both may be disadvantaged by warming trends in the northern hemisphere (which might offer the opportunity for northwards expansion of cropping in Russia and Canada). 

For industries with low in-built adaptive capacity, climate change will inevitably require active and possible dramatic adaptation strategies to be adopted, as incremental management may be insufficient. Detecting the point at which managing climate risk needs to be replaced with structural adjustment is far from precise. 

Improved observations and science are reducing uncertainties in climate change

Certain aspects of climate change are now well established; for example, the global surface warming of 0.7-0.9ºC (this range reflects differing definitions of trends) since 1910, and a current surface warming of 0.2-0.3 ºC per decade are well understood and without serious dispute (IPCC, 2001a, see Figure 2). Much, if not most, of the recent warming is likely to be due to human emissions of greenhouse gases (IPCC, 2001a; Meehl et al., 2004), with a further warming of around 0.5 ºC highly likely, even without further increases in atmospheric greenhouse gases (Meehl et al., 2005). Paleoclimatic observations from the Northern Hemisphere, i.e. from tree rings, corals, ice cores, etc, reveal that recent global warming is very likely occurring at a greater rate than any temperature change observed in the past millennium and probably over the last 1800 years.

Significant systematic changes in climate variables such as temperature and frost frequency are already being observed across many countries, implying that the current climate is in a state of flux.  Uncertainty exists in determining the extent to which observed changes in climate over Australia may have an anthropogenic origin, although the experience of the 2002 drought in Australia suggests that global warming provides a highly plausible cause for its exceptional severity (Nicholls, 2004). Importantly, all projections reviewed by IPCC (2001a) point to many countries experiencing significant climate change in future years, which would increasingly render historical records less useful analogues for any new climate distribution. In future years, it is possible that climate anomalies in some regions, which would now be considered exceptional, will become commonplace. 

Australia’s NMHS contributes to the nation’s management of climate change by monitoring climate, managing the national climate record,  improving climate science through research climate change attribution, climate change projections and providing a range of climate change related services.. Many of the research activities are undertaken in close collaboration with other agencies, such as the Australian Greenhouse Office (AGO), CSIRO, and State departments of agriculture/primary industries and natural resources. The AGO’s Australian Climate Change Science Program and National Climate Change Adaptation Program provides overarching frameworks.

Observing climate change requires high quality, long-term climate records. In Australia, a national Reference Climate Station (RCS) network has been identified to monitor long-term climate trends and variability. This network is the backbone of a number of high-quality datasets used to monitor variations in Australian temperatures and rainfall (Figure 3). Where possible, observations in these datasets have been adjusted for discontinuities caused by changes in location, exposure, instrumentation, and observation practice. The datasets are used extensively for research, climate monitoring and reporting, including Australia’s State of the Environment reporting (Department of the Environment and Heritage (DoEH), 2001).

Improved projections of climate change

The future incidence of drought under a changing climate will be strongly influenced by possible changes to the important modes of interannual variability, for example ENSO and other climate phenomenon. The Third Assessment Report from the Intergovernmental Panel on Climate Change (IPCC, 2001a) found a range of warming of around 2.5 to 5°C in northern Australia, and 2 to 4°C in southern Australia towards the end of this century. Projected precipitation changes are more mixed, showing general decreases in northern and southern Australia, but with some models showing increases (particularly in the south). The potential exists for future decreased soil moisture over the continent under a warmer climate. Improved climate modelling capabilities, such as those emerging from initiatives such as the proposed Australian Community Climate Earth System Simulator discussed later, aimed at better clarification and perhaps reduction in some of the uncertainty inherent in current projected changes of climate in coming decades.

Water Management Issues

The Bureau, like NMHSs in other countries, is often involved in several initiatives that support sound water management in their countries. For example:

· NMHSs often have a lead role in providing flood forecasts and warnings and opportunities exist to extend this to support water management more widely; and

· NMHSs also have a key role in improving earth system simulation and, coupled with other related research and development, will deliver further opportunities for water management.

A key determinant of the long term profitability, competitiveness and sustainability of the agriculture sector will be the extent to which the current challenges in water management are handled. The effective sharing of water among the wide range of competing uses requires good information on the current extent and variability (spatial and temporal) of the resource as well as the ability to understand and predict its variability, both existing and as a result of any long term climate change. NMHSs can contribute effectively to the provision of information through their climate observing networks and various weather and climate modelling services and also to the understanding of the resource through its capability to translate this information into hydrological and water resources products.

Extending services for improved water management

Some NMHSs operate a national river monitoring and forecasting service which is most commonly directed towards flood forecasting and warning, but has considerable potential to be extended to a more general river forecasting service providing short and medium term water resource outlooks. The river monitoring and forecasting service can involve national scale real-time river data collection and the provision of a range of real-time hydrological data and information through the Internet. This information on river flows has the potential to form the basis of a system that can support more efficient operation of water management systems by enabling them to adapt to the continually varying climate and water allocation demands.  Such a national river forecasting system also has the potential for assessing the impact of short-to-medium term climate variability as well as much longer-term climate change. 

Figure 2.

The annual combined global land and marine surface temperature record from 1856 to 2004 from http://www.cru.uea.ac.uk/cru/info/warming/ (Jones and Moberg, 2003).
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Figure 3.

Locations of Australia’s high-quality rainfall network used to monitor rainfall trends and variations.
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A challenge for the implementation of such a system is the requirement to address issues of consistency of standards in water resource data collection and data management among the growing number of agencies involved.  This will require a strong commitment and coordination at the national level. NMHSs can play a key role here through their network of offices and observing sites, their continuing role in water resources data collection and assessment and, in particular, through their operation of national rainfall and evaporation data networks. Moreover, NMHSs often have established links with key water groups involved in data collection and resource management in that country, as well as potential links to the international community through the World Meteorological Organization (WMO) and UNESCO water programs which enable access to new developments elsewhere. 

Science for improved water management

To provide fully effective water management, the capability to understand and predict the movement and availability of water within all components of the hydrological cycle and to be able to simulate the impacts of various landscape changes on the distribution and availability of water is essential. Initiatives such as the Australian Community Climate Earth System Simulator (ACCESS – see next section) is a development that provides this capability through full earth-atmosphere simulation. Such simulations can provide predictions of water availability and distribution across space scales ranging from small catchments, through river basins to larger regions and time-scales varying from hours to weeks and longer. Outputs can include water availability in terms of river flows for storage management and water allocation and also variables such as soil moisture that will be valuable to decision-making in many agricultural applications such as crop planning and management.  

Integrated Earth System Modelling (ACCESS)

Australia is embarking on an exciting new approach to climate prediction through the development of the Australian Community Climate Earth System Simulator (ACCESS). The complexity of earth system modelling has increased substantially in recent years. The Bureau of Meteorology and CSIRO will, with Australian Greenhouse Office support, begin the development of a single national system. This collaboration was recently supported by the Australian National Farmers Federation (NFF, 2004). ACCESS will provide a major new focus for climate modelling effort across Australia and will eventually include substantial input from universities and other agencies within Australia. ACCESS (Figures 4 and 5) will be a world-class mathematical model of the earth’s climate system that will be used to provide more detailed and more accurate predictions of Australian climate over coming seasons and climate projections for several decades ahead.

The enormous potential of ACCESS to the agricultural and food sector will only be realised if the sector:

· Supports the enormous strategic effort required to develop ACCESS; and 

· Participates in the development of applications that allow predictions, on a range of time-scales, to address the specific needs of the agricultural sector.

Figure 4.

Integrated earth system modelling uses complex computer models to examine variations and changes in a range of climatic variables of social, economic and environmental relevance.
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Figure 5.

Components of the global climate system, including the atmosphere, hydrosphere, biosphere, cryosphere and lithosphere.
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Benefits from Climate Services

Significant social, economic and environmental benefits have already been derived from publicly funded climate research and service developments though these have not been fully quantified. Demand for climate information from the agricultural sector has risen rapidly over the past decade. Many farmers and others in the agricultural industry have adopted seasonal climate outlooks to assist in their decision-making and information on climate change is now influencing decisions in government, particularly with regard to future water supplies and related infrastructure (e.g. Power et al. 2005). These services, and the underpinning climate research, have been almost entirely publicly funded. Paull (2002) discussed the considerable value and benefits of seasonal climate forecasts to Australia. The estimated total benefit of these forecasts and climatic risk assessment to grazing industries alone, from 1991/92 to 2002/03 was in the range of $600M to $1200M (Queensland Centre for Climate Applications, 2002).

Research from the U.S. suggests a very high benefit-cost ratio for climate services. For example, the latest Economic Statistics for NOAA (NOAA, 2005) provides the following:

· Benefits to U.S. agriculture by altering planting decisions have been estimated at $265 to $300 million (U.S.) annually, throughout El Niño, normal, and La Niña years.

· Worldwide agriculture benefits of better El Niño forecasts are at least $450 to $550 million (U.S.) per year.

· An analysis of NOAA’s operational El Niño forecasting system - comparing forecast systems costs with anticipated benefits in just the U.S. agriculture sector - yielded an estimated annual rate of return on that investment of between 13 and 26 percent.

Communicating the information

Communicating climate information still presents major challenges, which reinforces the need for more tailored training for end users. In terms of the factors contributing to the poor communication of seasonal outlooks, there is scope and a very pressing need for improvement in communicating probabilities, risks and uncertainties. There are challenges in communicating the distinguishing features of weather, climate variability and climate change. While advances have been made here in recent years (see for example: 

http://www.bom.gov.au/lam/Students_Teachers/climprob/rainprbsec.shtml
http://www.bom.gov.au/silo/products/verif/
further communication and consultation, both between researchers/climate information providers and with end-users, is  required. Nevertheless improving forecast accuracy still holds the key to significant uptake of climate outlooks and so investment in strategic research is also a priority (as discussed earlier and further below).

While a large majority of the Australian public (no doubt mirrored in many other countries) believes that climate change is occurring and that it is an issue to be concerned about, overall public understanding of climate change is not high.

For many years NMHSs have collaborated with relevant government departments and directly with farmers and related groups to assist them to more prudently use climate information. While this has generally been in the area of climate variability, and more specifically seasonal outlooks, there is a need for agriculturally relevant climate change information – in effect the application of extension activities to communicate future projections. As climate change adds another risk factor for agriculture, increased investment in training is required to improve the opportunities from existing and future climate research and services.

Investment in strategic R&D is critical for better outcomes

Strategic and applied research in meteorology has been of great benefit to the agricultural sector (e.g. through provision of increasingly accurate weather forecasts and the introduction of seasonal forecasts). However, it is becoming increasingly difficult to capture the necessary funds for strategic research. Such funds are required, for example, for the development of complex mathematical computer-based climate models (e.g. for POAMA and ACCESS in Australia), for greater utilisation of existing data sources for use in seasonal climate outlooks, and for climate change projections. 

Support behind significant investment in climate models is provided by the Australian National Farmers Federation (NFF, 2004): “… it is imperative that significant and immediate research investment be focused on the development of more accurate Global Climatic Models (GCM) with longer predictive lead times and forecast horizons. This investment is particularly important given the possible effects of climate change on Australian agriculture.”

Applied research (e.g. linking the outputs from climate models with decision-making tools) should have a path to widespread adoption available, e.g. through improving services widely used by the sector. However, applied research that is unlikely to lead to improved service outputs and outcomes, especially if it has an ineffective adoption pathway, should be given lower priority. 

 

Meeting some of the needs of the agriculture sector requires multi-agency involvement and funding for such collaborative activity is often absent, short-term or insufficient to resource important strategic multi-agency activities (e.g. in the integration of climate information with agricultural risk management tools). Most of this research needs to be strategic and non-commercial in nature. Multi-agency collaboration is usually still required beyond the life-time of a specific project and funding is often unavailable to support collaboration as an ongoing activity.

Finally, R&D groups need to be familiar with the core expertise in relevant agencies to ensure that they fund research in an efficient manner e.g. by reducing duplication and enhancing collaboration. 

  

Conclusions

The following issues and recommendations, taken from the perspectives of a NMHS in Australia, have been highlighted in this paper:

· Further developments in weather services will improve tactical decision-making and farmers and other end-users would benefit from easier access to weather services.

· Improved seasonal to interannual predictions will require developments with climate data, monitoring and prediction systems and also decision-making tools in order for end users to actively manage climate risk and opportunities.

· Climate change is expected to have considerable impact on agriculture and water resources and this presents challenges for the future. Uncertainties in the climate science are being reduced. However, there is an urgent need for improved future projections as well as for a rigorous detection and attribution effort to determine the extent to which recent unusual climate anomalies reflect natural as compared to anthropogenic climate change.

· There are opportunities to extend existing operational systems used for flood forecasting and warning services to meet the needs of water managers for a more broadly-based water resource assessment and prediction service and improvements in earth system simulation, in particular, will open up further opportunities.

· Earth Systems Simulation, such as for example, the Australian Community Climate Earth System Simulator (ACCESS) project, will assist in meeting many of the future challenges of the agriculture sector and we urge that the sector supports such initiatives and is active in the development of applications in the future.

· Large ‘public good’ benefits accrue from climate research and services which enforce the need for adequate funding of strategic research and development as well as applied research for improved services. 

· Education and communication activities require investment and need to be tailored for effective delivery.
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