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Abstract 
Wildland fire is an important component of the earth system and global carbon cycle, burning about 350 M ha 

of vegetated land and contributing 2.0 Pg C to the atmosphere in direct emissions every year. Wildland fire 

carbon emissions are directly related to fuel consumption, which is a key component of fire behaviour. Fuel 

consumption varies greatly by fuel (vegetation type, load, size, spatial distribution, moisture content) and 

weather (temperature, relative humidity, wind speed, rainfall) parameters. In forested regions where wildfires 

may burn for extended periods of time, carbon emissions can vary by an order of magnitude between stands 

within a single fire due to complex fuel structures and distribution patterns, and constantly changing fire weather 

conditions. Modelling stand-level fire behaviour and carbon emissions and compiling simulation results over 

large areas is commonly used as a bottom-up approach to summarizing fire regimes and estimating wildland 

fire emissions at large scales.  

This paper presents a summary of studies simulating stand-level fire behaviour and carbon emissions using the 

Canadian Fire Effects Model (CanFIRE). CanFIRE simulates fire behaviour in standing timber, grass, and slash 

vegetation types, or combinations of these vegetation types. In standing timber vegetation types, the forest stand 

is simulated as 3 distinct fuel components: forest floor (herbaceous plant, litter and organic soil layers), surface 

fuels (dead woody debris), and overstory (tree) fuels. Modelled fire behaviour and carbon emission results from 

studies in various global regions of different vegetation types and climate zones are presented, including 

comparisons using different fuels and weather/climate datasets and comparison to other carbon emission 

estimation methods. Sensitivity of the model outputs to driving input variables is presented. In particular, the 

influence of stand composition, structure, surface fuel load and distribution, and organic soil characteristics are 

reviewed. Annual and seasonal trends in fire behaviour and carbon emissions are also presented. 

Recommendations for basic data standards to provide reliable and consistent modelling results are discussed.  

 

Keywords: Canadian Fire Effects Model, crowning, fire intensity, forest carbon, fuel consumption, rate of 

spread, wildland fire emissions, North American forest regions, circumpolar boreal forest  

 

 

 Introduction 

  

Numerous studies have been conducted over the last decade to estimate wildland fire carbon emissions 

using various models and methods (e.g., French et al. 2011). Global-level estimates have been 

produced using the Global Fire Emissions Database (GFED3) (Van der Werf 2010). At national and 

sub-national scales, wildfire carbon emissions are typically estimated using a fire behaviour-based, 

bottom-up method using models such as the Canadian Fire Effects Model (CanFIRE, de Groot 2006, 

2010), the First Order Fire Effects Model (FOFEM, Reinhardt et al. 1997), CONSUME (Ottmar et al. 

2009) and the Wildland Fire Emissions Information System (WFEIS, French et al. 2009), which is 

based on the CONSUME model. These models quantify fuel consumption at the stand level and scale-

up by aggregating stand emissions data over landscapes with fire mapping products (e.g., de Groot et 

al. 2007, French et al. 2011) Stand-level fuel consumption can be calculated with fuels data from a 

variety of sources and spatial resolution, and fire weather data with a range of spatial and temporal 

resolutions. Using different databases with various scales contributes to the variability of wildland fire 

carbon emission estimates that are produced (c.f., French et al. 2011). Adding to this uncertainty is 

that there are very few verified field data sources to compare with modelled results (Ottmar 2014). 
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The purpose of this paper is to review applications of the Canadian Fire Effects Models to estimate 

carbon emissions in the circumpolar boreal forest region, in North American forests (including boreal 

and western forest regions), and within the Canadian boreal forest region, and to compare results using 

different fuels and weather data bases at different scales.  

 

 The Canadian Fire Effects Model 

 

The Canadian Fire Effects Model (CanFIRE) is an integrated science-management model of the 

Canadian Forest Fire Danger Rating System (Stocks et al. 1989). It was originally developed as the 

Boreal Fire Effects Model (BORFIRE) to conduct fire, climate change, and vegetation dynamics 

research in the Canadian boreal forest (de Groot et al. 2002, 2003). The model was later expanded to 

include all Canadian forest regions (renamed CanFIRE) for use as an operational model to calculate 

annual national wildland fire carbon emissions (de Groot 2006, de Goot et al. 2007). The model has 

since been re-designed for fire and forest management applications and is available as an Excel 

spreadsheet1, a cross-platform Windows and Unix application1, and as a web application2. 

CanFIRE simulates stand-level physical and ecological fire effects. It is a fire behaviour-based model 

driven by fuels and fire weather data. Fuels are characterized by tree species in the stand (including 

age, height, dbh, and density data) and fuel loads for stand components of the forest floor (litter and 

other fine fuels, fermentation, and humus layers), dead and downed woody debris (multiple roundwood 

diameter size classes), and aboveground tree biomass (live and dead; stem, branch, bark and foliage 

components). Fire weather data are provided to CanFIRE using the Canadian Forest Fire Weather 

Index (FWI) System (Van Wagner 1987) components. The model calculates fire behaviour (rate of 

fire spread, fuel consumption, type of fire, and fire intensity) and resulting physical (depth of burn, 

crown scorch, carbon emissions) and ecological (tree mortality/survival, regeneration rate, long-term 

post-fire succession) effects. CanFIRE uses the rate of spread algorithms of the Canadian Forest Fire 

Behavior Prediction (FBP) System (Forestry Canada Fire Danger Group 1992); type of fire is 

determined using Van Wagner’s (1977) crown fire threshold model; fuel consumption is calculated 

using fuel load data and new fuel consumption algorithms (de Groot et al. 2009); and resulting fire 

intensity is calculated using Byram’s (1959) equation. CanFIRE can be used to simulate fire behaviour 

and effects of a single fire event, or the accumulated effects of many fires occurring over many years 

on a defined landscape (i.e., simulating fire regime).  

CanFIRE has been modified and used for numerous fire and carbon modelling applications in different 

regions since the original BORFIRE model. The purpose of this paper is to provide a review of 

CanFIRE applications to estimate wildland fire carbon emissions using different data sources and 

simulation methods, and to compare with results from other emission models.  

 

 Wildland Fire Carbon Emission Studies with CanFIRE 

 

Circumpolar Boreal Fire Carbon Emissions 

 

A comparison of wildfire carbon emissions in western Canada and central Siberia, Russia during 2001-

2007 was conducted with remotely-sensed area burned polygons and fire weather data used to simulate 

fire behaviour and carbon emissions with CanFIRE (de Groot et al. 2013a). Russia-specific fuel 

models were setup in CanFIRE by assigning an FBP System fuel type, and adjusting tree heights and 

crown length factors for Russian tree species. The primary effect of this was to adjust the crown fire 

                                                 

 

 
1 Contact Bill de Groot (bill.degroot@nrcan.gc.ca) or Alan Cantin (alan.cantin@nrcan.gc.ca) 
2 http://www.glfc.forestry.ca/canfire/index.cfm  
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threshold for Russian boreal tree species. Fuels load and type data were obtained from national sources 

and fires were mapped with different remote sensing products. As a result, input data had different 

spatial characterization and resolution. However, the data was sufficient to calculate stand-level fire 

behaviour for all large (>200ha) fires in both study areas for the 7-year period. All fires were burned 

using fire weather conditions interpolated from station data to all MODIS hot spots within a 1 km 

buffer around each fire and taking the mean, thus weighting the fire weather to the date of greatest fire 

activity. Results of the study comparison indicated divergent continental fire regimes in the 

circumpolar boreal region, which was attributed to differences in tree species morphology and fire 

ecology traits. In particular, the fire regime of the Canadian study area was characterized by infrequent, 

very large, high intensity crown fires; whereas, the Russian study area was characterized by moderately 

frequent, large surface fires of moderate to high intensity (Table 1). Fire seasons were also different 

with most large fires occurring in Russia in the spring, and during summer in Canada. The carbon 

emissions rate (t C∙ha-1 within burned area polygons) in Canada was 50% higher than in Russia mostly 

because of higher forest floor fuel loadings and fuel consumption but also, to a lesser degree, due to 

higher crown fuel consumption rates in Canada. However, the total C emissions rate (t C∙ha-1 per 100 

M ha of forest area) was two times greater in Russia because of the much higher annual area burned 

rate. 

CanFIRE was also used to simulate C emissions in the same Canadian and Russian study areas under 

future climate change scenarios (de Groot et al. 2013b). That study examined the impact of changing 

fire weather on carbon emissions by the end of this century. Three Global Climate Models (Canadian 

CGCM3.1, HadCM3, and IPSL-CM4) and three climate change scenarios (A1B, A2, and B1) (IPCC 

2000) were used to determine nine sets of future fire weather conditions for the CanFIRE simulations. 

All climate change models and scenarios indicated greater fire weather severity across the 

circumboreal region, although conditions will be slightly more severe in the western Canada study 

area. The future fire season will have two extreme fire intensity peaks in western Canada in spring and 

later summer, and one extreme peak in central Russia in late spring/early summer. Higher carbon 

emission rates (t C∙ha-1) will occur in western Canada due to a higher fuel consumption rate but central 

Russia will have greater total carbon emission rates (t C∙ha-1 per 100 M ha forest area) due to higher 

annual area burned rates.  

 

Table 1. Summary of annual average fire regime characteristics in western Canada and central Russia boreal forest 

during 2001-2007 (de Groot et al. 2013a) 

 Canadian Study Area Russian Study Area 

Number of fires (per 100 M ha forest) 93.7 1441.9 

Area burned (M ha/100 M ha forest) 0.56 1.89 

Mean fire return interval (yrs) 179.9 52.9 

Large fire size (ha) 5930 1312 

Crown fire (%) 57.1 6.5 

Head fire intensity (kW/m) 6017 4858 

Fuel consumption (kg/m2) 5.68 3.73 

C emissions rate (t/ha) 28.4 18.5 

Total C emissions rate (Mt/100 M ha forest) 15.8 35.0 

 

 

North American Wildland Fire Carbon Emissions 

 

In a study of six terrestrial models, French et al. (2011) compared wildland fire carbon emissions from 

five large fires across North America. CanFIRE was applied to the three forest-dominated fires of that 

study, but not to the two fires in southern California chaparral because CanFIRE does not currently 
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have a shrub fuel model. Fuels data for the large fires in Oregon and Alaska were provided from the 

Fuels Characteristic Classification System (FCCS, Ottmar et al. 2007) and from fuel load models of 

Lutes et al. (2009). Fuels data in the Saskatchewan large fire were obtained from provincial forest 

inventory and interpreted as FCCS fuels. All fires burned over many days and were simulated in 

CanFIRE and WFEIS as multi-day events using daily fire progression (as determined by MODIS hot 

spots) and daily fire weather data. Additional WFEIS, CONSUME and FOFEM estimates were 

obtained using single day simulations with standard fuel moisture scenarios. FBP estimates were 

multiple day simulations using FBP System fuel types interpreted from the FCCS data (Oregon and 

Alaska) or forest inventory data (Saskatchewan). 

Despite using the same original fuels and weather databases, emission estimates showed considerable 

variation depending on model and fire location. A detailed field-based survey of carbon emissions was 

available for the Oregon Biscuit fire (Campbell et al. 2007), which reported an average carbon 

emissions rate of 1.9 kg C∙m-2. The CanFIRE estimate was 3% higher, and FOFEM 5.7 ranged from 

17% lower to 4% higher (3 scenarios using revised fuels map); the FBP System was 11% lower, GFED 

was 14% higher, CONSUME 3.0 was 10-30% lower (3 scenarios using revised fuels map), and WFEIS 

was 61-63% higher (3 scenarios using revised fuels map). A field-based survey was also available for 

the Alaska Boundary fire, resulting in an emissions rate of 2.59 kg C∙m-2. For that fire, the GFED 

estimate was 14% lower, CONSUME was 10-45% lower, CanFIRE was 40% higher, the FBP System 

was 48% lower, and FOFEM was 73-136% higher. Field data were not available for the Saskatchewan 

Montreal Lake fire for comparison, but the estimated emission rates were 0.79 kg C∙m-2 (FBP), 1.26 

kg C∙m-2 (GFED), 1.6 kg C∙m-2 (WFEIS), 2.32 kg C∙m-2 (CanFIRE), 2.23-3.32 kg C∙m-2 (CONSUME), 

and 4.76-6.51 kg C∙m-2 (FOFEM). A previous estimate for the same fire using CanFIRE and national 

forest inventory data (Power and Gillis 2006) was 1.70 kg C∙m-2, and using the national fuels database 

(Nadeau et al. 2005) with the FBP System was 1.20 kg C∙m-2.  

 

Canadian Wildland Fire Carbon Studies 

 

CanFIRE has been used operationally since 2004 to calculate annual national wildland fire carbon 

emissions as part of the National Forest Carbon Monitoring, Accounting and Reporting System (Kurz 

and Apps 2006) to meet United Nations Framework Convention on Climate Change and other 

international reporting obligations (de Groot et al. 2007). CanFIRE was modified to utilize a national 

database of carbon pools provided by the Carbon Budget Model of the Canadian Forest Sector (CBM-

CFS3, Kurz et al. 2009) as a replacement for fuel type and fuel load data. This is a spatially-explicit 

procedure using primarily satellite-mapped burned areas, daily hot spots and fire weather data. In brief, 

every forest stand within each mapped fire perimeter was burned in the model as a single-day event. 

Fire weather was calculated by interpolating FWI System values to each MODIS and AVHRR hot 

spot, and averaging all those data annually for the fire season for each ecoregion-provincial unit, and 

applying those results to all fires contained in each unit. In this way, the FWI system data are weighted 

by days of highest fire activity within the ecoregion-provincial unit for the year. 

More recently, 43 large fires from Ontario, Saskatchewan, Alberta, and British Columbia were used 

in an ongoing study to compare Canadian wildland fire carbon emissions using different fuels data and 

simulation methods. The initial phase of the study examined 24 large boreal wildfires from 2006–2008 

ranging in size 95–62,670 ha. These fires were selected because they occurred in areas where detailed 

provincial forest inventory data were available, which allowed stand-level simulations with CanFIRE 

to calculate direct carbon emissions. In a second analysis, an additional 10 large fires (446–22,116 ha) 

occurred in Alberta during the same time period and were combined with the original 24 fires plus 9 

large fires from 2010 (1,943–28,182 ha) in British Columbia and used for carbon emission calculations 

using the national fuel type map of Nadeau et al. (2005) (resolution of 1 km2) and standard fuel loads 

for FBP System fuel types. The fires were simulated as a single-day event (date selected by weighted 

average of hot spots), and as a multi-day event (daily fire spread using hot spots) for comparison. 
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Results using the large scale national fuels database (n=43 fires) and standard FBP System fuel types 

and fuel loads showed very little difference when using single- or multi-day simulations (Figure 1). 

Emissions were generally higher in Alberta and lower in Ontario. In the comparison of 33 fires with 

forest inventory available to use as input fuels data (Figure 2), carbon emission estimates increased for 

the British Columbia fires and decreased for all others, including a very sharp decrease in the Alberta 

and Saskatchewan fires (although there were only two large fires in Alberta with forest inventory 

available). These results were consistent for both single- and multi-day simulations. When all 

provincial data were combined, the forest inventory method produced lower carbon emissions 

estimates than the FBP method. Overall, there was almost no difference between single- and multi-

day estimates (Figure 3).  

 

 Discussion 

 

The previous studies using CanFIRE to estimate wildland fire carbon emissions have demonstrated 

that many different fuel and weather data sets can be used as input variables to CanFIRE (Table 2). 

The question of which database and/or what data resolution is the most appropriate or accurate to use 

is still not clear. As Ottmar (2014) pointed out, there are very few datasets available to test model 

accuracy, and there is also very little information available about the sensitivity of models to data input 

variability.  
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Fig 1. Summary of wildland fire carbon emissions in the provinces of British Columbia (BC) (n=9), Alberta (AB) 

(n=12), Saskatchewan (SK) (n=13), and Ontario (ON) (n=9) using single-day (S) and multi-day (M) simulation 

methods with CanFIRE. Fuels data were obtained from the spatial national fuel type map of Nadeau et al. (2005) 

using standard fuel loads for FBP System fuel types.  
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Fig 2. Summary of wildland fire carbon emissions in the provinces of British Columbia (BC) (n=9), Alberta (AB) 

(n=2), Saskatchewan (SK) (n=13), and Ontario (ON) (n=9) using single-day (S) and multi-day (M) simulation 

methods with CanFIRE. Spatial provincial forest inventory was used to interpret stand-level species composition and 

corresponding fuel load was calculated using forest inventory with provincial growth and yield models. 
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Fig 3. Summary of average wildland fire carbon emissions in the provinces of British Columbia, Alberta, 

Saskatchewan, and Ontario using the national fuels database (FBP) and provincial forest inventory (FI) for fuels 

information, and using single-day (S) and multi-day (M) simulation methods with CanFIRE.  

One of the most important observations in comparing these wildland fire carbon emissions studies is 

the influence of fuels input data. The CanFIRE estimate of emissions on the Montreal Lake fire in 

French et al. (2011) was almost twice as high as the previous estimate in de Groot et al. (2007), which 

was entirely the result of different input fuels data. Similarly, emission estimates using CONSUME 
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and FOFEM on the Biscuit fire were up to three times higher for the same model, depending on the 

fuels data source (original and revised fuels maps; French et al. 2011). The impact of different fuels 

data on emission estimates was also identified in the circumboreal comparison study (de Groot et al. 

2013a), which showed substantially higher carbon emissions rates (t/ha) from Canadian fires than 

Russian fires. That result was attributed to underestimated forest floor fuel loads in the Russian 

database because fire weather conditions were fairly similar.  

French et al. (2011) provide a good summary of differences in the six tested models that can lead to 

different emission estimates. In that study, emission estimates from a few models aligned fairly close 

on some fires but not on others, and there was no obvious overall trend. This suggests that wildland 

fire emission models may need to be regionally calibrated. However, one common result was that FBP 

System estimates were lower than most of the other model estimates. This agrees with previous results 

from de Groot et al. (2007) that indicated FBP System estimates were about 30% lower than CanFIRE 

estimates in central Canada. Low emission estimates from the FBP System are attributed primarily to 

an underestimation of forest floor fuel consumption. CanFIRE uses more recent forest floor fuel 

consumption algorithms (de Groot et al. 2009) than currently included in the FBP System, but which 

will be incorporated in the next generation FBP System.  

Table 2. Summary of fire simulation methods, weather and fuels data for wildland fire carbon emission studies using 

CanFIRE 

Study Fire simulation 

method 

Weather data Fuels data 

Source Resolution Source Resolution 
Boreal fire emissions 

in Canadian and 

Russian study areas 

(2001-2007) 

(de Groot et al. 

2013a, 2013b) 

Canadian large fires 

burned as single 

day events on most 

active fire day (by 

MODIS hot spots) 

Canadian 

national 

weather station 

network 

Daily National fuel 

type map, 

standard FBP 

fuel loads 

1 km2  

 

Russian large fires 

burned as single 

day events on most 

active fire day (by 

MODIS hot spots) 

Russian 

national 

weather station 

networks 

Daily National forest 

carbon 

database 

Ecoregion and 

oblast-level 

summaries 

(semi-spatial) 

North American 

study  

(French et al. 2011) 

3 large fires 

(Oregon, Alaska, 

Saskatchewan) 

burned as single 

and/or multi-day 

events 

Nearby fire 

weather 

stations 

Daily FCCS and 

FLMa  

1 km2 

Canadian annual 

carbon emissions 

reporting  

(de Groot et al. 

2007) 

All fires burned as 

single day event 

using averaged fire 

weather from active 

fire days 

National and 

provincial fire 

weather station 

network 

Daily, averaged 

seasonally by 

hot spot 

occurrence over 

ecoregion-

provincial units 

CBM-CFS3 

carbon pools  

Stand-level  

Canadian large fires Large fires burned 

as single- and 

multi-day events 

National and 

provincial fire 

weather station 

networks 

Daily National fuel 

type map and 

standard FBP 

system fuel 

loads 

1 km2 

 

Large fires burned 

as single- and 

multi-day events 

National and 

provincial fire 

weather station 

networks 

Daily Provincial 

forest 

inventory 

Stand-level 

a Fuel Characteristic Classification System (Ottmar et al. 2007) and Fuel Loading Models (Lutes et al. 2009) 
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The amount of detail (or scale) to use for wildland fire emissions modelling has been a lingering 

question. Forest inventories have many advantages as a fuels data source: they are small scale (stand-

level), have detailed species information for fuel typing, integrate well with forest growth and yield 

models for dynamic fuel modelling, and integrate well with tree biomass algorithms to properly 

distribute fuel load in multiple stand components. However, there are many deficiencies: inventories 

are often old, they are only as reliable as the original photo interpretation and areas are so vast that 

ground checking is often limited, fuels data for some stand components are usually missing (e.g., forest 

floor and dead woody debris), inventory methods are usually not consistent across land jurisdictions 

which makes large scale simulation difficult, and there are many areas without forest inventory. There 

are numerous other vegetation, fuels, and biomass inventories that can be used for calculating wildland 

fire emissions, and all will produce different results. The question remains: what are the best criteria 

to use for selecting a fuels database, understanding that many factors have to be balanced (i.e, accuracy 

vs. efficiency)? It is still an open question because test datasets to assess accuracy are very few. 

However, large-scale data consistency is important in terms of modelling efficiency. At this point, the 

general recommendation is to use stand-level data if it is consistent in content across the simulation 

area, and if not available, then to use coarser resolution fuels data at a larger scale. To provide the best 

fire behaviour-based estimate of wildland fire carbon emissions, the selected fuels database should 

provide fuel type and load data that can be separated into discreet stand components (forest floor, dead 

woody debris, tree crown, etc.) in order to properly simulate stand-level fire behaviour dynamics. 

In terms of temporal scale, the question of detail is much less critical. In the Canadian fire study, 

CanFIRE emission estimates showed very little difference between single- and multi-day simulations 

(Figure 1-3) even though some fires burned for over a month. The comparison of single- and multi-

day WFEIS simulations (French et al. 2011) also showed the same results. This suggests that the 

procedure used for single-day simulation (i.e., using fire weather and fuel moisture data based on daily-

weighted hot spot occurrence) captures the most important weather information driving these fire 

behaviour-based models.  

 

 Conclusions 

 

Fuels data source is a critical factor influencing wildland fire carbon emission estimates for all fire 

behaviour-based models, including CanFIRE. Consistency in data content across the simulation area 

is important, and it is preferable to have stand-level detail so that fuel load can be distributed in the 

different stand components. Multiple-day simulations of fire spread do not appear necessary, as single-

day simulations using a hot spot-weighted average of daily fire weather provide very similar emission 

estimates.  
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