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Abstract. The slow-moving flameless burning of wildland fuels (i.e. smouldering) can be difficult to detect and
challenging to extinguish. Although previous research involving the smouldering of organic fuels (e.g. cotton, cellulose,
peat) has investigated the influence of various fuel characteristics (e.g. moisture content, inorganic content, bulk density)

on spread rate and surface temperatures, the smouldering behaviour of other common fuels is not well understood. This
study expands on previous research to better understand how fuel characteristics influence the smouldering behaviour of
duff from coniferous forests. Specifically, horizontal spread rates (0.5–19.5 cm h�1) and ground surface temperatures
(258–3928C)weremeasured on 52 duff samples collected fromunderneathmature ponderosa pine trees (Pinus ponderosa)

from sites in the Pacific Northwest, USA, and evaluated in terms of theirmoisture content (6–113%), inorganic content (3–
42%), bulk density (34–130 kgm�3) and fuel depth (3.8–16.3 cm). The data suggested that horizontal spread rates decrease
when inorganic content, inorganic loading and/or moisture loading of the duff increases. Surface temperatures decrease

when inorganic bulk density and/or fuel loading increases. Conversely, surface temperatures decrease when moisture
content increases for shallow duff. Higher fuel loading increases the likelihood of smouldering below the surface.
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Introduction

Smouldering combustion during wildfires has a variety of
impacts on several important ecological and sociological systems
(Rappold et al. 2011; Watts and Kobziar 2013). As compared

with flaming combustion, smouldering combustion can burn in
lower-oxygen environments (Huang and Rein 2016; Wang et al.
2017) and at lower temperatures (Anderson et al. 2000). These

characteristics allow smouldering to propagate subsurface (Rein
2009; Huang and Rein 2019) and burn for extended periods of
time (Ohlemiller 1985; Rein 2013). The heating related to the
long duration of smouldering combustion can lead to plant death

and soil sterilisation (Ryan and Frandsen 1991). The character-
istics of smouldering can also allow wildfires to persist without
detection and transition into flaming combustion, even after

several months (Wein 1981; Pawlitz 2018).
Although forests make up ,33% of the United States of

America’s surface area (Oswalt and Smith 2014), our understand-

ing of smouldering behaviour (e.g. spread rate, temperature)
within duff is quite limited. Duff is comprised of decomposing
plant litter such as needles, bark, twigs and cones. Duff naturally

forms layers as the amount of decomposition in the plant litter
increases with depth. The lower duff layer (i.e. Oa and humus)
typically has higher mineral content and bulk density compared
with the upper duff layer (i.e. Oe and fermentation) (Garlough

2010). Moisture content (MC) in the lower duff is more homoge-

neous than the upper duff because the upper duff is exposed to
environmental conditions (Johnson et al. 2013). The stratification
and variation in fuel characteristics (e.g. MC, inorganic content)

of duff add complexity to understanding smouldering behaviour.
Therefore, research on smouldering duff with respect to fuel
characteristics is needed to better predict the behaviour of

smouldering during prescribed burns and wildfires.
The limited studies considering smouldering combustion

within duff have typically focused on identifying the impact
of fuel characteristics on smouldering sustainability and fuel

consumption. For example, Frandsen (1997), and later Garlough
(2010), examined howMCand inorganic content (IC) affect fuel
consumption, and found that MCs ranging from 90 to 150%will

prevent smouldering in organic soils (e.g. duff) with low IC (0 to
10%), whereas dry fuels (MC up to 20%) will deter smouldering
when IC ranges from55 to 80% (Frandsen 1987, 1997;Garlough

2010; Huang and Rein 2015). MC and IC both act as heat sinks
during smouldering (Ohlemiller 1985; Huang and Rein 2014).
Garlough (2010 found that bulk density does not play a role in

smouldering sustainability or duff consumption rates. What has
not been considered in studies of smouldering duff is the role
fuel characteristics play in influencing smouldering spread rate
and temperatures.
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Other studies have related fuel characteristics to observed
smouldering behaviour within natural fuels (e.g. cotton, cellu-
lose and peat). The natural fuels were prepared from isolated,

clean sources that would not typically be observed in forests. It
was found that increased MC decreases smouldering horizontal
spread rates and surface temperatures (Prat-Guitart et al. 2015;

Huang et al. 2016). For example, Huang et al. (2016) found that
dry peat (MCof 5%) can have smouldering surface temperatures
2008C hotter and surface horizontal spread four times faster than

moist fuels (MC of 100%) (Huang et al. 2016). Yang and Chen
(2018) found that increased IC decreases smouldering vertical
spread rates within peat. An additional 200% increase in IC of
the peat resulted in the smouldering vertical spread rate decreas-

ing by 50% (Yang and Chen 2018). Smucker et al. (2019) found
that an increase in bulk density from 200 to 300 kg m�3 resulted
in the horizontal spread rate decreasing by 40% for smouldering

within cellulose. The decrease in horizontal spread rate with
increased bulk density is also observed in other natural fuels
(Hagen et al. 2011; Prat-Guitart et al. 2016; Smucker et al.

2019). These studies of smouldering behaviour within natural
fuels further provide insight into the effects thatMC, IC and bulk
density may have within duff.

The objective of the present study was to determine the
relative significance of MC, IC, organic bulk density and fuel
thickness (i.e. depth) on influencing horizontal spread rate and
ground surface temperatures (also referred to as surface

temperatures) within smouldering duff. To satisfy this objective,
surface temperatures and propagation rates were measured as
ponderosa pine (Pinus ponderosa) duff smouldered. An ordi-

nary least-squares regression was used to characterise the
smouldering behaviour with respect to several fuel character-
istics. The regression models were evaluated by applying them

to results from field-scale prescribed fires. Although this study
focuses on ponderosa pine duff, the layering, stratification and
composition of duff are similar between coniferous tree species
(Waksman 1936; Van Wagtendonk et al. 1998); therefore, the

influence of the fuel characteristics on smouldering behaviour is
expected to be similar for duff from other coniferous trees.

Experimental approach

Sample collection

The smouldering behaviour of 52 ponderosa pine duff samples
was evaluated. Forty-seven tests were conducted in a laboratory
and five tests were conducted in the field. The 47 laboratory

samples were collected beneath mature ponderosa pine trees
from Oregon (USA), and the field tests were performed in
Washington and Montana (locations in Appendix A1). The
laboratory samples had dimensions of 46 � 46 cm and the field

samples had dimensions of 50 � 50 cm. All samples were
selected within 2 m of the tree bole such that the duff depth was
at least 5 cm across the entire sample area. In order to preserve

each laboratory sample’s physical integrity, an extraction jig
was used to remove the samples from the field by utilising four
sharpened sheet metal blades arranged on the four sides of the

frame to isolate each sample. The sharpened sheet metal blades
were hammered to a depth of roughly 20 cm. The surrounding
duff was removed. An additional sheet metal blade was ham-
mered under the jig where at least 2 cm of mineral soil base was

removed. The sample was slid into a three-sided cardboard box,
after which the box was formed to contain the sample. Pictures
of duff samples and of samples being extracted are available

(Cowan 2020). Samples were stored in their cardboard boxes
within a conditioned building (approximate temperature 218C
and humidity between 30 and 50%) until the smouldering test.

Sample characterisation

Prior to ignition, each sample was prepared and fashioned to
have the fuel characteristics measured. First, the litter layer (i.e.

fresh pine needles, bark chips and sticks) was removed to have a
better view of the duff during testing (note: discoloured, grey
needleswere considered part of the duff). Second, subsamples of
the duff were extracted from the four corners. The upper and

lower duff thickness was measured from the extracted void. The
subsamples were analysed (as described later) to obtain a rep-
resentative MC, IC and organic bulk density. Fig. 1 shows his-

togram plots of the fuel characteristics for both the upper and
lower duff for the laboratory samples.

The extracted subsamples were divided by composition into

the upper and lower duff layer, as illustrated in Fig. 2. The mass
of each layer was measured. The upper duff layer is heteroge-
neous and contains organic materials that can be identified (e.g.

pine bark, pinecones or pine needles). The lower duff is more
homogeneous because the organic material structure is mostly
decomposed (Waksman 1936).

The upper duff’s fuel characteristics were used when deter-

mining the effects of fuel characteristics on smouldering behav-
iour. Upper duff was selected because the surface temperature
would be representative of the upper duff burning, and smoul-

dering typically spread horizontally in this layer. Bulk density
was represented by the organic bulk density. Organic bulk
density was selected because it represents the combustible fuel

available per unit volume. The MC was determined using
ASTM D2974–87 Method B (ASTM International 1993). The
IC was determined from the method outlined by Nelson and

Sommers (1996). Appendix A2 has a complete list of the
properties of each sample that was burned.

Experimental approach

The experimental arrangement included an infrared (IR) camera

with a stainless-steel mirror to reflect emitted radiation, ther-
mocouples, a visual camera and a coflow (see Fig. 3). A stainless-
steel mirror was selected because it has a relatively high reflec-

tivity in the near-IR spectrum. The stainless-steel mirror and the
coflow were not used for the field samples. The images from the
IR camera (laboratory tests: FLIR SC6700; field tests: Mikron
MikroScan-7200) enabled smouldering horizontal spread rates to

be determined. The IR camera was also used to determine
smouldering surface temperatures for laboratory tests. A ther-
mocouple (type-K) was used to validate the temperature range

obtained from the IR camera. The visual camera (laboratory tests:
Canon EOS Rebel T3i; field tests: Go Pro Hero 3þ) was used to
visualise the burn and record when smouldering transitioned to

flaming. Samples were tested within the cardboard box that they
were collected and stored in. This allowed minimal disturbances
to the sample. Admittedly, the thermal and mass transport prop-
erties of the cardboard are different than those of soil.
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Nonetheless, the impact of these discrepancies on smouldering
behaviour is expected to be minimal considering that burns
occurred primarily away from the boundaries.

The coflow provided a low-velocity (,0.2 m s�1) sheath of
dry air (from a compressor) flowing upward around the sample
during laboratory burns to reduce the variability of the relative
humidity observed at the surface of the sample during cold tests

(temperature ,158C). The ventilation system, operating to
remove exhaust, drew in exterior air that had relative humidity
as high as 98%. The coflow was turned on 15 min before the

smouldering test and the temperature and humidity above the
sample were recorded. The coflow controlled the relative
humidity around the sample to a mean value of 51% with a

standard deviation of 11%. The coflow was heated, which
resulted in the mean temperature above the plot being 148C
with a standard deviation of 58C.

The sample was ignited using a 1500-W heat gun with a

diameter of 2.5 cm. The heat gun was applied at the centre of the
sample with the nozzle lightly touching the duff. The heated air

penetrated the upper duff to heat the lower layers. The nozzle
applied heat until the sample ignited with flaming combustion.
Immediately after flaming occurred, the flames were gently

smothered using a leather glove. The sample was monitored for
the first 2 h to ensure that smoke was present or that the IR
camera was reading a photon count of at least 1300

(corresponding to 2308C). If smoke was not present and the
photon counts measured by the IR camera were less than 1300,
the heat gunwas reapplied until flaming combustion reoccurred.
The ignition process was repeated as needed until smouldering

was observed or the time from initial ignition exceeded 2 h. IR
image data for 5 min after ignition were not used to determine
smouldering behaviour to reduce bias from ignition on the

results. If the time exceeded 2 h without sustained smouldering,
the sample was considered not to have smouldered. Two of the
47 laboratory and one of the field tests were considered not to

have smouldered and were not included in the data analysis.

Litter layer

Upper duff layer

Lower duff layer

Mineral soil

Fig. 2. Cross-section of a sample collected in the field. The upper duff

contains the organic matter that is still recognisable. The lower duff layer is

more homogeneous with organic matter that is highly decomposed.

Visual
camera

Infrared
camera

Duff sample
Coflow

Thermocouple

Mirror

46 cm

Fig. 3. Experimental arrangement for measuring horizontal spread rates

and surface temperatures during smouldering combustion.
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If the sample transitioned to flaming combustion during
testing, the flames were gently smothered by a leather glove.
The flaming incident was recorded, and the sample was allowed

to continue smouldering. The smouldering behaviour (i.e. prop-
agation rates and surface temperatures) was determined exclu-
sive of the flaming incidents. The smouldering test was

considered concluded when the smouldering front reached
5 cm from the sample perimeter. Smouldering test times ranged
from 1.5 to 14 h.

The visual and IR cameras acquired images every 10 s during
testing. The IR camera had an integration time of 4.96 ms. This
integration time was selected to match a temperature range from
80 to 7308C, which contains smouldering combustion tempera-

tures (Anderson et al. 2000; Rein 2013). Before igniting the
sample, a spatial calibration image was taken with both the visual
and IR cameras to be used in the data analysis. Representative

visible images of smouldering duff are available (Cowan 2020).
The IR camera images indicated the smouldering location,

classified as surface or subsurface. Smouldering was considered

surface smouldering if fuel discoloration (indicating pyrolysis)
spread as a continuum whereas subsurface smouldering had
intermittent discoloration as it spread subsurface, then resur-

faced at a different location. Subsurface smouldering is where
the smouldering front is travelling faster below the surface and
not visible (visible spectrum) until the front resurfaces. Forty-
four of the 49 samples that were ignited were classified as

surface smouldering. All the field studies were surface smoul-
dering. In surface smouldering samples, the leading edge of the
smouldering front was commonly observed below the topmost

fuels (e.g. grey pine needles, bark chips), but the topmost fuels
smouldered shortly after the edge passed. The leading edge of
the smouldering front was similarly observed slightly below the

surface in other studies (Frandsen 1997; Huang et al. 2016).

Image processing

The surface temperatures of smouldering duff were determined

from the IR images collected during laboratory burns. A
blackbody calibration, using an Electro Optical Industries, Inc.
CS series blackbody, was performed to relate the measured

photon counts to the temperature with a measurement error of
1%. An emissivity of 0.85 (standard deviation of 0.03) was
applied when determining the surface temperatures of burning

duff samples. The emissivity of the duff was determined based
on 22 thermocouple measurements of temperatures (144 to
5508C) corresponding to their respective location within the IR

images. An emissivity of 0.85 is similar to the values measured
for heated wood (608C) (López et al. 2013) and burning grey
charcoal (Vanaparti 2016). Quantified temperature values were
not obtained for the IR camera used in the field; therefore, these

results were not included for statistical modelling.
The spatial calibration for the IR images was determined

before ignition based on heated markers located in each of the

four quadrants of the plot. To validate the calibration, the
distance between two opposing corners was determined using
the image and compared with the actual distance. The difference

between the physical distance and the calibration was less than
5% of the physical distance.

The IR images were time-averaged every 30 s (i.e. three
frames). The time-averaging was performed in order to reduce

the effect of smoke blocking the viewwithin a single image. The
time-averaged images were subsequently used in determining
horizontal spread rates and smouldering surface temperatures.

A temperature threshold was used to divide pixels into
locations corresponding to smouldering or not, and ultimately
determine the horizontal spread rate. A temperature of 1108C or

higher was selected as the smouldering threshold in the IR
images when determining spread rate. This threshold was
selected based on observed locations where smoke was released

and for being above the temperature of a non-smouldering
region (no smoke). The temperature threshold was lower than
temperatures of a smouldering front because the front was
commonly below the surface. In these instances, the spread rate

was determined based on the changes in the surface temperature
just above a smouldering front. Smoke was observed leaving
these regions of elevated surface temperatures, further confirm-

ing the existence of the smouldering front.
A smouldering region and its perimeter were located from

the pixel temperatures (examples shown in Fig. 4a, b), and were

classified as smouldering in subsequent images. This approach
reduced the effects of temperature fluctuations (cooling and
reheating) on the measured horizontal spread rate.

The horizontal spread rate was determined by measuring the
differences in the location of the perimeter at 10-min incre-
ments. Equally spaced points (0.5 cm) around the outter perim-
eter determined the number of velocity vectors found. The

shortest distance between each point and the previous perimeter
was used to determine the horizontal spread velocity. The spread
velocities were calculated around the perimeter of the smoul-

dering region and throughout time. This approach allowed
variation (both spatially and temporally) in horizontal spread
rate to be determined (example shown in the right panel of

Fig. 4). The horizontal spread rate of the sample was determined
by averaging all the measured horizontal spread velocities (both
spatially and temporally). Image processing was managed using
Python 2.7 and OpenCV.

The mean smouldering surface temperature for the burn was
obtained by averaging all pixel locations in all the images that
had a temperature greater than 2508C. The threshold of 2508C
was chosen because natural fuel pyrolysis starts to occur near
this temperature (Zhao et al. 2014). The mean smouldering
surface temperature does not include elevated surface tempera-

tures caused by subsurface smouldering regions.

Data analysis

Statistical models were created for identifying the fuel char-
acteristics that influenced smouldering subsurface probability,
horizontal spread rate and surface temperature. The measure-
ments from 45 laboratory tests were considered. The explana-

tory variables considered were MC, IC, organic bulk density,
duff thickness and an indicator variable for subsurface smoul-
dering for the horizontal spread rate and surface temperature

models. Automated model selection for all possible combina-
tions of the explanatory variables was performed using the
package glmulti (Calcagno and de Mazancourt 2010) in R

(version 3.5.1) by selecting the model with the smallest Akaike
information criterion (AIC) (Akaike 1974).

The model for subsurface smouldering probability was
selected by comparing factorial logistic models. All possible
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reduced factorial logistic regression models were compared
from the full factorial logistic regression model. All the fuel
characteristics and fuel characteristic interactions are consid-

ered in the full model as:

PI ¼ 1

1þ exp � b0 þ
P3

i¼0 bþ1Ci

� �þP2
j¼0

P3
k¼jþ1 bþ1CjCk

� �� �� �h i

ð1Þ

wherePI is the probability that the burn is subsurface andC0,C1,
C2, and C3 respectively represent MC, IC, organic bulk density

and duff thickness from the upper duff. The b terms are the
coefficients for the fuel characteristics. The subscript ‘þ1’
implies that a new coefficient is needed for each addition of a

respective variable or interaction.
A natural log-transformation of horizontal spread rate was

performed before model selection. The log-transformation was

performed in order to meet the assumptions to perform a linear
regression model. The model selected for the natural log-
transformation of spread rate examined all possible reduced
linear models of the full model:

log Sð Þ ¼ b0 þ
X4

i¼0

bþ1Ci

� �þ
X3

j¼0

X4

k¼jþ1

bþ1CjCk

� �
 !

ð2Þ

where S is the horizontal spread rate and C4 represents an
indicator variable for when the smouldering location was
subsurface. The b terms are the coefficients of the explanatory

variables and their interactions. The subscript ‘þ1’ for b
represents a new coefficient for the respective variable or
interaction. The b terms are coefficients estimated from the

data. Only the laboratory tests were included when selecting a
model and determining estimates for b.

Model selection for the surface temperature examined all
possible reduced linear models of the full model:

Ts � T1 ¼ b0 þ
X4

i¼0

bþ1Ci

� �þ
X3

j¼0

X4

k¼jþ1

bþ1CjCk

� �
 !

ð3Þ

where Ts is the smouldering surface temperature. The left side of

the equation allows the mean increase in temperature caused by
smouldering to be compared with the fuel characteristics and
fuel characteristics’ interactions.

In order to evaluate the performance of themodels, theywere

applied to the values obtained from four field tests. The mean
absolute percentage error (MAPE), root-mean-square error
(RMSE), mean bias error (MBE), mean absolute error (MAE)

and whether the model predictions were within the 95% predic-
tion intervals are reported for spread rate (Cruz and Alexander
2013). Note that the smouldering surface temperature model

was not compared with the field tests because the IR camera for
the field tests was not calibrated for temperature.

Results and discussion

The average horizontal spread rates ranged from 0.5 to

3.1 cm h�1 (mean 2.1 cm h�1) for subsurface burns and from
0.7 to 19.5 cm h�1 (mean 7.2 cm h�1) for surface burns. The
faster speeds for the latter are attributed to greater oxygen

availability at the smouldering location. Fig. 5 shows a box-
and-whisker plot for both spread rates and surface tempera-
tures. The average smouldering surface temperatures for

each test ranged from 260 to 3108C (mean 2808C) for sub-
surface burns and from 280 to 3908C (mean 3208C) for sur-
face burns. These propagation rates and temperatures are
consistent with those reported for peat. Huang et al. (2016)

found horizontal spread rates within peat (without wind
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Fig. 4. (a) IR image of smouldering duff with the corresponding smouldering perimeter outlined. (b) IR image 10min after (a) with new perimeter.

Brighter colours correspond to hotter temperatures. Panels (c) and (d) are visual images corresponding respectively to (a) and (b). Panel (e) is a

quiver plot showing the horizontal spread rates as they appear within a close-up of the smouldering sample. A ring of arrows pointing outwards

corresponds to the horizontal spread rate determined at 10-min intervals.
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assistance) ranged from 2 to 12 cm h�1 depending on MC,
and that surface temperatures ranged from under 200 to over
5008C (Huang et al. 2016).

Fig. 6 shows the horizontal spread rates and surface tem-
peratures plotted with respect to MC, IC, organic bulk density
and duff thickness for the upper duff. The figure displays the
range of smouldering behaviour with respect to the fuel char-

acteristics included in the analysis. Both spread rate and surface
temperature are noticeably lower for subsurface smouldering, as
expected. The relatively large range in the smouldering behav-

iour for each fuel characteristic suggests that smouldering
behaviour cannot be explained by a single fuel characteristic.

Statistical analysis was applied to better understand the

influence of the physical conditions of the fuel on the smoulder-
ing behaviour. The resulting reduced statistical models
(from respective full models Eqns 1, 2 and 3) for probability

of subsurface smouldering (PI), horizontal spread rate

(S, cm h�1) and smouldering surface temperature (Ts, 8C) are
respectively shown as:

PI ¼ 1

1þ exp � b0 þ b1Z þ b2MC � ICþ b3r � Zð Þð Þ ð4Þ

log Sð Þ ¼ b0 þ b1ICþ b2MC � Z þ b3IC � Z þ b4IC � I ð5Þ

Ts ¼ T1 þ b0 þ b1MCþ b2I þ b3MC � Z þ b4IC � rþ b5r � Z
ð6Þ

Here, TN is the ambient temperature (8C), MC (%) is from
the upper duff, IC (%) is from the upper duff, r (kg m�3) is the

organic bulk density from the upper duff, Z (cm) is the thickness
of the upper duff, and I represents an indicator variable for
subsurface smouldering location. The estimates for the b terms

and their significance are shown in Table 1.
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It is important to note that the R2
p values are relatively low

(see Table 1), which effectively means that the fitted
equations should not be used for predicting smouldering behav-

iour; however, the relationships derived can still be of signifi-
cance. Furthermore, if the R2

p value is low, but coefficients are
significant (P value, 0.05), important conclusions on how fuel

characteristics impact smouldering behaviour can still be drawn.
Regardless of the R2

p, the significant coefficients still represent
the mean change in the response for one unit of change in the

predictor while holding other predictors in the model constant.
This type of information can be extremely valuable in under-
standing what controls smouldering behaviour.

The interaction between organic bulk density and duff

thickness ( bb3) is the only statistically significant (P value
,0.05) term in the subsurface probability equation. The other
terms ( bb1 and bb2) allow for a more accurate model, but there is

inconclusive evidence that duff depth or the interaction between
MC and IC affect subsurface smouldering. This interaction
represents the organic fuel loading (mass of fuel per area). If

there is more fuel, there is a higher probability that the smoul-
dering front will travel subsurface. As more fuel covers the
ground, there is more subsurface fuel. It is likely that the
additional fuel below the surface increases subsurface smoul-

dering probability.
The subsurface probability equation,

PI ¼ 1

1þ exp � �3:18þ�0:464 � Z þ�0:0013 �MC � IC þ 0:0097 � r � Zð Þð Þ
ð7Þ

was applied to the fuel characteristics from the field-based tests
(Table 2) to evaluate the applicability of the results from the

laboratory burns to the field. The highest predicted subsurface
probability was 30.9%. Three of the burns had a less than 20%
probability of subsurface burning. During the actual burns, all of

smouldering was observed at the surface, consistent with the
predictions.

The fitted median horizontal spread rate derived from statis-

tical model Eqn 5 is:

log Ssurfaceð Þ ¼ 2:51� 0:112IC� 0:002MC � Z � 0:015IC � Z
ð8aÞ

log Ssubsurfaceð Þ ¼ 2:51� 0:224IC� 0:002MC � Z � 0:015IC � Z
ð8bÞ

for both surface (Ssurface) and subsurface (Ssubsurface) smoulder-

ing respectively. Note that the relationships are correlated with
IC, moisture loading (MC � Z) and the inorganic loading (IC � Z)
for the upper duff. All three terms have statistical evidence

(P value ,0.001) that they affect spread rate.
Increasing IC decreases spread rate (P value,0.001). Yang

and Chen (2018) reported that increasing IC can decrease the

downward spread rate in peat by limiting the heat transfer
between two adjacent fuel particles and limiting oxygen diffu-
sion (Yang and Chen 2018). The IC should have a similar role

within the duff. This is further displayed in the subsurface spread
rate equation, which has IC affecting the log spread rate twice as
much as surface spread rate (�0.112 v. –0.224).

Similarly, increasing inorganic loading (IC � Z) decreases the
spread rate (P value,0.001). The inorganic loading represents
the mass of inorganic content within the duff per area. As
smouldering occurs, duff with a higher inorganic loading will

Table 2. The field measurements compared with the model fits

Location Observed smouldering

location

Predicted subsurface

probability

Measured spread

rate (cm h�1)

Predicted spread rate (95% prediction interval)

Fit Lower bound Upper bound

Winthrop, WA (1) Surface 7.8% 12.06 2.96 0.73 12.07

Winthrop, WA (2) Surface 30.9% 0.84 1.04 0.20 5.40

Winthrop, WA (3) Surface 18.7% 6.30 1.51 0.34 6.66

Missoula, MT Surface 12.8% 1.38 4.02 1.01 16.04

Table 1. The estimated coefficients (b̂) for Eqns 4 (subsurface probability), 5 (spread rate), and 6 (surface temperature)

The P value significance is given to the right of the estimated coefficients where 0.1. x$ 0.05. * $ 0.01. * * $ 0.001. * * * . Here, moisture content

(MC) (%) is from the upper duff, inorganic content (IC) (%) is from the upper duff, r (kg m�3) is the organic bulk density from the upper duff, Z (cm) is the

thickness of the upper duff, and I represents an indicator variable for when the smouldering location was subsurface

Subsurface probability Eqn 4 Log spread rate Eqn 5 Surface temperature Eqn 6

bb0 (Intercept) �3.18 (Intercept) 2.51 *** (Intercept) 347 ***

bb1 (Z) �0.465 x (IC) �0.112 *** (MC) �1.63 ***

bb2 (MC � IC) �0.0013 (MC �Z) �0.002 *** (I) �32.8 ***

bb3 (r � Z) 0.0097 * (IC � Z) 0.010 *** (MC �Z) 0.173 ***

bb4 (IC � I) �0.112 *** (IC � r) �0.0147 *

bb5 (r �Z) �0.0433 *

R2
P 0.28 ** 0.51 *** 0.53 ***
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form a larger ash layer on top. The larger ash layer would further
reduce oxygen diffusion into the duff, thus slowing spread rate.
The relative importance of both IC and inorganic loading on

spread rate has over twice the impact of moisture loading.
Increasing moisture loading (MC � Z) also decreases spread

rate. The moisture loading represents the mass of water within

the duff per area. Peat smouldering studies found thatMC acts as
a heat sink, which slows spread rate (Huang et al. 2016; Prat-
Guitart et al. 2016). The moisture loading in the duff would play

a similar role to a heat sink, but also includes a depth component.
This depth component is needed to account for vapour particle
diffusion out of the duff. If the duff is thicker, the water vapour
cannot leave the duff as readily. The vapour is more likely to

condense on surrounding unburnt fuels.
By applying the spread rate model (Eqn 8) to the field

smouldering test fuel characteristics, the model fit and 95%

prediction interval were obtained (Table 2). TheMAPE, RMSE,
MBE and MAE were found using the fit and measured spread
rates, and were 92%, 5.21 cm h�1, 2.76 cm h�1 and 4.18 cm h�1

respectively. This indicates that the model fit does not predict
the measured values accurately, which was expected based on
the model’s R2

p being 0.51. Although the fit ranges from being

4.07 times too small to 2.91 times too large, the model’s 95%
prediction interval bounds the measured spread rate, which
indicates that the model is capturing some of the physics that
control smouldering of duff.

The fitted mean surface temperature derived from model
Eqn 6 is:

Ts;surface ¼ T1 þ 347� 1:6MCþ 0:17MC � Z
� 0:015IC � r� 0:043r � Z ð9aÞ

Ts;subsurface ¼ T1 þ 314� 1:6MCþ 0:17MC � Z
� 0:015IC � r� 0:043r � Z ð9bÞ

for surface (Ts,surface) and subsurface smouldering tests

(Ts,subsurface) respectively. The temperatures are correlated with
MC, the interaction between MC and duff thickness (Z), the
interaction between IC and organic bulk density (r), and the

interaction between organic bulk density and duff thickness for
the upper duff. All the fitted correlated coefficients are statisti-
cally significant (P value ,0.05). The temperature model was

not applied to the results from the field tests because the camera
was not calibrated. It was noted that the surface temperature for
subsurface smouldering was lower than the actual temperature

of the smouldering front.
Increasing the MC decreases surface temperatures for plots

with smaller duff thicknesses (i.e. ,9 cm). Decreasing tem-
peratures with increased MC are attributed to heat losses

associated with evaporating moisture. This finding is supported
by peat smouldering studies where the MC acts as a heat sink,
reducing the smouldering temperature in peat (Huang et al.

2016; Prat-Guitart et al. 2016).
In contrast, increasing the MC leads to higher surface

temperatures as the duff thickness is greater than 9 cm. The

MC–duff thickness interaction effect is attributed to moisture
stratification within the duff. When samples were stored,
the duff dried because of the room’s relatively low humidity

(i.e. 30 to 50%). Allowing organic soils to dry in ambient air
results in MC being lowest near the surface and increasing with
depth (Benscoter et al. 2011). When the upper duff layer was

thick (.9 cm), the MC near the surface (near where burning
occurred) was not representative of the averageMC in the upper
duff. The lowerMCwould result in less heat loss (at the surface)

and higher temperatures. It is expected that this interaction term
can be present in the field when weather conditions cause duff to
dry and illustrates the need to consider both local and average

fuel characteristics when evaluating anticipated smouldering
behaviour.

Increasing the IC and organic bulk density interaction term
tends to decrease the mean smouldering surface temperature.

The IC–organic bulk density interaction effectively represents
the inorganic bulk density because of the relatively low IC in the
duff. To show that the IC–organic bulk density can represent the

inorganic bulk density, themodel was refitted with the inorganic
bulk density replacing the IC–organic bulk density interaction
term, which resulted in no changes to the estimates’ sign or their

respective significance. Increasing inorganic bulk density
decreases oxygen diffusion into peat (Yang and Chen 2018).
The slower oxygen diffusion limits reaction rates and lowers the

heat generation rate.
Increasing the organic bulk density and duff thickness

interaction term decreases the mean smouldering surface tem-
perature. The organic bulk density–duff thickness effectively is

the organic fuel loading (mass of fuel per surface area). The
sensitivity of the surface temperature to the fuel loading is
attributed to influences of smouldering location, ignition pro-

cess and burn duration. Higher fuel loading increases the amount
of fuel that is subsurface, which in turns allows smouldering to
burn in fuel layers below the surface. During ignition, a chimney

is often formed at the heat gun location because the heated air
travels down into the porous duff and burns a crater. The
chimney may allow more ready transport of air and hot gases
and is believed to allow more hot gases to escape instead of

heating the top-most fuel. The lead smouldering front would be
travelling below the surface underneath fuel that is not smoul-
dering. Because the burn was extinguished before the top-most

fuel smouldered, the surface temperatures are artificially lower
than if the top-most fuel smouldered.

Summary and conclusions

Horizontal spread rates (0.5–19.5 cm h�1) and ground surface
temperatures (258–3928C) were measured for smouldering
ponderosa pine duff in laboratory and field tests. The location of

the smouldering (i.e. surface or subsurface) was noted for the
different burns. The MC (6–113%), IC (3–42%), bulk density
(34–130 kg m�3) and fuel depth (3.8–16.3 cm) were measured
and correlated with the smouldering behaviour to provide

physical insights into influences on burning behaviour. Statis-
tical models were created for subsurface smouldering proba-
bility, spread rate and surface temperature from laboratory

smouldering tests. The subsurface smouldering probability
model and spread rate model were compared with field smoul-
dering tests, but failed to predict the spread rate. The model’s

95% predicted spread rates bounded the measured spread rates,
which implies that some of the smouldering physics is captured
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in these models. The specific conclusions from this work are as
follows for the range of conditions evaluated:

(1) Subsurface smouldering is more likely as fuel loading
(r � Z) increases.

(2) Smouldering spread rates decrease as IC increases, inor-

ganic loading (IC � Z) increases, and moisture loading
(MC � Z) increases. The influence of IC doubles if smoul-
dering occurs subsurface. Horizontal smouldering propa-

gation rates are the same order as those reported for peat, but
peak propagation rates are faster than peat.

(3) Smouldering surface temperatures tend to decrease as MC,

inorganic bulk density and fuel loading increase, but increase
as the product ofMCand duff thickness increases. This study
found that surface temperature increases as the MC and duff

thickness interaction term decreases. The sensitivity to the
MC and duff thickness interaction is attributed to moisture
stratification in thicker duff layers caused by the duff drying.

Although the results from this study are specific to ponderosa
pine, they are expected to be representative of the smouldering
characteristics and sensitivities for duff from other coniferous

trees. Future testing is needed to verify this assumption.
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Appendix A1. Sample collection information

Samples fromSisterswere collected frommultiple regionswithin the Sisters RangerDistrict. Sampleswere collectedwithin 0.8 km from the latitude–longitude

coordinate

Location Test Type Sample Quantity Latitude Longitude

Ashland, OR Laboratory 1 42.0878 �122.5925

Missoula, MT Field 3 46.9010 �113.4694

Silver Lake, OR Laboratory 2 42.8670 �121.1366

Sisters, OR Region 1 Laboratory 27 44.2936 �121.5868

Sisters, OR Region 2 Laboratory 4 44.2871 �121.6066

Sisters, OR Region 3 Laboratory 3 44.2934 �121.6291

Sisters, OR Region 4 Laboratory 10 44.3163 �121.5751

Winthrop, WA Field 2 48.6479 �120.2379
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Appendix A2. Duff sample fuel characteristics for both upper and lower duff as well as the smouldering behaviour during
the sample smouldering test

Test

ID

Type Location Duff thickness

(cm)

Duff bulk

density

(kgm�3)

Duff MC (%) Duff IC (%) Smouldering

Location

Spread Rate

(cm h�1)

Increase in surface

temperature (8C)

Upper Lower Upper Lower Upper Lower Upper Lower

1 Field Winthrop 8.8 2.6 66 114 62 52 11 54 Surface 12.1 Not available

2 Field Winthrop 6.4 8.3 121 108 46 52 38 50 Surface 0.8 Not available

3 Field Winthrop 7.8 6.3 98 85 87 74 19 51 Surface 6.3 Not available

4 Laboratory Sisters_1 10.4 4.9 74 100 18 13 7 43 Subsurface 2.8 275

5 Laboratory Sisters_1 10.5 6.6 92 113 11 13 5 28 Surface 8.8 279

6 Laboratory Sisters_1 9.3 5.8 86 68 14 14 10 47 Subsurface 2.9 287

7 Laboratory Silver

Lake

12.3 3.3 82 73 14 23 16 56 Surface 11.5 290

8 Laboratory Silver

Lake

14.3 0.4 59 157 14 20 24 51 Surface 19.5 309

9 Laboratory Sisters_1 16.3 2.9 64 87 53 31 11 39 Surface 2.6 371

10 Laboratory Sisters_2 7.6 3.3 47 16 26 28 36 80 Surface 0.7 283

11 Laboratory Sisters_2 11.3 4 71 82 49 39 14 52 Did not smoulder

12 Laboratory Sisters_2 6.8 5.6 51 81 10 5 26 75 Surface 6.5 311

13 Laboratory Sisters_2 6.5 6 35 33 30 2 12 59 Surface 10.6 326

14 Laboratory Sisters_3 7 8.8 44 57 77 73 9 40 Surface 2.8 327

15 Laboratory Sisters_3 7 12.3 96 81 31 60 3 12 Surface 9.9 330

16 Laboratory Sisters_3 7.5 10.5 67 50 19 45 6 16 Surface 4.9 291

17 Field Missoula 4.5 5.1 65 86 113 119 12 27 Did not smoulder

18 Field Missoula 5.1 4.5 85 117 60 105 8 23 Surface 1.4 N/A

19 Laboratory Sisters_1 14.8 2.8 34 260 9 13 11 56 Surface 3.4 320

20 Laboratory Sisters_1 12.5 4.5 44 50 14 13 8 44 Surface 11.9 314

21 Laboratory Sisters_1 9 4.5 48 62 18 14 11 53 Surface 7.5 340

22 Laboratory Ashland 7 3.8 35 73 10 9 13 44 Surface 5.3 331

23 Laboratory Sisters_1 10.3 2.7 41 60 16 9 42 85 Surface 7.6 310

24 Laboratory Sisters_1 11 1.8 67 88 7 5 22 73 Surface 7.4 311

25 Laboratory Sisters_1 12.3 3.5 44 87 14 7 12 74 Surface 12.5 354

26 Laboratory Sisters_1 12.1 4.5 52 62 12 6 21 77 Surface 3.5 294

27 Laboratory Sisters_1 10.3 3.8 65 66 13 10 23 44 Subsurface 0.5 261

28 Laboratory Sisters_1 11 0.5 56 114 14 23 25 79 Surface 16.5 312

29 Laboratory Sisters_1 10.3 5.8 61 82 13 0 6 49 Surface 12.7 317

30 Laboratory Sisters_1 9.4 0.3 41 212 10 83 20 60 Surface 17.3 305

31 Laboratory Sisters_1 8.5 3 57 83 12 9 16 56 Surface 6.2 317

32 Laboratory Sisters_1 5.7 3 83 72 41 22 12 39 Surface 1.6 321

33 Laboratory Sisters_1 8.8 0.8 86 132 27 28 12 24 Subsurface 3.0 263

34 Laboratory Sisters_1 6.8 2.8 78 92 22 24 10 18 Subsurface 0.6 271

35 Laboratory Sisters_1 7 7 90 88 15 33 8 41 Subsurface 2.0 269

36 Laboratory Sisters_1 7.6 2.3 69 77 23 24 7 48 Surface 3.0 324

37 Laboratory Sisters_1 13 2 69 62 18 14 10 54 Subsurface 3.1 277

38 Laboratory Sisters_1 5 3.3 88 43 6 10 20 54 Surface 2.0 300

39 Laboratory Sisters_1 7.5 4 104 195 15 7 14 74 Subsurface 1.8 246

40 Laboratory Sisters_1 9.3 2 72 110 14 10 12 41 Surface 11.9 286

41 Laboratory Sisters_1 3.8 1.3 130 175 10 8 21 63 Surface 2.0 269

42 Laboratory Sisters_1 8.4 4 77 74 12 7 9 66 Surface 14.3 281

43 Laboratory Sisters_4 10.5 4.4 65 74 54 49 14 44 Did not smoulder

44 Laboratory Sisters_4 10.5 4.4 65 74 23 84 14 44 Surface 8.9 327

45 Laboratory Sisters_4 6.4 5.1 65 81 77 37 8 63 Surface 11.1 300

46 Laboratory Sisters_4 6.1 6.1 65 79 41 47 9 26 Surface 2.6 279

47 Laboratory Sisters_4 6.6 6.4 57 72 35 54 11 31 Surface 13.4 293

48 Laboratory Sisters_4 8.4 6.4 51 80 98 64 7 35 Surface 2.3 305

49 Laboratory Sisters_4 9.9 6.3 60 71 68 79 5 18 Surface 4.4 303

50 Laboratory Sisters_4 8.5 7.6 62 79 88 63 6 26 Surface 1.0 273

51 Laboratory Sisters_4 8.5 3.3 49 66 59 40 8 47 Surface 3.7 291

52 Laboratory Sisters_4 7.1 3.5 45 85 64 65 9 36 Surface 1.1 296
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