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Abstract
Reliable interpretation of fire pattern indicators is essential for wildland fire origin investigations, yet
experimental validation is scarce. Damage Differential in the context of this study refers to the mea-
surable changes in combustible and noncombustible objects after fire exposure, enabling the compari-
son and contrast of fire-caused effects on different faces or zones of artifacts, as described in NWCG
PMS 412 (2025, 2016, 2005) and NFPA 921. The principle was quantifiably applied using image analysis
and statistical methods (ANOVA) to evaluate directional reliability under controlled wind and fuel
conditions. Our approach aims to reduce subjective interpretation by linking observed damage to
specific fire dynamics and environmental factors. This study presents laboratory-scale wind tunnel
experiments evaluating the directional behavior of commonly used indicators. Statistical analysis using
ANOVA revealed that wind speed, fuel load, and artifact orientation each had a significant influence
on fire indicators (p \ 0.001). Findings show that while indicators can yield reproducible directional
cues, their reliability is bounded by specific interactions between fire intensity and airflow conditions.
A complementary field-scale study is underway to evaluate fire patterns in operational settings,
thereby strengthening the scientific basis for evidence-based wildland fire investigations.
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Introduction

Wildland and wildland-urban interface (WUI) fires continue to pose significant threats to
life, property, and ecological systems, with increasing frequency and severity driven by cli-
mate change, fuel accumulation, and development pressures.1,2 The 2018 Camp Fire in
California exemplifies this growing risk which claimed 85 lives, destroying more than 19,000
structures, and causing an estimated $16.5 billion in damages. It remains the second dead-
liest and the second most economically destructive wildfire in US history, with the deadliest
being the 2023 Lahaina Fire (115 deaths), surpassed only by the 2025 Los Angeles Palisades
and Eaton Fires.3,4

Accurate determination of fire origin and cause remains foundational to both fire investi-
gation and the pursuit of justice. Central to fire origin determination is the use of fire pattern
indicator. A fire pattern indicator is a physical object or artifact that displays changes when
affected by a fire. An overall fire pattern is derived from the accurate analysis of individual
fire pattern indicators and shows the general fire progression.2,5

To interpret these indicators and infer fire progression and origin directionality, the fun-
damental principle of Damage Differential is applied. In this study, ‘‘damage differential’’
refers to the principle of comparing and contrasting the extent of fire-related change such as
charring, loss of material, and sooting between different sides or areas of objects after fire
exposure. This approach aligns with the guidance provided in various editions of the
NWCG PMS 412 (2025, 2016, 2005) and NFPA 921, where damage differential serves as a
fundamental method to interpret fire pattern indicators. By systematically assessing differ-
ences in fire effects, we aim to determine both the direction and relative intensity of fire
exposure on artifacts, building on the evolving terminology and criteria detailed in these
foundational standards. This research applies the damage differential principle quantita-
tively, providing objective metrics that complement established best practices in wildland fire
investigation.1,2,6

These indicators are generally classified as macroscale (large single fire pattern indicator
or overall patterns of indicators that are readily visible from a distance, for example, char
angle, directional fall, protection effects, which can also be microscale) or microscale (fire
pattern indicators that are generally only visible when viewed within close proximity, for
example, sooting, spalling, and discoloration, which can also be macroscale) and are used to
reconstruct fire progression back to its area of origin.1,2

Despite their widespread use, the reliability of these indicators has been called into ques-
tion.2,7 Traditional interpretation methods are largely qualitative and rely heavily on investi-
gator experience, introducing subjectivity and raising concerns about reproducibility and
legal defensibility.1,7–9 Fire ignition origin and cause determination has evolved through
foundational resources such as Bourhill’s 1982 field guide, which provided early observa-
tional criteria for identifying wildfire direction indicators; the NFPA 921 Guide, first pub-
lished in 1992, which established a systematic, science-based approach to fire and explosion
investigations; and the NWCG’s PMS 412, introduced in 2005.5,10–15

While the updated 2025 NWCG PMS 412 guide emphasizes a science-based, systematic
methodology and provides expanded descriptions of fire pattern indicators, it also acknowl-
edges that their reliability may vary with environmental conditions and requires continued
validation.
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This highlights a critical research gap: the need for quantitative, experimental studies that
assess the repeatability and accuracy of FPIs under controlled and field conditions to
strengthen their evidentiary value in wildfire investigations.2

This study evaluates fire indicators under controlled laboratory conditions, in contrast to
previous and ongoing research that has examined composite patterns in field environments.
The experimental design enables the measurement of the consistency of indicators produced
by different artifacts through repeatability testing, providing a robust basis for assessing
their reproducibility. Using the Damage Differential principle, the indicators are quantified
to capture the extent and nature of fire effects under varying wind speeds, fuel loads, and
material orientations. Furthermore, statistical analysis tools, including ANOVA, are applied
to study the significance and reliability of the empirical data, ensuring that observed data
are supported by quantitative evidence. Collectively, this approach strengthens the scientific
foundation for interpreting fire patterns in a more realistic wildland fire investigation.

Materials and methods

This section outlines the materials selected to represent common fire scene artifacts, experi-
mental setup, and the controlled conditions under which they were exposed to flame spread
to generate the fire pattern indicators (fire effect).

Artifacts used

A set of supporting elements representing common structural and environmental materials
were selected based on their relevance to fire scene investigations:

� Polyvinyl chloride (PVC) pipes—1.905 cm 3 60.96 cm;
� Standard clay bricks—19.69 cm 3 5.72 cm 3 9.53 cm;
� Caribbean beach pebbles—2.54 cm to 7.62 cm;
� Clear glass beer bottles—330 mL capacity;
� Aluminum beverage cans—330 mL capacity;
� Oak fence posts—2.54 cm 3 5.08 cm 3 152.4 cm;
� Dry pitch pine cones—average length 4–7 cm; average diameter 3–5 cm.

Experimental set-up

Experiments were conducted in a laboratory-scale wind tunnel designed to simulate linear
flame propagation over vegetative fuel beds (Figure 1). The test section of the tunnel mea-
sured 3.0 m in length and 1.0 m in width, with transparent acrylic sidewalls to facilitate
observations. Airflow was generated using an axial fan system calibrated to deliver uniform
wind speeds across the test bed.

Wind speeds were verified using a digital hot-wire anemometer with a 60.05 m/s accu-
racy. The rates of spread (RoS) were consistent with wind-driven conditions, where winds
during the fires tilted the flames. However, near-surface winds were likely lower than the
recorded values, which may partly explain the observed spread behavior.

To contextualize our laboratory-derived RoS, we reference published field experiments
using similar fuel types. Mueller et al.17,18 reported RoS in pine-needle litter ranging between
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0.2 and 5.0 cm s21 under light, variable wind conditions, demonstrating that our lab values
fall within the observed field range.

Thin skin calorimeter (TSC) and K-type thermocouples devices were used for the total
heat flux measurement. In addition, video footage was captured using three GoPro cameras
at 120 frames per second to provide visual coverage views (front, side, and rear) during fire
progression.

Fuel bed preparation

The fuel bed was composed of uniformly dried pine needles (Pinus rigida, PR), the average
fuel moisture content was 10.14% 6 0.64% (dry basis) for the respective trials. Moisture

Figure 1. The experimental setup used for the laboratory tests. (a) Laboratory-scale wind tunnel used for
the fire pattern generation by flame impingement. (b) Schematic diagram of the wind tunnel used showing
the fuel bed configuration, artifact staged, ignition point, wind direction, and camera locations.16
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levels were determined for each experiment by oven-drying two randomly selected 15 g sam-
ples from the test bed at 60�C for 24 h, following the method of Schemel et al.19,20 The pine
needles were evenly distributed across the horizontal surface of the bed. This fuel type was
selected due to its structural similarity to fine surface fuels commonly found in pine-
dominated wildland environments.

Controlled conditions

A single point-source ignition was used (a representative of a more realistic wildland fire sce-
nario) to initiate flame spread at the upwind end of the fuel bed A thin nickel-chromium wire
(0.33 mm in diameter) was centrally positioned 82.5 cm from the staged artifact and heated
using a high-voltage signal to ignite a few drops of methanol placed on it. The initial spread
of the fire was generally elliptical, and the intensity increased as the fire progressed outward
from the ignition point. The experiments were carried out under varying wind speed and fuel
load conditions. The selected fuel loadings are representative of fine surface fuel beds, partic-
ularly pine litter.21

Data acquisition and measurement

Visual documentation of flame progression and artifact response was recorded using high-
resolution cameras at three vantage points: a multi-angle camera setup was employed to cap-
ture fire behavior: the frontal view recorded flame–artifact interactions, the overhead view
monitored spread dynamics and resulting surface patterns, while the rear view assessed the
development of indicators on the back (leeward) side.

Indicators were identified and classified according to categories defined in the NWCG
Guide to Wildland Fire Origin and Cause Determination (PMS 412 and NFPA 921 guides).
The following fire pattern indicators were evaluated:

� Angle of deflection and height of deformation of PVC pipe (included as supplemen-
tary artifacts beyond those listed in the NWCG guide);

� Amount of sooting (bricks, rocks);
� Amount of staining (glass bottles, aluminum cans);
� Angle of char (wooden posts);
� White ash (pitch pine cones);
� Protection.

Data analysis

Data analysis was carried out to quantify material responses in terms of fire damage or sur-
face scarring under controlled experimental conditions. A combination of image processing
techniques and statistical tools was employed to ensure objective and reproducible
evaluation.

Image processing. To enable a quantifiable and repeatable assessment of fire effects, adhering
to the Damage Differential principle, a systematic image processing methodology was
employed. This objectively measures and compares fire damage to deduce relative fire expo-
sure intensity.
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Digital image processing has been applied in fire forensics and smoke deposition studies
to quantify post-fire surface effects. For instance, Riahi22 used grayscale conversion, thresh-
olding, and pixel intensity analysis to measure smoke residue on filters and walls, correlating
optical density with gravimetric mass for forensic documentation. Similarly, Riahi and
Beyler23 quantified smoke patterns on vertical walls via photographic analysis, deriving opti-
cal density to validate thermophoretic models.

Riahi et al.24 extended this to hot smoke layers using image-based optical measurements
on glass filters for deposition rate prediction. For gypsum board damage, Gorbett et al.6

applied adaptive thresholding and segmentation to identify lines of demarcation, enabling
quantitative analysis of calcination depth and fire patterns.23–25

Building on these, this methodology adapts digital image processing to quantify direc-
tional fire effects on wildland artifacts in controlled wind tunnel conditions. Unlike prior
foci on smoke mass or structural patterns (e.g. walls or gypsum), it measures proportional
damaged area for directionality, and indicators such as soot scarring and staining relative to

Figure 2. Fire pattern indicators generated on representative materials following exposure in a
laboratory wind tunnel.
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wind-driven exposure. Processing used two-dimensional photographs, quantifying damage
on visible surfaces via high-resolution pre- and post-burn images. MATLAB scripts
extracted consistent metrics across damage types.

Images were converted to grayscale, cropped to isolate regions of interest, normalized
using pre-fire images to subtract lighting and reflections, and segmented via adaptive thresh-
olding to identify fire-affected areas. Damaged area was computed in pixels and converted
to cm2 using calibrated scales from artifact dimensions in section ‘‘Artifacts used,’’ enabling
objective comparisons under varying wind and fuel loads.

Despite standardization of lighting, positioning, and calibration, uncertainties persist
from variability in lighting, threshold sensitivity, pixel scaling, overlapping stains, reflec-
tions, and edge effects, potentially affecting segmentation accuracy. These were mitigated
via normalization, repeated trials, and consistent algorithms, but should be considered in
result interpretation. Overall, the method robustly quantifies relative fire damage differences
in controlled settings.

Statistical analysis. To evaluate the sensitivity of fire pattern indicators to controlled variables,
a two-way analysis of variance (ANOVA) was conducted. Depending on the indicator, the
tested factors included fuel load, wind speed, and surface orientation (e.g. front vs back faces
or alignment angle), as well as their interaction effects.

The ANOVA compares the variance between groups (e.g. different wind, fuel, or orienta-
tion conditions) to the variance within groups (random variability), producing an F-statistic,
defined as the ratio of mean square between groups to mean square within groups
(Supplemental Appendix A). Degrees of freedom were assigned to each factor (df1) and to
the residual error (df2), and the corresponding p-value was derived from the F-distribution.
A p-value less than 0.05 was considered statistically significant.26

This method ensures that observed trends are not due to chance, thus strengthening the
individual assessment of the reliability of the fire indicators.

Results and discussion

This section presents the observed behavior and reliability of key fire pattern indicators
across varying wind speeds and fuel loads. The indicators were assessed based on their direc-
tional consistency with the known fire origin and progression, as well as their expression
across five experimental replicates per condition. In evaluating the reliability of a fire pattern
indicator following flame impingement the study focuses on two fundamental aspects:

1. Repeatability (Precision): The extent to which the fire indicator is consistently repro-
duced under identical experimental conditions.

2. Responsiveness (Sensitivity): The degree to which the fire pattern varies in a measurable
and meaningful way in response to controlled variables such as wind speed, fuel loading
or orientation reflecting its sensitivity to changing fire dynamics. This was done using
ANOVA to determine the statistical significance of each fire indicators.

In this study, Damage Differential is defined as the measurable change in combustible
and noncombustible objects after fire exposure, quantified by comparing and contrasting
fire effects (e.g. char depth, soot deposition, material loss, staining, or deformation) between
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opposing faces, zones, or orientations of an artifact to infer the direction and relative inten-
sity of fire exposure. This definition is recognized in the 2025 NWCG PMS 412:

Individual-scale damage differential—the side-specific variation in fire effects on a single
object, used to determine which face was exposed to the oncoming flame front for example,
greater leeward charring or soot on the surface of the bricks as illustrated in the diagram
below.

Degree of deflection and the height deformation

Polyvinyl chloride pipes were used because fire-pattern research7,8 supports the use of man-
made objects, including plastics, as valuable indicators in fire origin and progression
analysis.

Figures 3 illustrates the representation the range of physical responses observed across
varying wind speeds and fuel loads. These include distinct deflection patterns, typically away
from the flame front and varying degrees of thermal deformation and melting. The visual
evidence captured in these figures highlights the potential for PVC pipe to serve as a micro-
scale fire pattern indicator under controlled conditions.

As shown in Figure 3, the angle of deflection observed in PVC pipe was influenced by
both wind velocity and fuel loading. Given the wind conditions being analyzed, deflection
angles consistently pointed back toward the origin of fire spread, supporting their use as
directional indicators. However, at a higher wind speed, turbulence introduced notable varia-
bility in the deflection vectors.

This misalignment is likely caused by fluctuations in flame front behavior and the devel-
opment of localized swirling air currents. The buoyancy-driven turbulence under no- or low-
wind conditions produces natural plume instabilities that cause small angular oscillations,
while wind-driven turbulence at higher velocities introduces shear, entrainment, and eddies
that distort flame attachment and may amplify deflection away from the origin.

To assess the directional reliability of the PVC angle of deflection as a fire pattern indica-
tor, each observed angle was compared to the known direction of fire origin (set at 0�). A
conformity threshold of 615� was defined, meaning any deflection angle falling within 345�
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to 15� was considered conforming. The 615� tolerance was selected to balance practical mea-
surement accuracy with natural variability in flame behavior: it reflects a narrow enough
range to reliably identify alignment with the fire origin, while allowing for small deviations
caused by turbulence from and measurement uncertainty.

For each test condition (combination of fuel load and wind speed), three replicates were
evaluated. The number of angles that fell within the 615� range was counted, and a confor-
mity rate was calculated as:

Conformity rate =
Number of conformity angles

Total replicates

This allowed a quantitative comparison of which test conditions produced repeatable and
directionally accurate PVC angle responses as shown in Table 1.

Table 1 presents the conformity rate of PVC deflection angles relative to the fire origin at
0�, across varying wind speeds and fuel loads. Each bar represents a fuel load category, with
height indicating the proportion of replicates falling within 615� of the origin direction.

Figure 3. Directional alignment of PVC indicators at v = 0 m/s for fuel loads, FL of 0.4, 0.6, and 0.8 kg/m2.
Conformity threshold = 615�.

Ogabi et al. 9



Conformity was highest under low-wind conditions (0.0–0.5 m/s) and declined with increas-
ing wind speed, particularly at the lowest fuel load (0.4 kg/m2).

After ignition, the flame plume spreads outward in all directions and sometimes latches
irregularly onto the surface, which causes PVC angles to appear inconsistent in some condi-
tions. As the fire develops into a head fire and the plume is bent flat by the wind, the PVC
angles align more clearly with the direction of fire spread. Under low fuel load, the head fire
remains weak and is more easily disrupted by shear, so conformity declines more steeply
with wind; under higher loads, a deeper, hotter flame produces more coherent deflection
even with moderate wind, though reliability still degrades when turbulence dominates. A
two-way ANOVA was conducted to examine the effects of fuel load, wind speed, and their
interaction on the angle of deflection.

Results showed that fuel load (F = 1:06, p = 0:3144), wind speed load (F = 2:29, p = 0:1252),
or their interaction (F = 1:16, p = 0:3576) had a statistically significant effect on angle deflec-
tion (Supplemental Appendix B, Table 2a).

This suggests that PVC deflection angles may only be reliable under certain wind condi-
tions, as seen in the conformity rate analysis. This fire effect is consistent with field evidence
that indicator reliability varies with local fire conditions, so they must be interpreted in the
context of overall fire dynamics.7

Bars represent the mean degraded length (cm) for each condition. Error bars denote the
standard error of the mean (SE). The red bar at 2.0 m/s is absent because no valid measure-
ments were obtained for that fuel load.

Deformation length is analyzed here as a continuous response to test conditions, not as a
pass/fail directional metric. Figure 4 shows PVC deformation length, the melt length along
the pipe as a continuous proxy for exposure intensity (distinct from the binary conformity
used for deflection angles). Deformation was generally greater on the leeward side, increased
with fuel load, and decreased with wind speed: the longest lengths occurred at 0.8 kg m22

with 0.0 – 0.5 m s21, while the shortest occurred at higher wind and lower load. This pattern
reflects longer flame residence and higher heat feedback at low wind/high load, versus flame
flattening and entrainment at higher wind, which limit impingement and dilute the near-
surface combustion zone. The deformation length showed strong statistical sensitivity to

Table 1. PVC angle conformity summary (origin = 0�).

S/N Fuel load
(kg/m2)

Wind
speed (m/s)

Total
replicates

Conforming
count

Conformity
rate

Mean
angle

1 0.4 0.0 3 0 0.0 335.33
2 0.4 0.5 3 2 0.67 349.33
3 0.4 1.5 3 1 0.33 336.67
4 0.4 2.0 3 2 0.67 315.33
5 0.6 0.0 3 3 1.0 355.67
6 0.6 0.5 3 2 0.67 345.67
7 0.6 1.5 3 0 0.0 307.0
8 0.8 0.0 3 3 1.0 357.67
9 0.8 0.5 3 1 0.33 336.33
10 0.8 1.5 3 0 0.0 324.67
11 0.8 2.0 3 0 0.0 271.0
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both fuel and wind parameters. ANOVA revealed highly significant main effects of fuel load
(F = 165:87, p\0:001, wind speed (F = 15:83, p\0:001), and their interaction
(F = 27:23, p\0:001). This represents a Damage Differential in plastic deformation due to
varying fire exposure. These results confirm that deformation length is a robust and respon-
sive fire indicator (Supplemental Appendix B, Table 2b).

Amount of sooting

The results demonstrate distinct Damage Differential indicator in soot deposition on bricks
and rocks, varying significantly with material type and wind conditions.

Figure 5(a) shows the area of soot deposit on the front and back faces of brick surfaces
under varying fuel loads and wind speeds.

We restricted analysis to the windward (front) and leeward (back) faces; the lateral faces
were excluded because edge recirculation and shadowing produced faint, inconsistent depos-
its and higher measurement uncertainty.

On brick surfaces, the back face generally exhibited higher soot accumulation under cer-
tain conditions. For instance, at a fuel load of 0.4 kg/m2 with no wind (0 m/s), the back face-
stained area was approximately 80 cm2, compared to 75 cm2 on the front face. This trend
persisted with increased fuel load: at 0.8 kg/m2, 0 m/s, the back face showed 76 cm2 versus
72 cm2 on the front. The effect became more pronounced under wind-driven conditions. At
0.8 kg/m2 and 0.5 m/s, the back face registered 92 cm2, while the front reached 76 cm2, indi-
cating a 21% increase, likely due to flame wrap and vortex-induced recirculation behind the
object.

The results indicate that under wind-aided conditions, greater soot accumulation was
observed on the back face, consistent with downstream entrainment and recirculation of
combustion products.

Figure 4. Mean PVC deformation height across wind speed and fuel load conditions (SE = 60.95).
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To better understand sooting behavior, we examined whether (1) the front or back face
accumulates more soot, (2) wind speed influences the extent of sooting, and (3) wind affects
the front and back faces differently that is, whether there’s a combined (interaction) effect
between face orientation and wind. These questions were addressed through ANOVA analy-
sis, which revealed statistically significant effects of surface orientation (p = 0.0365) and
wind speed (p = 0.0205) on the stained area. Fuel load had no significant effect
(p = 0.6139), suggesting that within the tested range the ventilation-driven transport and
deposition of smoke/soot governed the observed staining pattern more than differences in
soot generation associated with fuel quantity (see Supplemental Appendix 2, Table 3). This
supports the hypothesis that wind conditions play a critical role in directional sooting
indicator.

Figure 5(b) presents the stained area measured on the front and back surfaces of rock arti-
facts under varying fuel loads and wind speeds.

In contrast, rock surfaces showed a different pattern, with the front face typically receiv-
ing more soot, especially under wind influence. At 0.4 kg/m2 and 0.5 m/s, the front face
recorded 73 cm2, compared to 66 cm2 on the back, yielding a 10.6% increase. Similarly, at
0.8 kg/m2 and 0.5 m/s, front face sooting rose to 74 cm2, while the back measured 62 cm2, a
19.4% higher value. These results suggest that direct flame impingement dominated sooting
behavior on rock surfaces, whereas brick surfaces were more influenced by rear-face vortex
dynamics (flow obstruction effect), particularly under higher fuel loads and wind speeds.

We analyzed soot-stained area with a mixed-model ANOVA having face orientation
(front/windward vs back/leeward) as a within-specimen factor and fuel load and wind speed
as between-specimen factors (Supplemental Appendix B, Table 4).

Face orientation (p \ 0.001), fuel load (p \ 0.001), and wind speed (p = 0.0025) were
significant; the fuel 3 wind interaction was significant (p = 0.0243), whereas face 3 wind
was not (p = 0.4020). Here, the ‘‘face 3 wind’’ term represents the interaction between sur-
face orientation (front/windward vs back/leeward) and wind speed, testing whether differ-
ences in soot deposition between faces varied as a function of wind velocity.

Figure 5. Soot deposition under varying conditions on the front and back surfaces of (a) brick,
SE = 61.4 cm2 and (b) rock, SE = 60.7 cm2.
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These findings indicate that post-fire deposition patterns are governed not only by fire
intensity and wind, but also by object geometry and associated flow dynamics, underscoring
the need to account for shape effects in forensic fire analysis.

Future follow-up studies could vary brick orientation as well as the fuel type and load to
further explore these dynamics.

Amount of staining

As illustrated in Figure 6(a), the highest soot accumulation occurred on the back face of bot-
tles positioned at 90� with no wind, reaching approximately 120 cm2, compared to 105 cm2

on the front face. In contrast, vertical bottles exhibited lower deposition overall, with the
front and back faces showing ;67 cm2 and ;52 cm2, respectively.

For bottles at 45� orientation, back faces also showed more staining (;90 cm2) than front
(;75 cm2), reinforcing the idea of leeward accumulation due to recirculating combustion
gases. At higher wind speeds (0.5 m/s), the sooting pattern shifted. For example, the back
face of the horizontally placed bottles under wind exposure stained up to ;115 cm2 com-
pared to ;95 cm2 for the front. These directional differences emphasize that even subtle
changes in airflow and geometry can result in asymmetrical soot deposition. The statistically
significant interaction between face and orientation further confirms that face exposure alone
cannot explain staining behavior without accounting for bottle alignment.

ANOVA was conducted to investigate the influence of bottle face (front vs back), the
orientation of the glass bottle relative to the flame direction (45�, 90�, vertical), and wind
speed on the stained area of clear glass bottles. The ANOVA results (F = 6.43, p = 0.022
for Face; F = 10.03, p = 0.0015 for Orientation 3 Face interaction) indicate that both the
surface orientation and its interaction with face type significantly affect soot deposition (see
Supplemental Appendix 2, Table 5). This suggests the presence of directional sooting pat-
terns influenced by airflow dynamics around cylindrical objects.

Protection indicator: A clean cut consisting of a patch of uncharred orange needles imme-
diately windward of the brick marks a protected zone, while darker fused needles occur lee-
ward. This indicator corroborates the flame attachment (called flame wrap in the guide)

Figure 6. Staining indicator under varying orientations on the front and back surfaces of (a) beer bottles,
SE = 60.7 and (b) Al cans, SE = 61.4.
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mechanism concentrating heat and soot on the brick’s back face. In addition, a clean sub-
strate ‘‘footprint’’ and lighter lee zone appear behind the stone, with greater ash/soot
upwind.2,5 This flow-shadow signature corroborates spread toward the protected wedge,
produced by separation and reduced deposition in the lee (Figure 7).

Orientation: Upright = axis vertical; Horizontal j = 90� = axis perpendicular fire-
spread direction; Horizontal j = 45� = axis at 45� to fire-spread direction. ‘‘Front’’/
‘‘Back’’ denote windward/leeward halves relative to the spread vector.

Figure 6(b) presents the staining effect on aluminum can surfaces under varying orienta-
tions and wind speeds.

The results reveal that face orientation significantly affects soot deposition patterns, as
supported by the ANOVA output (F = 27.7, p = 0.0001). Notably, back faces consistently
accumulate more soot than front faces across all orientations and conditions.

From a fire dynamics perspective, this pattern aligns with the behavior of buoyant and
wind-aided smoke movement around curved metallic surfaces.

At 45� and 90� orientations with no wind, the rear (leeward) surfaces trap and retain more
soot due to flow separation and low-pressure recirculation zones formed downstream of the
flame front. For example, under 45� with no wind, the back face exhibited a stained area
above 110 cm2, compared to approximately 95 cm2 for the front face.

In contrast, vertical orientations with no wind show reduced sooting on both faces, sug-
gesting diminished residence time of soot-laden gases due to reduced impingement angles.
These observations reinforce the idea that surface orientation and geometry strongly influ-
ence a material’s exposure to post-flame combustion products. However, ANOVA shows

Figure 7. Protection zones and PVC deflection: cross-artifact indicators of fire-spread direction.
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that neither wind speed nor orientation alone had a significant effect (p . 0.05), likely due
to minimal variation under the wind condition.

Interaction effects (e.g. Wind 3 Face and Orientation 3 Face) were also non-significant,
indicating that the back-face dominance is consistent regardless of these secondary variables.
These results underscore the reliability of back-face sooting as a potential fire pattern indica-
tor for aluminum surfaces in low-wind scenarios (see Supplemental Appendix B, Table 6).

Angle of char

Char depth/area was measured on both the front and back faces to quantify the damage dif-
ferential. The observed degree of charring of the wooden posts under varying wind speeds
and fuel loads in Figure 8 highlights the influence of fire dynamics on charring. As illustrated
in the graph, the back face consistently exhibited significantly larger stained areas compared
to the front face across all conditions. This trend aligns with fire plume behavior, where wind
drives flames and combustion products toward the leeward (back) face, enhancing charring
behavior.

The charring results demonstrated a consistent trend of greater charred area on the back
face of the wooden posts compared to the front face across all test conditions. At a fuel load
of 0.4 kg/m2 and no wind (0 m/s), the back face exhibited a stained area of 138.2 cm2, which
was 76% greater than the front face area of 78.5 cm2. When the fuel load increased to
0.8 kg/m2 under the same wind condition, the back face staining rose sharply to 203.6 cm2,
while the front face reached 110.2 cm2, reflecting an 85% increase on the back face relative
to the front. Under wind-driven conditions (0.5 m/s), the disparity became even more
pronounced.

At 0.8 kg/m2 fuel load and 0.5 m/s wind, the back face recorded the highest stained area
at 247.3 cm2, which was 136% higher than the front face value of 104.9 cm2.

Figure 8. Directional alignment of fire pattern indicators under wind conditions for varying fuel loads
(SE = 61.8).
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The corresponding ANOVA results validate these observations. A statistically significant
effect was found for surface face (p = 0.0002), confirming that orientation relative to the
flame front influences charring. Wind speed had a moderate, though not statistically signifi-
cant, influence (p = 0.1058), while the effect of fuel load was negligible within this data set
(see Supplemental Appendix B, Table 7). Interactions between factors were not significant,
suggesting that one effect counts and two are irrelevant.

Amount of white ash

White ash exposure takes place when the side of a combustible object facing the oncoming
fire is exposed to higher intensity fire than the protected side, leading to more complete com-
bustion on the exposed side and more white ash remains attached to the object. White ash
exposure is directly related to fire intensity and fuel loading. In contrast, white ash deposits
are formed when fine white ash particles are entrained in the convective plume and trans-
ported downwind until contacting a secondary object (combustible or noncombustible).
Rocks and other smooth, noncombustible surfaces are particularly effective at capturing
these deposits due to reduced adhesion on the source and enhanced downstream transport.
Pine-cone ash indicator (mass-base) was calculated as the mass loss,

ML =
M0 �Mr

M0

3100

Where M0 is the pre-burn mass and Mr the post-burn residue. Table 2 shows an interest-
ing trend: increasing wind from 0 to 0.5 m�s21 lowers ML% at both fuel loads, and under
calm conditions the higher load (0.8 kg�m22) produces greater ML% than the lower load
(0.4 kg�m22).

Under no-wind, high-fuel conditions (0.8 kg/m2, 0 m/s), ML% reached 81.8%, corre-
sponding to extensive white ash attached to the cone scales, particularly on the windward
(fire-facing) side—a classic white ash exposure pattern. This finding aligns with the PMS
412 description of white ash exposure as a fire pattern indicator.

This reflects prolonged flame attachment and complete oxidation. At 0.5 m/s, ML%
dropped to ;39%–43% across both fuel loads, indicating shorter residence time and incom-
plete combustion due to enhanced ventilation, reducing attached ash.

Protection indicator: A charred dark patch of needles bordered by a crescent of white ash
shows the flame came from the upwind side and moved downwind.1,2 The narrow end of the
charred area points the way the wind and fire moved as shown in Figure 7.

Notably, despite the prevalence of spalling in post-fire field assessments, no evidence of
spalling was recorded in this study for either brick or pebble stone artifacts.

Table 2. Pine-cone ash content (mass loss, ML %).

Fuel (kg�m22) Wind (m�s21) ML% (T1) ML% (T2) ML% (T3) n Mean 6 SD

0.4 0.0 79.6 65.8 74.5 3 73.3 6 7.0
0.4 0.5 41.6 36.2 39.0 3 38.9 6 2.7
0.8 0.0 73.8 89.9 82.0 3 81.9 6 8.1
0.8 0.5 42.0 43.1 42.6 3 42.6 6 0.6
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The absence of this effect may be due to the intensity of fire exposure levels, and the flame
residence times under the controlled wind tunnel conditions.

While spalling can provide valuable directional and intensity cues in wildland fire investi-
gations, its occurrence may require more extreme heating rates or mechanical stresses than
those reproduced in this experimental setup. The absence of spalling in our trials does not
diminish the significance of other observed and quantifiable indicators discussed above,
which exhibited clear directional trends under the tested conditions.

Conclusion

This study evaluated the reliability of commonly cited fire indicators under controlled
laboratory conditions using the principle of Damage Differential. Artifacts include PVC
pipes, bricks, rocks, glass bottles, aluminum cans, wooden posts, and pine cones.

� PVC pipes: Deflection and deformation provided consistent directional cues under
calm to moderate winds, but reliability declined at higher winds.

� Bricks and rocks: Contrasting soot deposition trends were observed, with bricks show-
ing greater leeward staining and rocks more windward deposition, influenced by local
flow/fire conditions.

� Glass bottles and aluminum cans: Orientation strongly influenced staining, with lee-
ward consistently exhibiting greater area of soot deposition.

� Wooden posts: Wooden posts consistently demonstrated greater leeward charring.
� Pine cones: Produced quantifiable ash-loss indicators correlated with exposure

intensity.

The findings underscore that while fire indicators can yield reproducible directional infor-
mation, their reliability is context-dependent and shaped by interactions between fuel, wind,
and object characteristics. These results support the need for quantitative frameworks to
complement qualitative judgment in wildfire origin investigations, as emphasized in the
updated NWCG PMS 412 and NFPA 921 guides. Importantly, the absence of spalling under
the tested conditions highlights the influence of scale and exposure intensity, suggesting that
certain indicators may only manifest under more severe or prolonged heating.

Recognizing that wildfire is a turbulent force, some fire pattern indicators may show
directions opposite to the overall fire movement. However, the data indicate that even in
such cases, the totality of all fire indicators, combined with fire behavior context, still reli-
ably determines the true general progression of fire spread.

Overall, the work contributes to strengthening the evidentiary basis of wildland fire inves-
tigation by providing controlled experimental data that quantify indicator behavior and
variability.

Future research should extend this approach to larger-scale and field conditions, where
fuel heterogeneity, topography, and wind further affect the reliability of fire pattern indica-
tors. By integrating laboratory and field insights, investigators can move toward a more
scientifically robust, repeatable, and defensible methodology for origin determination in
wildland fire contexts.
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