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Abstract

The Northern Australia Climate Program Phase 3 (NACP3) was undertaken to improve how red meat
producers in northern Australia use climate and weather information to manage drought and
climate risk. Adoption of existing forecasts had been limited due to variable accuracy, low
relevance to farm decisions, and lack of confidence in using the information. The project aimed
to improve forecast capability, develop practical decision-support tools and provide direct
support to red meat producers.

The project was delivered through an integrated approach combining research, product
development and extension. Research improved the underlying prediction model,
understanding of climate drivers and evaluated new forecasting methods. Development
produced a suite of tools covering rainfall timing, drought conditions and livestock heat and
cold stress. Extension was delivered through a network of regional Climate Mates, workshops,
one-on-one engagement and digital resources.

Key results include significant improvements in awareness, knowledge and use of climate
information, with all adoption targets exceeded. Over 73,000 stakeholders were reached and
more than 11,000 producers directly engaged, with awareness, knowledge and practice-change
targets exceeded by 441%, 941% and 115%, respectively.

An independent evaluation of the Northern Australia Climate Program estimated average
attributable benefits of $1.55 per head across NACP Phases 1-3, with peak adoption projected
across 2.54 million head of cattle and attributable on-farm benefits generating a Net Present
Value of $53.08 million. These benefits were associated with improved climate-informed
decision-making and adoption of climate forecasting tools and services.

NACP3 uniquely integrated climate science, product development and extension within a single
climate service framework, enabling continuous feedback between producers, researchers and
developers.

The project established a practical climate service system, decision-support tools, extension

capability and operational products that can continue to support climate-informed decision-
making and drought resilience across the northern Australian red meat industry into the future.
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Executive summary

Background

The Northern Australia Climate Program (NACP3) was undertaken to address the limited use of
climate information by red meat producers in northern Australia. Despite the availability of
forecasts, adoption has historically been constrained by prediction accuracy, limited relevance to
farm decisions, and lack of confidence in interpretation. The project targeted producers and the
broader red meat supply chain to improve decision-making and resilience. The results are
intended to support ongoing delivery of climate services across northern Australia and inform
future investment in forecasting and extension.

Objectives
The project aimed to:

e Improve the science and application of sub-seasonal and seasonal forecasting relevant to
the northern Australia red meat industry

e Develop targeted decision-support tools for producers and policy-makers to support
decision-making related to drought and climate variability

¢ Increase adoption and use of climate forecast information across the northern Australian
grazing industry through integrated extension and training

The research component delivered significant advances in climate science and forecasting
applications; however, these were not fully translated into improvements in operational forecasting
skill within the project timeframe, reflecting the external operational processes and decision-making
frameworks governing implementation within the Bureau of Meteorology and UK Met Office.

Methodology

The project was delivered through an integrated Research-Development-Extension (RD&E)
approach:

e Research improved understanding of climate drivers and evaluation of climate forecasting
systems, including prediction performance relevant to northern Australia and future
pathways for operational forecasting systems.

o Development translated these advances into practical decision-support tools, including
rainfall timing, drought monitoring and prediction, and livestock thermal stress products,
and progressed selected tools towards operational deployment

e Extension delivered these tools to producers and stakeholders through the Climate Mates
network, workshops, training programs, case studies, and digital platforms (including web-
based tools, location-based visualisations and forecast interfaces), ensuring application in
real-world decision-making

Results/key findings
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The project delivered:

e Significant advances in researcher understanding of climate drivers and forecasting system
performance, including improved evaluation of sub-seasonal and seasonal prediction
systems

e Development and testing of seven prototype and two operational climate decision-support
products, including rainfall onset, drought monitoring and prediction, and livestock stress
tools

e Operationalisation of two forecast products (Northern Rainfall Onset and Rainfall Burst
forecasts) through Bureau of Meteorology systems

e Demonstrated increased use of climate information in industry decision-making. All
producer adoption targets were exceeded, with strong improvements in awareness,
knowledge and practice change

Benefits to industry

Independent evaluation undertaken by Lee Beattie Consulting estimated average attributable
benefits of $1.55 per head across NACP Phases 1-3 ($1.62 for Phase 3 only), with peak adoption
projected across approximately 2.54 million head of cattle and attributable on-farm benefits
generating a Net Present Value (NPV) of $53.08 million (2020-45 benefits discounted at 5% to a 2025
baseline). Benefits were generated through improved climate-informed decision-making and
increased adoption and use of climate forecasting tools, products and services. 5,644 producers
reported that their knowledge had improved, and 229 reported that they had changed their
practices.

The project improved the confidence of northern Australian red meat producers and policy-makers
to use climate observations and forecasts, supporting more informed management decisions and
improved consideration of climate-related risk. Evidence from extension evaluation and case studies
demonstrated increased awareness, knowledge and application of climate information across
participating stakeholders. Independent evaluation also found improvements in producer ability to
manage risk, drought preparedness, resilience to climate variability and confidence in applying
climate information to operational decision-making.

The project established two operational forecast products, along with training resources and
producer use cases that will continue to support industry into the future. It also demonstrated the
value of an integrated climate service approach, combining research, product development and
extension, delivered through community-based trusted advisors.

Independent evaluation also identified broader environmental and social benefits associated with
improved use of climate information. Environmental benefits included improved drought
preparedness, resilience to climate variability, improved grazing management and reduced risk of
land degradation. Social benefits included increased producer confidence, improved ability to
manage risk, reduced stress levels and improved animal welfare outcomes.

Collectively, these findings demonstrate that industry value extends beyond direct production
outcomes to include improved preparedness, resilience, risk management capability and confidence
in climate-informed decision-making.

Page 4 of 40



P.PSH.1381 - Northern Australia Climate Program 3

These findings are also consistent with published research demonstrating that seasonal climate
forecasts can increase grazing enterprise profitability through improved management decisions,
highlighting the broader value proposition associated with climate-informed decision-making.

Headline Impact Statement

Independent evaluation of the Northern Australia Climate Program (Phases 1-3 inclusive) estimated
average attributable benefits of $1.55 per head ($1.62 for Phase 3 only), with peak adoption
projected for 2026-2029 across approximately 2.54 million head of cattle. Improved climate-
informed decision-making and adoption of climate forecasting tools and services generated an
estimated NPV benefit of $53.08 million (2020-45 benefits discounted at 5% to a 2025 baseline).

Future research and recommendations

Future work should focus on improving, operationalising and translating forecast capability,
including through machine learning, maintaining and enhancing climate tools, and securing the long-
term delivery of climate services such as the Climate Mates network.

Continued investment in integrated platforms, extension capability and institutional support will be
required to sustain and scale industry benefits. The integrated climate service system developed
through NACP3 provides a strong foundation that could be extended nationally, supporting broader
application of climate-informed decision-making across Australian agriculture.
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1. Background

The northern Australian red meat industry operates in a highly variable climate, where rainfall
variability, drought, and extreme weather and climate events strongly influence pasture availability,
livestock condition, and enterprise profitability. While seasonal climate forecasts have been
available for several decades, their adoption into management decisions has remained limited. This
reflects a combination of factors, including variable forecast skill, limited alignment with operational
decision-making, challenges in interpreting probabilistic information, and a lack of trusted support
for application.

Research has demonstrated that while climate information has the potential to improve productivity
and reduce risk, uptake remains inconsistent unless forecasts are tailored to local conditions, aligned
with decision needs, and supported through extension (Cobon et al., 2021; Cowan et al., 2022).

The primary question addressed by NACP3 was: how can climate science, forecasting systems and
extension be integrated to improve the use of climate information in producer decision-making? This
question reflects a recognised gap between advances in climate science and their practical
application in agriculture. The program targeted northern Australian beef producers and the broader
supply chain (including advisors, policy-makers, corporate operations and service providers), as this
group experiences high exposure to climate risk and stands to benefit most from improved climate-
informed decision-making. The results of NACP3 were intended to be used to improve forecast
systems, develop decision-support tools tailored to grazing systems, and establish delivery
mechanisms that enable sustained adoption of climate information.

NACP3 is unique in its integrated approach, combining research, development and extension within
a single program. Unlike traditional projects that focus solely on improving forecast models or
delivering climate monitoring and forecast tools, NACP3 links improvements in fundamental climate
science with the development of user-focused products and a dedicated extension network (Climate
Mates) that supports adoption at the regional scale. This approach enables continuous feedback
between producers, scientists and developers, ensuring that products remain relevant and usable. In
addition, the program incorporated an integrated climate service system spanning forecast model
improvements, development of decision-support tools, digital delivery systems (including web-based
tools, location-based visualisations and forecast interfaces) and training programs, which
distinguishes it from other initiatives that address only individual components of the climate
information value chain.

2. Objectives

The purpose of NACP3 was to improve drought preparedness and climate risk management across
the northern Australian red meat industry through an integrated Research-Development-Extension
system. Specifically, the project had the following objectives:

e Research: Improve the basic science and application of sub-seasonal (multi-week) and
seasonal climate forecasting systems of direct relevance to the northern Australian red meat
industry

e Development: Developing targeted decision-support products for producers and policy-
makers to support decision-making related to drought and weather-to-climate variability

e Extension: Integrate and embed climate forecast information within Northern Australian
grazing industry networks to improve resilience to drought and weather-climate variability
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The development and extension objectives were achieved in full. The research component delivered
significant advances in climate science and forecasting applications; however, these were not fully
translated into improvements in operational forecasting skill within the project timeframe, reflecting
external operational processes and decision-making frameworks governing implementation within
the Bureau of Meteorology and UK Met Office.

The project delivered improvements in understanding and application of climate forecasting
systems, a comprehensive suite of decision-support tools, and a scaled extension program that
exceeded all adoption targets. Awareness, knowledge and practice change targets (Category A, B
and C) were significantly surpassed, demonstrating effective uptake and application of project
outputs across the red meat industry of northern Australia.

3. Methodology

NACP3 adopted a vertically integrated Research-Development-Extension (RD&E) methodology,
designed to link improvements in climate science with practical tools and industry adoption. This
approach enabled continuous feedback between researchers, product developers and end users,
ensuring that outputs were both scientifically robust and relevant to industry needs.

The program was delivered through a partnership between key organisations contributing across
Research, Development and Extension. The University of Southern Queensland (UniSQ) led program
integration, product development and extension delivery. The Bureau of Meteorology and the UK
Met Office contributed primarily to the Research component through forecasting system
development, model evaluation and analysis, and supported pathways towards operational
implementation.

Development and integration activities were undertaken collaboratively, translating research
outputs into decision-support tools aligned with industry needs. Extension delivery was conducted
through the Climate Mates network, comprising regionally based advisors working with producers,
industry groups and service providers, ensuring co-design of products, real-world testing, and
translation of climate information into practical decision-making.

The integrated RD&E system was implemented through iterative cycles of model evaluation, product
development and user engagement. Research findings informed the design of decision-support
tools, which were refined through stakeholder feedback and tested in real-time applications.
Extension activities ensured that products were translated into practical use by industry, with
ongoing feedback informing refinement and supporting pathways towards operational
implementation.

3.1 Research Methodology

The Research component focused on improving understanding and application of climate prediction
systems relevant to northern Australian grazing systems. This included:

e Development and evaluation of a new convection parametrisation scheme (CoMorph)
within global coupled modelling systems
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e Evaluation of seasonal and sub-seasonal forecasting systems (e.g. ACCESS-S2) using
hindcasts and case studies

e Investigation of key climate drivers, including El Nifio Southern Oscillation (ENSO), Madden-
Julian Oscillation (MJO), and monsoon variability

e Analysis of high-impact events such as droughts, heatwaves, floods and tropical systems

e Assessment of emerging machine learning forecasting systems alongside traditional
numerical models

This methodology enabled identification of strengths and limitations in current forecasting systems
and provided evidence to guide future development, including the potential role of machine learning
approaches.

Lessons learned:

e Improved understanding of forecast skill limitations highlighted the need for continued
development and integration of emerging forecasting approaches

3.2 Development Methodology

The Development component focused on translating research outputs into practical decision-
support tools. The methodology included:

e Co-design of products with input from producers, advisors and industry stakeholders

e Development and enhancement of climate indices and decision-support tools (e.g. drought
indicators, rainfall retreat, green date and livestock thermal stress indices).

e Integration of forecast and observational datasets to improve usability and relevance

e Iterative testing, validation and refinement using historical data and real-time applications
e Deployment of prototype tools through a web-based delivery systems for live testing

e Progression of selected products towards operational implementation

This approach enabled rapid development of tools aligned with industry needs, with iterative
feedback ensuring relevance, usability, and practical value.

Lessons learned:

e Early consideration of operationalisation requirements is critical to ensure longevity of
products beyond the project timeframe

3.3 Extension Methodology

The Extension component focused on increasing adoption and use of climate information through
direct engagement with industry. The methodology included:

e Deployment of Climate Mates as regionally based trusted advisors
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e Delivery of workshops, field days and training programs (including the PGS Supported
Learning Package)

e One-on-one engagement with producers and industry stakeholders

e Use of digital communication channels, including webinars, online training and climate
updates

e Implementation of a Customer Relationship Management system (HubSpot) to track
engagement and outcomes

e Structured monitoring and evaluation using Category A (awareness), Category B (knowledge)
and Category C (practice change) metrics

This approach enabled both localised engagement and broad-scale reach, supporting measurable
improvements in awareness, knowledge and practice change across the industry.

Lessons learned:

e Trusted, regionally based advisors are critical to translating climate information into practical
decision-making

3.4 Integration and Effectiveness

A key feature of the methodology was the integration across the RD&E components. Continuous
feedback between these components enabled refinement of products based on user needs and
improved relevance and usability.

This integrated approach enabled the program to deliver extension advice and products that were
co-designed by producers and researchers. This ensured researchers had context for producer
decision-making, and producers better understood the limitations of the science, improving
relevance and usability of outputs.

4. Results

NACP3 delivered a comprehensive set of research, development and extension outcomes, resulting
in the development and demonstration of an integrated climate service system for the northern
Australian red meat industry.

4.1 Research Results

While the NACP3 team did not control operational implementation within the Bureau of
Meteorology or UK Met Office, the Research component generated key findings that informed the
future development of operational climate forecasting systems, improving the relevance of climate
forecasts for northern Australian red meat producers.
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4.1.1 New configuration for a future coupled modelling system

Testing a new convection scheme, CoMorph (developed by UniSQ in collaboration with the
Bureau and UK Met Office), within the future operational Global Coupled (GC) model,
showed improvements over northern Australia, MJO prediction and in tropical cyclone
forecasts (Zhu et al. 2024).

Testing the convective scheme in the newer GC5 model version has shown more realistic
features associated with historical tropical depressions and cyclone events over northern
Australia, compared to GC5 forecasts conducted without CoMorph (NACP3 Milestone 9
Report).

4.1.2 Forecast system performance

Research improved understanding of rainfall variability, drought processes and key climate
drivers, including ENSO and the MJO, with implications for seasonal prediction in northern
Australia (Cowan et al. 2023).

Analysis of high-impact events (e.g. floods, tropical cyclones and droughts) highlighted the
complexity and variability of these systems, indicating limitations in predictability,
particularly for extreme events and slow-moving systems (Wang et al. 2026).

4.1.3 Machine learning forecasting

Machine learning systems, including AIFS and GraphCast, demonstrated strong skill,
particularly at longer lead times (beyond 7 days) (de Burgh-Day et al., in preparation).

Case studies showed early-warning capability for extreme rainfall events at lead times of 10-
12 days (de Burgh-Day et al., in preparation).

Comparative analysis identified complementary strengths between dynamical and machine
learning approaches (de Burgh-Day et al., in preparation).

4.1.4 Climate change projections

New analyses identified increasing risks of livestock heat stress under future climate
scenarios (Taylor et al., submitted).

Projections also indicated reduced occurrence of livestock cold stress in some regions over
time (Taylor and Cowan, in preparation).

4.1.5 Research outputs (intellectual property)

A total of 93 publications are included across published, submitted and in-preparation
outputs (Appendix 1 — NACP Publications (published, submitted and in preparation)).
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These publications include outputs generated across the NACP, including earlier phases, as
well as work completed during NACP3.

Includes peer-reviewed journal articles, conference papers and technical reports covering
climate drivers, drought processes, forecasting systems and industry applications

4.2 Development Results

The Development component produced a suite of prototype decision-support products and digital
delivery systems, including two operational products.

Two forecast products (Northern Rainfall Onset and Rainfall Burst forecasts) were operationalised
through Bureau systems, with the remaining products delivered as validated prototypes.

4.2.1 Product suite (intellectual property)

The following products were developed or further enhanced, validated and deployed (Table 1) and
align with the seasonal grazing decision cycle (Fig. 1). Figure 1 illustrates how these climate products
correspond to key stages and risks across the seasonal grazing cycle, rather than representing a
strictly linear sequence of events.

Northern Rainfall Onset (NRO) forecasts

Rainfall Burst forecasts

Green Date / Green Break of Season tools

Drought Monitor and Combined Drought Indicator (CDI)

Drought Outlook (1 and 3 month forecasts, with extension to longer lead times under
development)

Cattle thermal stress 7-day forecasts (including the Cattle Comfort Index, Temperature
Humidity Index, Heat Load Index and Accumulated Heat Load Unit)

Livestock Chill Index 7-day forecasts
Flash drought monitoring system

Northern Rainfall Retreat tool

Key development outputs are summarised in Table 1.

Table 1. NACP product suite

Product Purpose Status
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Northern Rainfall
Onset (NRO)

Rainfall Burst

Green Date

Drought Monitor
(cDI)

Drought Outlook
Cattle Thermal Stress

Livestock Chill Index

Flash Drought

Northern Rainfall
Retreat

Predict if growing season start will be
early or late

Identify chance of significant rainfall
over a 3-day period

Indicate pasture growth timing

Monitor drought conditions

Forecast drought risk
Manage heat-related risk in livestock

Manage cold stress risk in livestock

Rapid drought identification

End of wet season

Operational

Operational

Prototype

Prototype

Prototype
Prototype
Prototype

Monitoring prototype only (no
forecast capability)

Prototype

Figure 1. Integration of climate products with key stages of the seasonal grazing decision cycle,
showing how different products inform decision-making across the season.

Rainfall Onset }’

Rainfall / Growth }’

Livestock Stress }’

Season Recovery

Drought }’

4.2.2 Product performance and validation

e Forecast products were validated using historical datasets and real-time case studies
e Improvements were demonstrated in:

e rainfall onset prediction

o livestock thermal stress forecasting

e drought monitoring accuracy

e Seamless forecasting approaches improved consistency across time scales
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4.2.3 Digital platform and delivery systems

The program delivered a publicly available digital platform for testing and delivering prototype
climate tools. Systems prototyped for potential operationalisation in subsequent projects include:

Web-based product delivery system (www.nacp.org.au)

Location-based monitoring and forecasting services (updated daily)

Al-supported advisory functionality (developed and tested during NACP3; currently not
deployed publicly)

NACP Assistant chatbot

Administrative dashboard for platform management

4.2.4 Product usage and engagement metrics

Product engagement was demonstrated through:

Over 73,000 total stakeholder interactions across workshops, digital platforms, and
communications

Widespread use of web-based tools and monthly climate updates
Increased awareness and application of location-specific forecasts in decision-making

Consistent utilisation of climate tools and information products across multiple delivery
channels, including digital platforms and advisor-led engagement

Monitoring and evaluation results indicated strong improvements across awareness, knowledge and
practice change metrics. Qualitative feedback from Climate Mates highlighted consistent use of
climate tools in advisory services across regions.

Independent evaluation of 2025 extension delivery indicated positive on-farm benefits associated
with improved use of climate information, with benefits increasing through adoption across the
northern Australian herd. The evaluation found that producers reported improved ability to manage
risk, reduced stress levels, improved drought preparedness, enhanced resilience to climate
variability and improved animal welfare outcomes. It also highlighted the critical role of trusted
extension services and decision-support tools in translating climate information into practical
management actions.

4.2.5 Product limitations

Flash drought forecasting capability was not achieved due to model and data constraints.
Monitoring capability was successfully implemented instead.

The Al-supported advisory functionality was paused following testing to refine its
performance and ensure alignment with best-practice advisory principles. Further
development and testing are recommended to enhance this capability.
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4.3 Extension Results

The Extension component delivered strong and measurable outcomes across awareness, knowledge
and practice change.

4.3.1 KPI outcomes

Extension performance against targets is summarised in Table 2. Category A, B and C outcomes are
derived from CRM records using the program’s monitoring and evaluation framework. These metrics
capture awareness, knowledge and practice change across all recorded engagement pathways (e.g.
workshops, webinars, website interactions, email communications, media engagement and advisory
activities).

Category A, B and C outcomes (Table 2) represent cumulative outcomes across all engagement
pathways. In contrast, the extension activity summary (Table 3) reflects a defined set of engagement
activities reported separately, primarily structured extension delivery activities such as workshops,
field days, one-on-one meetings and training sessions.

Table 2. Final Category A, B and C outcomes (targets vs achieved)

Category Target (Producers) Achieved % Achieved
Category A (Awareness) 6,000 26,454 441%
Category B (Knowledge) 600 5,644 941%
Category C (Practice Change) 200 229 115%

4.3.2 Engagement activities

The extension activity summary (Table 3) presents a defined set of extension activities delivered
through the program, capturing direct engagement with stakeholders. These activities include
climate workshops, presentations (including multi-topic workshops, field days and conferences),
one-on-one meetings, training sessions, webinars, monthly climate updates and surveys.

These activities represent the core extension delivery mechanisms through which producers and
stakeholders engaged with NACP products and services, contributing to the outcomes summarised
in Table 2.

Table 3. Extension activity summary

Metric Value
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Total activities delivered 939
Total stakeholders reached 73,344

Producers directly engaged 11,103

4.3.3 Case studies

Eight case studies were completed across a range of regions and production systems in northern
Australia, providing a representative cross-section of grazing enterprises and climate conditions. The
case studies demonstrate the practical application of climate information and decision-support tools
in real on-farm settings and are intended to serve as evergreen adoption materials for continued use
beyond the project’s completion.

Across the case studies, producers reported improved confidence in interpreting climate
information, more proactive and timely decision-making, and enhanced ability to manage climate-
related risk. Common outcomes included improved stocking and grazing management decisions and
better alighnment of operations with seasonal conditions.

Case study findings were shared through workshops, presentations and training activities,
supporting broader awareness and adoption beyond the participating producers.

Collectively, these case studies demonstrate that climate-informed decision-making can be
effectively applied across a wide range of northern Australian grazing systems.

Case study activities also contributed to peer-reviewed research outputs, including studies on
livestock chill index, Channel Country grazing systems, and heat stress events in southern
Queensland.

4.3.4 Extension system outputs (intellectual property)

These outputs represent extension system assets that support delivery and adoption of climate
products, rather than the products themselves.

e Climate Mate extension service and training materials

e Profitable Grazing Systems (PGS) Supported Learning Package
e Training manuals, presentations and digital learning resources
e CRM-based engagement and monitoring system

4.4 Integrated Outcomes
The combined RD&E outputs resulted in:

e Anintegrated climate service system (Fig. 2)
e Alignment between scientific capability, product delivery and industry use
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e Demonstrated translation of research into practice

Environmental benefits were observed through improved grazing management, including better
groundcover maintenance and reduced risk of land degradation.

This integrated outcome represents a key result of the program, distinguishing it from projects
delivering isolated tools or research outputs.

Figure 2. Integrated climate service system linking research, development and extension to
industry impact.

Climate Science }’ Forecast Systems }b Decision Tools }b Extension }. Adoption }b Industry Impact

These outcomes collectively demonstrate how climate science can be translated into a practical
decision-support capability for the red meat industry.

Independent evaluation of NACP Phases 1-3 demonstrated that these integrated outcomes
translated into measurable industry value. The evaluation estimated attributable benefits of $1.55
per head ($1.62 for Phase 3 only), peak adoption in 2026-2029 across approximately 2.54 million
head of cattle, and a Net Present Value (NPV) of $53.08 million (2020-45 benefits discounted at 5%
to a 2025 baseline) attributable to improved climate-informed decision-making and adoption of
forecasting tools and services.

5. Conclusion

The Northern Australia Climate Program Phase 3 (NACP3) demonstrated the value of an integrated
climate service system that addresses key limitations in the use of climate information within the
northern Australian red meat industry. Independent evaluation across NACP Phases 1-3 estimated
attributable benefits of $1.55 per head, peak adoption across approximately 2.54 million head of
cattle and a NPV of $53.08 million from improved climate-informed decision-making and adoption of
climate forecasting tools and services.

The program delivered substantial value through improved decision-making and risk management.
Independent evaluation identified positive economic benefits associated with improved use of
climate information and highlighted the importance of integrated climate services, including Climate
Mates, in enabling adoption and realising value from climate information. 5,644 producers reported
that their knowledge had improved, and 229 reported that they had changed their practices.

A key insight from the project is that adoption of climate information depends not only on forecast
skill, but also on relevance, usability and support for interpretation. The Climate Mate extension
service, combined with digital delivery systems and training (including the PGS package), enabled
widespread engagement and measurable practice change. The establishment of a suite of decision-
support tools covering rainfall timing, drought conditions and livestock thermal stress has improved
the capacity of producers to manage climate risk. At the same time, the program identified that
forecast skill for extreme events remains a limitation, and that continued improvement in
forecasting capability is required.
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The project has also identified important opportunities for future value, including areas where
further investment would be expected to deliver additional economic and industry benefits:

Improving prediction of high-impact events at subseasonal (weeks 3-4) and longer lead
times;

Further development and operationalisation of tools to support ongoing impact and broader
adoption

Ongoing support and scaling of the Climate Mate network across regions and industries
Continued evaluation and integration of machine learning approaches into operational
forecast systems.

Overall, NACP3 has established a clear pathway to ongoing value to the red meat industry of
northern Australia through improving confidence in climate information, supporting more informed
decision-making, and establishing systems and resources that can continue to deliver benefits into
the future.

All development and extension milestones were completed in full. The research component
delivered substantial advances, though not all forecast improvements were operationalised within
the project timeframe.

5.1 Key findings

The integrated Research-Development-Extension system was highly effective in translating
climate science into practical decision-support tools and services for the red meat industry
Adoption of climate information increased significantly when forecasts were user-focused,
and supported through trusted extension

A suite of prototype climate tools was successfully developed and tested across the grazing
cycle, with two products operationalised through Bureau systems

All adoption targets were exceeded, demonstrating substantial improvements in awareness,
knowledge and practice change among producers and industry stakeholders. Independent
evaluation identified positive economic benefits associated with improved use of climate
information and highlighted the critical role of Climate Mates and trusted extension services
in supporting adoption, risk management and value realisation.

Standalone evergreen outputs were established, including the Climate Mate network,
Profitable Grazing Systems (PGS) package, case study materials, and operational forecast
products, which can continue to deliver value beyond the project timeframe

The Climate Mate extension service proved to be an effective mechanism for building trust
and supporting climate-informed decision-making

Machine learning forecasting systems showed strong potential, particularly at longer lead
times

Forecasting high-impact events remains a key limitation requiring further development

The program successfully demonstrated an integrated climate service system linking
products, extension, training and digital delivery

Long-term sustainability of outputs will require continued investment in data, infrastructure
and institutional ownership.
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5.2 Benefits to industry

Practical application and recommendations

Red meat producers can apply operational and ongoing outputs (including Bureau-
supported products, PGS materials and Climate Mate advice) to inform stocking, grazing and
climate risk management decisions

Adoption is most effective when supported through extension networks (e.g. Climate Mates)
and training programs such as PGS

Continued use of location-based and forecast-integrated tools is recommended to support
property-level decision-making

Ongoing investment is required to maintain and enhance tools and services, including
improvements in data integration, usability and forecasting capability

Benefits to Australian agriculture

Independent evaluation of NACP Phases 1-3 estimated average attributable benefits of
$1.55 per head, with peak adoption projected across approximately 2.54 million head of
cattle and attributable on-farm benefits generating a NPV of $53.08 million. These benefits
were associated with improved climate-informed decision-making and adoption of climate
forecasting tools and services.

The program has improved confidence in the use of climate information, supporting more
informed and timely decision-making. 5,644 producers reported that their knowledge had
improved, and 229 reported that they had changed their practices.

Adoption of climate-informed practices has reduced exposure to climate-related risk and
supported improved resilience

Environmental benefits have been demonstrated through improved land management,
including better groundcover maintenance and reduced risk of land degradation

The integrated climate service system provides a scalable model for delivering climate
services across Australian agriculture

Legacy systems established through the program, including the Climate Mate network, PGS
training package and digital platforms, provide a foundation for ongoing adoption and
capability building

Independent evaluation also identified broader environmental and social benefits associated
with improved use of climate information, including improved drought preparedness,
resilience to climate variability, improved grazing management, reduced land degradation
risk, increased confidence in decision-making, improved risk management capability,
reduced producer stress and improved animal welfare outcomes.

Across the independent evaluations, increasing adoption and utilisation of climate
information highlighted the importance of trusted extension services, including the Climate
Mates network, and practical decision-support tools in translating climate science into on-
farm value and industry impact.

Published research has demonstrated that improved use of seasonal climate forecasts can
increase grazing enterprise profitability through improved management decisions, providing
additional evidence that the benefits of climate-informed decision-making extend beyond
direct production outcomes to broader economic, environmental and social benefits across
the red meat supply chain.
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5.3 Independent Evaluation of Program Impact

An independent evaluation undertaken by Lee Beattie Consulting assessed the attributable impacts
of the Northern Australia Climate Program (NACP) across Phases 1-3 using a consistent methodology
aligned with MLA evaluation requirements.

The assessment estimated average attributable benefits of $1.55 per head, with peak adoption
projected across approximately 2.54 million head of cattle. Attributable on-farm benefits were
estimated to generate an NPV of $53.08 million. Benefits were attributed to improved climate-
informed decision-making and increased adoption and use of climate forecasting tools, products and
services.

The evaluation also identified broader environmental and social benefits, including improved
drought preparedness, resilience to climate variability, improved grazing management, reduced land
degradation risk, increased confidence in decision-making, reduced producer stress, improved risk
management capability and improved animal welfare outcomes.

These findings provide independent evidence that the integrated climate service model developed
through NACP has delivered substantial value to the northern Australian red meat industry. They
also support continued investment in climate-informed decision-making, forecasting services,
product development and trusted extension networks to sustain and expand industry benefits into
the future.

6. Future research and recommendations

Key challenges and successes

The project demonstrated that an integrated climate service system can significantly improve the
adoption and use of climate information in the red meat industry. The strong performance of the
Climate Mate extension service, combined with user-focused tools and digital delivery platforms,
represents a key success supporting future investment in this area.

However, several challenges were identified that require ongoing attention. These include
limitations in forecasting high-impact and extreme events, dependence on external data and
computational infrastructure, and the need to further simplify and integrate tools for end users. In
addition, while machine learning forecasting systems show strong potential, they remain at an early
stage of operational application and require further development, testing and validation.

Future research and development

e Continue investment in machine learning forecasting systems to improve capability,
particularly for high-impact events and longer lead times (weeks 3-4 and beyond seasonal
timescales)

e Improve prediction of high-impact events through integration of emerging forecast
approaches, rather than replication of existing research efforts

e Expand focus on compound climate risks as a priority area for future development

e Improve integration of climate, pasture and livestock systems modelling to support whole-
of-enterprise decision-making

e Enhance validation and benchmarking of forecast products to support confidence, usability
and progression towards operational implementation

Practical application of project insights
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e Integrate climate tools and forecasts into routine property-level decision-making,
particularly for grazing and stocking strategies, supported by trained and operationally
supported local advisors.

e Promote use of location-specific and seamlessly integrated forecast products to improve
responsiveness to changing seasonal conditions.

e Embed climate information within broader farm business planning and risk management
processes

Development and adoption activities

¢ Maintain and expand extension networks, including the Climate Mates, to support ongoing
adoption and climate resilience

e Embed the PGS training package within MLA and industry delivery programs to build long-
term capability

e Continue development of integrated digital platforms to provide a single point of access for
climate tools, information and advisory support

e Secure ongoing funding and institutional ownership to maintain, update and scale the
climate service system.
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Additional project outputs
A complete list of publications associated with the NACP is provided in Appendix 1 (published,
submitted and in preparation; total = 93 outputs)

8. Appendix

8.1 Appendix 1 — NACP Publications (published, submitted and in
preparation)

This list includes publications generated across the NACP, including work initiated under earlier

phases and completed during NACP3.

No. | Short title | Title | Authors | Journal / Pub date
NACP2:
1. | Flash drought Using the Nguyen H, Envir Res Lett 14, (6) 2019
evaporative Wheeler, https://doi.org/10.1088/1748-9326/ab2103
stress index to | Otkin, Cowan,
monitor flash Frost, Stone R
droughtin
Australia
2. | Shiftsin CVin Evaluating the | Cobon, Crop & Pasture Science 70, 634-647 (2019)
pastoral zone shifts in Kouadio, https://doi.org/10.1071/CP18482
rainfall and Mushtaq,
pasture Jarvis, Carter,
growth Stone G,
variabilities Davis
across the
Pastoral zone
of Australia
during the
1910-2010
period
3. | Qld floods Forecasting Cowan, WACE / 2019 (vol 26)
the extreme Wheeler, https://doi.org/10.1016/j.wace.2019.100232
rainfall, low Alves, Narsey,
temperatures, | de Burgh-
and strong Day, Griffiths,
winds Jarvis, Cobon
associated
with the
northern
Queensland
floods of
February 2019
4. | Value of Valuing Cobon, WCAS 12, 3-14 (2020)
seasonal seasonal Darbyshire, https://doi/pdf/10.1175/WCAS-D-19-0018.1
forecasts climate Crean, Kodur,
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forecasts in Simpson,
the northern Jarvis
Australia beef
industry
5. | Tropical ETIN-MIP Kang, Bull. Amer. Meteor. Soc., 100, 2589-2606
convection Extratropical- Hawcroft, https://doi.org/10.1175/BAMS-D-18-0301.1
Tropical Xiang,
Interaction Hwang, and
Model others
Intercomparis
on Project —
Protocol and
Initial Results
6. | Multi-year Mechanisms Sur, Sharmila, | Nature Scientific Report, (2020) 10 5086,
variability for multiyear H. Hendon https://doi.org/10.1038/s41598-020-61482-5
variations of
northern
Australia wet-
season rainfall
7. | Flash drought Flash droughts | Wheeler is a Nature Climate Change 2020,
present a new | co-author https://doi.org/10.1038/s41558-020-0709-0
challenge for among many
subseasonal- from around
to-seasonal the world
prediction
8. | Value of spatial | Integrating Thong Agronomy for Sustainable Development 2020,
diversification climate Nguyen-Huy, | 40: 4 https://doi.org/10.1007/s13593-020-0605-
information Jarrod Kath, z
and spatial Shahbaz
diversification | Mushtaq,
increases David Cobon,
grazing Gordon Stone
profitability & Roger
and decreases | Stone
risk
9. | NRO forecasts Improving the | Cowan. T, R. | Climate Services, 19, 100182,
using ACCESS- seasonal Stone, M. https://doi.org/10.1016/].cliser.2020.100182
S1 prediction of Wheeler, and
Northern M. Griffiths
Australian
rainfall onset
to help with
grazing
management
decisions
10/ High-res Real world and | S. Sharmila, J. Climate, 33, 1455-1472 (2020)
simulation of tropical KJE Walsh, M | https://doi.org/10.1175/JCLI-D-19-0078.1
Tropical cyclone world. | Thatcher, S
cyclone genesis | Partl: high- Wales, S
resolution Utembe
climate model
verification
11] Simulation of Real world and | KJE Walsh, S. | J. Climate, 33, 1473-1486 (2020)
Tropical tropical Sharmila, M https://doi.org/10.1175/JCLI-D-19-0079.1
cyclone genesis | cyclone world. | Thatcher, S
Part II: Wales, S
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in Aqua-planet | sensitivity of Utembe, A
configuration tropical Vaughan
cyclone
formation to
uniform and
meridionally-
varying sea
surface
temperatures
under
aquaplanet
conditions.
12| Qld native Native David H European Journal Agronomy 2020 114
pastures, beef pastures and Cobon, Grant | https://doi.org/10.1016/j.eja.2020.126002
and a changing | beef cattle Stone, John
climate show a Carter, Greg
spatially McKeon,
variable Baisen Zhang,
response to a Hanna
changing Heidemann
climate in
Queensland,
Australia
13| Drought index Climatology Nguyen H, Journal Hydro Meteorology (2020) 21, 2309-
and variability Otkin, 2324, https://DOI: 10.1175/JHM-D-20-0042.1
of the Wheeler,
evaporative Hope, Trewin,
stress index Pudmenzky
(ESI) and its
suitability as a
tool to
monitor
Australian
drought
14] Aerosol Are Changes in | B. T.Johnson, | J Geophysical Research Atmospheres 124 (14),
Impacts on Atmospheric J. M. 7930-7950
Clouds, Circulation Haywood, M. | https://doi.org/10.1029/2019JD030568
Precipitation, Important for K. Hawcroft
and Radiation Black Carbon
Aerosol
Impacts on
Clouds,
Precipitation,
and Radiation?
15] Walker Walker Kang, Xie, Science Advances (2020), 6, DOI:
circulation circulation Shin, Kim, https://doi.org/10.1126/sciadv.abd3021
response to Hwang,
extratropical Stuecker,
radiative Xiang,
forcing Hawcroft
16] Accumulated Global Lavender,SL, Inter. J. Climatology 2020; 1-19
rainfall in climatology of | McBride, JL https://doi.org/10.1002/joc.6763
tropical rainfall rates
cyclones and life-time
accumulated
rainfall in
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tropical
cyclones:
Influence of
cyclone basin,
cyclone
intensity and
cyclone size
17/ Tropical Review of Savin S. WIRES Climate Change 2019
cyclones in tropical Chand https://doi.org/10.1002/wcc.602
Australia cyclones in the | Andrew J.
Australian Dowdy
region: Hamish A.
Climatology, Ramsay
variability, Kevin J. E.
predictability, | Walsh Kevin
and trends J. Tory Scott
B. Power
Samuel S. Bell
Sally L.
Lavender
Hua Ye Yuri
Kuleshov
18| The Ocean- The Influence | Heidemann, Journal of Climate
Monsoon of Interannual | H.,J. Ribbe, B. | 2022
and Decadal | J. Henley, T. https://doi.org/10.1175/JCLI-D-21-0264.1
Indo-Pacific Cowan, C.
Sea  Surface | Pudmenzky,
Temperature R. Stone and
Variability on | D. H. Cobon.
Australian
Monsoon
Rainfall
19/ Developing a A drought Guillory, L., Environmental Modelling & Software
combined monitor for Pudmenzky, https://doi.org/10.1016/j.envsoft.2023.105852
drought Australia Nguyen-Huy,
indicator T., C., Cobon,
DH
20/ Dust bowl Present-day CowanT,,S. Nature Climate Change 2020
heatwaves | greenhouse Undorf, G. C. https://doi.org/10.1038/s41558-020-0771-7
gases could Hegerl, L. J.
cause more Harrington
frequent and and F. E. L.
longer Dust Otto
Bowl
heatwaves
21] Northern Northern David Cobon, | Rangelands Journal —invited special issue on
Australia Australia Chelsea drought — Sept 2021,
Climate Climate Jarvis, Kate https://www.publish.csiro.au/RJ/RJ20074
Program Program - Reardon-
Supporting Smith, Laura
adaptation in Guillory,
rangeland Christa
grazing Pudmenzky,
systems Shahbaz

through more
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targeted Mushtaq,
climate Roger Stone
forecasts,
improved
drought
information
and an
innovative
extension
program
22] Dust bowl Ocean and Cowan, T, Nature Communications 2020
heatwaves | land forcing of | Hegerl, G., https://doi.org/10.1038/s41467-020-16676-w
the record- Schurer, A,
breaking Dust | Tett, S.,
Bowl Vautard, R.,
heatwaves Yiou, P.,
across central | Jézéquel, A.,
United States Otto, F.E. L.,
Harrington,
LJ.and Ng, B
23] Australia's Insights From Grose M, Earth's Future 2020
future climate CMIP6 for Narsey S, https://doi.org/10.1029/2019EF001469
Australia's Delage F,
Future Climate | Dowdy A,
Bador M,
Boschat G,
Chung C,
Kajtar J,
Rauniyar S,
Freund M,
Lyu K, Rashid
H, Zhang X,
Wales S,
Trenham C,
Holbrook N,
CowanT,
Alexander L,
Arblaster J,
and S. Power
24 Skill of S2S Advances in D. Domeisen, | Bulletin of the American Meteorological Society
models in the C.J. White, H. | (BAMS) 2022, 103,
predicting the subseasonal Afargan- https://doi.org/10.1175/BAMS-D-20-0221.1
Feb 2019 prediction of Gerstman, A.
extreme extreme G. Mufioz, M.
rainfall. events A.Janiga, F.
Vitart, C. O.
Waulff, S.
Antoine, C.
Ardilouze, L.
Batté, H. C.
Bloomfield,
D. Brayshaw,
S.J. Camargo,
A. Charlton-
Pérez, D.
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Collins, T.
Cowan et al.
25] Value of Insights into R Darbyshire, | Australian Journal of Agricultural and Resource
seasonal the value of J Crean, M Economics, 59, 1-25
forecasts seasonal Cashen, M https://doi.org/10.1111/1467-8489.12389
forecasts to Rajin, K
agriculture Broadfoot, M
Simpson, DH
Cobon, C
Pudmenzky, L
Kouadio, S
Kodur
26] Risk Creating Mushtaq, S., Climatic Change 161, 465-478 (2020).
Management positive Kath, J., https://doi.org/10.1007/s10584-020-02679-5
for climate synergies Stone, R.
resilience between risk Henry, R.
management Laderach, P.
and transfer to | Reardon
accelerate Smith, K.
food system Cobon D. et
climate al.
resilience.
27] Wet season Forecasting Cowan, Weather and Forecasting (2022)
bursts northern Wheeler, https://doi.org/10.1175/WAF-D-21-0046.1
Australian Sharmila,
summer Narsey & de
rainfall bursts Burgh-Day
using a
seasonal
prediction
system
28] ENSO impacts Impacts of Ng, B., Cai, Journal of Climate, 34(6), 2205-2218.
Low- W., Cowan,
Frequency T., & Bi, D.
Internal
Climate
Variability and
Greenhouse
Warming on El
Nifio—
Southern
Oscillation
29] Flash drought The 2019 flash | Nguyen H, 2021 Weather and Climate Extremes, 32,
droughts in Wheeler MC, | 100321.
subtropical Hendon HH,
eastern Lim E-P, Otkin
Australia and JA
their
association
with large-
scale climate
drivers.
30{ Tropical Estimation of Lavender, Nat Hazards (2021).
cyclone maximum S.L., Walsh, https://doi.org/10.1007/s11069-021-04977-2
damage seasonal KJ.E.,
tropical
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cyclone Utembe, S. et
damage in the | al.
Atlantic using
climate
models
31| Forecasting an The Benefits Matt Monthly Weather Review, 2021, 149, 2391-2408
Extreme Event: | of Ensemble Hawcroft, https://doi.org/10.1175/MWR-D-20-0330.1
The Prediction for | Sally
Queensland Forecasting an | Lavender,
Floods Extreme Dan Copsey,
Event: The Sean Milton,
Queensland José
Floods Rodriguez,
Warren
Tennant,
Stuart
Webster, Tim
Cowan
32| Flash drought Development Otkin, J. A., Y. | Atmosphere, 12, 741,
of a flash Zhong, E. D. http://dx.doi.org/10.3390/atmos12060741
drought Hunt, J. I.
intensity index | Christian, J. B.
Basara, H.
Nguyen, M. C.
Wheeler, T.
W. Ford, A.
Hoell, M.
Svoboda, and
M. C.
Anderson
33| Long-range Variability of Westheimer, | Geophysical Research Letters
ENSO ENSO forecast | A, https://doi.org/10.1029/2022GL097885
prediction skill in 2-year Balmaseda,
global M. A,
reforecasts Stockdale, T.
over the 20th N., Mayer,
Century M., Sharmila,
S., Hendon,
H.H., Alves,
0.
34| Long-range Contrasting EI | S. Sharmila, Journal of Climate (2023), 36(5), 1269-1285,
ENSO Nifio—La Nifia H. Hendon, O. | https://journals.ametsoc.org/view/journals/clim/
prediction Predictability Alves, A. 36/5/JCLI-D-22-0028.1.xml
and Prediction | Weisheimer,
Skill'in 2-Year M.
Reforecasts of | Balmaseda
the Twentieth
Century
35| Long-range Forecasting S. Sharmila, Under review
ENSO multi-year El H. Hendon, O.
prediction Nifio and La Alves, A.
Nifia events Weisheimer,
with EcMwF | M-
20th century Balmaseda,
. M. Wheeler,
hindcasts
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W. Sharples,
A. Marshall
36] Modelling Climatology of | Liang,J., Journal of Climate, 34(9), 3401-3419.
Maritime Borneo Catto, J. L.,
Continent weat | Vortices in the | Hawcroft, M.,
her features HadGEM3- Hodges, K. I.,
GC3 Tan, M. L, &
Haywood, J.
M
37] Maritime Long-term Liang, J., Climate Dynamics (2023), 60, 643—-666,
Continent weat | trendsin Yong, Y., https://doi.org/10.1007/s00382-022-06339-5
her/climate atmospheric Hawcroft, M.
dynamics rivers over
East Asia
38| Modelling Monsoonal Liang, J., Tan, | Climate Dynamics (2022) 58, 2783—-2805
Maritime precipitation M. L., https://doi.org/10.1007/s00382-021-06033-y
Continent weat | over Hawcroft, M.,
her features Peninsular Catto J.L,,
Malaysia in Hodges K.1.,
the CMIP6 Haywood,
HighResMIP J.M.
experiments:
The role of
model
resolution

39/ Flash drought Climatology Nguyen H., Journal of Hydrometeorology (under review)
and historical Wheeler M.
occurrences of | C., Otkin J. A.,
flash drought Nguyen-Huy
over Australia T., Cowan T.

40/ Qld floods Multi-week CowanT., Scientific Reports Sci Rep 12, 5907 (2022).
prediction of Wheeler M., https://doi.org/10.1038/s41598-022-09666-z
livestock chill de Burgh-Day
conditions C., Nguyen
associated H., Cobon D.
with the
northwest
Queensland
floods of
February 2019

41] Subseasonal to | Sub-seasonal Hope, P., M. Bulletin of the American Meteorological Society

seasonal to seasonal Zhao, S. (2022), 103, S7-513,
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8.2 Appendix 2 - Summary of key outputs

Output Type Delivered
Monitoring and forecast products 9
Publications (published, submitted and in preparation) 93

Case studies 8
Stakeholders reached 73,344
NACP presentations delivered >500

MJO forecast map sets (seasonal) delivered to Bureau systems 12

Supporting data for tables and figures is provided separately in accordance with MLA reporting
requirements.
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