
enqui r i  eseroyal commi ss ion  . v i  c .  gov. au 
CC 

bcc 

sub jec t  
New submission 

H i  s t o r y :  
T h i s  message has been forwarded. 

T i t l e :  MS 
F i r s t  Name: Beth 
Surname: Riordan 
Organisat ion:  C S I R O  
Emai 1 : - 
Postal Address 1: - 
Postal Address 2: 
suburb: Dickson 
Postcode: 2602 
State: ACT 
Telephone: 02 - 
Main Tooics: 

Towns 1: 
Towns 2: 
Towns 3: 
Acknowl edgements: 
* I acknowledge t h a t  my submission w i l l  be t r e a t e d  as a p u b l i c  document 

and may be publ ished,  quoted o r  summarised by t h e  2009 V i c t o r i a n  Bushf i res 
Royal commission. 
* I understand t h a t  I can be contacted by t h e  ~ o y a l  commission i n  

r e l a t i o n  t o  my submission. 
I would l i k e  t o  receive f u t u r e  updates about t h e  a c t i v i t i e s  o f  t h e  Royal 

Commission. 



Important Notice 
I 

CSlRO Submission 091345 

Climate Change and the 2009 Bushfires 

Prepared for the 2009 Victorian Bushfires Royal 
Commission 

May 2009 

Enquiries should be addressed to: Main Submission Author: 

Ms Beth Rlordan Dr Trevor H Booth 
Senlor Advlser Theme Leader- Managlng Specles & Natural 
CSlRO Government & lnternat~onal Ecosystems - Cllmate Adaptation Natlonal Research Flagshlp 
Dlckson ACT 2602 - 

Canberra ACT 2601 

O Copyright Commonwealth Scientific and Industrial Research Organisation 
CCSIRO') Australia 2009 

All rights are reserved and no part of this publication covered by copyright may 
be reproduced or copied in any form or by any means except with the written 
permission of CSIRO. 

The trade mark or logo of CSlRO must not be used without the prior written 
consent of CSlRO. 



Terms of Reference 

The full terms of reference of the 2009 Victorian Bushfires Royal Commission ("Royal Commission") are 
available at wwwrovalcommissionvicaovau and include inquiring into and reporting on the following 
matters: 

1. The causes and circumstances of the bushfires which burned in various parts of Victorian in late 
January and in February 2009 ("2009 Bushfires"). 

2. The preparation and planning by governments, emergency services, other entities, the community 
and households for bushfires in Victoria, including current laws, policies, practices, resources and 
strategies for the prevention, identification, evaluation, management and communication of bushfire 
threats and risks. 

3. All aspects of the response to the 2009 Bushfires, particularly measures taken to control the spread 
of fires and measures taken to protect life and private and public property, including but not limited to: 

(a) immediate management, response and recovery; 
(b) resourcing, overall coordination and deployment; and 
(c) equipment and communication systems. 

4. The measures taken to prevent or minimise disruption to the supply of essential services such as 
power and water during the 2009 Bushfires. 

5. Any other matters that you deem appropriate in relation to the 2009 Bushfires 

Recommendations arising out of the inquiry considered appropriate, including recommendations for 
governments, emergency services, other entities and the community on: 

6. The preparation and planning for future bushfire threats and risks, particularly the prevention of loss 
of life. 

7. Land use planning and management, including urban and regional planning. 

8. The fireproofing of housing and other buildings, including the materials used in construction. 

9. The emergency response to bushfires 

10. Public communication and community advice systems and strategies 

11. Training, infrastructure, and overall resourcing needs. 
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CSIRO's response to the Terms of Reference 

CSlRO is providing information to the 2009 Victorian Bushfires Royal Commission in three ways: 

a) Fire behaviour during the 2009 Bushfires - CSlRO is contributing to a report being prepared f o ~  
the Royal Commission by the Bushfire CRC, 

b) Buildings and planning - a  separate CSlRO led report to the Royal Commission has been 
proposed on these issues, and 

c) Climate change and the 2009 Bushfires - this submission. 

The submission was prepared pursuant to a request by Ms Melinda Richards, Counsel Assisting the 
Royal Commission in discussions with Dr Andrew Johnson (Group Executive Environment, CSIRO) The 
submission focuses particularly on issues related to bushfires and climate change which are not being 
covered by the Bushfire CRC's report on fire behaviour during the 2009 Victorian Bushfires (to which 
CSlRO is also contributing). 

This submission is prepared solely to assist the Royal Commission in its inquiries pursuant to the Terms 
of Reference and may only be used for that purpose. Any extracts of the submission distributed for 
these purposes must clearly note that the extract is part of a larger submission prepared by CSlRO for 
the Royal Commission. The submission cannot be used for any other purposes (including for the 
purposes of endorsements or litigation) without the prior consent of CSlRO. 

The results and analyses contained in this Submission are based on a number of technical, 
circumstantial or otherwise specified assumptions and parameters. Any reliance on the information is 
made at the reader's own risk. To the extent permitted by law, CSlRO (including its employees and 
consultants) excludes all liability to any person for any consequences, including but not limited to all 
losses, damages, costs, expenses and any other compensation, arising directly or indirectly from using 
this submission (in part or in whole) and any information or material contained in it. 
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Executive Summary 
This submission focuses on: 
1. links between climate change, bushfire weather and fuel management, in particular the conditions 

experienced during the 2009 Bushfires and 
2. opportunities for consideration of climate change to improve preparation and planning to reduce 

future bushfire risk. 

Bushfires are an inevitable occurrence in Australia. Fire is most common over the tropical savannas of 
the north, however the southeast, where the majority of the population resides, is susceptible to large 
wildfires that threaten life and property. A unique factor in these southeastern fires is the Mediterranean 
climate of the region. This normal risk is exacerbated by periodic droughts that occur as a part of natural 
interannual climate variability. 

The relationship between climate change and bushfires in south-eastern Australia is complex, multi- 
faceted and only beginning to be understood. To assess the influence of natural climate variability and 
anthropogenic climate change on bushfires in forested regions of Victoria, we need to consider 
temperature, rainfall, relative humidity, wind speed, and forest fuel. 

Section 1 of this submission outlines current scientific understanding about each of these factors, and 
explores projections of climate change impacts on future fire weather. 

Temperature 
The high temperatures and which contributed to the extreme fire weather conditions and high fuel 
hazard in Victoria in late January and early February 2009 are part of ongoing climate trends observed 
in the region over the last 50 or more years. These trends translate into an increased risk of extreme fire 
conditions. Regarding temperature, there has been no specific study of the link between Victorian 
heatwaves and anthropogenic climate change, but the observed increase in the frequency and 
magnitude of very hot days in Australia is mostly due to anthropogenic increases in greenhouse gas 
emissions 

Rainfall 
The low rainfall in Victoria in January and early February 2009 further reinforced 12-year rainfall deficits 
in much of south-eastern Australia. This is also part of a 50-year drying trend over most of eastern 
Australia which translates into increased extreme fire condition risk. This record dryness may be due to 
natural variability, and formal attribution studies have not been completed, but there are indications that 
it may also be partly due to anthropogenic climate change. 

Humidity 
The extremely low relative humidity on 7 February 2009 was associated with the record low rainfall in 
January 2009 and the heatwave that started in late January 2009. A study by the Bushfire CRC is 
underway to determine observed trends in relative humidity, so it is not yet possible to say whether any 
trends are linked to anthropogenic climate change. However, relative humidity is projected to decrease 
with projected climate change in Australia due to anthropogenic increases in greenhouse gases. 

Wind 
It is clear that high wind speeds played an important role in the 2009 Bushfires, as they have in other 
major bushfires in Victoria in the past. No studies have been undertaken to assess whether changes in 
Australian wind-speed are linked to anthropogenic climate change. 

Forest fuel 
In relation to climate change and forest fuels - on the one hand, elevated carbon dioxide levels may 
enhance vegetation production and thereby increase fuel loads, however drought conditions may 
decrease long-term vegetation production (and fuels) and may decrease fuel moisture (thereby 
increasing potential rates of spread). The implications for fire behaviour will be complex, since there may 
also be concurrent changes in fire regimes ( i e  the pattern of recurrence of fires across the landscape) 
and land management practices. This is a developing research area, and no specific studies have been 
done into the influence of climate change on forest fuels in Victoria. 



Projections for the future 
CSIRO's climate modelling can provide projections of how climate change may influence the occurance 
of high fire danger weather conditions in future decades. A modelling study in south-eastern Australia 
found that the simulated annual-average number of days with 'Extreme' fire danger increases by 5.25% 
by 2020, relative to 1990, for a low rate of global warming. For a high rate of global warming, the number 
of 'Extreme' days increases by 15.65% by 2020. By 2050, the number of 'Extreme' days increases by 
10.50% for low global warming and by 100-300% for high global warming. 

'Catastrophic' fire-weather occurred on 16 Feb 1983 (Ash Wednesday), 18 Jan 2003 (Canberra fire) and 
7 Feb 2009 (Black Saturday). Only 12 of the 26 sites analysed in south-eastern Australia have recorded 
'Catastrophic' fire-weather days since 1973. By 2020 for high global warming, 'Catastrophic' fire-weather 
days are predicted to occur at 20 sites, 10 of which have return periods of around 16 years or less. By 
2050 for high global warming, 'Catastrophic' days are predicted to occur at 22 sites, 19 of which have 
return periods of around 8 years or less, while 7 sites have return periods of 3 years or less. 

Section 2 of this submission identifies six areas where research taking climate change into account 
could improve preparation and planning for future bushfire threats and risks. These are: 

i) Forest Fire Danger Index 
The FFDI has been used for many decades. By preserving the method of determining fire danger, using 
forest and grassland fire danger indices, continuity with historical data is provided that enables fire 
authorities to benchmark response levels and to compare fire weather occurrences. However, with the 
likely onset of climate change effects, aspects of the FFDI, particularly the assumptions regarding the 
rate of fuel drying may need to be revised to better reflect the change in drying conditions in future. 

ii) Climate change, fuel hazard and fire behaviour 
While the impact of changed climate is likely to be an increase in the frequency of 'Extreme' fire danger 
days, the impact of climate change on the structure of the forest, fuel availability and thus the behaviour 
of bushfires is not known. Changes in species composition and thus structure are likely under sustained 
changed climate, but the rate of change and the type of change is unknown. 

iii) Fuel hazard reduction burning 
With the projected warmer and drier conditions due to climate change and the subsequent increase in 
the number of days of extreme fire weather, it is expected that current 'windows' for applying 
prescriptions of hazard reduction burning will change and possibly narrow. This means less opportunity 
to conduct safe and effective hazard reduction burns. This will require reassessment of the current 
operational limits ( i e  work hours, smoke levels, etc) of conducting hazard reduction burning. 

iv) Bushfire suppression and control 
Under projected climate conditions, in which the number of days of 'Extreme' fire weather is expected to 
increase for much of south-eastern Australia, improving the success of initial response to fire will be 
critical to ensuring large conflagration fires do not develop. Fire management practices and 
management of fuel hazard need to be as efficient and as effective as possible to aid success. 

V) House loss risk index 
There is potential to develop an improved house loss risk index to better inform communities of the 
potential for a fire under given fire weather conditions to cause life and property loss. It is proposed that 
issues related to buildings and planning be dealt with in detail in a separate CSlRO report to the Royal 
Commission. 

vi) Enhanced fire weather projections 

Enhanced fire weather modelling could improve long-term strategic planning for future bushfires. This 
would involve evaluating the performance of a number of global and regional models against historical 
data, selecting the better models for generating projections, and analysing the output in ways that are 
relevant to fire management agencies. There is potential to enhance the CSIRO-Bureau of Meteorology 
ACCESS model to include a fire module, linked to a dynamic vegetation model (CABLE). This could 
provide seasonal and multi-decadal fire weather forecasts. 
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Introduction 

CSlRO is an internationally recognised research and development (R&D) provider in the fields of climate 
change and bushfires. CSlRO has conducted research relevant to this Royal Commission in areas 
including climate modelling and climate forecasting as well as fuel dynamics, fire weather, combustion 
dynamics, fire behaviour modelling, fire ecology and fire management. 

This submission has been prepared by a team of scientists from CSlRO with experience and 
international recognition in many facets of climate change and bushfire research. The submission 
focuses particularly on issues related to bushfires and climate change. It does not include work on fire 
behaviour during the 2009 Bushfires that is being carried out by the Bushfire CRC and to which CSlRO 
is also contributing. However, it does briefly discuss general issues of fire behaviour and climate 
change. It discusses CSIRO's current understanding of fire in the Australian landscape, and indicates 
some key areas where further research could enhance the capacity to respond to bushfire risks in the 
future. 

Issues of fire and climate change 

Bushfires are an inevitable occurrence in Australia. With more than 800 endemic eucalypt species, 
Australian vegetation over much of the medium-high rainfall regions of the continent is dominated by 
these fire-adapted species. Fire is most common over the tropical savannas of the north, where some 
parts of the land burn on an annual basis. However, the southeast, where the majority of the population 
resides, is susceptible to large wildfires that threaten life and property. 

A unique factor in these fires of the southeast is the climate of the region. The southeast experiences a 
so-called Mediterranean climate, with hot, dry summers and mild, wet winters. The winter and spring 
rains allow fuel growth, while the dry summers allow fire danger to build. This normal risk is exacerbated 
by periodic droughts that occur as a part of natural interannual climate variability. 

The relationship between climate change and bushfires in south-eastern Australia is complex, multi- 
faceted and only beginning to be understood. Figure 1 below provides a conceptual diagram of the 
relationship between climate change and bushfires. 

I Land use & . )4 1 management ,b 
practices 

Figure 1: Conceptual diagram of th 
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Based on our current scientific understanding, climate change is likely to influence a number of aspects 
of bushfire risk, behaviour and management at different time-scales. In particular, climate change may 
affect: 

The occurrence of high-risk fire weather conditions; 
The characteristics of the natural vegetation which provides fuel for fires; 
The effectiveness of existing tools, strategies and approaches for managing and controlling 
bushfires. 

1. Climate change and bushfire weather 

(i) Global observations of climate change 

An outline of the 'Science of Climate Change' prepared for a CSlRO briefing given at Parliament House, 
Canberra on 16 March 2009 is attached in Appendix 2. 

The consequences of human induced climate change are a current research focus around the world. 
The Intergovernmental Panel on Climate Change (IPCC) was created in 1988 to assess information 
relevant to understanding the risk of human-induced climate change. It has produced four assessment 
reports (1990, 1995, 2001 and 2007). Key conclusions of the latest report (IPCC 2007) are: 

Warming of the climate system is unequivocal, 
Most of the observed increases in globally averaged temperatures since the mid-20th century is very 
likely (greater than 90 percent likelihood) due to the observed increases in anthropogenic (human) 
greenhouse gas concentrations, and 
Anthropogenic warming and sea level rise would continue for centuries due to the timescales 
associated with climate processes and feedbacks, even if greenhouse gas concentrations were to be 
stabilized. 

An international scientific congress on 'Climate Change: Global Risks, Challenges & Decisions' held in 
Copenhagen in March 2009 was attended by more than 2,500 delegates from nearly 80 countries and 
reviewed the latest evidence. Recent observations confirm that the worst-case scenario trajectories for 
factors such as global warming and sea level rise presented in previous IPCC assessment reports, 
including the 2007 report, are being realised (Rahmstorf et al. 2007). 

(ii) Weather conditions before and during the 2009 Bushfires 

Was climate change a contributing factor to the fire conditions experienced in early February 2009? To 
answer this question, consideration needs to be given to the factors that affect fire weather, namely high 
temperatures, low rainfall, low relative humidity and high wind-speeds. These are the factors are used to 
determine the Forest Fire Danger Index (FFDI). 

High temperatures 

The Bureau of Meteorology (BoM, 2009) has assessed the exceptional January-February 2009 
heatwave in south-eastern Australia. The conditions from 28 to 30 January set many individual-day and 
multi day records (http://www.bom.aov.au/climatelcurrenffstatementslscsl7c.pdf). A weak change 
brought some relief to southern coastal areas after 31 January, but inland areas remained very hot until 
5 February. Extreme heat then returned, peaking on 7 February when record high temperatures were 
set across most of Victoria. 

These extremely high temperatures are part of a global warming trend. Most of the global warming 
observed over the past 50 years is very likely (at least 90% likelihood) due to anthropogenic increases in 
greenhouse gas emissions (IPCC, 2007). It is very likely that this is not due to natural variability alone 
(IPCC, 2007). Discernible human influences extend to continental-average temperatures and 
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temperature extremes (IPCC, 2007). It is more likely than not (at least 50% likelihood) that human 
activities have increased the risk of heat waves (I PCC, 2007). Australian-average temperatures have 
increased by O.g°C since 1950 (CSIRO and BoM, 2007) (Figure 2). Since 1950, Victoria's maximum 
temperature has risen 0.8" (Figure 3) (Vic DSE, 2008). The warmest year on record in Victoria was 
2007 (BoM, 2008). The warming in Australia has been associated with a significant increase in the 
frequency of extremely high temperatures and heat waves (Alexander and Arblaster, 2009). Increases in 
mean and maximum temperature in Australia since 1950 have been mostly attributed to anthropogenic 
climate change (Karoly and Braganza, 2005). While there has been no specific study of the link between 
Victorian heatwaves and anthropogenic climate change, the observed rise in maximum temperature 
(mostly due to anthropogenic climate change) is likely to have increased the risk of heatwaves in 
Victoria. 

Trend in Mean Tem~eraiure 
i850-2008 ('CIl Oyrs) 

' 

O-**l*U.wI*U*nLnud- 

hi 
IPUL- 

Figure 2: Trend in mean temperature from 1950-2008 ("C per decade). Source: 
httr>:/lwww.bom.aov.aulcai-bin/climate/chanqe/trendma~s.cqi 

Figure 3: Victorian annual maximum temperature anomalies from 1910-2008, relative to the 
average for 1961-1990. http:l/w~~v.bom.gov.auicgi-bin/climatelchangeItimeseries.cgi 

Recent CSlRO research (Gal et al 2009) suggests that there IS a llnk between the 2009 Bushflres and 
the lndian Ocean D~poIe (IOD) A posrtlve 100 (plOD) event refers to a state in whlch the eastern Indian 
Ocean ts cooler than normal, accompanied by anomalous warming In the western Indlan Ocean. A plOD 
contributes to lower rainfall and higher temperatures in the spring season over Victoria exacerbating the 
dry conditions and increasing the fuel load golng into summer. For V~ctoria, spring 1s the main ralnfall 
season, with summer being the drlest season. 
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As such, p l O M  are qulte effective In pncmdklming Victwla bushfires, mae  to tha El Nino M n t s .  Of 
the 21 elgniRcant bushfires' that h m  ocwmd since I-, 11 were preceded by a plOD m n t  
(Agure 4), out of a tdal of 18 piODs. 

Ugure4: Scatterplot of slgnlficsnt Vidorlan summer bushnres' (red dots) from i%O-ZOOB in 
t u k  of the pr&edln~ lndian Ocean Dipdo (IOD) ad mncursnt  El N~R- Osd l l l l on  
(ENSO) condtions. The IOD is  shmn by a d i w i s  mode index (DM11 in rprlna (SeptsmkK, 
October, and November, or SON), and EN SO^^ the NIN03.4 index ins- (Dawmber, 
Januw. and Februw, or WFL An El N i b  or dOD is dellnod w h m  thew indices oxwed 0.75 d 
their l&&m standad devlakn, indcded by aees outsicb the blue dashed Urns (Cd st d., 
2009). 

During the pad 50 years, c m d s t d  mean c M a t i m  changes have emerged in the tropical hdhn 
Ocean, trending towards a warmhg pf tem runhkcsnt d a plOD date (Cd d .I. 2WO), as projeded 
by global dhate  modds (Vecchi and Sodon, 2007). These changes am accompmid by a steadily 
Increased frequency in ocwnmce of plOD wonts, tram less than fwr m n t s  per 30 years early h the 
20th cmtuy, to owr 10 during the last 30 pm. In cmtnal, o w  the same Urnatnme the number of 
negatb  iOD (nlOD) evsnts decreased from owr 10 to two per 30 years. The Indian Oman has 
experimmd a plOD event in We cut ofthe part sewn yeas, hcbding a w t  of arguably urpncsdented 
three-consswtive v s t s  durlng 20062008, contrikrthg to the ssvsra drought ovw southead Australia 
during the past decade (Cd d al., 2009). 

Thew results suggest that cimate change will increase h e  ocwrrences of pK)D avsots. Therefore, 
there is some d d e n a  that cfimate change will increase the bushfire rkk across Vidda,  as a 
mnsequenw of the Indian Ocean's response to global warming. In addition to any impact ?run rkhg 
temperatures. 

Low rainfall 

V i d d a  was very dry in the weeks prior to 7 February 2008. Melbourne had no measurable rain lmm 
4 January to 7 &Gary. the equ~semnd-lmgesi dry spel on record for the dty (BoM. 2008). A 
number of locations around Mdbwrne, as wall as Balarat, w t  new January records for low rainhll 
Many places north and west of Melbourne had no rain in January, lndudhd 9Nm HII. Nhll. Stawdl. 
Bendiao. Yarrawonaa. Heathcote and MaNborouah IBM. 2008). These drv EondWons brther 
reinfo&d l l y e a r  );li&ll dekite in much b f  sou6-sadmi ~ustkdia. The &a ofremrd lorv l l yea r  
totals (Aaure 51 mvers the maioritv d d h e r n  Vidoria h m  Qioosland westwards. edendina into - 
~ w t h ~ u h ~ i a '  This is part of; 56year drying trend war  most'& eastern Australia. 

' AMst&d llst of signiflcent Aushlian bushms are tsMed in Ellis & a. XI04 (bushllres tom 2CQ4 m a n %  are tslQn kwn h s  
corntry Fore Aumonty (CFA) database listed a! Mtp:/huww.c(s n c . p o v . a u l a b e ~ i s t o ~ ~ m e s . h t m ) .  

CSlRO Submission WE45 May 20W 



Figure 5: Rainfall deciks for the Ityear period Feb 1997 to Jan 2009. 

This record dnmess may be due to natural variability, but may also be partly due to anthmpogenk 
climate changi. It k sU~too early to tel because formal atttibution studies have not been cornpbted. 
However. hltlal msuts from the South East Australian C h a t e  Initiative (Timbal et ai, 2007) Indicate that 
the intensitv of the suMmpical ridge (STR) has been trending upmrd since the 1070s and that can be 
banslated iho a skeable riintrll decline (about 70% of the observed decline h autumn to early wlnter 
tom March to July) using the conelation behwen the STR htanslty and rainfa! h south-east Aurbria. 
By and large durhg the 20th century, the IonHenn evoMbn d the  htenslty of the STR klbw the 
curve of the W a l  ttrnoentum of the danet. This nlatlonshi~ ~ h e s  a hinh likelihood that the current .- . . - - -- 
ninfall dellclt k inked b the global warming of the planet, mio& the inknsification d t h e  m. 
Therefore, the very low raintdN in Victoria pkceding 7 February 2009 may be partty due to 
anthmpogenic climate change. 

Low relative hunldity 

The extremely low rdattve humidity on 7 February 2009 (amund 5%) Is associated with the mcord kw 
rainfall in January 2009 and the heatvwve that started h bte January2OW. A study by the Bushim 
CRC is underway to determine observed trends in mlative humidly, so it is not yet possbk to say 
vrhetherany trends are lnked to anthmpogenic climate change. However, relative humidity is pmjected 
to decrease 4 t h  decked  climate change in Ausbalia due to anthmpogenic hcreases in greenhouse - . - 
gases (CSIRO a i d  EOM, 2007). 

High wind-speeds 

High wind speeds around 5 pm on 7 February preceded the passage of a cold fmnt, bringing hot and dry 
a t  *om central Audralia. This typicalty occurs with major ares in Victoria, such as Ash Wednesday 
(Lucas et al., 2007). While annual mean wind-speeds have been decreasing over much of Australia 
since 1857 (McVkar et al., 2008), there has been a small hcmase over Southern central Wctoria 
(Figure 6). No studies have been undeltaken to assessHhether changes in Australian wincLspeed are 
linked to anthmpogenic climate change. 
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Figure 6: Wind-speed trends from 1975-2006. Black lines show no change and white lines show 
significant trends with barbs pointing to increased significance. Source: McVicar et al. 
(2008). 

The Forest Fire Danger Index 

The McArthur forest fire danger index (FFDI) is based on temperature. rainfall (expressed as a drought 
factor). humidity and wind speed -the four factors described above. Both the forest fire danger index 
and the grassland fire danger index (GFDI) are described in greater detail in Section 2. 

When the FFDl is 25-50. the risk rating is 'Very High'. When the FFDl is greater than 50 the risk rating is 
'Extreme' and a 'Total Fire Ban' is usually declared. The Black Friday bushfires of 1939 were used as an 
example of a 100 rating on the scale. During the 2009 Bushfires. the index reached well over 100 at 
many locations. 

There is a 35 year trend of an increasing annual total FFDl for south-eastern Australia. Research 
undertaken by CSlRO and the Bureau of Meteorology. through the Centre for Australian Weather and 
Climate Research (CAWCR) and the Bushfire CRC. found that the annual total FFDl displays a rapid 
increase in the late-1990s to early-2000s at many locations (Lucas et al.. 2007). Increases of 10.40% 
between the average level for 1980-2000 and the average level for 2001-2007 are evident at most sites. 
The increases are associated with a jump in the number of 'Very High' and 'Extreme' fire danger days. 
Increasing trends in annual total FFDl for four Victorian sites with high quality data are shown in Figure 
7. Hence. the extremely high FFDl values on 7 February 2009 represent a continuation of an increasing 
trend in the FFDl. 

While FFDl is an important element in understanding fire weather. it must be considered in the context 
of other factors such as fire management and fuel load. as discussed in the next section. 
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Figure 6: Annual total FFDI (sum of daily 3 pm values, from July to June) at Bendigo, 
Melbourne airport, Mildura and Sale from 1973-2007. The magnitude of the linear trend is the red 
number at top left (FFDI units per year). Source: Lucas et al(2007). 
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(iii) Potential changes in future fire weather risk 
Future climate change will depend to some extent on the effectiveness of domestic and international 
efforts to control greenhouse gas emissions. There are concerted efforts through current international 
negotiations to seek to stabilise atmospheric carbon dioxide equivalent (C02-e) concentrations 
(including the effect of all greenhouse gases) between 450 and 550 parts per million (ppm) by mid 
century. However, significant climatic changes are predicted to take place even if C02-e concentrations 
can be stabilised below 550 ppm (IPCC 2007). 

CSlRO has contributed to projections of climate change for Australia (CSIRO and BoM 2007). 
Projections for Victoria indicate a warming climate with increases in extremely high temperatures, 
decreases in annual mean rainfall and relative humidity, and small changes in annual mean wind-speed. 
Increases in the area extent and frequency of droughts are likely in south-eastern Australia (Hennessy 
et al., 2008). 

Changes in future fire weather risk depend on projected changes in temperature, humidity, rainfall and 
wind. A modelling study conducted by the Bushfire CRC, the Bureau of Meteorology and CSlRO (Lucas 
et al. 2007) found that the simulated annual-average number of days with 'Extreme' fire danger 
increases by 5.25% by 2020 relative to 1990, for a low rate of global warming. For a high rate of global 
warming, the number of 'Extreme' days increases by 15.65% by 2020. By 2050, the number of 'Extreme' 
days increases by 10.50% for low global warming and by 100-300% for high global warming. 

'Catastrophic' fire-weather was defined as having an FFDl of more than 100 (Lucas et al., 2007). This 
occurred on 16 Feb 1983 (Ash Wednesday), 18 Jan 2003 (Canberra fire) and 7 Feb 2009 (Black 
Saturday). Only 12 of the 26 sites analysed in south-eastern Australia have recorded 'Catastrophic' 
fire-weather days since 1973. By 2020 for high global warming, 'Catastrophic' fire-weather days are 
predicted to occur at 20 sites, 10 of which have return periods (average time between events of the 
same magnitude) of around 16 years or less. By 2050 for high global warming, 'Catastrophic' days occur 
at 22 sites, 19 of which have return periods of around 8 years or less, while 7 sites have return periods 
of 3 years or less (Lucas et al., 2007). 

The implications for fire behaviour will be complex, since more frequent fires will affect ecosystem 
dynamics and fuel load. Increased fire frequency may result in more frequent less intense fires in a 
particular location, but may also increase the area burned in a given region. How the landscape and 
fuels respond to climate change depends on changes in growing conditions (rainfall, temperature), and 
interactions with fire regimes ( i e  the pattern of recurrence of fires across the landscape; Gill 1975, 
Bradstock et al. 2002) and land management practices. On the one hand, elevated carbon dioxide levels 
may enhance vegetation production and thereby increase fuel loads (Booth et al. 2008). On the other 
hand, drought may decrease long-term vegetation production (and fuels) and may decrease fuel 
moisture (thereby increasing potential rates of spread). The outcomes of these interacting processes on 
fire regimes will depend on whether factors act synergistically or antagonistically, are therefore highly 
uncertain, and require much further research (Williams et al. Forthcoming). 

McAneney (2005) reviewed the cost of bushfires in Australia and discussed the risk in the light of past 
experience. Over the last century, the loss of residential homes from bushfires averaged 83 homes per 
year, equivalent to about $33.5 million per year for house and contents at 2005 values. However, the 
year-to-year variance about this mean figure is large ranging from no homes lost in 40% of years to 
2500 buildings lost in the Ash Wednesday bushfires (1983), which also killed 75 people. McAneney 
(2005) estimated a 1-in-100 year event would equate to a likely loss of $07  billion and a 1-in-250 year 
event to a loss of around $1 1 billion, based on house losses (estimated at $440,000 per home including 
contents at 2005 values). The final toll of the 2009 Bushfires has yet to be calculated but, with about 
1800 homes lost, the cost is likely to be greater than the 1-in-100 year event envisaged by McAneney 
(2005). However, under the changing conditions described by Lucas et al. (2007) past experience may 
no longer be a reliable indicator of future risk. 

CSlRO Submission 091345 May 2009 



2. Preparation and planning to reduce future bushfire threats and risks 

(i) Fire danger 

The potential for a bushfire to start, to spread across the landscape and do damage defines the danger 
posed by a bushfire as a result of the combination of fuel and weather conditions. In Australia, the term 
fire danger also indicates how difficult a fire will be to suppress. Fire danger rating is 'a fire management 
system that integrates the facets of selected fire danger factors into one or more qualitative or numerical 
indices of current protection needs' (Chandler et al. 1983). A variety of fire danger ratings are used 
around the world and most operational fire danger rating systems are based upon the principle that fire 
danger is determined by wind speed, fuel moisture content, and fuel availability. 

There are two fire danger rating systems in use in eastern Australia, one for forest country (the Forest 
Fire Danger lndex (FFDI)) and one for grassland and pastoral areas (the Grassland Fire Danger lndex 
(GFDI)). Two systems are required because forest and grassland fuels have different burning 
characteristics. For example, forest fuels will burn when grasslands are green and cannot burn, and 
thus present different levels of danger under the same conditions. In other types of fuels, such as 
heaths, shrubs or hummock grasses, different danger rating systems could be developed. 

The two fire danger rating systems in Australia were developed by A.G. McArthur in the mid-1960s 
(McArthur 1966, 1967) and have been adopted by all states and territories (except WA in the case of the 
FFDI) for setting preparedness levels of suppression resources and for declaring days of 'Total Fire 
Ban'. Each system is represented by an index which is subdivided into rating classes: 'Low' (1-2.5 grass, 
1-5 forest), 'Moderate' (2.5-7.5 grass, 5-12forest), 'High' (7.5-20 grass, 12-24forest), Very High (20-50 
grass, 24-50 forest) and 'Extreme' (50+ grass and forest). These represent the rating of the difficulty of 
suppression of a well-developed fire in each fuel type. 

At a fire danger of 'Low', fires either will not burn or spread so slowly that they are very easy to 
extinguish. At a fire danger of 'Extreme' fires start very easily from sources which, under milder 
conditions, normally do not start fires, ( e g  from the hot molten metal produced when powerlines clash 
together or from the incandescent carbon particles produced by faulty engine exhausts) and spread so 
rapidly and fiercely that they are virtually impossible to extinguish unless they are attacked within a few 
minutes of starting (Luke and McArthur 1978). 

The factors used to determine fire danger in each fuel type differ slightly, primarily in the treatment of 
long term moisture. In the GFDI these are degree of grassland curing, air temperature, relative humidity 
and wind speed. Degree of grassland curing is an estimate of the degree to which the grassland has 
died off after flowering and setting seed, and thus whether it retains moisture from live cells or is 
influenced by atmospheric conditions; air temperature and relative humidity provide an estimate of the 
amount of moisture held within the dead components of the grass. Effects of rainfall are not included, as 
rainfall events once grasses have cured have a relatively short-lived (1-3 hours) effect. 

In the FFDI the factors included are: a measure of the soil dryness (seasonal rainfall deficit), the amount 
of last rainfall, and the time since last rainfall which are used to determine the percentage of fine litter 
fuel on the forest floor available for combustion known as the Drought Factor, the air temperature and 
relative humidity (used to determine the moisture content of the fine fuel) and wind speed. In both 
meters, the influence of all factors is combined to provide an estimate of fire danger. Not all factors need 
to be present for fire danger to be High or greater. For example, fire danger may be High with high air 
temperature and low relative humidity, but little wind. Fuels will be extremely dry and fires may ignite 
very easily and will not spread very fast, but still be difficult to put out. Conversely when winds are high 
but fuels are not very dry the fire danger will be High and fires, although difficult to ignite, will still spread 
and be difficult to suppress. When high air temperature, low relative humidity and high wind speeds 
coincide, the fire danger will be Extreme. 

When first introduced, both systems were capped at an index value of 100 representing the worst 
possible conditions. For the grassland fire danger index, this was based in part upon the conditions 
experienced during the Mangoplah fire in southern NSW in January 1952. For the forest fire danger 
index, this was based upon the conditions recorded at Melbourne during the 1939 Black Friday fires 
(Sullivan 2004). In revising the grassland fire spread prediction system in the late 1990s (Cheney and 
Gould 1995, Cheney et al. 1998), it was recognised that conditions had occurred subsequent to the 
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introduction of the meter in 1966 that exceeded McArthur's 'worst possible' and so the index was made 
open-ended (CSIRO 1997, Cheney and Sullivan 2008). 

McArthur's system has been used by rural fire authorities across Australia for more than 40 years, and 
his fire danger classes have been found to be satisfactory for providing public warnings, setting 
preparedness levels, and generally providing a good indication of the difficulty of fire suppression over a 
wide range of conditions (Cheney et al 1990). The amount of fuel present affects fire suppression 
difficulty; if there is no fuel there is no fire danger at that point in the landscape. However, it is difficult to 
include fuel load in a fire danger rating system designed to be applied at a regional level. Thus, for 
general forecasts it is necessary to assume a standard fuel condition. In exceptional circumstances - 
where fuels are absent or heavily eaten-out across the whole region - sensible adjustments can be 
made by local fire authorities in setting preparedness levels and providing public warnings on the level of 
fire danger. 

Similarly, difficulty of fire suppression depends on the resources available. For example, one person 
may find it extremely difficult to suppress a fire under conditions of moderate fire danger, even in sparse 
fuels. In regions where suppression resources are limited, fire authorities may need to provide public 
warnings and declare total bans on the lighting of fires at lower values of the fire danger index than are 
used in areas with higher levels of suppression resources. 

The purpose of the McArthur Grassland and Forest Fire Danger Indices (GFDI and FFDI) is to provide a 
forecast of the likely danger posed by bushfire in standard fuels given a prediction of the weather. 
These meters required a number of simplifying assumptions to be made in order to be generally 
applicable for use across the country. One of these was the characteristics of the 'standard' fuel, while 
another involved the ability of a fire brigade to engage and suppress a fire. To CSIRO's knowledge, to 
date no fire authority has raised concerns about the use or application of the fire danger meters. Indeed, 
fire authorities have utilised particular values of the fire danger index to set suppression levels and to 
guide planning (Luke and McArthur 1978). The predictions of fire danger of February 7 being the worst 
since Ash Wednesday in 1983 using the FFDl illustrates the capability of such a system to enable 
suppression preparedness and planning. 

Various revisions have been made to the prediction of fire behaviour (Cheney et al. 1998, Gould et al. 
2007a,b). However, by preserving the method of determining fire danger, continuity with historical data 
is provided that enables fire authorities to benchmark response levels and to compare fire weather 
occurrences. Climate change will affect the weather conditions that drive fuel moisture content and fuel 
availability ( e g  changes in number of rainy days, number of days with temperature about 40°C) and 
therefore also change the climatologies of fuel moisture, fuel availability, and FFDI. How particular fire 
danger rating systems respond to climate change depends on their sensitivities to weather conditions 
(Matthews 2009). 

Climate change may affect distribution of wind speed, but use of wind in the FFDl calculation is not 
affected. Fuel moisture is calculated using a simple "instantaneous" model based on air temperature 
and relative humidity. The simplicity of the model means that although climate change may alter the 
frequency with which certain combinations of temperature and relative humidity occur, the validity of the 
model is not affected (because temperature extremes increase only slightly, and relative humidity cannot 
go below 0). Fuel availability is calculated from the amount and time since the most recent rain event. 
In the FFDI, drying occurs at a constant rate, irrespective of weather conditions. This simple drying 
assumption, which was a limitation under past conditions, may become even more important under 
future climatic conditions. 

If modifications are made to the drying assumption, this will not affect determination of FFDl at the upper 
end of the fire danger scale ( i e  High to Extreme) when the drought factor (DF) is at its maximum, but 
rather at the lower end when fire danger is Low to High. It is at this end of the fire danger scale that fire 
and land management authorities are able to conduct fuel management practises, such as hazard 
reduction burning. Having a better understanding of the changes in FDI following rainfall events under 
changed future climate conditions will improve the safety, effectiveness, and efficiency of such fuel 
management tasks. 

There is some scope to assess current levels of community understanding of the fire indices and how 
the community uses this information in preparation planning and bushfire response decision making. 
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(ii) Fire behaviour 

Fire behaviour is a collective descriptive term for a number of aspects of a bushfire. These include the 
rate of spread of the fire ( i e  the speed of the fire in the direction of the wind), the fireline intensity ( ie. 
the rate of energy release per unit length of fireline), flame height, angle and length, and spotting 
distance (the maximum distance firebrands will be cast by the fire and spot fires initiated). 

The climate change modelling presented in Section 1 shows that in south-eastern Australia the number 
of days of 'Extreme' fire danger is likely to increase in the coming years. However, the conditions that 
affect relative fire danger do not always affect the speed of a fire in the same way. 

Fire danger and difficulty of suppression are related exponentially to wind speed. That is, as wind speed 
increases, the difficulty of putting out a fire rises at an ever-increasing rate. In both grassland and forest 
fuels, the rate of forward spread of a bushfire (that is, the speed of the fire in the direction of the 
prevailing wind) has a near linear relationship to wind speed. Thus, while wind speed is an important 
factor in predicting both fire spread and fire danger, fire spread cannot be directly linked to a fire danger 
index. 

The fireline intensity of a bushfire is the product of the rate of spread of the fire, the amount of fuel 
consumed in the fire, and the heat yield (or energy available) of the fuel. The amount of fuel that is 
consumed in the fire is also a function of the intensity of the fire. A low intensity forest fire will burn only 
that fuel on the ground ( i e  surface fuel). As the intensity increases, the fire will consume other strata of 
fuel (see Figure 8), increasing the amount of fuel consumed and thus the intensity. An extremely intense 
forest fire may consume all fuel strata within the forest including the canopy. 

d 

Overstorey 

Intermediate 

Elevated 

Near-surface 

Surface 
Duff 

Soil 

Overstorey 

Intermediate 

Elevated 

Near-surface 

Surface 
Duff 

Soil 

Figure 8: Schematic of the six strata of forest fuel (Source: Gould et al. 2007). 
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Recent wak on MemJning the behaviwr d bushfires in rty eucalypt f a d s  under s u m  md(rons 
(Wid et al. 2007) found that the swed of a bushfire in these fuels is n d  onb de~endent u r n  the fine 
surface fuel (as the McPlthur systeim found) but also the structure of the foreit ur;dsrstaey: That is, the 
presence, cararage and height of the near-surface fuel layers. Other layers. such as elevated and 
intermediate layers, once hvohred In mnbustion, contribute tothe height d t h e  fiames (increashg the 
dimculty d suppros~on f a  @bn h e  htenolty) and pd& pathways for the fire to lnvdva the cincpy. 
which may lead to croun fire (see Flwre 9). Australian faesl W s  cannd sumod adbe a m  itre 
spread a h a r t  a suitably intense su&m fi;e to prcNTde the energy and mechanisms f a  Are to read, the 
d e n  sparse wsrstaey fuels. It k the bark d t h e  owstaey and intermedate species that provides the 
fuel for firskandr. which lead to spdtlng (Elus 2000). 

Figure 9: Fuel strata and thsir relationship HAth the cornbustlon anvlmnment o f  a busMra 
(Source: G w l d  and Sullivan 2004). 

M l e  the impact dchanged dlmate is likely to be an Increase h Me frequency of exireme Me danger 
days. the lrnpad of dimate change on the structure d the b e s t  and thus the behaviour d bushfires k 
n d  knwn. Changes In species comgosm and thus structure are likely under sustained chanaed 
climate, but the r i te of change and the type of change k unknown. l+ed modelling d t h e  change in 
weather variables under changed dimate. partlarlarly wlnd speed. Is ako crltical to predicting the likely 
change in expeded bushfire behaviwr under Mure climate. 

(Ill) Fuel hazard reductlon burnlng 

There are a complex set of interrelating issues surrounding fire manaoernent options and their 
effectiveness at the whole d landscape scale that require consideration h assessing the dftcacy of fuel 
hazard reduction burning. These have been separated into a number of key theme&cutlined be&. 

Fuel hazard 

Fuel hazard is an estimate of that part offire danger that is due to the vegetation available for burning 
(1.e. fuel) (Gould and Sullivan 2004). It is the product ofvegetaticn type, condition, moisture m t e n t  and 
s i ~ d u r e  of the vegetation. It does n d  have components related to topography (slope and aspect) or 
wind (speed a direction). Essentially it is the relative fiamnabiliiof the available vegetation and thus 
the fuel. 

Of the three components that combine to deternine fire behawwr (fuel. topography and weather). fuel 
is the only one that can be modified by Deode tornoderate the behaviour d bushfires lMcArthur 1962). 
~educinp the fuel hazard wiH reduce (he &era11 danger posed by bushfires and increase the potential. 
that a fire may be stopped through natural a artificial means (Cheney 1996). 
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Fuel hazard reduction can be undertaken in a number ways, from mechanical removal of fuel through 
slashing and harvesting, application of chemical treatments (flame retardant, herbicide, etc) or 
application of fire under suitable predefined ( i e  prescribed) environmental conditions. Prescribed 
burning is the most cost effective way of reducing fuel hazard at landscape scales (Rawson et a1 1985). 
Hazard-reduction burning is probably the most widespread form of prescribed burning that is deployed 
on both public and private land in Australia(Gould et al. 2007, Cheney and Sullivan 2008,Dyer et al. 
2001) 

Most hazard reduction burning conducted in Australia aims to keep the amount of fine surface fuels 
(fuels less than 6 millimetres in diameter) within the range of 8-15 tonnes per hectare (McArthur 1962; 
Raison et a1 1983; Gill et a1 1987; Cheney 1996). Hazard reduction burning also reduces the height, 
mass and flammability of elevated fine fuels such as shrubs and suspended dead material and is the 
only practical way of reducing the fibrous bark on trees, the prime source of firebrands that cause 
spotting (McCaw et al. 2008). 

Hazard reduction burning is not intended to stop wildfires, but it does reduce the intensity and the 
spread of unplanned fires, within the area treated by prescribed fire, by reducing: 

the rate of fire growth from its ignition point; 
flame height and rate of spread; . the spotting potential by reducing the number of firebrands and the distance they are carried 
downwind; and 
the intensity of the fire. 

As a consequence, hazard reduction burning lowers the risk of crown fires developing in medium to tall 
forests, will limit the rate of spread and potential impact of wildfires, and makes fire suppression actions 
safer, more effective and thus more efficient (Luke and McArthur 1978). 

The degree of risk reduction will depend on fire weather. During days of extreme fire danger, 
bushfires will be virtually uncontrollable even if fuels are minimal. However, the number of days each 
year during which fires will be controllable is many times greater for lighter fuels than for heavier fuels. 
Thus, there will be more opportunity to suppress fires ignited in summer, and to ensure that they are 
extinguished before weather conditions worsen. Where fuel loads are very heavy fuel reduction 
burning requires great care in order to avoid very intense fires, which will pose a hazard to 
suppression crews and which will have a higher probability of escape. A heavy fuel load is one of the 
factors associated with the development of characteristics of extreme fire behaviour, which include 
fast rates of fire spread, long flames and crown fires, fire whirls and excessive spotting. 

Research by CSlRO and the Department of Conservation and Environment Western Australia (McCaw 
et a1 2003, Gould et al. 2007a, b) based on fire behaviour experiments in south-west Western Australia 
and modelling has confirmed that the potential intensity and rate of spread of fires in open eucalypt 
forests is directly related to the time since last fire. The intensity and difficulty of suppression of fires will 
continue to increase for at least 15 years after fire because of changes that take place in the structure of 
surface, near-surface and elevated fuel strata. The amount of most eucalypt fuels will increase rapidly 
during the first five to eight years after fire and then continue to increase slowly for a further ten years 
(McCaw et a1 2003). In forests dominated by trees with fibrous bark the spotting potential and difficulty 
of suppression may continue to increase for considerably longer periods after fire as bark continues to 
accumulate on trees. 

The length of time fuel hazard reduction remains effective in assisting suppression of unplanned fires 
depends upon the number and type of fuel layers involved, and time since fire, as governed by the rate 
of accumulation of these fuels and the time that it takes for the key layers to build up to their full potential 
for the site. This 'effectiveness time' may be relatively short (less than 1 year) for fuels with a simple 
structure, such as annual grasses, or it may be many years in more complex fuel types such as tall 
forests with complex understoreys (Table 1). 

CSlRO Submission 091345 May 2009 



Table 1. Period over which fuel reduction burning will assist suppression activities, and the main 
factors that contribute to difficulty of suppression. 

Vegetation type Persistence of effect Factors contributing to difficulty of 
on fire behaviour suppression 

material (rate of spread, flame height) 
Forest, short shrubs, 10-15 Surface fuel, near-surface fuels structure 
gum bark4 
Forest, tall shrubs, 15+ 

(rate of spread, flame helght) 
Near-surface fuel, shrub helqht and 
senescence, bark accumulaion (rate of 
spread, flame height, spotting potential) 

If low hazard fuels are maintained adjacent to communities, it is likely that fires will burn out more quickly 
and residual radiant heat and smoke levels will be less. This means that, following the passage of the 
fire-front, conditions for residents wishing to extinguish ignitions on structures or to escape from a 
burning house will be less hazardous. The extent to which houses can survive fires is influenced by 
many factors including their resistance to ignition by firebrands and the availability of all fuels on the 
property including garden fuels, flammable fences and other structures (Ellis and Sullivan 2004). 

The 'effectiveness time' or persistence effect of hazard reduction burning, especially the upper bounds 
of 10.15 years in forests, may be affected by the impacts of climate change. That is, with changes to 
climatic conditions understorey vegetation species may change and thus may change fuel structure; with 
declining moisture, rates of fuel accumulation may decline (Williams et al. 2009 forthcoming), potentially 
lengthening the effectiveness time. Similarly, increased occurrence of days of higher fire danger may 
reduce overall effectiveness time. Thus, there is a high degree of uncertainty with respect to climate 
change impacts on this component of fire management and further research is required. 

Risk Management 

The risk posed by bushfires to assets (communities, biodiversity infrastructure, etc) can be moderated 
by hazard reduction burning. However, the level of burning depends on perceptions of acceptable 
residual risk and acceptable costs (economic, ecological and social). This residual risk will be moderated 
to some extent by additional actions (such as increased available suppression resources, better 
community, infrastructure and housing protection, and improved planning and communications). 

Prescribed burning is, and will continue to be, an important tool for the management of fire regimes in 
Australian landscapes in the future. Following the 2003 fires in southern Australia, both the COAG and 
Esplin Reports (Ellis et al. 2004; Esplin et al. 2003) recommended an increase in the level of prescribed 
burning in landscapes as part of a general approach to improved fire management. One recent report on 
fire management on public land in Victoria (Environment and Natural Resources Committee 2008) has 
recommended (Finding 7.2; p 244) that the level of prescribed burning in the Victorian landscape be 
increased significantly, partly as a way to mitigate the risk climate change poses to the fire regimes. 

The effectiveness of hazard reduction burning will be determined by many factors- the scale of the area 
to be managed, time since fire, percentage of the total area treated, the suitability, effectiveness, 
coverage and intensity of the treatment, spatial patterning of prescribed fires, the type of landscape, and 
fire weather. The level of risk reduction per unit of effort is unclear, with no prescriptions that take into 
account landscape complexity under conditions of severe or extreme fire weather. Moreover, as 
indicated above, there will always be residual risk associated with the use of prescribed fire. With 
respect to climate change, the extent to which risk reduction by prescribed fire is maintained under 
scenarios of increasing fire danger is also uncertain. There have been a few recent quantitative 

2 Cheney and Sullivan (2008) 
Project FUSE: Bushfire CRC (research work in progress) 
McCaw et al. (2003), Gould et al. (2007), McCaw (2008) 
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evaluations of the relationship between area burnt by unplanned fire (or other measure of risk reduction) 
and area treated by prescribed fire under climate change scenarios in south-eastern Australia; one 
example is Bradstock et al. (2008). However, as far as CSlRO is aware, no such analyses have been 
undertaken in the forested landscapes of Victoria and overall understanding would benefit from further 
research in this area. 

Appllcatlon & Understanding across Spatlal Scales 

In assessing the potential and effectiveness of hazard reduction burning it is important to highlight that at 
the scale of the experimental plot (hectares) there is a mature understanding of the effects of fuel 
reduction burning on fire behaviour, and the time over which these effects can influence fire behaviour. 
However, at landscape scales (10s-1000s of km2) the extent to which the area burnt by unplanned fire is 
mitigated by given levels of treatment of the landscape is complex. In their global review of the 
effectiveness of prescribed burning and its role in mitigating unplanned fire, Fernandes and Bothello 
(2003) concluded that "The best results of prescribed fire application are likely to be attained in 
heterogeneous landscapes and in climates where the likelihood of extreme weather conditions is low. 
Conclusive statements concerning the hazard-reduction potential of prescribed fire are not easily 
generalised, and will ultimately depend on the overall efficiency of the entire fire management process." 

Cary et al. (2009), in a multi-model, multi-continent comparison of the determinants of area burned, in a 
range of landscapes across the world, found that 'weather and ignition management were consistently 
more important for explaining variation in area burned than fuel management approach and effort', King 
et al. (2006) using simulation modelling in south-west Tasmania, indicated that strategic location of units 
treated by prescribed fire enhanced the reduction in the fire risk (in that case to vegetation species 
susceptible to fire). 

Other lmpacts of prescrlbed burnlng 

Prescribed burning has impacts on numerous values in landscapes, for example biodiversity water and 
human health. The interaction between climate change, unplanned fire and prescribed fire on 
biodiversity values is a developing research area (Williams et al. Forthcoming). Both hazard reduction 
burning and wildfire can have positive or negative impacts on biodiversity In some landscapes, there 
are potential biodiversity costs associated with the intervals between prescribed fires. Water values in 
some forests may be affected substantially by wildfires, with effects potentially lasting for decades 
(Kuczera 1987; Lane et al 2006) but are generally little affected by prescribed burning, with exceptions 
being on highly erodible soils. Smoke from prescribed fires may present health risks, particularly from 
particles less than 10 microns in diameter (WHO 2003). Air quality issues will continue to be an 
important part of fire and land management planning. 

Hazard Burnlng Oppo~tunltles 

Execution of hazard reduction burning is problematic in many areas due to constraints of smoke 
management, resources and opportunity ( i e  prescription 'window'). In a number of forest types, such 
the tall, wet montane eucalypt forest types successful execution can limited by the low flammability of 
surface fuels in general hazard reduction prescription windows, With the expected warmer and drier 
conditions forecast under changed climate conditions in the future and the subsequent increase in the 
number of days of extreme fire danger (Lucas et al. 2007), it is expected that current 'windows' for 
app , ng prescr pr ons of nazaro rei-cr on 0-rn ng >, cnange an0 poss o , narro>, mean ng ess 
oppon-n r, ro cono-cr safe an0 effect ve nazaro reo-cr on o m s  Tn s >, req- re reassessmenr of rne 
current operational limits ( i e  work hours, smoke levels, etc) of conducting hazard reduction burning 

(iv) Bushfire suppression and control 

Throughout Australia, the initial suppression response to the outbreak of a bushfire is generally the task 
of the agency with responsibility for the land on which the fire occurs. This response is usually managed 
at a district level using locally deployed resources. Fires that escape initial suppression attempts will 
then subsequently attract support from neighbouring districts coordinated at the state level and other 
agencies with fire fighting resources. In many cases, water-bombing aircraft are not immediately 
available for early attack on fires and ground crews generally form the primary type of suppression force. 
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Analysis of data collected tom the initial attack of wlldf~res in a wide ran* of Australian fuels (Plucinrld 
et at. 2007,2008) found four main determinants of the success of early Re  containment efforts. These 
were: time to anival of initial attack response, prevailing weather, level of fuel hazard, and the size ofthe 
Ire at arrival of inkiai attack response. W*h the exception of the prsvailhg weather, fire management 
practices can influence all of these factors to improve the probadility of s~ccess of initial attack 

Tlme to anival of Initial attack response following detection (1.e. response time) can be mlnhked by 
ensuring the deployment of suppression resources is as rapid as possible, that suppression resources 
are of an appropriate type for accessing the location of the fire, and that suppression reswrce base 
locations aliowfor an optimal coverage of a given area. 

The hazard (amount, coverage, and structure) ofthe burning fuel (McCarthy et al. 1999. Gould et al. 
2007b) has a strong'infiuenci on initial attack'success, as show h ~ i ~ u r e i o .  and canbe reduced 
throuoh the aoolication of fuel manaoement oractices such as hazard reduction burnlno (Chenev 1986). 
~lres~urning'k areas that have a r&uced level of fuel hazard a n  much mwc likely to%; quic& 
contained than those that are burning In heavy fuels that are long unburnt. 

The size of a fire at arrival of initial attack(i.e. initial fire sue) is hfiuenced by suppresston response 
time, fuel hazard, prevaling weather and topography. Initial fire size may be reduced by reducing 
suppression response time and decreasing the level of fuel hazard. Improved fire detection efficiency 
will also reduce initial fire size. 

h recent years there has been an Increased focus on the use of alrcrall h the suppression of bushfires. 
Alrcrafl have three main advantages over ground suppression resources: speed.~access, and 
observation lChenev 1996. Plucinski et al. 20071. When around tnvel resoonre times are sianficant or 
safe access is drfficht, a i r c k  have the abilty td reach th; fire early in Its ;kveiopment and liinibate 
suppresslon. In such situations aircrall can be used to hold or slow lira spread to restrict the grovvth of 
the active fire perimeter until ground suppression forces arrive However, once a forest m has become 
fulty developed, aircrall become kss effective at resbicting the spread ofthe are, pharity due to the 
increased speed of the tin and the time taken forthe aircraft to re f l  and rehrrn to the tta (I.e. Urn 
around time) 

20 40 

Forest Flre Danger hdex 

Figure 10: The effect of Forest Fire Danger Index and overall fuel hazard on first attack success 
(Plucinski et al. 2007). 
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Aircraft cannot extinguish a bushfire without the support of ground crews (Loane and Gould 1985). While 
an aircraft can drop water, retardant or chemically-enhanced water (using additives such as surfactants 
or water enhancing gels), these can only reduce the fire behaviour temporarily; unless directly attacked 
by supporting ground crews during this period, the fire will eventually burn through, around or over the 
drop, particularly if the fire is spotting heavily. Aircraft cannot mop-up burning and smouldering fuels 
which are a primary source of re-ignition (Plucinksi et al. 2007). 

Under projected future changed climate conditions, in which the number of days of extreme fire weather 
is expected to increase for much of south-eastern Australia, improving the success of initial attack will be 
critical to ensuring large conflagration fires do not develop. Fire management practices, including ignition 
detection, suppression response using the optimum mix of suppression resources for the conditions and 
management of fuel hazard, need to be as efficient and as effective as possible to aid initial attack 
success. A simple adage is that 'small fires are easier to put out than big fires' and this will be even more 
true given the increased challenges expected from future changes in climate, land use and population 
demographics. 

(v) House loss risk 

The McArthur forest fire danger index (FFDI) was originally designed to assist fire-fighters in gauging the 
degree of safety involved in approaching a fire under given weather conditions. A bushfire hazard index 
for houses was described by Wilson (1984) and implemented as a House Survival Meter by CSlRO 
Wilson (1987). 

Recent research initiatives (Blanchi et al. forthcoming) have explored the link between historic house 
losses and the fire weather in which these losses have occurred, as well as other factors including 
building design, surrounding vegetation and human behaviour. There is potential for an improved house 
loss risk index to be developed and used to better inform communities of the potential for a fire under 
given fire weather conditions to cause life and property loss. Accompanied by an integrated education 
policy this tool could assist individuals and communities to understand: 

the potential worst case weather conditions in their region, 
the capacity to prepare and adapt to their regionally specific weather conditions, and 
the significance of forecast weather conditions in relation to the level to which they are prepared, so 
that an informed decision can be made to stay and defend or leave well before the fire arrives. 

Issues related to buildings and planning are intended to be dealt with in detail in a proposed separate 
CSlRO report. 

(vi) Fire weather projections 

Improved fire weather modelling could improve long-term strategic planning for future bushfires. Current 
modelling has been carried out using a regional model nested in two of CSIRO's global climate models. 
It would be useful to evaluate the performance of more recent CSlRO global models against other global 
models developed outside CSlRO. The use of the most reliable models would improve the projections 
for factors that are critical for bushfires, such as wind speed. Examining daily and annual variability 
would also assist the assessment of fire weather. The risk of dry lightning ( i e  lightning which occurs 
without precipitation) is also an important factor affecting fire weather, and this could be analysed in 
climate change projections. There is potential to enhance the CSIRO-Bureau of Meteorology ACCESS 
model to include a fire module, linked to a dynamic vegetation model (CABLE). This could provide 
seasonal and multi-decadal fire weather forecasts. 
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h m g e  m r h  kfwpbn? 
temperatures dunng the second half 
ofthehhientieth century were the 
highest of ary50yearperiod in the 
past 130Qyears. based on at least 
I Otemperature reronsirudionr 

However this level ofwarming is not 
uru~sualip tke Earths geological history 

Global temperature records z 

For millions of years the planet has 
experienced a series o f  ice ages and 
warmer inter glaaa periods driven 
manly by changes in the Earths orblt 

During the asi major ice age the 
global average temperature waj  only 
3 to 5 OC coolerthan tm'ay and sea 
levels were up to 2 0  m lower than 
presel-ii Around 125 000 years ago 
our ancestors lived through an inter 
glacial perlod when Vie polar regions 
were 3 to 5 "C warmerthan the present 
and sea levels were an estimated 4 to 
6 metres higher than the twentteth 
century This illustrates that even a few 
degrees change in global temperatures 
can create a vastly different enwronment 

From 8 7 0  t o  2007 the global average 
3ea level rose by close t o  20 t m  %a 
levels roseat ar average of I 7 mm per 
year during the 2Mh century; adera t ing  
t o  34 mrn per year from 993-20Li7 

As waterwarms it expands in volume 
This thermal expansion of the ocean 
IS a majorcause of sea level rise in 

the 2OW century The other man 
contributors are themeltmg of ice 
cap  and ghmn around the world, 
and smllertQntriblitlons from the 
Greenland and Antrirdic ice shee's 

over t h ~  a d  50 year5 g l w x  
there have been f w e r  cold* 
and nights and more hot  days hot 
nightxand heatwaves Heavy ranfall 
m n k  and extreme sea level wents 
h e  increased over m s t  areas 

Since 1900 precipitation has increased 
sign~ficantly o m  eastern parts ofthe 
Amenas riorthern Europe parts ofAsia 
and north wostmhhustdia Rodumd 
precipitation has occurred in central 
and southern Africa the Medrterranean 
and pamofsouthernAsia Since 9 5 0  
there has been sign~flcant drying in 
south western and eastern Australia 

These long term global cltmatetrends 
are occurring alongside normal Weather 
vanabns that happen naturally over 
seasons o r  decades The way short 
termand long term vanaWns interact 
can reduce or worsen the mpack we 
experienm makrng it harderio pinpoint 
all the causes of local temperature 
changes o r  specific weather evenb 



Cresnhausegaoes @HGsl are a natural pare of the amasphem, trapping 
ahd re-radiati~ he& tram the breWs surfa@.The natural greenhouse 
eff& is @ruclal In malntaintng o s u r f i r e e t e m p ~ w  the% e n  suppart llfe. 

C k e n e ~ ~ o f ~  
m the ;rtmnsphere b 
~ m d  stme 17M and rmv 
exceed pro-induttrial lcrds 

Since the Industrid Revolution, CO, 
concentrations have risen 37% methane 

I 50% and nitrous uxde 8 %  The 
global increases in C 0 2  concentration 
are due primarily t o  fossil fuel use and 
land use change while the mreases 
in methane and nrirous omde are 
primarily due t o  agncuture The KO, 
concentration in 2008 of 383 parisper 
million (ppm) IS much higherthan the 
natural mnge of I R to 300 ppm that 
existed over the liast 800,000 years 

Global average temperature 

f h a r e h ~ ~ O B k  
likelihood that mast af the 
global warming since the mtd 
2Uth cantury is due to l n w ~ l s l ~  
In greenhouse gas emtrrlms 
fmm human rstwiirles 

The physical and chemicai processes 
invoked are wll understood and 
docurrented and there rs less than 5% 
likelihood that the observed warming 
is due to natural muses alone (Fig 2) 

Evidence of human influence has 
been detected in ocean warming, 
sea-level rise, tont~nen~l-average 
temperaturess, temperature extremes 
and wtnd patterns This conclusion 
is consistent ihnth the observed 
melting of@aciers and ice sheets 

I I models using only natural fadon 

G' , 1 0 1 - d e l s  uingboth natural 
% - F3Agi anthropogenicfadars a 

Figure 2: The observed 
Increases in global 
aveme temperatures 

I cannot be explained by 
I I I I natural factors alone. 
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About 25% afthz CO, emitted into 
the atmosphere is absorbed by the 
ocean and anather25% is absorbed 
by the terrestrial biorphere In water 
the CO, forms a weak carbonic 
acid making the oceans more acidic 
Ocean acid~fitation imterieres with the 
farmationof $her and cord ad has 
far reaching ~mplrations forthe heaiWn 
and produc~vity o f  the world s oceans 
Higher CO, levels can also increase 
plant gravWl and produc'mty but this 
can be offset by changes in d m a k  such 
a less ranfa o r  highertemperatures 

Mesru*thsd- 
tbtn and now 

Today scientists fmm my &&I% 
work togethertotwi rnSpha&W 
global neWork of weather siations 
ocean buoys tde gauges satellites 
and atmospheric sampling stations 
that constinily measure and 
record weaiher sea levels and 
greenhouse gas iontentrations 

Pasearchers also anaiyse older recorc, 
such asships'logs weather reports 
Ma l  r~cords;nnd archaeological 
eviuence to build up a picture ofthe 
Earihii climate over hundreds oT year& 

To look back beyond this soentists 
afiavse ppmxytemperaiure records 
such as the annual grovdh rings of 
bees and corals and small fossils in iai 

d m e n t s  Far mmpe,sediment mi 
can indicate how coasllnes have shifti 
wrih changes in sea level Bubbles 
of airtrapped deep in polar ice can 
reveal temperaUres and atmospheric 
concentrations ofgwnholtse 
gases up $0 800 000 years ago 



The amount of future climate change depends on 
the level of global greenhouse gas emissions 

Research groups around the 

world have independently 

developed climate models, 

which each have their own 

strengths and weaknesses. 

After careful testing, these models 

are used to project likely future 

changes in the climate based on 

various emission scenarios. 

Concentrations o f  greenhouse gases 

are continuing to  rise, and some GHGs 

have long lifetimes in the atmosphere. 

Due to  this inertia, the climate changes 

projected for 2030 are unavoidable. 

The current rate o f  GHG emrsslons IS 

above the hrghest scenarlo developed by 

the Intergovernmental Panel on Chmate 

Change (IPCC). The scenarios used In 

the IPCC's most recent report no longer 

adequately descr~be emerglng emlsslon 

trends over the next few decades. 

New estimates accounting for recent 

emission trends indicate that by 2030 

CO, emissions may be 17 t o  52% 

higher than estimated by the IPCC. 

This would likely result in a global 

warming o f  0.8 to  1.5 "C by 2030, 

Continued greenhouse gas emissions 
at o r  above current rates will cause 

further warmrng and Induce many 

changes rn the global chmate system 

dur~ng the 2 1 st century, There IS 

greaterthan 90% lrkehhood that these 

changes will be larger than those 

already seen durrng the last century. 

There is greater than 90% hkehhood 

that heat waves and heavy rain events 

will continue to  become more frequent 

around the world. Sea-ice and snow 

cover are projected t o  shrink. There 

is greater than 90% likelihood that 

Today's sea level is unprecedented during modern civilisation 

Range of (stable) sea : 
- level dunng development : - 
-f --lern soc~ety 

20th century rate is well 
outside the range of the 
previous two m~llenra 

1500 1 600 1700 I800 1900 2000 2100 
Year (AD) Church et a1 2008 

> Figure 3: Global sea level was stable for at least two thousand years before 

starting to rise in the 19th century and the rate of rise has increased since 

then. Currently sea level is tracking near the top of the IPCC projections. 

The orange lines show the high (95%) values for six IPCC SRES scenarios. 

The blue lines show the low (5%) values for the same six scenarios. 

ra~nfall will increase in high latitudes 

and greater than 66% hkel~hood that 

ra~nfall will decrease in most sub- 

tropical and temperate land areas. 

There IS  greater than 66% hkel~hood 

that the area affected by droughts 

w~ l l  Increase and there IS  greater 

than 66% hkel~hood that that trop~cal 

cyclones w~ l l  become more Intense. 

By 2050, d~fferent trends In emrsslons 

have a s~gn~ficant Influence on cl~mate 

outcomes. If slgnlficant mrt~gat~on efforts 

start In 20 10, lead~ng to  emlsslons 

peak~ng In 2020 and CO, equrvalent 

concentrat~ons stabrl~s~ng around 600 

ppm after 2060, sc~ent~sts project a 

warm~ngof 1 . 1  t o  2 2 ° C  by2100 

The chance of  avo~d~ng a warmlng 

of 2 "C would be around 90%. 

Howevev; if global emiss~ons continue 

to clhmb so that CO, equ~valent 

concentrat~ons exceed 970 ppm 

by 2 1 00, then temperatures are 

projected to  Increase by 2.2 t o  4.7 
"C by 2 1 00, and there would be l~ttle 

chance of  avo~d~ng a 2 "C warmlng. 

Sea level is pmlectad 
to rise further by the 
end of this century 

Ongo~ng warmlng of  the oceans and 

melt~ng of  Ice are expected t o  lead t o  

cont~nued sea-level rlse o f  at least 18 

t o  79 cm th~s  century Due t o  lhm~ted 

understand~ng of  how ~ce-sheets 

In Greenland and the Antarct~c wrll 

respond t o  rlslng temperatures, a rlse 

o f  more than 79 cm by 2 100 cannot be 

ruled out Although our understand~ng 

of  how Ice sheets melt and decay IS 

~mprov~ng, there IS currently no scrent~fic 

consensus on a best est~mate o f  t he~r  

contr~but~on t o  sea-level rise by 2 100. 



The warming projected for Austral~a 

In 2070 IS 1.0 t o  2.5 "C for a low 
emission scenario (sim~lar to a 500 

ppm CO, equivalent path) and 2.2 to 

5.0 "C for a h~gh emlsslon scenarlo 

(s~milar to the world's current path). 

Warm~ng IS projected to be lower 

near the coast and In Tasman~a and 

h~gher In central and north-western 
Austraha.These changes w~l l  be felt 

through an Increase In the number of 

hot days. In Canberra, for example, the 

present annual average of five days over 

35 "C may rlse to seven to I0 days by 

2030 and e~ght to 26 days by 2070. 

Projectons indicate by 2030, southern 

Austraha may receive up to 10% less 

rainfall while northern areas see changes 

of - I 0  to +5%. By 2050, southern areas 
may get 0 to 20% less ra~nfall, w ~ t h  

changes of  -20 to + 10% in the north. 

Water security problems are projected 

to intensify by 2030 in southern and 

eastern Austraha as a result o f  reduced 

rainfall and h~gher evaporat~on. 

The frequency and extent of droughts 

IS projected to Increase over most 

of southern Austraha. However; ~t IS 

d~fficult to determme w~ th  certa~nty 

how much of the dryrng of  the past 
decade is due to human activit~es. 

The effects of cl~mate change 

w~l l  be super~mposed on natural 
climate variability, leading to changes 

In the frequency and ~ntens~ty 

of extreme weather events. 

There IS greater than 90% likehhood 

that xtreme fire weather is will 
occur more often In southern 

Australla, wlth longer fire seasons. 

Days w ~ t h  heavy ramfall are projected 

to become more Intense over most 

areas In summer and autumn and In 

northern areas In w~nter and sprlng. 

Trop~cal cyclone days are projected to 

increase in the north-east but decrease 

In the north-west, with the strongest 

cyclones becom~ng more intense. 

The number of days wrth large 

hail IS  projected to Increase along 
the east coast from Fraser Island 

to Tasmanra and decrease along 

the southern coast of Austral~a. 

By 2050,Austral1a's growing coastal 

towns and c~ties will face heightened 

risks from sea-level rise and more 

frequent severe storms and flood~ng. 

Global cl~mate models rnd~cate that 

mean sea-level rise on the east coast of 

Austraha may be greater than the global 
mean sea-level rise. In low-lying areas, a 

mean sea-level increase of 18 to 79 cm 

or more could lead to coastal ~nundat~on 

tens o r  even hundreds of metres Inland 

depending on local topography. 

R~sks to major Infrastructure are expected 

to Increase, lnclud~ng fa~lure of flood 
protection, urban dra~nage and sewerage; 

Increased storm and fire damage; and 

power-outages during heat waves. 

n@ md 
Significant loss o f  biodiversity is 

projected to occur as early as 2020 
In some ecolog~cally rich sites. For 

example, rlslng sea temperatures 
are almost certa~n to increase the 

frequency and Intensty of mass 

coral bleaching on the Great Barrier 

Reef. Other s~tes at risk include the 

Queensland wet tropics, Kakadu 

wetlands, south-west Austral~a, sub- 

Antarctic Islands and the Austrahan alps. 

Product~on from primary ~ndustries IS 

projected to decl~ne by 2030 over much 

o f  southern and eastern Australla due 
to Increased drought, reduced water 

resources and higher temperatures. 

Changes In the distr~but~on and 

abundance o f  commercial fish species 

may create new opportun~t~es in some 

coastal reglons, but overall projected 

changes In chmate pose some very 

sign~ficant risks to the fish~ng Industry. 

One of the major health Impacts IS 

I~kely to be an Increase In heat-related 

deaths. W~thout  preventat~ve act~on, 

the number of  heat-related deaths 

In people aged over 65 could rise 

from I I 1 5 per year at present In the 

major cap~tal c~bes, to between 4300 
and 6300 per year by 2050. Some 

mosqu~to-borne dlseases may move 

south, e,g. dengue fever. 



A comprehensrve response 
r o  ciitrima change requires 
three broad adares of adetloion: 
mitigaeton,ro redusepenhouse 
gas emisdons; adaptation, to 
prepara for impacts that arsl 

now unavoidabl%and wntinued 
research to befter underand 
the earth's dimate *ems. 

P i q  of the impacts of drrste change 
can be reduced, delayed brwoided 
by rnducing greenhouse g s  emissons 
One of the key msqs from the 
wence is that miiilgatit-n efforts 
over the next few deca&s v d  hme 
d kgt !  i~ifluef~it: O ~ I  wh~ltrt-r GHG 
ronrenh-atlorrscan be siabilised at a 
level low $nay@? to reduce the rak o i  
more serious rlmate charge impacts 

Cutting Aush-aias GHG emt~sionsis a 
major national undertakingthat rivohies 
households companies communrties 
and governments The goal of GIRO8 
Ener&iTmformcttl Natlonal Reseasch 
Flagship is to developstationary and 
transport technologies to halve GHG 
emissions double the effrclency ofthe 
ndions new energy generaon suppv 
and use and to pos~lllon Austraia 
fora future hydiogenatonorrfy 

pvudmlians havea long hstary of 
coping with the wagartes of a highly 
vafiairleclimate and thenatlon enjoys 
a high standard of  living so we ha* 
thecapmty to adapt and prepare for 
some oft% impacts ofclimate change 
Eariy studies ind~cate ihztforAusiraliar 

agrlcu'tum adaptation measures tould 
reduce the impacts of climate change 
onpraduciivt+q by aimst50 pe~cent 
and subs+mt~aily reduce We economit 
c o % b  @~ional communitle 

Pcdenbal acbonsio adapt to life in 
a changing climate include choosing 
development sitesthat will bg less 
& c t e d  by extreme weather evenis 
improving building design reducing water 
use and deveioping new water sources 
switchngtc more drougM-tolerant craps 
mprovingthe rsilience of ecoiyctems 
threatened by cllmaie chanse and assisnng 
our naghboun m the Asia-Pacific region 

Ourpmttt di:wX$ir und~rs iand i~~ 
oTclmate change dthough mcomplete 
is sufricientv robust, to ihform 
decs~on makmg and actm 

However the fact that many key as@ of 
thescrerice of climate charge are new well 
underjtood andagreed has not eliminated 
a uncert~nties Remwnng uncertamties 
arix from three main sources 

. Current limits and gaps in our 
icnowlecge about physical climate 
processes for exampic how 
much influence are aemmls 
having on the climate system? 

Thecomple~ty of modrllingthe 
global climate #ern for example 
haw car we more accurately 
simulate future raniall patierns? 

' The inherent ddtffiwlty of predrting 
human behnvmurforemnple how 
faawil developing rrunomiegrw 
and howwillthisaffedtheir net 
emlsibns of GHZs and aerasols? 

Furihermom the ri$Kposed ty po21We 
feedbackloaps IS poorly understood 
Potenhially sgnificant feedbacks that 
could accelemte clmate change and its 
rmpactz include the reluse of GHGs 
fmm melting permahst changes in how 
much carbon dimde is absorbed by the 
natural environment g5 tempemtures 
rise and ncrmsed heat abwbed 
by the ocuns as sea ice bWat5 
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