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Abstract
    Accurate assessment on the fireline of current and expected fire behavior is the foundation of sound safety decision-making—yet it is often too vague and incomplete using current methods.  Fire Line Assessment Method (FLAME) offers a practical means of applying fire behavior science to produce a sufficiently specific and complete, quantitative assessment which can be surprisingly accurate, compared to real-world data.  Examples and actual cases make clear the value of the FLAME process in guiding the implementation of LCES (Lookouts, Communications, Escape routes, Safe zones).  

    FLAME is based on predictors derived from the fire behavior prediction system (Behave), integrated with guidelines for assessing variations in the fire environment.  The process evaluates current fire behavior as a baseline, and identifies the “next big change” to be expected in fire behavior.  The focus is on the fire environment factors that drive large, sudden changes: fuel type, effective wind speed (EWS), and 1-hour fuel moisture.  The question addressed is “How will the rate-of-spread (ROS) change?”   

    Applying the predicted ROS-change to the baseline observation yields the timeline of fire advance—those rates and timelines being observed and expressed in fireline-practical units, such as the time it will take a fire to move up a slope or to move from its present location to the firefighters.  The timeline then guides safety decision-making.  Employing FLAME also compels the firefighter to acquire essential information on the expected conditions.  FLAME can be integrated into the fire training system in several different modes.    

An urgent need

    At the root of every fireline fatality lies a failure to adequately anticipate a significant change in fire behavior, or the timeline it imposed.  The judgments and procedures that assure safety must rest on a base of clear and specific knowledge of the fire behavior to come.  And that knowledge of expected fire behavior must be obtainable by the firefighter on the fireline…with only the tools and information available there!  The firefighter must be able to anticipate in specific terms the “next big change” in fire behavior, when it will come and what it will mean.  Only then can the operational protocols and safety equipment make firefighter safety possible in the dangerous world of wildland fire.

    The tools of fire behavior prediction are now routinely utilized in guiding the formulation of firefighting strategy (fire behavior input to planning, etc.).  But the decisions made by firefighters on the fireline are still based largely on seat-of-the-pants intuition only, and often-incomplete information about how the fire behavior will evolve and how it will affect them.  FLAME (the FireLine Assessment MEthod) adapts the Fire Behavior Prediction System (Behave) for practical use by firefighters in a systematic process that also incorporates typical fire environment patterns of variation.  

    Following are examples of how FLAME is used, and descriptions of how it works.

Fireline evaluation, a safety-essential process

All too possible

    A fire, which has run to the top of the main ridge and stopped at a road the previous afternoon, is flanking slowly across the slope, burning the litter and surface fuels in a mixed conifer-brush stand.  After traveling all night to the fire, firefighters are deployed to build an indirect line about 1/3 mile away from the active fire edge, along a minor spur-ridge down the side of the main ridge.  The crew receives a briefing from the division supervisor on the overall strategy and the line-building conditions to expect.  When the line is tied in to the road at the base of the slope it will be fired from the top down by another crew.  

    The crew leader briefs the firefighters on the task at hand.  He advises the crew that the escape route will be back up the line to a safe zone on the ridge top where they begin their line, and he tells them to cut the stems off low, leaving no stubs that would impede their travel.  He confirms the frequency for communications, and positions a lookout to observe the fire as it burns toward the crew.  LCES has been implemented, based on the best information the crew leader has.

    By late morning, after 3 hours of line building, the crew has completed the line more than halfway down the slope.  The lookout reports that the fire is still flanking and has moved only a small fraction of the distance toward them, but that a few trees have torched out.  Gauging the distance left to go, and given the less difficult line building on the lower slope, the crew leader presses on, expecting to reach the road below within an hour or two.

    After a few minutes, the lookout reports the fire is making some short runs, and observes a spot fire between the fire and the crew.  The crew leader confirms that the runs are more-or-less upslope and that the overall fire spread is still in a flanking direction… thinking to himself  “It’s startin’ to heat up.”  He requests the lookout to monitor the behavior of the spot fire and to advise if the runs become more intense.  Thirty minutes later the lookout reports that the spot fire is flaring up, torching trees, and that the main fire has begun to spread diagonally across the slope as a crown fire.  The crew leader orders the crew to move out, back up the line to the safe zone.  He notices that the smoke is now drifting low overhead, across the slope, and the line.

    The firefighters walk steadily back up the line, pausing occasionally to catch their breath.  The fire to their left is now audible as it moves through the crowns of trees and brush.  Smoke is blowing low across their line, and spot fires have crossed the line.  As they press on to make the last 100 feet to the top, the fire seems to accelerate, with flames laying in great roaring sheets across their path.  Hot air and smoke chokes them, blinds them.  Someone yells “Deploy!”  A few firefighters struggle on, and fall; a few get partially under shelters as the fire engulfs them.  After the fire passes, all is silent on the fireline…

    Yes, safety was addressed, LCES was implemented, and the plan was known.  But the general and non-specific approach overlooked some key things:

-  The drivers of, and the results of, the “next big change” in fire behavior were not clearly known

-  The chosen escape route was not realistically evaluated in terms of the escape time available, and its 

   vulnerability

-  The lookout was not instructed on what to focus on, and what to report; and (as will be elaborated 

    below) a supplementary, “long distance” lookout was not set up

-  And suppression strategy was not compared to the fire-spread timeline to gauge the chance of 

    success

    Could that happen?…With all the information and safety procedures we have?  Yes.  Something very close to the case described above has happened.  And the basic fire behavior and decision-making elements as portrayed in our imagined situation occur over and over again each fire season.  

    You might see weaknesses in the above scenario, things that would be corrected if “the system” (which includes firefighters’ tools and  training, weather information, and incident command) were working properly.  Often the system does not perform properly—yet firefighters must have a means of making sure that they have all it takes to be safe.   And even when the current system works as expected there are still weak points inherent in it, especially in the preparation of firefighters for fireline decision-making—the point I address herein.  

    You might object to the suppression tactics described there.  But tactics like those are used frequently, usually quite safely.  And no matter what tactics are employed, dangers exist that must not be overlooked.  Unexpected increases in fire spread and intensity always threaten. 

    In spite of the existence of good information systems, and safety guidelines and equipment, there is a chronic weak link in the vital chain that ensures firefighter safety on the fireline.  That weak link is the meaningful evaluation by the firefighters on the fireline of “current and expected fire behavior.”  The final assurance of adequate information for safety decision-making rests with the firefighters.  And while all firefighters would desire adequate information, they often aren’t aware of what they don’t know.  The 10 Orders and 18 Situations alone do not alone provide sufficiently refined guidance. 

A better approach

    As in the case above, firefighters arrive and are assigned to build line down the slope, parallel to a flanking fire.  Before the crew goes to work the leader employs a simple process of evaluating “current and expected fire behavior”, FLAME.  First he asks about the history of the fire (one indicator of its potential); then he ascertains the “current” fire behavior (including the ongoing spread rate, as a baseline from which to project changes).  He learns:

1.  During its upslope run on the previous day the fire did make some crown runs and produce spot fires.    

2.  The litter fire, at its current rate-of-spread (ROS), would take about 20 hours to reach the planned 

     control line (plenty of time to complete line construction and burnout).

He asks what the weather is expected to be (in order to assess expected fire behavior), and learns that the division supervisor has not seen a recent forecast.  The division supervisor then inquires of the command center, learns that the requested spot forecast is not in yet, and asks the command center to read the previous fire weather forecast.  From that the crew leader learns: 

3.  Sometime in the late morning a weak trough could bring 20-foot winds of 10 mi/hr, gusting to 15-20 

     miles/hour, blowing generally cross-slope toward the crew’s line; minimum relative humidity will be 

     15% to 18%.   

The crew leader then makes a prediction of the “expected” fire behavior: 

4.  Given those forecasted conditions, and the previous day’s fire behavior, he assumes the fire can 

     crown (probably by late morning).  A continuous crown fire could reach their line in approximately 

     12 minutes from the present fire location (though in reality any continuous run will probably be 

     preceded by intermittent crown fire activity). 

5.  The wind speed, ROS, and flamelength will be greatest on the upper slope, near the top of their line

    Using the above assessment of current and expected fire behavior to choose the appropriate actions and to implement LCES, he anticipates that the next big change will be the transition from litter fire to crown fire and increased winds as the trough passes in late morning.  He suggests to the division supervisor that the “upstream” fire-weather office monitor the winds, advise when they see the increasing trough winds, and estimate how soon thereafter the winds will reach the fire area—in effect, extending the “lookout” function to perceive the threat earlier.  A lookout on his own crew will be instructed to pay close attention to the wind direction evident in the smoke drift, to measure the relative humidity, to be alert to the first stages of the transition to crown fire, and to continually update the timeline of fire advance (what fraction of the original 1/3-mile distance the fire has traversed).

    Communications are confirmed with the crew lookout and with the division supervisor.  Also, contact is made with the weather office and the chain of communication is established.

    The escape route must meet two criteria:  1)  it must be short enough to be traveled in the time available, and 2)  it must not cross especially vulnerable areas.  He knows that the crew can traverse their completed line at about 5 minutes for each hour of downhill line-building (ex: after 2 work-hours of cutting line, it will take about 10 minutes to walk back up to the starting point).  Knowing the fire could make a crown run from the fire flank to the crew in as little as 12 minutes (a bit less as the fire flanks toward the crew) means that once the crew is a couple of work-hours down the hill cutting line, escape back up the line might be too slow.  Furthermore, an uphill escape route will take them onto the upper slope, the very place where wind speeds and fire behavior will be the worst.  Another escape route must be identified for the lower line.

    The plan adopted: If the crew is more than 2 work-hours down the hill, the escape route will be off the side of the spur ridge, away from the main fire, to an old skid trail, and then down to the road below.  The crew can cover that distance in less than 10 minutes, and it will take them away from the thrust of the crown fire.

South Canyon: A Real World Example.

    Probably the best documented case, in terms of fire behavior, is the South Canyon Fire (Butler, Bret W., et al. 1998).  In utilizing the fire behavior information from that incident, I make no judgments about the decisions and actions of the firefighters who were there.  Assumptions about the situation (Figure 1):

-  “current” fire behavior: effective wind speed (EWS) of the backing fire (carried largely by litter fuels, 

   downslope into the West Drainage) is 1 mile/hour; the time to transit the slope is about 60 hours

-  “expected” fire behavior: a reasonable estimate of the frontal winds on the slope is 30 miles/hour; 

   the fire will transition from litter to crown fuel-type

FLAME then predicts a 360X (360-fold) increase in ROS as the fire moves up and across the West Flank Fireline slope.  Applied to the previous 60-hour transit down the slope (1/360 of 60 hours), that yields an estimated 10 minutes to sweep up the slope where the crews were retreating.  [Note: The reconstructed fire-spread map shows the fire took about 10-11 minutes to cover that distance.  The good agreement is only fortuitous.  But the overall success in applying FLAME to South Canyon is encouraging.]

    Knowing that the fire could reach the far end of their escape route only 10 minutes after becoming established below them in the drainage would have clearly revealed that the planned escape was too slow.  But beyond the predicted time it would take the fire to spread across the slope, there are other things that the application of FLAME could have done.  

    Simply asking the question “What are the expected conditions; the predicted wind speeds?” would have driven a quest for an answer that could have revealed to the crews that they were not informed about the predicted weather, and in time to obtain the critical weather information.  Knowing the winds would be so great, they would not have gone into the canyon.  

    Receiving training on the FLAME process could have raised awareness of being so wind-sheltered topographically (by the spur ridge) and by the vegetation that they would not feel the wind increasing …and they might not have assumed that the calm around them meant that winds were light.  

 Knowing that an advancing cold front was coming might have prompted a line supervisor to have the fire weather office advise of the arrival of the winds (to extend the lookout function).  The winds were obvious at Grand Junction, and the Rifle RAWS site, hours before they hit the fire.
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Forging a stronger link in the safety chain
    Returning to our “better approach” example above, applying FLAME has prompted the crew leader and division supervisor to obtain information necessary for truly evaluating “expected” fire behavior.  It has been the basis for setting up a realistic and workable LCES plan.  There will not be any large and dangerous surprises. (Similar outcomes might have been possible at South Canyon).  

    Furthermore, the FLAME analysis has shown that the initial suppression strategy in our example probably will not succeed.  To meet the time constraint one might also hasten the line-building by having a crew work up from below while having the burnout operation move down as the line construction proceeds.  When the weather office reports on the expected arrival time of the winds, the status of the line construction and burnout could be evaluated in order to continue or abandon the operation.

    Is this too much detail to expect of fireline personnel?  No.  In fact the full and specific evaluation of current and expected fire behavior is absolutely essential to sound safety decision-making (not to mention realistic suppression strategies).  Too often the evaluation of current and expected fire behavior is done seat-of-the-pants, and too often critical information is not known.  Even though the above scenario might seem to require too much analysis, and use too many numbers, once one becomes practiced with the FLAME process it is neither difficult nor time-consuming to apply.  Following the process partially, to obtain the essential fire environment information, can lead a firefighter to adequately identify the next big change before it happens.  Such a critical link in the safety chain is worth the investment of a few extra minutes. 

    Safety must be sought at every level, from incident commander to the firefighters on the fireline.  If the fire behavior or weather information is insufficient for the firefighter to adequately evaluate the current and expected fire behavior to anticipate the next big change, then the firefighter must demand that information.  Oversights and communication breakdowns cannot go unnoticed and uncorrected.  Only the ultimate user of the information, the firefighter on the fireline, can know for certain when something is missing.  And FLAME requires the firefighter to address the specifics of “expected” fire behavior, to fill in the blanks, which quickly reveals the information holes.  Holes must be noticed before someone is hurt.

How the FLAME system works
Using our “better approach” example:

    How did the crew supervisor use FLAME to predict the expected fire behavior?  He noted that the EWS would go from its current 1 mile/hour (for the flanking fire) to an expected 10 miles/hour (based on the weather forecast)—the EWS-ratio, the factor by which the wind will change, is then 10/1 = 10X (the wind speed will be 10 times greater than it was).  The supervisor expected the fire to transition to crown fire (a “litter to crown” change) because: 1) it had made some crown runs the day before, 2) the relative humidity (%) would drop into the 20s, 3) the wind would increase.  Then he simply looked up the EWS-ratio (10) and the  fuel-type change (litter to crown) on the FLAME pocket-card (Figure 2) and read off the ROS-ratio (the factor by which the ROS would increase) = 100 (i.e. ROS will increase 100X, or 100-fold).
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    At the observed, “current” ROS, the flanking litter fire would reach the line in about 20 hours—our baseline observation.  Once it becomes a crown fire pushed by 10 mile/hour winds it will move approximately 100X faster, and therefore could reach the line in approximately 1/100 of 20 hours, or about 12 minutes (roughly, on the order of 10-15 minutes).    

The big changes

    FLAME focuses on the “big-change makers,” those factors that dominate the large, short-term variations in fire behavior.  We look ahead to that “next big change” in fire behavior, to the fire environment conditions that will drive the change.  

    Many factors affect fire behavior (1-, 10-, 100-, and 1000-hour fuel moistures, live-fuel moistures, wind and slope, details of the fuel arrangement, etc.).  All must be incorporated into predictions of absolute ROS (such as in chains/hour or feet/min.).  But only a few factors dominate the large, short-term changes in ROS.  The others, such as live-fuel moisture, do not change significantly from minute to minute, or if they do change they cause only minor variations in overall ROS (on the order of a few 10s of %).  The big drivers of large, short-term change are:

1. Changes in major fuel-type (litter, grass, crown foliage)—which can cause 10-fold (10X) changes in 

    ROS

2. Changes in effective wind speed (midflame wind speed +/- the slope contribution)—which can cause

    100-fold (100X) changes in ROS

And while it has a lesser direct influence on ROS, a key determinant of transition to crown fire is:

3. 1-hour fuel moisture (FM)—largely determined by relative humidity and degree of solar input

    Events that commonly drive big changes include:

· Slope-reversals, where fire crosses a ridge from upslope to downslope spread, or vice-versa at a 

   drainage

· Wind changes, as with thunderstorm outflows, a cold front, or a surfacing mountain lee wave

· Changes in major fuel-type, such as transition from litter to crown fire

· The shift from breezy, afternoon up-canyon winds to gentle, evening downslope winds, as  decoupling occurs diurnally

Such changes can occur as the fire moves across the landscape, and/or as the weather changes.  FLAME incorporates guidelines for anticipating the variations inherent in the fire environment (detailed below in “Gauging the conditions”).

Fireline-practical

    It is necessary to utilize quantitative (if approximate) measures of fire spread if the firefighter is to make decisions about escape or suppression strategies that are achievable.  But the measure must be fireline-practical.  Basically, firefighters can measure time, and estimate distances against natural “yardsticks.”  The world is not marked off in miles or meters, so rates (of spread, or of escape) in such units as miles/hour are not very usable (at least until firefighters routinely carry GPS units).  But there are usable measures in the landscape.  Probably the best one is “the slope,” the hillside between a drainage and a ridge.  Most adjacent slopes are about the same length, and fire behavior frequently differs when it moves to the adjacent slope.  Another measure is the fraction of the distance remaining between a fire’s original location and fire crews.

    The most easily observed/applied quantity is the time it will take the fire to spread over some visible scale such as a slope (vs. a speed)—a timeline.  The firefighter can estimate the time it will take the fire to reach some important point on the landscape, such as a fuel-type change or an escape route.  The firefighter can estimate the point on the land, a “trigger point,” where closer approach of the fire leaves too little time to escape. 

Gauging the conditions
    It begins with an observation of the current fire behavior.  The fire demonstrates the integrated effects of a whole array of fire environment factors which is valuable information.  Its ROS is gauged against a fireline-practical scale in the environment.  For example, it can be noted that the fire is progressing at a rate that will take it down a slope in 3 hours.  Or the fire can be seen to advance by 6 utility poles along a road in 30 minutes.  If conditions remain the same, that fire would be expected to advance another 6 pole-spans in the next 30 minutes.  Often such straight-forward projections of current ROS are quite useful.

    To know how fire behavior will change requires a firefighter to know how the fire environment will change from current conditions to expected conditions.  Conditions can change both in location as the fire moves along, and with time as the overall weather changes.  But the firefighter usually does not have the means to measure directly conditions at both current and future fire locations.  He or she must be able to make reasonable inferences of how things will change along the path of the fire, based on typical patterns of variation in the fire environment.  FLAME incorporates a set of guidelines for making such inferences and forecasted weather changes are added to that.

Integrating fire environment patterns 

Midflame wind speed:

    Wind speed varies greatly as it flows over the terrain and through vegetation (see Figure 3 for schematic illustration).  A firefighter should envision the “windscape” as he or she observes the fire environment.  Wind is generally greater on the upper vs. lower slopes, and it is generally greater on the windward vs. lee slopes of a hill or ridge.  Interestingly, much of the contrast in “upslope” vs. “downslope” fire spread is due to differences in wind speed on those slopes, and not solely to the direct effect of slope on fire spread—i.e., you could “flatten” the slopes, but retain the corresponding  pattern of wind speeds, and the fire ROS would still show major variations.  The FLAME guidelines to wind-speed variations (with noted “stable flow” exceptions) caused by topography are:

-  The wind speed at the top of a slope is about 2X the speed at the bottom of the slope

-  The wind speed on the windward slope is about 2X the wind speed at the same level on the lee slope    

    Wind speed also varies with height above the ground, so the midflame wind speed is a function of the flame height: least for litter fires, more for eye-level flames, most for crown fires.  The wind adjustment for flame height is based on the wind speed at eye level (at an open site).  Wind speed is reduced by sheltering vegetation; in our case by open vs. closed stands.  The guidelines for variations in wind speed due to flame height and sheltering are:

-  Wind speed at “crown fire” level is 1.3X that at eye level

-  Wind speed at “litter fire” level in an “open” stand is ½X that at eye level 

-  Wind speed at litter-fire level under a “closed” stand is ¼ X that at eye level
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Slope:

    The slope contribution to driving the fire is (as in Behave) expressed as a “wind” component and added to (subtracted from) an upslope (downslope) midflame wind speed respectively.  Each 20% of slope is considered to be equivalent to about 1 mile/hour of wind.  So, a 40% slope would be equivalent to 2 miles/hour of mid-flame wind speed.  [Note: a simplification that doesn’t hurt too much is to just add 2 miles/hour to upslope winds, and subtract 2 miles/hour from downslope winds, to figure the EWS.]  Any fire that is flanking or backing  (i.e. is not driven forward by wind or slope) is assigned an EWS = 1 mile/hour, an acceptable approximation that avoids the pitfalls of dividing by very small numbers.

Fuel type:

    The fuel type carrying the fire can change as the fire burns into new fuels, producing large changes in ROS and intensity.  The relative ROS for the 3 major fuel types can be arrayed on a “10-scale”: litter 1, crown foliage 6, and grass 10 (Figures 4 and 5). 

    Changes in fuel type often accompany a slope reversal as the fire moves onto the opposing aspect.  For example, grass and/or brush on a sunnier aspect can give way to a conifer stand on the shadier aspect (which comprises both litter and crown fuel types). The firefighter can anticipate such changes by noting where the fire is headed.  (Not only does a slope reversal often involve a change in fuel type, but also almost always brings changes in EWS and FM.) 

    A very important change in fuel type occurs when fire carried by the litter transitions to a crown fire (which, of course, also burns the litter).  In fact, that kind of transition is both difficult to anticipate and extremely dangerous.  Crown foliage supports inherently higher ROS, and it is exposed to greater wind speeds than litter fire.  Therefore, the onset of crown fire can greatly increase not only the flame length but also the ROS of a fire.  

    We lack good guidelines for predicting “transition fire behavior.”  It is an area of fire behavior that cries out for more research and for better operational information.  But a review of some of the data available suggests that a key threshold is the occurrence of relative humidity in the 30% to 20% range (a few points lower for Northern Rockies timber), and for some shrub-dominated fuels a threshold for live FM (about 70%-80% in chaparral; about 100% in interior shrublands).  Furthermore, there are important observable indicators:

-  Crown fire has occurred recently or nearby (other fires, or this fire)

-  Backing fires are producing torchouts (a dead give-away that slope/wind-driven headfire will crown)

-  Torching and/or short crown-runs are occurring
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1-hour FM

Short-term changes in 1-hour FM typically have a smaller effect on changes in ROS than do fuel-type and EWS changes, but can be incorporated into the prediction.  For example, if the 1-hour FM changes by 3 percentage points (say, from 7% to 4%), the ROS will increase by 1.3X.  That adjustment to the predicted ROS-ratio can be made using a scale on the FLAME card (Figure 6).  Such an adjustment is often minor in its net effect on ROS-ratio, though consideration of relative humidity may still be critical to anticipating the transition to crown fire.         

Application of FLAME—an overview 
    Observe the current fire behavior.  Not only that, learn what you can about recent fire behavior.  Earlier fire behavior offers valuable clues to what it can do again.  Estimate how far the fire has spread in a known time interval, using a practical and observable scale in the landscape.  Note the fuel that is carrying the current fire spread.  Estimate the EWS currently driving the fire, by direct observation, or, if necessary, by applying the EWS guidelines.  You now have the current ROS and the associated fire environment conditions.  That is the baseline observation from which you predict changes.   

    Look ahead to the fire environmental patterns -- variations in major fuel-type, effective wind, and 1-hour FM that the fire will experience as it moves across the terrain.  Consider the forecasted weather.  Look ahead to the next big change.  What will it be?  Is the fire going to move into different fuels (which includes transition to crown fire) and undergo a slope reversal?  Is the wind expected to increase or decrease significantly?  When and where will the big change happen?

    For the period following the next big change, estimate the expected EWS and note the fuel type that will carry the fire.  Now you have the EWS-ratio (the factor by which the effective wind will change) and the fuel-type change.  You’ve got all you need to apply FLAME.

    Simply use the anticipated EWS-ratio and the fuel-type change, and look up the ROS-ratio (the factor by which the fire spread rate will increase or decrease) on the FLAME pocket card (Figure 1 or 6).  Most of the story is told by changes in fuel type and EWS, but you can easily adjust the ROS-ratio for expected changes in 1-hour FM.

    The big change will cause a significant (often large) change in the fire ROS.  The ROS-ratio is the key to judging the impact of expected fire behavior.  What do you do with the ROS-ratio?  Create the timeline of fire advance.  Convert the observed pace of the fire (current conditions) to the expected pace (after the next big change).

    Consider an example.  The fire is currently backing down a slope in leaf litter at a rate that will cover the whole slope in 6 hours.  Current EWS = 1 mile/hour.  

    The next big change is seen to be the slope reversal as the backing fire (EWS = 1) crosses the drainage and runs up the next slope.   The next slope is covered with grass, and the upslope EWS is estimated to be 4. The EWS-ratio = 4; fuel-type change is litter-to-grass.  How long will it take the fire to run up the new slope?

    From the FLAME table (Figure 1 or 6), the ROS-ratio is 72X.  The fire will run up the grassy slope in about 1/72 of 6 hours, or 5 minutes.  It also works the same in reverse.  If the current fire spread was 5 minutes up the grassy slope, then backing down the next slope as a litter fire would take 72 x 5 minutes, or about 6 hours.  [Note: a characteristic contrast is that fires that take hours to back down a slope can take only minutes to burn up the next slope.]       

    Don’t worry, a firefighter is not expected to keep all those guidelines in memory.  A small pocket card contains all of the FLAME fire environment guidelines, and the ROS-ratio predictors.  See Figure 6. 
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How well does FLAME perform?
    One test of FLAME is to compare the ROS-ratio it predicts with the ratio of ROS values output by Behave for corresponding “current” and “expected” situations.  Here are three such comparisons (the first two contrasting the ROS on opposite slopes; the third for a wind change), Behave vs. FLAME:

1. 60% slopes; 10 mile/hour upslope 20-foot wind in grass vs. backing downslope in Model 9 litter:

    Behave solution => ROS-ratio = 220X; FLAME solution => ROS-ratio = 190X

2. 60% slopes; 15 mile/hour 20-foot wind in Model 6 brush vs. backing downslope in Model 10 litter:

    Behave solution => ROS-ratio = 150X; FLAME solution => ROS-ratio = 190X  

[Note: In the above cases, the estimation (from Behave outputs) of actual downslope ROS in litter, being < 1 ch/hr, is subject to some assumptions and errors.  Error in that small ROS will significantly alter the ROS-ratio.  Also, in these kinds of cases (large ROS-ratio), even though the predicted ROS-ratios differ, the travel times inferred for the fire on the “faster” slope for both methods will be only a few minutes different.  For example in Case 2, a 20-hour backing transit would imply an 8-minute upslope run from the Behave ROS-ratio vs. a 6-minute run using FLAME.  On the other hand, extrapolating from faster to slower fire spread would produce fairly large errors in predicted fire travel times, but the slow spread allows for ongoing observation and adjustment of the prediction.] 

3. As a 20 mile/hour wind replaces a 5 mile/hour wind on a 0%-slope brush field (Models 5 & 6):

    Behave solution for Mod. 5, ROS-ratio = 6.6X; for Mod. 6, ROS-ratio = 6.1X 

    FLAME ROS-ratio = 6.3X 

    A more meaningful test is to apply it to real-world events.  Unfortunately, well documented real world fire behavior information comparing current vs. expected fire behavior is rather scarce.  

-  South Canyon Fire.  The wind-driven crown run duration: FLAME prediction is 10 minutes; 

   reconstructed fire spread map shows the corresponding run took about 10 or 11 minutes.  FLAME 

   application would have revealed the need for better information on forecasted winds.  

-  Dude Fire: In considering the next big change, crews would have acknowledged the threat of 

   thunderstorm outflow winds, and could have either withdrawn or posted a remote lookout to monitor 

   the column and winds.  

   Applying the FLAME ROS-ratio of 360X to a reasonable, assumed range of ROS of the backing litter 

   fire (0.5 to 1 foot/min.), suggests the crown fire that took place would then have had a ROS of 

   between 2 and 4 miles/hour, compared to the 3 mile/hour ROS that was observed.

-  So. Calif. “fall winds” fire: A mixed litter-crown (brush) fire backing into a returning sea breeze (5 

   mile/hour) gained a position from which it ran rapidly up a steep slope in brush.  FLAME predicts a 

   ROS-ratio of about 46X.  The reconstructed fire behavior situation yields an approximate ROS-ratio of   

   25X to 50X.  [Note: unfortunately, this is a rather data-starved case; not as meaningful as it might be.]    

Limitations:

    FLAME is burdened with all of the limitations and assumptions inherent in Behave.  (A few things have also been incorporated from the crown fire predictors applicable to the Northern Rockies, Rothermel, R.C. 1991).  Furthermore it reduces some of the variation in 13 fuel models’ characteristics into just 3 fuel types.  It averages the wind response of the fuel models within each fuel type, over a range of fuel moistures, and it simplifies the relationship between slope and effective wind.  It ignores slow-changing factors (though they are manifested in the observed baseline ROS).  It can provide only estimates of the degree of change, the ROS-ratio, to be expected upon a change in conditions.  [Note: Predicting only the degree of change avoids some of the insufficiencies of a given fuel model.]  All of these adaptations are made in order to make the system fireline-practical—the tradeoff is precision vs. applicability. 

     The FLAME system is designed to give better-safe-than-sorry estimates of rapid ROS, short timelines, and to best match the dangerous litter-to-crown transition among the fuel-type changes.  Its accuracy in predicting changes from rapid to slower ROS is therefore lessened, as is its use in less common fuel-type changes (as from crowns to grass), and the actual advance of the fire in non-extreme conditions will often be slower than predicted. 
    The environmental inputs are often not accurately known to fireline personnel.  This limits the accuracy of the predicted timeline of fire advance.  (At least the required environmental variables are limited to the few large change-makers.)  The baseline observation of current fire behavior, the baseline ROS, is only an estimate. 

    However, even the limited-accuracy FLAME predictions can be very useful. They are certainly more accurate than making guesses…or worse yet, not really thinking carefully about current and expected fire behavior. Practice with the FLAME technique can lead users to incorporate refinements that improve its accuracy.

    One area that needs a lot more work is the indicators that predict the transition to crown fire, in a variety of fuels. 

In conclusion

Benefits of using FLAME
    Applying FLAME in the evaluation of current and expected fire behavior can yield a range of benefits.  In  general it can provide a good basis on which to make fireline safety decisions and to evaluate suppression strategies.  It makes you pay attention to important factors and possibilities.  In particular, on the fireline, it:

-  Provides quantitative estimates of the timeline of fire advance; a prediction of expected fire behavior.  

-  Encourages the firefighter to look carefully at current fire behavior, and to review past fire behavior

-  Directs attention to the next big change; Forces the question: “What will happen, and when?”

-  Compels the firefighter to obtain the key information on the factors that will drive expected fire 

   behavior

-  Provides a rationale for the optimal utilization of lookouts and for the establishment of escape routes, 

   making LCES a more valuable operational tool

-  Provides a quantitative basis for utilizing escape-route travel rates (Butler, B. W., et al. 2000)  

    The act of training on using FLAME, and practicing with it, can also provide some useful information to the firefighter, information that strengthens one’s fireline judgments:

-  Improves the sense of the magnitude of change one can encounter on a fire, such as the general 

   observation that fires taking hours to back down a slope can easily run up the next slope in just 

   minutes; that fire can quickly accelerate and move several hundred times faster.

-  Highlights the big-change makers, making the firefighter more aware of what to pay attention to

-  Stimulates thought and provides examples about how to best utilize lookouts and plan escape routes

FLAME and the training system
    An introduction to FLAME can be taught in about 5 hours as part of Unit 10 “Combining Factors Affect Fire Behavior” of S-290 (Intermediate Fire Behavior).  Better is the 2-day course “FLAME and Fire Behavior Applications,” which covers the basic method, several case studies and typical weather events, and an outing to allow students to make their own observations and solve their own FLAME problem.

    FLAME can be used as a routine part of discussing fire fatality cases and to highlight the fire behavior event that caused the incident.  It also is a valuable part of scenario-based training, to allow the student to work through the relevant facts of the current and expected conditions in a systematic way, and to base their judgments and actions on the fire behavior they anticipate.   
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Figure 3.  Guidelines for adjusting midflame wind speed  for the influences of topography, midflame height, and sheltering by vegetation.  The guidelines allow a firefighter to estimate the wind speed at locations where it cannot be observed directly.  Note the “stable flow” exceptions to the topographic adjustments.





Figure 2.  Given the EWS-ratio (left hand column), and the change in fuel-type (top row), read the ROS-ratio from the table.


The ROS-ratio is the factor by which a fire will increase or decrease its ROS.  The main columns are for cases in which the change in EWS and the change in fuel type reinforce each other in changing the ROS.  The rightmost column is for crown-grass fuel changes in which the EWS-change opposes the effect of the fuel- type change.





Figure 4.  The relative rates of spread in each of the major fuel types, with all other factors equal.  The relative-ROS values shown are for a range of realistic fuel moistures and effective wind speeds, but in extreme cases such as high winds they will vary from the values shown.  Litter, a dead, but largely horizontally-oriented fuel supports the lowest ROS.  Crown foliage (including both  trees and shrubs) is a deep but predominantly live fuel bed that supports moderate ROS.  Grass, a fine, vertically oriented, dead fuel supports the highest ROS.





Figure 5.  There is variation within each fuel type, giving rise to a range of relative ROS.  In the FLAME system the weighted averages of the 13 Behave models and the Northern Rocky Mtn. Crown Fire predictors (Rothermel, 1991) are used to create the 1-6-10 scale of relative ROS.  The averages reflect the essential relationships between the fuel types.  The expected range (not extreme range) of relative ROS within each fuel type is suggested by the vertical diamonds.  FLAME users can refine their predictions by adjusting ROS-ratios within those ranges. 





Figure 6.  The FLAME pocket card contains all of the guidelines for gauging the fire environment factors, for calculating the EWS-ratio (right side), and the ROS-ratio predictors (left hand side).  Also noted are some indicators of the potential for transition to crown fire and some guidelines for fuel moisture determinations.   





Figure 7.  A worksheet that can be used to indicate the next big change and to diagram the current and expected conditions.  Filling out such a worksheet in a systematic way compels the firefighter to obtain the relevant information and to consider the drivers of the next big change.  It can be a device that focuses the evaluation of current and expected fire behavior, and relates them to operational decisions.  

















Figure 1.  Aerial view of the South Canyon Fire fatality setting (Butler, Bret W., et al. 1998).  The “current” fire behavior, the baseline observation, is taken to be the 60-hour downslope backing fire (orange arrow, extended to bottom of slope).  FLAME is applied to predict the duration of the wind-driven upslope run (red arrow) that overtook the firefighters.  The 360X ROS increase (ROS-ratio) yields an estimate of 10 minutes for the upslope run.
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