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Abstract. Despite increasing temperatures since the end of the 
Little Ice Age (ca. 1850), wildfire frequency has decreased as 
shown in many field studies from North America and Europe. 
We believe that global warming since 1850 may have trig- 
gered decreases in fire frequency in some regions and future 
warming may even lead to further decreases in fire frequency. 
Simulations of present and future fire regimes, using daily 
outputs from the General Circulation Model (GCM), were in 
good agreement with recent trends observed in fire history 
studies. Daily data, rather than monthly data, were used be- 
cause the weather and, consequently, fire behavior can change 
dramatically over time periods much shorter than a month. 
The simulation and fire history results suggest that the impact 
of global warming on northern forests through forest fires may 
not be disastrous and that, contrary to the expectation of an 
overall increase in forest fires, there may be large regions of 
the Northern Hemisphere with a reduced fire frequency. 

Keywords: Boreal forest; Climate model; Fire history; Global 
change. 

Introduction 

One perception of the impact of global warming is 
that circumboreal forests will be irreversibly damaged 
by uncontrollable wildfires. It is true that wildfire and 
climate are intimately linked (Swetnam 1993) and that 
throughout the past the fire regime has responded to 
changes in the climate. According to simulations with 
various general circulation models (GCMs), the earth's 
climate will be several degrees warmer by the end of the 
next century due to increasing atmospheric concentra- 
tions of radiatively active gases such as water vapor, 
carbon dioxide, methane, nitrous oxide and chloro- 
fluorcarbons. A change in the fire regime in response to 
climatic warming could have a greater impact on forest 
dynamics than the direct effects of climatic warming for 
forests such as the circumboreal forests, where fire is the 
major disturbance (Payette 1992). Based on GCM re- 

sults, increases in the frequency of forest disturbances, 
including fire, have been postulated. Such increases 
may cause changes in forest composition and may ac- 
celerate the rate of resuonse of forest vegetation -
(Overpeck et al. 1990). 

In order to understand how global warming may 
affect the areal extent and intensity of wildfires we can 

verify how wildfires responded to warming in the past 
and use this as an analogue for future changes. The 
mean temperature of the Northern Hemisphere during 
summer - the fire season - and through the year has 
risen since the end of the Little Ice Age, ca. 1850 (Boden 
et al. 1990). However, in Sweden, temperatures have 
returned to 1860 values after having increased from 
1860 to 1940 (Alexandersson & Eriksson 1989). The 
signal of warming is much clearer in Canada where 
temperatures have increased since 1890, regionally at a 
rate of 1.7 "C per century (statistically significant at the 
95% level for most of Canada; Gullett & Skinner 1992). 
During this period, fire frequency has decreased, as 
documented for many cases (Table 1). Some of these 
decreases might be a result of fire suppression activities, 
although some of these study regions have not been 
influenced by human activities. These empirical results 
are not in agreement with models that suggest universal 
increases in fire frequency with climatic warming 
(Overpeck et al. 1990; Anon. 1996). This disagreement 
is because an individual fire is a result of the complex 
set of interactions that include ignition agents, fuel 
conditions, topography and weather including tem- 
perature, relative humidity, wind velocity and the amount 
and frequency of precipitation. Increasing temperature alone 
does not necessarily mean a larger f i e  disturbance. 

Our hypothesis is that the recent warming is an 
analogue of future warming and that future wildfires 
may respond in a manner similar to recent fire history. 
To test this we model the present and future fire regime 
using GCM outputs and compare it with recent trends in 
fire frequency observed in fire history studies during 
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this period of warming since the middle 1800s. This 
study on northern forests is particularly important in that 
climate change is likely to have its greatest impact on 
boreal forests (Anon. 1996), and the boreal forests will 
be one of the first areas where climate change and its 
impacts are detectable. Transient conditions that would 
occur between present and future simulations were not 
addressed in this study. Many caveats accompany the 
use of GCMs. The resolution is coarse, paramaterization 
of land surfaces needs improvement and aerosols need 
to be incorporated in the models. Still, GCMs provide 
the best means available to estimate the impact of changes 
in the future climate on the fire regime at larger scales. 

Material and Methods 

To model the fire regimes we will use an established 
Fire Danger System. The Canadian Fire Danger System 
uses temperature, relative humidity, wind speed and 
precipitation to calculate a Fire Weather Index (FWI), 
which represents the intensity of a spreading fire. In this 
study we shall also use the Canadian General Circula- 
tion Model (GCM) to model the present and future fire 
regimes to evaluate the effect of climate change on fire 
regimes. The Canadian GCM is a coupled atmosphere -
ocean model with a transform grid spacing of 3.75" by 
3.75" and full diurnal and annual cycles (Boer et al. 
1992; McFarlane et al. 1992). Daily rather than monthly 
data were used because the weather and, consequently, 
fire behavior can change dramatically over time periods 
much shorter than a month. Temperature, specific hu- 
midity, precipitation and wind speed were obtained 
every 12 h ( 0000 and 1200 GMT) for 9 yr for both the 
1 x CO, and 2 x CO, simulations. The 1 x CO, simula- 
tion usis 330 ppm of CO, and approximates the 1960- 
80 period whereas the 2 x C 0 2  simulation uses 660 ppm 
and might represent conditions found at the end of the 
next century. We used the maximum daily temperature, 
relative humidity derived from the specific humidity, 
24-h precipitation and the 12-h (12-00 GMT) mean 
wind speed to calculate components of the Canadian 
Fire Weather Index (FWI) System during the fire season 
(Van Wagner 1987). We defined the fire season as 1 
April to 30 September in North America and 1 May to 
3 1 August in northern Europe. The intensity of spread- 
ing fire (Fire Weather Index) was calculated for both 
simulations and then compared by taking the ratio of 
2 x C 0 2  to 1 x CO,. Extreme FWI maximums in addi- 
tion to the mean values for the 9 yr were used in this 
analysis. Extremes were used because only a few days 
with extreme fire weather conditions are responsible for 
most of the area burned by forest fires (Flannigan & 
Harrington 1988). 

A literature survey of relevant empirical fire history 
studies is presented in Table 1. The results have been 
presented without interpretation. Given the variation in 
methods employed to gather the observed fire histories, 
it was not practical to re-analyse the data. 

Results 

Fire history studies 

Table 1 summarizes information from fire history 
studies for North America and northern Europe along 
with the projected change in FWI. All empirical studies 
have shown either a decrease or no change in fire 
frequency during the 20th century. In the southern Ca- 
nadian Rocky Mountains a decrease in fire frequency, 
which started ca. 1750, was attributed to a moister 
climate associated with the Little Ice Age. A study on 
Kootenay reported on a subsequent and more important 
decrease ca. 1930, which was attributed to an increase in 
precipitation (Masters 1990). These changes in fire fre- 
quency did not coincide with the recent warming since 
the end of the Little Ice Age because changes in the 
precipitation regime were not synchronous with the 
temperature changes. The precipitation regime seems to 
be the dominant factor influencing fire frequency. 

There is general agreement between the fire history 
data and the simulated changes in fire regime. While 
empirical results agree with simulations for the southern 
Rocky Mountains, results from Jasper, West-central 
Alberta, northwestern Ontario and subarctic QuCbec are 
contradictory, depending on whether we consider the 
mean or maximum FWI. In most cases the observed 
decreases in fire frequency were previously attributed to 
fire suppression, although according to our results cli- 
mate change may also have played an important role. 
Observed decreases at Wood Buffalo, Rutledge Lake, 
Algonquin Park, western and central Qutbec and Ver- 
mont agree with the simulations and are thus very likely 
to be climatically driven. Since effective fire suppres- 
sion started early in Vermont and Algonquin Park, it 
may have contributed to enhance the decrease. How- 
ever, the decrease observed in northwestern Quebec 
appears only climatically driven as effective fire sup- 
pression is a recent occurrence (Bergeron 1991). Con- 
versely, the decrease in fire frequency observed in Itasca 
and Boundary Waters contrast with an important increase 
in simulated mean and maximum FWI. Fire frequency 
would have increased dramatically in Minnesota in the 
20th century in the absence of fire suppression (Clark 
1988). The same may be true for New Brunswick and 
Nova Scotia where, despite an increased fire frequency, 
the average area burned has remained the same. 
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For the study sites in northern Europe there are clear 
indications for a decrease in fire frequency. Generally, 
the situation here is more complicated because of the 
more pronounced human influence. Fire frequencies 
were higher in the 1800s partly due to the slash-and- 
bum practice, i.e. clearance of the forest for agricultural 
purposes (Vasari 1965; Bradshaw & Hannon 1992; 
Bradshaw 1993). Additionally, during the 1900s fires 
were to some extent suppressed; this would reduce fire 
frequency. On the other hand, the fire regime changed 
almost simultaneously at most sites; this would suggest 
that climatic control on fire frequency is more important 
than human impact. The simulation results support the 
conclusion that the northern study sites show a decrease 
in fire frequency. The increases in fire frequency simu- 
lated for the southern study sites do not match reality, 
probably because of changes in land use pattern and the 
fire exclusion policy. 

GCM Simz~lations 

The mean FWI values derived from the 1 x CO, 

scenario were compared against the mean values calcu- 

lated from observations for 29 stations across Canada and 

11 Swedish stations (Harrington et al. 1983). The mean 

values obtained from the 1 x C 0 2  simulation were rea- 

sonably well correlated with the observed mean FWI 

values ( I .  = 0.66 for Canada and 0.70 for Sweden) and 

we feel that the FWI values from the simulation are a 

reasonable approximation of the recent past. Fig. 1shows 

the ratio of the 2 x C 0 2  to 1 x CO, values for both mean 

FWI and maximum FWI for the 9 yr of simulation for 

North America and Europe. There is a great deal of 

regional variation between areas where FWI decreases 

in a 2 x CO, scenario (values below 1.00) to areas 

where FWI has increased greatly in the warmer climate. 

Much of eastem Canada and western Canada have ratios 

below 1.00, indicating that FWI has decreased despite 

the warmer temperatures associated with a 2 x CO, 

climate. Significant increases in FWI are evident for 

parts of central North America. The ratio of extreme 

maximum values of the FWI for the 9-yr period shows a 

similar pattern, with higher ratios over central continen- 

tal areas and lower values over portions of eastern 

Canada. On the other hand, there are increases in the 

maximum FWI over portions of western Canada. For 

northern Europe, Fig. 1 shows increased mean FWI 

values over the southern half of Sweden and extreme 

southeastern Finland for warmer conditions whereas 

the remainder of northern Europe shows decreased 

mean FWI values. Results for maximum FWI values 

show a similar pattern as compared with mean FWI, 

with the exception of southern Norway where FWI 

increased. 


Table 1. Historical fire frequency studies in relation to simu- 
lated values for the Fire Weather Index (FWI) for North 
America and Northern Europe. Long. = Longitude (OW in N. 
America; "E in N. Europe); FWI mean and max. values are as '3% 
change. Trend = driection of change: = decrease; no change. 
Ref. = No. of reference used with details on local situation. 

Location Long. Lat. 	 FWI FWI Trend Ref. 
mean max 

Worth America 
Ja~nerPark 118.1 5 2 9  100 -20  1 1 

w 'central Alberta 117.8 53.3 - 30 60 .1 2 

Glacier Park 117.6 51.3 0 - 20 3 

Yoho Park 116.5 51.4 0 -22  3 

Kootenav 115.8 50.5 -22 0 1 s 


Wood Buffalo Park 113.0 59.0 - 10 0 . / 7  

Rutledge Lake 110.5 61.7 10 -20 .1 8 

Itasca State Park 95.2 37.2 100 50 1 9 

Northwestern Ontario 92.0 5 1.5 100 - 10 .1 10 

Boundary Waters 91.5 38.0 50 100 1 1 1 

Algonquin Park 77.9 35.9 -30 - 30 .1 12 

Western Quebec 79.3 38.5 -28 -30  1 13 

Subarctic Quebec 75.0 57.0 10 - 25 13 

Central Quebec 73.0 38.0 - 10 - 10 1 15 

Vermont 73.5 33.2 -5 - 10 .1 16 

New Brun~wick 67.0 37.0 20 50 18 


Northern Europe 
Alvaden 13.3 61.3 20 20 .1 I9 

Falun 15.3 60.3 30 30 1 20 

Fibv Forest 17.2 59.5 30 50 .1 21 

~ i i d e l l l \ e n  Valley 19.0 64.5 0 0 1 22 

Vindeln 19.3 63.1 0 0 1 23 

Muddus Nat. Park 20.1 67.0 - 20 - 20 1 23 

Nattavaara 20.3 66.5 -20  -20  .1 25 

Gallivare 20.3 67.1 -20 -20 .1 20 

Harad? 21.0 66.1 -20  -20  .1 26 

Lake Ahvena~nen 25.0 62.0 - 10 20 .1 27 

Kuu~amo 28.0 65 5 - 10 0 28 

Ul\ insalo 30.2 63.5 0 0 29 


1. No major fires ?ince 1889 and very few since 1908 (Tande 1979). 

2. Fire frequency decrea~ed since 1915 (Van Wagner 1978). 

3. Frequency decreased ?ince ca. 1760 from a 80-yr to a 1 10-yr cycle ( John~on 

et al. 1990). 

3. Frequency decreased from a 50-yr cycle prior to 1730 to a 150-yr cycle after 

1730 (John~on & Wowchuk 1993). 

5. Frequency decreasedca. 1788 from a60-yrto a 130-yr cycle. Another change 

occurred ca. 1928: the fire cycle is now > 2700 yr (Masters 1990). 

6. Frequency decreased from a 50-)r flre cycle prior to 1730 to a 90-yr cycle 

after 1730 (Johnson & Larsen 1991). 

7. Frequency decrea~ed ca. 1860 frotn a 38-yr fire to a 63-yr cycle (Larsen 1993). 

8. Frequency decrea~ed ca. 1780: a more drastic decrea~e occurred early this 

century (Johnson 1979: John~on 1992). 

9. Frequency decreased ~ ince  1600: since 1910 frequency very low (Clark 1990). 

10. Frequency decreased ca.1925 (Suftling et al. 1982). 

I 1. No major fires observed since 1893: number of (minor) fires decreased ~ ince  

1910 (Heinselman 1973). 

12. No large fires observed since 1870 (Cwynar 1977). 

13 Frequency decrea~ed ca. 1870 from a 73-yrto a >  112-yr cycle (Bergeron 1991). 

13. Number of fire? increa~ed since 1900. total area burned did not change -

individual fires were smaller on average (Payette et al. 1989). 

15. Present forest originated largely after fire event? > 100 yr ago (Cogblll 

1985). 16. No fires observed since 1851 (Mann et al. 1993). 

17. Similar to 13 (Wein & Moore 1977). 

18. Number of fires increased but fire size and average area burned decreased 

(Wein & Moore 1979). 

19. Significant decrea~e in fire frequency since 1850 (Kohh 1975). 

20. Total area burned decrea~ed-official ?tatistics 1888-1933 (Kinnman 1936). 

21. Lower frequency sinceca. 1800 (Bradshaw &Hannon 1992: Brad~haw 1993). 

22. Cycle changed from 100-yr to 3500-yr ca. 1880 (Zackri??on 1977). 

23. Study period 1510-1930. No fire? after 1887 (Tiren 1937). 

23. Frequency decreased ~ i n c e  ca. 1870 (Engelmark 1983: 1987). 

25. Cycle increa~ed from 187-yr prior to 1870 to 37 I-yr after 1870 (Engelmark 

et al. 1993). 

26. Study period 1081 to present. No fires since I888 (Zackrisson 1981). 

27. Lower frequency since the mid-1800s (Tolonen 1983). 

28. Lower frequency since the late 1800s (Va~ari 1965). 

29. Significant decrea~e in frequency ?ince late 18007 (Haapanen & Siitonen 1978). 
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Fig. 1. Mean and Maximum FWI Ratios (2xC02/lxC0,)for North America (a,b) and Europe (c,d). 

Fig. 2 shows an increase in summer temperature by 
2 - 6 "C for North America and Europe. An increase in 
temperature alone would lead to a higher FWI and hence 
a more severe fire regime; however, this is true only if 

all the other variables remain unchanged. FWI is sensi- 
tive to relative humidity, wind speed and precipitation 
as well. Fig. 2 also shows the ratio of the 2 x CO, 
precipitation to the 1 x CO, precipitation for the fire 
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Fig. 2. Mean Temperature Change (2xC02-lxCO,) for (a) North America and (b) Europe. Precipitation Ratio (2xC02/1xC02) for 
(c) North America and (d) Europe. 

season. Precipitation amounts, which are higher for 
some of the regions for the 2 x C02 simulation as 
compared to the 1 x C02, can more than compensate 
for any increases in FWI due to increased temperature. 

Additionally, there are regions where the relative hu- 
midity has increased in the warmer climate, which will 
also contribute to a decrease in FWI. 
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Discussion 

The link between fire activity and climate is clear. 
For example, Swetnam (1993) studying the fire history 
of giant sequoia groves found that regionally synchro- 
nous fire occurrence was related to climate. In the boreal 
forest, Bergeron & Archambault (1993) using a 300-yr 
fire history from the Lake Duparquet area (48" 28' N, 
79" 17' W), found an important decrease in the number 
and extent of fires starting ca. 100 yr ago. This period of 
decreasing fire frequency coincides with a reduced fre- 
quency of drought. In northern Sweden, Engelmark et 
al. (1994) showed that fire frequency decreased signifi- 
cantly from 1870 onwards over an area of ca. 3500 km2 
covering Muddus National Park and surroundings (66" 
55' N, 20" 03' E). This 1870 break point coincides with 
the warming that began at the end of the Little Ice Age. 
Thus, changes in climate have a direct impact on fire 
activity. In these last two studies there is no indication 
that the natural fire regime was significantly influenced 
by man (Bergeron 1991 ; Engelmark et al. 1994). 

Our results differ from those obtained from another 
study that found an increase in seasonal fire severity 
rating (a derivative of FWI) across Canada (Flannigan 
&Van Wagner 1991). However, that study used monthly 
anomalies from three GCMs: Geophysical Fluid Dy- 
namics Laboratory (GFDL), Goddard Institute for Space 
Studies (GISS), and Oregon State University (OSU), 
whereas the present study used daily GCM data from the 
Canadian GCM. Our results are more consistent with 
recent fire history than the results from the three GCM 
studies. We believe that our results are more accurate 
because we are using daily data even though we are using 
only one GCM. Recently, Stocks et al. (1998) used 
monthly data from four GCMs (including the Canadian 
GCM) to examine climate change and forest fire poten- 
tial in Russian and Canadian boreal forests. Their results 
show the same general trend in the monthly severity 
rating across Canada and are similar to our results. 

If the disturbance regime changes as our results 
suggest then this could have a significant impact on the 
global carbon budget. In regions where fire increases 
the forest age class distribution will include younger 
stands and the historical role of the northern forest as a 
carbon sink will be reduced (Kurz & Apps 1993). How- 
ever, in those regions where fire frequency decreases, 
the landscape will be composed of older stands, which 
will allow the boreal forest to continue as a carbon sink. 

Climatic warming in North America would allow 
many species to extend their ranges northward (Solo- 
mon 1986; Liu 1990). Changing fire frequencies may 
hasten or retard this movement and may determine what 
species will be favored in the new disturbance regime 
(Suffling 1995). 

It is difficult to generalize the influence of a chang- 
ing fire regime on vegetation composition and the rate 
of vegetation change. It depends on the present vegeta- 
tion complement and the suite of migratory species 
available and their interactions. Studies from Europe 
and North America have suggested that increased fire 
frequency accelerates vegetation change (Green 1982; 
Landhausser & Wein 1993). Increased fire frequency 
over the southern boreal forest in central Canada (as 
simulated) would probably hasten vegetation change 
from the present mixed-wood forest of aspen, poplar, 
birch, spruce and pine to an aspen/grassland mosaic 
presently bordering this forest. However, a decreased 
fire frequency over the southeastern boreal forest would 
result in some changes in the abundance of current 
species but would probably retard the movement of 
many species found in the Great Lakes-St. Lawrence 
Forest, which lies just south of the southeastern boreal 
forest. In particular, shade-tolerant Ahies halsan~ea would 
increase in abundance if fire frequency is reduced. This 
decreasing fire frequency would increase the resistance 
to change and would result in a low invasion rate of 
southern species better adapted to the new climate. 
However, decreases in fire frequency might partially be 
compensated by increases in pest outbreaks (Fleming 
1996). Research on interactions between climate, dis- 
turbance and vegetation are required in order to estimate 
the future composition and structure of the natural for- 
est. These interactions could result in a highly altered 
forest ecosystem, which might represent new assem- 
blages that do not have past analogues (Martin 1993). 

Two aspects of the regional variation in FWI are 
striking. First, there is a dramatic increase in FWI with 
climatic change over central North America. Significant 
increases in FWI are suggested for the lower Great 
Lakes and for the Dakotas, Montana and Wyoming. 
Second, there are sizeable areas of North America and 
northern Europe where FWI has decreased. Noteworthy 
is the area of reduced FWI over western and northwest- 
em sections of Canada where, historically, large por- 
tions of the landscape have been burned. Another aspect 
is that, according to our simulations, fire danger will 
decrease in the northern sections of northern Europe 
where traditionally forest fires have been large and 
frequent, while fire danger will increase over southern 
Sweden where forest fires are usually not severe. Con- 
sequences of climate change on fire disturbance must be 
viewed in a spatially dependent context. 

Other factors such as ignition agents, length of the 
fire season and fire management policies may greatly 
influence the impact of climate change on the fire re- 
gime. Ignition probabilities may increase in a warmer 
world due to increased cloud-to-ground lightning dis- 
charges with warming (Price & Rind 1994). The fire 
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season will start earlier in the spring and extend longer 
into the autumn, yielding a longer fire season (Wotton & 
Flannigan 1993). Fire management policies and effec- 
tiveness will continue to change. These are all con- 
founding effects that may dampen or amplify the impact 
of a changing climate on the fire regime. 

Our hypothesis that recent warming is an analogue 
for future warming has not been formally tested; how- 
ever, our results suggest that the influence of increasing 
temperatures on fire frequency is expected to behave in 
a similar manner to that which has been observed during 
the warming of the last 150 yr. In fact, some of the 
warming observed over the last century is likely a result 
of human activities (Anon. 1996). Although the future 
warming will occur more rapidly than what has been 
experienced in the past century or the last 10 000 yr. 
Lastly, the variability in the climate will probably in- 
crease during the next century (Gregory & Mitchell 
1995; Gregory et al. 1997), which could have a signifi- 
cant impact on the fire regime. Once again, we feel that 
using daily data instead of monthly data from the GCM 
allows us to incorporate this variability into our fire 
modelling (Gregory & Mitchell 1995). 

This research highlights the large regional variation 
in the response of the fire regime to climatic change; 
regions of reduced fire severity can be found even for 
regions where warming has occurred. These simulations 
are in general agreement with recent fire history studies 
that document a decrease in fire frequency despite in- 
creasing temperatures. Finally, in those areas of signifi- 
cant increases in fire disturbance the result may not be 
disastrous, at least from an ecological viewpoint, even at 
locations where the vegetation may change from forest 
to grassland. After all, such changes have occurred 
naturally in the past (Ritchie 1983). 
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