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Abstract 

Shrubland are one of the main communities affected by wildland fires, both in 
forested and unforested areas. However, empirical models predicting fire 
behaviour in these communities are scarce. One reason explaining the lack of 
knowledge is the difficulty of obtaining data to develop these kinds of models. 
Wind tunnel experimental fires have been carried out in different shrubland fuel 
complexes (Ulex europaeus L. and Pterospartum tridentatum (L.) Willk.) 
collected in Galicia (NW Spain). Rate of spread data recorded in the laboratory 
tests have been compared with predictions from existing empirical models. The 
relationship between the rate of spread values observed in the wind tunnel and 
the values predicted by different empirical equations obtained in field 
experimental burns is highly significant, although models overestimate the 
values observed in the wind tunnel. Nevertheless, the high correlation (r between 
0.86 and 0.99) allows both values to be considered proportional. Even if the 
laboratory scale is a limiting factor to study fire behaviour, these experiments are 
simpler, safer and less expensive than the ones carried out in the field. Therefore, 
laboratory experiments could be an important complementary source of 
information to field studies in order to further the understanding of fire 
behaviour in shrubland fuel complexes. 
Keywords: fire behaviour, rate of spread, shrubland, empirical models, Ulex 
europaeus L., Pterospartum tridentatum (L.) Willk. 

1 Introduction 

Modelling is progressively more becoming a powerful tool to study fire 
behaviour. Classically, fire behaviour models are classified as physical, 
empirical and semi-empirical models. Empirical modelling has resulted in 
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significant advances in fire behaviour knowledge, providing simple equations 
that require readily available fuel and weather data for planning and suppression 
purposes (Sullivan [1]). 
     On the other hand, shrubland is one of the main communities affected by 
wildland fires. However, empirical models predicting fire behaviour in shrubland 
communities are scarce. One reason explaining the lack of knowledge is the 
difficulty of obtaining data to develop this kind of models. Some authors have 
developed empirical models to predict fire rate of spread from field experimental 
burns performed in different shrubland ecosystems (Van Wilgen et al [2], 
Marsden-Smedley and Catchpole [3], Vega et al [4–7], Fernandes et al [8, 9], 
Fernandes [10]). Nevertheless, this type of field experimentation is complex and 
requires a lot of investment in terms of planning, equipment and human 
resources. In addition, the unavailability to control most of the variables involved 
in the process and the uncertainty of weather conditions make this type of 
experimentation to be a difficult and hard research task. 
     In contrast, fire laboratory tests are simpler, safer and less expensive than the 
ones carried out in the field. Moreover, they can provide a certain control on 
environmental variables, which is required to learn basic mechanisms of fire 
propagation (Van Wagner [11]). Some authors have performed dimensional 
analysis to assess the scaling laws in order to define correctly scaled fire 
laboratory experiments (Byram [12], Lee [13], Emori et al [14], Nelson and 
Adkins [15], Nelson [16], Pérez et al [17]). Other studies have compared models 
predictions with observed laboratory data. McAlpine and Xanthopoulos [18] 
compared observed fire spread rates in wind tunnel fires to predictions from 
Canadian FBP and American BEHAVE systems. Weise and Biging [19] 
performed a qualitative comparison of rate of spread prediction for four different 
models (including physical and empirical models) with observed rate of spread 
measured in a laboratory experiment in which wind and slope were varied in a 
tilting wind tunnel. Guijarro et al [20] compared RoS values between wind 
tunnel data and predictions of three empirical models in shrubland. However, 
there is little information on the comparison of fire behaviour predicted by 
empirical models and results observed in laboratory tests. 
     In the present study, rate of spread data obtained in wind tunnel experimental 
fires are compared with rate of spread values predicted by several empirical 
models in order to analyse the existing correlations between both data sets for 
north-western Iberian Peninsula shrubland fuels. 

2 Material and methods 

2.1 Laboratory experimental fires 

2.1.1 Experimental device 
The experimental fires were conducted in an outdoor wind tunnel at INIA-
CIFOR Forest Fires Laboratory in Madrid (Spain), fig. 1. This device consists of 
a test section and a fan. The test section is 8 m long with a transversal section of 
2 m wide x 3 m high; on the ground there are eight independent small wagons of 
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1.0 m long, 0.8 m wide and 0.25 m high, filled with sand, where the fuel is 
arranged. The fan intends to create an air flow, feigning the action of wind within 
the test section. The fan is controlled by an electronic system which enables to 
obtain wind speed values between 0 m s-1 (when the fan is off) and 7 m s-1 in the 
central part (4 central wagons) of the test section. In this case, tests were carried 
out at wind speeds between 0 m s-1 and 3.5 m s-1, measured 0.30 m above the 
tunnel bare ground, in the central section of the test area. 
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Figure 1: Schematic diagram of the wind tunnel at INIA-CIFOR. 

2.1.2 Shrub fuel complexes 
Two types of shrub fuel complexes were tested: 

(a) Pterospartum tridentatum (L.) Willk shrub + Pinus pinaster (Ait) litter. 
(b) Ulex europaeus (L.) shrub + litter and herbs present under the shrubs. 

     These two shrub species were selected because they were dominant in most of 
the experimental burns carried out in the field to develop the empirical models 
assessed in this study. Shrub fuels were collected at several representative sites 
in Galicia (NW Spain). Shrubs were cut at the base of the stems in order to keep 
the field shrub structure as much as possible, transported in plastic bags to the 
INIA-CIFOR Laboratory and stored in a cold chamber (at 4°C) to delay water 
content losses. Pinus pinaster litter of fuel complex (a) was conditioned in the 
laboratory to a moisture content of 12%. 
     To construct fuel complex (a), Pinus pinaster needles were uniformly 
scattered on the six central wagons of the test area. Stems of Pterospartum 
tridentatum were arranged above the needles in a uniform fashion, with a load of 
approximately 1.5 kg m-2. This fuel arrangement was intended to represent a 
complex of litter and live understory vegetation. 21 tests were conducted with 
this fuel complex (a). 
     In fuel complex (b), fuels were arranged along the six central wagons, 
preserving field fuel loads of litter+herbs and shrub layers. 3 tests were 
conducted with this fuel complex (b). 
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     In both fuel complexes, vegetation cover was 100%. Height of each layer 
was measured through six measurements points for each layer in each wagon. 
Moisture content of each layer was obtained through samples collected 
immediately before conducting each test to determine FMC. The ranges values 
of environmental and fuels characteristics during the experimental fires are 
shown in table 1. 
     A cotton strip impregnated with alcohol was used as ignition source. For each 
experimental test, fire rate of spread (RoS) was calculated from time took by the 
fire front (base of the flame) to run along the four central wagons of the test area. 
Time delays were visually determined and registered with a chronometer. 

Table 1:  Fuel and environmental characteristics in wind tunnel 
experimental tests. 

*Only in fuel complex (b). 

2.2 Empirical models for shrubland fuels 

Several empirical models by Vega et al [4–7] and Fernandes et al [8, 9] 
predicting fire rate of spread (RoS) for different shrubland ecosystems in Galicia 
(NW Spain) and Portugal were selected, table 2. 
     In Galicia, the model in Vega et al [4] was developed from experimental 
burns conducted in three types of shrubland communities: low mixed-heather 
shrub, shrub complex dominated by Pterospartum tridentatum, and gorse (Ulex 
sp.) shrubland, where wind speed (U), slope (S) and fuel height (H) are the 
independent variables, eqn. (1). A very similar model was later developed by 
Vega et al [5] for the same type of shrubland fuels and with the same 
independent variables, eqn. (2). Another model including not only wind, slope 
and fuel height as independent variables but also shrub cover (Pcob) was 
published in Vega et al [6], eqn. (3). More recently, Vega et al [7] developed an 
empirical model with experiments conducted in north-western Iberian shrubland 
ecosystems (gorse shrubland, mixed heathland of Erica umbellata, Ulex minor 
and Pterospartum tridentatum, and Erica australis-Pterospartum tridentatum 
heathland. This model included only wind speed and slope as independent 
variables, i.e. the model was not dependent from fuel characteristics, eqn. (4). 
     In Portugal, Fernandes et al [8] developed an empirical model for RoS 
prediction using microplot data in Erica umbellata Loefl. and Pterospartum 
tridentatum shrubland, with wind speed and shrub height as independent 
variables, eqn. (5). Another model by Fernandes et al [10] was developed for 
litter + shrubs fuel complex typically found under Pinus pinaster Ait. stands in 
Portugal, adding litter moisture content (Msd) to the model, eqn. (6). Other 
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Shrub 
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(kg m-2) 
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(m) 

Min 0 27.0 10.0 0.5 26.5 22.4 0.5 0.36 
Max 3.5 78.0 36.6 1.5 105.8 33.5 3.6 0.71 
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models by Fernandes [10] were not tested due to the lack of required input data 
set from the laboratory tests. 

Table 2:  Empirical models assessed. 

Model Equation  
Vega_1998 RoS = 0.249 U1.193 H0.658 exp1.088 S (1) 
Vega_2000 RoS = 4.84 U1.13 H0.49 exp0.77 S (2) 
Vega_2001 RoS = 1.94 (U+expS)1.12 Pcob-0.83 H0.19 (3) 
Vega_2006 RoS = 1.43 U1.152 exp0.039 S (4) 
Fernandes_2000 RoS = 0.0869 U1.83 H1.47 (5) 
Fernandes_2002 RoS = 1.906 U0.868 exp(-0.035 Msd + 0.058 S) H0.635 (6) 

2.3 Statistical analysis 

Linear regression analyses were performed to assess the relationships between 
laboratory data and the predicted values calculated by empirical models. For 
each model, predicted rate of spread values were fitted to eqn. (7): 

Predicted RoS = a + b [observed RoS]              (7) 
where [observed RoS] is the fire rate of spread obtained in the wind tunnel 
experiments. Regression coefficients (a, b) and Pearson correlation coefficient (r) 
were calculated for each model, and the corresponding statistical significance 
level was assessed. A minimum coefficient of determination (R2) value of 75% 
was chosen as a threshold for predicted and observed RoS to be considered 
proportional values. In order to assess proportionality scale, a proportionality 
factor (k) was calculated for laboratory data as the mean value of the coefficient 
predicted/observed for each model. Observed RoS data from the wind tunnel 
burns were assessed both together and separated in two data sets according to the 
shrub moisture contents tested: low live moisture level (shrub FMC < 60%) and 
high live moisture level (shrub FMC > 60%). 

3 Results 

All linear correlations between empirical models and laboratory data were highly 
significant (p < 0.000), table 3. Stronger correlations (r > 0.98) were obtained for 
lower fuel moisture levels (shrub FMC < 60%) in all the models tested, table 3-a. 
Nevertheless, higher fuel moisture levels (shrub FMC > 60%) also showed a 
quite strong relationship between observed and predicted RoS (0.86 < r < 0.94), 
table 3-b. Attempting to fit all data (i.e. independently of shrub FMC) resulted in 
similar values than the ones obtained when fitting only the high FMC level data 
set, showing a slight correlation decrease (0.85 < r < 0.92), table 3-c. 
     As regards proportionality, the models overpredicted observed laboratory 
RoS at different scales. The proportionality factor (k) was lower at lower fuel 
moisture levels for all models, ranging from 1.13 to 6.14, table 3-a, whereas at 
higher fuel moisture levels the k factor was increased in all cases, ranging from 
2.83 to 13.24, table 3-b. Finally, considering the whole data set, the k factor 
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showed intermediate values between the ones obtained for low and high FMC 
data sets separately, table 3-c (from 2.05 to 9.84). 

Table 3:  Summary of resulting regression coefficients (a, b), determination 
coefficient (R2), correlation coefficient (r), significance level of the fit 
(p) and proportionality factor (k) obtained for each model and data set: 
a) low moisture content, b) high moisture content, and c) all data. 

a) Low moisture content (shrub FMC < 60%) 
Model a b R2 R p K 

Vega_1998 -3.946 12.349 0.986 0.993 0.000 5.82 
Vega_2000 -3.511 11.745 0.987 0.993 0.000 5.87 
Vega_2001 0.018 6.079 0.986 0.993 0.000 6.14 
Vega_2006 -1.843 6.025 0.989 0.994 0.000 2.95 
Fernandes_2000 -1.564 3.573 0.963 0.981 0.000 1.13 
Fernandes_2002 -0.900 5.156 0.969 0.984 0.000 3.51 

b) High moisture content (shrub FMC > 60%) 
Model a b R2 R p K 

Vega_1998 -1.460 18.000 0.834 0.913 0.000 13.24 
Vega_2000 -1.311 17.378 0.854 0.924 0.000 13.08 
Vega_2001 1.001 9.221 0.879 0.938 0.000 11.19 
Vega_2006 -1.070 9.330 0.891 0.944 0.000 6.43 
Fernandes_2000 -0.686 4.764 0.751 0.867 0.000 2.83 
Fernandes_2002 -0.015 6.398 0.828 0.910 0.000 5.78 

c) All data 
Model a b R2 R p K 

Vega_1998 -0.641 12.397 0.750 0.866 0.000 9.84 
Vega_2000 -0.416 11.854 0.756 0.869 0.000 9.78 
Vega_2001 1.568 6.194 0.763 0.873 0.000 8.88 
Vega_2006 -0.400 6.204 0.771 0.878 0.000 4.84 
Fernandes_2000 -0.612 3.504 0.735 0.857 0.000 2.05 
Fernandes_2002 -0.024 5.121 0.847 0.920 0.000 4.74 

 
     Concerning Vega et al models, Vega_2006 was the model showing a lower k 
factor (k = 2.95 for low shrub moisture, k = 6.43 for high shrub moisture) as well 
as a better fit (R2 = 99% for low shrub moisture, R2 = 89% for high shrub 
moisture), table 3. 
     Comparing results among the models by Fernandes et al, Fernandes_2000 
was the model that showed the most similar values between observed and 
predicted RoS, with k = 1.13 for low shrub moisture, and k = 2.83 for high shrub 
moisture. However, the model Fernandes_2002 showed a better fit with 
observed RoS, especially for high shrub moisture level (R2 = 97% for low 
moisture, R2 = 83% for high moisture), table 3. 

4 Discussion 

The results, table 3, showed that observed RoS in laboratory fires is always 
overpredicted by the assessed empirical models. Similar trend was obtained by 
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McAlpine and Xanthopoulos [18] when comparing observed fire spread rates in 
ponderosa pine fuel beds to estimates computed by the empirical Canadian 
Forest Fire Behaviour Prediction System. According to these authors, two 
primary reasons could explain the prediction errors: the experimental design and 
the wind speed estimation. In the present study, two types of possible causes 
have been considered: causes linked to the experimental device and causes 
related to fuel characteristics. 
     Concerning the experimental device, one problem could be the wind profile 
simulated in the wind tunnel, which may not be the same as the one in the field. 
Besides, conversion of the wind tunnel wind velocity, measured at 0.30 m before 
the fuel bed were arranged, to an equivalent 2-m or 6-m (depending on the 
assessed model) open wind speed depends on the chosen conversion factors, that 
are extremely variable in the available literature. Since the assessed fire 
behaviour prediction models are highly sensitive to changes in wind speed, small 
errors choosing the conversion factors can induce important prediction errors, as 
McAlpine and Xanthopoulos [18] also pointed out. Dimensions of the wind 
tunnel may also influence the fire behaviour, being no long enough to reach the 
equilibrium head RoS. 
     With regard to fuel characteristics, they could be, in some cases, not exactly 
the same as the ones in the field. For example, one of the differences between 
field and laboratory fires is that fuels tested in the wind tunnel were conditioned 
in a chamber inside the laboratory, and were only arranged in the outdoor 
experimental device immediately before conducting the tests. Therefore, the 
presumed equilibrium between FMC levels and environmental conditions may 
not be achieved. Nevertheless, air temperature and relative humidity, as 
surrogates of dead fuel moisture, are in general found to be variables of minor 
importance to explain RoS variation in these fuel complexes (Vega et al [7]).  
     Despite the above discussed overprediction, results of the present study 
showed a highly significant linear relationship between observed and predicted 
RoS. Moreover, the high correlation coefficients obtained indicate that 
laboratory experiments can provide proportional RoS values compared to the 
ones predicted with field experimental fires. As regards the comparison between 
the empirical models tested, the best correlations with wind tunnel data were 
obtained for the model by Vega et al [7], which is the only model developed 
with the integration of data from northern Spanish and Portuguese shrubland 
field burns. Nevertheless, very strong correlations were also obtained for the rest 
of the models, especially for Vega et al [4–6] models at low levels of FMC. In 
contrast, the models by Fernandes et al [8, 9] predicted more similar RoS values. 
     In the case of the model showing the best fit, eqn. (4), RoS is independent 
from fuel characteristics. Moreover, the only factor assessed in the present study 
affecting predicted RoS variation was the wind speed because, in our case, the 
term including the slope is eliminated (S was equal to zero in all laboratory 
fires). In the rest of the assessed models, wind is also the main variable 
explaining the most part of RoS variation. Therefore, the results indicate that, in 
the range of conditions tested and in spite of the problems concerning wind 
characteristics in the wind tunnel, RoS variations due to differences in wind 

 
 www.witpress.com, ISSN 1743-3541 (on-line) 

© 2008 WIT PressWIT Transactions on Ecology and the Environment, Vol 119,

Modelling, Monitoring and Management of Forest Fires I  127



speed are very similar between laboratory and field experimental burns. These 
findings suggest that, in certain cases, wind effects on fire propagation can be 
accurately assessed in the wind tunnel despite the scale differences, which could 
be easily corrected, at least in the type of fuel complexes and range of conditions 
tested, by means of the corresponding proportionality factor (k). 
     In all models, better correlations were obtained when fitting low and high 
shrub moisture content data sets separately, and higher R2 were observed for 
lower fuel moisture content levels. Different proportionality scale was also 
observed between both levels of FMC. The results indicate a different effect of 
FMC on fire propagation at laboratory scale, showing more accurate predictions 
and more similar values of RoS for lower fuel moisture content levels. Vega et al 
[6] suggested that fuel moisture may be a key variable determining fire 
propagation success in a way that above a certain threshold fire would not be 
sustained, and below that threshold propagation may be independent of fuel 
moisture level. This argument may explain the different results observed in the 
wind tunnel between the two fuel moisture data sets. Nevertheless, the effect of 
fuel moisture content on fire behaviour should be further study in laboratory. 

5 Conclusions 

In spite of the rate of spread overestimation by the empirical models tested, the 
relationships found between the observed values in the wind tunnel and the 
models predictions was highly significant. Moreover, the high correlation 
coefficients obtained allows both values to be considered proportional. Even if 
the laboratory scale is a limiting factor to study fire behaviour, these experiments 
are a relatively safe and inexpensive method to assess the existing relationships 
between the different variables involved in shrubland fires (Burrows [21]), 
because laboratory tests provide the advantage to yield relationships between fire 
propagation and independent variables under certain control and, therefore, 
repeatable conditions (Van Wagner [22]). 
     A single approach to predict wildland fire behaviour is not suitable for all 
purposes (Morvan et al [23]), and thus it is important to assess and integrate 
complementarities between the different methodologies to model forest fires (Van 
Wagner [22]). The results of this study confirm the wind tunnel data as a useful 
complementary source of information to field studies in order to further the 
understanding of fire behaviour in shrubland fuel complexes. Nevertheless, 
further research is needed to assess new models and other fuel types. Future 
work is also needed to study if this kind of correlation would continue to be 
present after fuel reduction treatments, which could give the opportunity to 
easily test different fuel treatments under a wider range of conditions. 
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