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Abstract 

Fire experiments generally aim to relate fire behavior to fuel and weather conditions. One of the main 

factors influencing the fire rate of spread is the wind speed, but its measurement in fire experiments is 

challenging due to the combination of wind-flow turbulence and the remote location of the sensors relative 

to the fire front. Differences arise because i) the feedbacks of the fire plume on the ambient wind modify the 

wind speed at fire location, ii) the environment at the measurement location may differ from the fire plot 

characteristics in non-uniform conditions (fuel, topography), which may induce a spatial bias between mean 

winds and iii) instantaneous fluctuations at both locations are weakly correlated, which affects the 

representativeness of wind measurement, because of the relatively brief duration of fire experiments. 

The present work disentangles the sources of bias and variability in wind measurements (ii and iii), and 

provides understanding of wind measurement accuracy in fire experiments. The combination of both 

measurement error sources, both in representativeness and spatial bias, has to date never been studied. In the 

present study, we employed a modelling approach using HIGRAD/FIRETEC to compute Large-Eddy-

Simulations (LES) of wind flows over typical fire experiments. Our simulations show that the spatial bias 

resulting from the distance to the trailing edge of the measurement location, can be very strong in a realistic 

configuration and that 7h (with h the canopy height) is too short to get measurements representative of the 

ambient open wind. In this context, we recommend that the distance to the trailing edge is measured and the 

upwind canopy characterized (at least in terms of height), so that horizontal Wind Adjustment Factor can be 

applied to correct the measured wind. Another source of bias is the fact that the fire wind, defined as the 

average wind at 20ft above the fire plot, can be altered by the presence of the upwind safety break, when its 

size is larger than 6 to 7h. 

The representativeness of wind measurements can be estimated by comparing values of fire and measured 

winds corresponding to replicates of virtual fire experiments. We confirm the finding of two pioneering 

studies on wind measurement representativeness, which already suggested that measurement errors resulting 

from both uncertainties in both measured and fire wind could be very significant in typical fire experiments, 

especially when the plot size was small, when the experiment duration was short, and when the number of 

sensors was small. For our preliminary results, obtained in more realistic configurations, we found that square 

fire plots larger than 200 m and a number of five sensors seem to provide a reasonable measurement accuracy, 

provided that the fire does not spread too fast (which would result in shorter experiment duration) and that 

the wind is not too low (as the measurement representativeness increases with ambient wind speed). 
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Fire experiments generally aim to relate fire behavior to fuel and weather conditions. One of the 

main factors influencing fire rate of spread is the wind speed. However, empirical relationships 

generally exhibit significant variability, which can partly be explained by wind measurement accuracy 

(Cruz and Alexander 2013). Indeed, measuring the wind in fire experiments is challenging, due to the 

combination of differences in the turbulent nature of wind flow and the location of sensor(s). In 

practice, the ambient wind speed is measured at some distance from the fire front, so the wind speed 

at the measurement location often differs from the wind speed at the fire location. 

https://doi.org/10.14195/978-989-26-16-506_78
mailto:%7bfrancois.pimont@inra.fr
mailto:%7brrl@lanl.gov%7d


Advances in Forest Fire Research 2018 - D. X. Viegas (Ed.) 

Chapter 3 – Fire Management 

 

 Advances in Forest Fire Research 2018 – Page 717 

 

Because no evidence was found that instantaneous measured wind relates to variations in fire spread 

(Cheney et al. 1993; Taylor et al. 2004), measured wind speed is generally averaged over the 

experiment duration and eventually, over the different sensors when exist. The rationale for that 

process is that the average measured wind is a good representative for the ambient wind, which drives 

the fire within the experimental plot. However, some differences between measured and fire wind arise 

because i) the feedbacks of the fire plume on the ambient wind modify the wind speed at fire location, 

ii) the local or upwind environment may differ (fuel, topography), which may induce differences 

between mean winds, and/or iii) instantaneous fluctuations at both locations are weakly or not 

correlated, which affects the representativeness of wind measurements. 

The fire feedbacks on the fire wind are generally not included in wind measurement error (Sullivan 

and Knight 2001), and have to be accounted for in the fire-model formulation. As such, they are beyond 

the scope of the present work. The measurement error is defined as the departure between the wind 

speed that would have been measured at fire location during the fire experiment (without the fire), 

referred to as the fire-front wind (uf), and the measured wind speed at measurement location(s) (um) 

(Sullivan and Knight 2001; Pimont et al. 2017), averaged over the same time period. The conventional 

approach is that um is typically measured above bare ground, in an open area at a reference height href 

(20 feet or 10 m), as described in Fisher and Hardy 1976). It is expected to highly depend on the 

surrounding obstacles (typically the canopy located in the upwind side of the open area), so that it is 

recommended that the measurements are done at more than 7h from the trailing edge, with h the height 

of the canopy (Fisher and Hardy 1976). In practice, this measured wind is assumed to be representative 

of the wind at href above the canopy in the fire plot (Andrew 2012), which we refer later to as the fire 

wind (uf). This reference wind is typically converted to a wind at the height of interest through a Wind 

Adjustment Factor –WAF- (Andrews 2012), which depends on the fire modelling approach. A 

widespread assumption is to convert the fire wind to a mid-flame-height wind; in this context, 

calculation of WAF has important implications (e.g. Albini and Baughman 1979; Massman et al. 

2017). As this height of interest potentially depends on the fire spread conditions, which determines 

the flame height, the scope of the present paper will be limited to the fire wind (uf), which is defined 

as the average wind at href above the canopy within the fire plot, and its relationship with the measured 

wind (um) in the open, which conventional approaches assume it should represent. 

To a large degree, the question of wind measurement representativeness, although critical, has 

seldom been addressed. The measurement error can be decomposed in two subcomponents (Hastie 

2009). The first one is the error due to “bias”, which is caused by the difference between the 

expectation of the measured wind and the expectation of the fire wind (which is what we would obtain 

by averaging replications of the experiment under a constant weather). To the best of our knowledge, 

there is apparently not much scientific support to the assumption that um is equal to the wind at href 

above the canopy. According to Fisher and Hardy (1976), measurement in open area can be replaced 

by measurement at “obstacle+href” height, “if the ground is densely covered with rocks, brush, or small 

trees, increase the height of the anemometer by the average height of the ground cover.” There is hence 

a potential bias associated with the fact that the wind at href in the open would be equal to the wind at 

href above the canopy and the magnitude of this bias might varies when changing canopy properties 

(e.g. height, Leaf Area Index, etc). 

Another bias in real-world experiments arises from safety fuel breaks which often surround shrub 

or forest plots. In reality, the fuel break located in the upwind side of the fire plot almost certainly 

affects the wind profile, which requires some distance to adjust from an “open” profile to a “fire plot” 

profile (e.g. in Pimont et al. 2009; Pimont et al. 2011). As a result, it is likely that the fire wind uf, at 

href above the actual fire plot, differs from the wind that would be measured at href above a canopy, 

especially for the part of the fire plot located at a short distance from the plot’s leading edge. From 

now, we will refer to uth (for theoretical wind) for the wind at href above a long homogeneous canopy. 
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The second subcomponent of error is due to “variance” (or variability) in both fire and measured 

winds. Even if the expectations of the fire wind (at z=h+href in the fire plot, which represents the wind 

truly experienced by the experimental fire) and the measured wind (at href in the open) were equal (i.e. 

no bias), their mean values over the duration of an actual fire experiment is expected to differ because 

of instantaneous fluctuations of the wind. Such an impact of variance has been studied through an 

experimental approach by Sullivan and Knight (2001) and a numerical approach by Pimont et al. 

(2017). Both studies were based on comparison between wind measurements made at distant locations 

below homogeneous canopies, so that average winds over long periods were expected to be equal at 

both locations. These studies revealed that, in fact, the average winds typically differ over the duration 

of a fire experiment, which is typically short, causing measurement error, often on the order of +/-

30%. In both studies, the duration and the extent of fire experiments, the number of sensors and the 

measurement heights were all critical factors influencing the degree of consistency between measured 

and fire winds. These studies, however, focused on the variance problem in a context which differs 

slightly from actual fire experiments, as both fire and measured winds were estimated below a 

homogeneous canopy, in which variability is expected to be much larger than in the open or above a 

canopy. The combination of measurement error due to both bias and variance has to date never been 

studied in a context close to actual fire experiments. In the present study, we used Large-Eddy-

Simulations (LES) of wind flows to estimate these two subcomponents of error from wind flow 

simulations, typically corresponding to the ICFME experiment (Taylor et al. 2004). 

 

 

We employed the HIGRAD/FIRETEC model to compute Large-Eddy-Simulations (LES) of wind 

flows over fire plots (corresponding to virtual fire experiments), as in Pimont et al. (2017). Wind flow 

simulations over both homogeneous canopy and open-to-forest transitions with the 

HIGRAD/FIRETEC model have been validated against detailed field experiments, in terms of both 

average wind profiles and turbulent profiles (Pimont et al. 2009).  

The forest canopy was representative of the ICFME experiment (Taylor et al. 2004) and modelled 

with the FuelManager software from inventory data and allometric relationships for the different 

species (Pimont et al. 2016). Fuel breaks of various widths were designed in the landscape (in blue, in 

Fig. 1), so that simulated wind flows could be used to simulate measured wind, theoretical wind and 

fire wind at selected heights over fire experiments.  

 

Figure 1 - Planimetric view of the fuel map (expressed 

in fuel bulk density), illustrating different spacing 

between the safety breaks (in blue, represented with very 

low fuel loads). This design enables comparison of 

simulated winds in virtual fire plots (within the canopy) 

and at sensor locations (within fuel breaks) to evaluate 

the wind measurement error in various conditions of 

fuel break widths, depending on the location of the fire 

plot in the fuel map. 
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Simulated data were used to determine the sensitivity of these wind values to each configuration 

and to compute the resulting bias, which depends on the location of the sensor, the length of the open 

area and the location of the fire plot. We then compared the variance of both measured and fire wind 

to provide a comprehensive understanding of wind measurement error in fire experiments. 

 

 

Figure 2 shows the horizontal wind profiles in the streamwise direction, simulated at several heights 

in the case of a large open area 384 m across (shown close to the center in Fig. 1). In Figure 2, the x-

axis is labelled with 0 at the end of the first canopy block, so that the labels correspond to the distance 

from this trailing edge. Close to the ground (at z=20 feet, in black) and at the top of the canopy (at 

h=16.1 m, in green), the wind accelerated over the open area, before slowing down when entering in 

next canopy block (at d>384 m). The 20ft curve shows that wind velocity at a distance equal to 7h 

from the trailing edge, as recommended in Fisher and Hardy (1976) led to a measured wind of 3 ms-1, 

whereas the measured wind reached 4.1 ms-1 at d=20h. This suggests that 7h, which is the distance 

suggested by Fisher and Hardy (1976), is too small to reach an “open” wind value, for which the 

canopy to forest transition requires at least 30h to fully adjust to the “open” environment (e.g. Pimont 

et al. 2011). The red curve represents the wind at h+20ft, which is shown to be significantly increased 

above the open area with respect to the theoretical wind uth at z=h+href above a homogeneous forest, 

uth =4.3 ms-1. Moreover, the wind at h+20ft just after the open area (at 2h from the canopy leading 

edge) further increases up to 5.4 m/s, and then gently returns to its theoretical value uth at only 7 to 8h 

from the canopy leading edge. In contrast, the blue curve shows that the mean wind speed at z=3h was 

not much influenced by the open area. Unfortunately, such a height is too high for practical 

measurements with traditional anemometers. 

Typically, if the measurement were made at d=7h in the open and the fire plot was within the first 

100 m after the leading edge of the second canopy block, the fire wind would be on the order of 75% 

larger than the measured wind. However, if the wind was measured at d=20h and the fire was ignited 

at more than 200 m for the leading edge, the bias would be of only 5%. This figure thus illustrates the 

importance of the location of both sensor(s) and fire plot and how this location affects the consistency 

of the measurement of the ambient wind. 

 
Figure 2 - Horizontal wind profiles at several heights over the 384 m open area (z=20ft, in black; z=h (canopy height), 

in green; z=h+20ft in red and z=3h in blue). The red dashed line corresponds to the wind speed at 20 ft above the 

canopy far from the open area, which is often referred to as the theoretical wind at h+20ft. The wind velocity at 20ft 

(in black) is strongly affected by the presence of the fuel break and has not converged after d=7h. 
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In Figure 2, the open area is very long (384 m, which is on the order of 25h). In practice, open areas 

in forest are often much shorter. Figure 3 is similar to Figure 2, but for a shorter break (96 m, on the 

order of 6h, which corresponds to the four safety breaks located around y=1100 m, in Fig. 1). In this 

case the wind measured at d=5h from the edge would be 2.8 ms-1, which is much lower than the 

theoretical wind speed (4.4 ms-1). However, the shorter break induced a smaller impact on the fire 

wind after the break, which was much closer to the theoretical wind than after the large open area. In 

the present configuration, a measurement at d=5h would lead to an underestimation by 68% of the fire 

wind. 

 
Figure 3 - Same figure as figure 2, but for the 96 m open area. (z=20ft, in black; z=h (canopy height), in green; 

z=h+20ft in red and z=3h in blue). The red dashed line corresponds to the wind speed at 20 ft above the canopy far 

from the open area, which is often referred to as the theoretical wind at h+20ft. 

 

 

In this subsection, we evaluated the variance in a specific configuration, in which the sensors were 

located at 20ft above the ground and at a distance d=7h from the trailing edge of the largest (centered) 

safety break of Fig. 1 (as recommended in Fisher and Hardy, 1976). The fire plot was in the forest area 

located downwind to this break (starting just after the leading edge of the second forestry block, see 

Fig. 1). We simulated fire winds, corresponding to mean wind at the location of a virtual fire spreading 

at a constant rate of spread (ROS, here 0.5 ms-1 and 1ms-1) in square fire plots of a given size (50, 100 

and 200 m), which led to virtual experiments with durations between 50 and 400 s. We also computed 

the measured wind from different numbers of virtual sensors (from one to five sensors). The design 

was inspired from Pimont et al. (2017), who provide more details on the method. 

Figure 4 shows the comparison between fire and measured winds for the three fire plot sizes, 

assuming that the fire spreads at ROS=0.5 ms-1. As expected from the previous subsection, the fire 

wind at 20ft above the canopy was on average much larger than the measured wind at 20ft above the 

ground at d=7h from the trailing edge (the no-bias line is in dashed black).  
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Figure 4 - Comparison between measured and fire wind speeds simulated during different virtual fire experiments in 

fire plots of size 50, 100 and 200m. As ROS=0.5ms-1, the durations of these experiments are respectively 100, 200 and 

400s. Increasing plot size (and thus experiment duration) strongly reduced the variability of both measured and fire 

wind speed. Also averaging over 5 sensors, rather than using only one, strongly reduced the measured wind 

variability. 

Here, we focus on the variability of fire and measurement winds, which were obviously not much 

correlated, because of the short duration of the fire experiments (as already reported by Sullivan and 

Knight 2001 and Pimont et al. 2017). This variability was very high when measurements were made 

on a single sensor and with the smallest fire plot (50 m) which also corresponded to a short experiment 

duration (100 s). Increasing the size of the plot reduced the variability in both measured and fire wind 

speed. Measurement wind variability was reduced by the number of sensors. 

Figure 5 is similar to Fig 4, but for a faster ROS (1 ms-1), which led to shorter experiment durations. 

As expected, the corresponding variability was much larger than for the shorter duration. 
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Figure 5 - Same figure as Fig. 4, but assuming a faster ROS (1ms-1), and thus shorter experiment durations (50, 100 

and 200s). The trends were similar as in Fig. 4, but much stronger variability was observed because of shorter 

averaging period. 

 

 

The work presents an innovative analysis of the wind measurement error in fire experiments, by 

combining the two sources of error: the problem of wind representativeness (caused by the turbulent 

nature of the wind) and the heterogeneity bias, (caused by differences in physical environment between 

the location of wind measurements and where the fire spreads). 

From both Fig. 2 and 3, we can recommend to set the fire plot after a small safety zone (6h or less), 

in order to limit the influence of the safety zone on the fire plot (to limit variations between the fire 

wind and the theoretical wind). Ideally, the fire line should be ignited at more than 2h downwind to 

the leading edge, although this could raise practical problems. Regarding the measurement, the sensor 

would be placed in a very large open area (ideally larger than 20h when available), on the side of the 

fire plot, to enable the convergence of the open wind, used to estimate the ambient wind. However, as 

it is often not practically doable, we recommend to measure the distance to the trailing edge and to 
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describe the upwind canopy (at least the height, and eventually the Leaf Area Index and the canopy 

cover), so that horizontal wind adjustment factors (HWAF) can be applied, to convert the wind 

measured at a given distance to the actual open wind, at long distance from the edge. This is of major 

importance because for the same ambient wind (and thus a same expected ROS), the measured wind 

would be very significantly different if the measurements were made at 5h, 7h, 20h or 30h during the 

fire experiment. This could have been a significant source of bias in previous experiments, in which 

measurements were not necessarily homogeneous in terms of distance to the edge. We think that -

simulated or measured- HWAF could help to increase the quality of empirical fire data and to better 

understand the residuals in empirical models, which are in general fairly wide, as the mean absolute 

error is at best on the order of +/- 30% (Cruz and Alexander 2013). 

Our analyses of measurement and fire wind variability confirmed the strong influence of the fire 

plot size, the experiment duration and the number of sensors, consistent with previous work in Sullivan 

and Knight (2001) and Pimont et al. (2017). The main benefit of the present work was to address this 

problem of wind representativeness in a context which was more realistic, as the previous studies 

compared measured and fire winds estimated below canopies and in horizontally homogeneous 

configurations. Clearly, our analyses demonstrate that the wind measurement accuracy is poor in fire 

plots of 50 m (3 to 4h) and limited in those of 100 m (6 to 7h). For these specific experiments, and 

especially when only one sensor was available, the wind measurement variability can be reduced by 

averaging the measured wind on longer period than the one of the experiment (a few minutes before 

and after). There is no way, however, to reduce the variability of the fire wind, meaning that we 

basically have no idea of what the actual wind really was in the fire plot during the experiment (from 

4 to 7 ms-1). According to our computations, a fire plot size on the order of 200m (12h) seems to be 

satisfactory, provided that the fire does not spread too fast. We would like to point that the magnitude 

of the ambient wind velocity was found to be a major factor of variation in measurement accuracy in 

homogeneous canopies (Pimont et al. 2017) and such a result should hold in the present more realistic 

context. It is thus expected that the –relative- variability of both fire and measured winds would be 

higher in the case of lower ambient wind. 

This study also illustrates how physics-based models can be used to improve the knowledge 

regarding wind measurement in field experiments. More detailed analyses in a variety of fuel types 

and safety break design should help to provide general guidelines regarding the number of sensors and 

eventually to suggest some correcting factors such as the HWAF, described above. Finally, we did not 

investigate how the fire wind (at href above the fire plot) relates to the mid-flame height wind, even if 

this vertical wind adjustment is another source of both bias and variance, which could be the scope of 

future investigations. 
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