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ABSTRACT

Background. Forest fuel moisture content (FMC) is an important parameter that determines
wildfire risk; therefore, its accurate prediction is of great importance. In the absence of rainfall,
dead FMC changes mainly by water vapour sorption processes. Aims. In the present work,
sorption processes of 10-h dead Pinus pinaster branches (PPBs) were studied in order to develop a
moisture content prediction model for this fuel type. Methods. Laboratory tests were used to
determine sorption curves, timelag and equilibrium moisture content (EMC) for different envir-
onmental conditions. Sorption curves and EMC were modelled with existing sorption models.
Dead PPBs moisture content was determined in field tests carried out in central Portugal to
validate the sorption models. Key results. Sorption curves were not pure exponential functions,
but had different timelag values until equilibrium was reached. EMC values allowed us to obtain a
sigmoid curve and hysteresis effect. Conclusions. Comparing predicted and observed FMCs of
PPB, the Modified Henderson and Pabis models for sorption curves and the Van Wagner model
for EMC show high prediction ability. Implications. The model can be applied in early fire risk
assessment, in particular in the methods that use other fuels besides fine forest fuels.
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fire risk, fire management.
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Introduction

Fuel moisture content (FMC) has a great influence on many aspects of forest fire
behaviour, including ignition probability, rate of fire spread, flame dimensions and
fuel consumption (Rothermel 1983; Viegas et al. 1992; Rossa 2017); however, its accu-
rate prediction is difficult owing to its dependence on weather conditions, topography
and vegetation (Matthews 2014). This is applicable to both dead and live fuels, but the
problem is simpler for dead fuels, which are the object of the present paper, as their FMC
depends mainly on meteorological parameters, as well as on physical and chemical
properties of the fuels (Simard 1968). For example, fuel particle size and shape have
implications on the moisture exchange rate, with atmospheric conditions affecting the
ease of fire ignition (Simard 1968). In addition, surface fuel load, especially the accumu-
lation of dead branches on the forest floor, is an important component that contributes to
the spread of an active fire. It also affects fire behaviour and intensity, namely its
transition from surface to crown fire (Van Wagner 1977).

In the absence of rainfall and below the fibre saturation point, dead forest fuels
respond to variations in meteorological conditions through mechanisms of water transfer
by sorption processes. Thus, the moisture content of a fuel particle with a given initial
FMC value, when exposed to conditions of constant air temperature and relative humid-
ity, increases or decreases until it reaches a constant value - the equilibrium moisture
content (EMC) (e.g. Viney and Catchpole 1991; Catchpole et al. 2001). The moisture
increase and decrease processes are designated sorption and desorption, respectively.
They are characterised by either a response time, log drying rate or timelag (z), which is
the time required for the fraction of evaporable water remaining in the forest fuel to
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decrease from 1 to 0.368 of its initial value (Byram 1963), in
the case of desorption. Timelag is divided into four catego-
ries (1-, 10-, 100- and 1000-h fuels) (Bradshaw et al. 1983)
on the basis of dead forest fuels classification.

Moisture exchange process have been studied extensively
for fine fuels, given their relevance to most processes of fire
ignition and spread; therefore, many models to estimate
FMC of dead fine fuels are available, for example Aguado
et al. (2007), Matthews et al. (2010), Sharples and McRae
(2011), Lopes et al. (2014), Bovill et al. (2015), Resco de
Dios et al. (2015), Adab et al. (2016), Cawson et al. (2020)
and Baksi¢ and Baksi¢ (2022). In the present work, the
adsorption and desorption processes and EMC of medium
(10-h) dead Pinus pinaster branches (PPBs) (with a diameter
between 0.6 and 2.5cm) were determined in order to
develop a moisture content prediction model for this type
of fuel. The medium-size dead fuels are important to esti-
mate fire behaviour as their quantity and FMC determine
the fireline intensity and the possible transition of fire from
the surface to the crown (Van Wagner 1977).

Materials and methods

Laboratory tests

In the laboratory tests, samples of PPBs (0.6-2.5 cm diameter)
collected in the field were used to determine sorption curves,
timelag and EMC for different sets of air temperature (20, 30
and 40°C) and relative humidity (between 10 and 90%).

One sample was collected, generally once a week between
12:00 and 13:00 hours local standard time (LST) during all
2020 and 2021. Samples collected on wet days were used in
desorption tests and the ones collected on dry days were used
in adsorption tests. Samples were not manipulated, with the
exception of adsorption tests with relative humidity below
50%, where they were previously dried.

The samples were placed inside a climatic chamber (Aralab
Fitoclima 300) with a working temperature range between
—20 and 100°C (accuracy =0.5°C) and a working relative
humidity range between 10 and 98% (accuracy *2%)
equipped with air temperature and relative humidity sensors
and an analytical scale (precision of 0.001 g), so that continu-
ous weight was recorded until the sample reached constant
weight, determining moisture content evolution and the
changing rates at which equilibrium was approached.

A total of 90 samples with an average dry weight of 11 g
(£0.9 g) were used; however, in some cases, data acquisition
errors did not allow partial or total curve determination.

We define the fraction of evaporable water E(t) remain-
ing in the fuel at time t (Eqn 1):

E@®) = me — Me 1)

mo — Me

904

In this equation m(t) is the fuel average moisture
content at time t, mg is the value of m at t =0, m, is
the value of m as t approaches infinity (m. approaches
EMCQ).

There are several models to estimate E(t), namely:

« Byram’s (1963) model, given by Eqn 2:

E(t) = exp(%t) = exp(—kit) (2)

« Page’s (1949) model, given by Eqn 3:

E(t) = eht" 3)

« the Henderson and Pabis (1961) model, given by Eqn 4:
E@) = qe™t 4

« the Two-term (Henderson 1974) model, given by Eqn 5:

E(t) = ekt + gyel-ked 5)

» the Modified Henderson and Pabis (Karathanos 1999)
model, given by Eqn 6:

E(t) = a1eth0 + gyel-ket) + ggel-kst) (6)

In the previous equations, 7 is the timelag (h), t is time (h),
ki, ko and ks are the drying constants (h™'), and n, ay, a,
and as are empirical dimensionless constants obtained from
laboratory data.

To assess the relationship between EMC of PPBs and air
temperature T and relative humidity RH, the following
semi-empirical and empirical models were used:

« Van Wagner’s (Van Wagner 1987) model, given by Eqn 7:
100RH—100

EMC = 1 a(100RH)? + ce 4
100

+ e (21.1 — TH(A — e100fRH)] 7

 the Modified Halsey (Iglesias and Chirife 1976) model,
given by Eqn 8:

EMC = (8

e(a—bm }1/6

— In(RH)

+ the Modified Oswin (Chen 1990) model, given by Eqn 9:

)

EMC=(a—bT)[ RH ]

(1 —RH)
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 Nelson’s (Nelson 1984) model, given by Eqn 10:

(i)

« the Modified Chung-Pfost (Pfost et al. 1976) model, given
by Eqn 11:

—RTy
Meb

EMC = L+ ln( 10)

a

EMC =

- m[i—(T Rl an
a C

In(RH) ]

In these equations, a, b, ¢, d, e and f are coefficients
specific to individual models, RH is the relative humidity,
T (°C) and Ty (K) are the temperatures, R is the universal gas
constant (8314 Jmol ' K~ ') and M is the molecular weight
of water (18 g mol~!). Model constants were obtained from
laboratory data.

Field tests

In the field tests, through the years 2020 and 2021 (exclud-
ing March and April 2020 owing to the COVID-19 pan-
demic), PPB samples were collected between 12:00 and
13:00 hours LST, generally twice a week from forest stands
in central Portugal (Viseu, 40°42’30.02”N, 7°54’8.96”W) to
take FMC measurements. Three samples of 0.6-2.5 cm diam-
eter were collected and transported to the laboratory in an
isothermal bag to avoid moisture changes. Here, samples
were weighed and then oven-dried at 105°C to constant
weight, to obtain their dry weight and therefore the dry
basis moisture content calculated using Eqn 12:

My — NMp
mp

FMC (dry basis) = (12)

where my represents the wet mass (g) and mp represents
the dry mass (g) of the samples. The final moisture content

is the result from the average of the three samples
collected.

Hourly meteorological conditions (air temperature, RH,
wind and rainfall) measured at 5 m height in an open field
from a weather station located approximately 7 km south of
the sampling site were used to characterise weather condi-
tions during field tests.

Evaluation of the sorption and EMC model performance
was made using the data within the Portuguese fire risk
period (May to September), excluding days with rainfall.

To assess model fitting quality, the following statistical
parameters were calculated: the mean absolute error (MAE),
the mean absolute percentage error (MAPE), the root-mean-
squared error (RMSE) and the determination coefficient
(R?). RMSE and MAPE show the accuracy of model fitting,
MAE measures the bias of the model and R? measures how
well observed values are replicated by the model. Usually,
higher values of R® and lower values of MAE, MAPE and
RMSE associated with randomly distributed residuals indi-
cate a good fit.

Results

Fig. 1 shows the moisture content values of the PPBs col-
lected from P. pinaster stands in Viseu during 2020 and
2021. A summary of weather conditions for the same period
can be found in the Supplementary material. The moisture
content of the PPBs varies between a minimum of 5% and a
maximum of 218%. In summer months, moisture content is
mainly below 15%, with the exception of periods with rain-
fall, although the drying of these fuels after a summer rain-
fall episode is very fast.

Fig. 2 shows the drying and wetting curves of PPBs
represented by the evaporable water fraction (E), described
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Fig. 1. Dead Pinus pinaster branches moisture content obtained in 2020 and 2021.
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in Eqn 1, as a function of time for air temperatures of 20, 30
and 40°C in a range of RH between 10 and 90% (10% steps).
The drying and wetting curves show deviation from pure
exponential behaviour, which means that other mathemati-
cal functions should be considered as well to represent these
processes. Additionally, these curves show some fluctua-
tions, particularly in the late stages of the experiment,
caused by temperature and RH oscillations inside the cli-
matic chamber.

Breaking up the drying and wetting curves into four
periods and assuming a constant rate as fuel approaches

EMC in each step, the four timelag values were calculated.
Table 1 shows the average timelag constants obtained
in the laboratory tests. No significant relationship
of the four timelag periods with air RH was found; there-
fore, an average value is presented. However, a depen-
dence of the four timelag periods on air temperature was
observed.

Table 2 shows the estimated parameters for adsorption
and desorption processes based on the laboratory tests for
the models described from Eqns 2-6. As can be seen, experi-
mental drying and wetting curves are best described by the

Table |I. Average timelag periods obtained in order of air temperature.
Process Temperature (°C) First timelag (h) Second timelag (h) Third timelag (h) Fourth timelag (h)
Average s.d. Average s.d. Average s.d. Average s.d.
Desorption 20 20.99 14.04 26.46 11.38 19.89 11.50 16.76 6.09
30 8.12 6.46 12.85 5.80 9.65 5.10 7.86 4.49
40 823 6.43 9.96 424 9.60 4.02 737 2.62
Adsorption 20 19.02 7.60 2332 8.25 2238 9.98 13.71 10.48
30 9.31 5.50 11.65 5.04 9.09 4.19 6.97 5.10
40 6.29 3.40 12.09 11.29 8.89 4.44 6.65 3.20
Table 2. Model parameters for the desorption and adsorption processes.
Equation Byram Page Henderson and Pabis Two-term Modified Henderson and Pabis
Model parameters ky Desorption 0.072 0.257 0.051 0.011 0.398
Adsorption 0.073 0.269 0.047 0.014 0.171
n Desorption - 0.533 - - -
Adsorption - 0515 - - -
a Desorption - - 0.779 0.267 0.257
Adsorption - - 0.753 0.323 0.622
ko Desorption - - - 0.160 0.106
Adsorption - - - 0.189 0.809
a Desorption - - - 0.718 0.544
Adsorption - - - 0.666 0.071
as Desorption - - - - 0.007
Adsorption - - - - 0.312
ks Desorption - - - - 0.215
Adsorption - - - - 0.014
Statistical parameters R? Desorption 0.542 0.673 0.595 0.692 0.694
Adsorption 0.565 0.730 0.636 0.748 0.749
MAE Desorption 0.129 0.107 0.124 0.104 0.103
Adsorption 0.131 0.098 0.123 0.093 0.093
RMSE Desorption 0.163 0.138 0.154 0.137 0.134
Adsorption 0.153 0.121 0.140 0.117 0.116

907


https://www.publish.csiro.au/wf

S. Lopes et al. International Journal of Wildland Fire

Table 3. Equilibrium moisture content (EMC) of dead Pinus pinaster branches for the tested air temperature and relative humidity conditions.

Relative EMC.gsorption (%) EMCycsorption (%)
humidity (%) T=20°C T=30°C T=40°C T=20°C T=30°C T=40°C
10 2.1 2.3 1.8 5.7 55 4.5
20 37 2.7 37 75 6.9 6.4
30 5.0 4.1 4.7 9.0 8.3 7.8
40 8.6 6.9 5.7 11.2 10.0 9.4
50 10.9 79 7.1 1.7 1.1 10.5
60 1.1 9.8 8.9 13.7 12.9 12.6
70 13.1 12.4 1.3 = = =
80 14.5 12.9 13.8 16.8 17.0 15.9
90 18.0 17.6 17.0 23.0 24.0 21.1
25 25
O Adsorption O Adsorption A
A Desorption A Desorption
o0l — Desorption with Van Wagner model o0 - _ 'I;)Ceisorpt}on W.'t:: \\//an \\//VVagner mo:ell
------- Adsorption with Van Wagner model ~ Adsorption with Van Wagner mode
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Fig. 3. Equilibrium moisture content of dead Pinus pinaster branches in both the adsorption and desorption processes.
Estimates obtained with Van Wagner model.
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Modified Henderson and Pabis model, with an R? of 0.694
and 0.749 and an RMSE of 0.134 and 0.116 for desorption
and adsorption processes, respectively.

Laboratory EMC values for PPBs obtained in both
adsorption and desorption tests in a range of RH between
10 and 90% for air temperatures of 20, 30 and 40°C are
shown in Table 3 and plotted in Fig. 3. The desorption
EMC values for 70% RH were not obtained owing to
operational errors. The results were fitted to five EMC
models and Table 4 shows the EMC model parameter
estimate obtained for the desorption and adsorption pro-
cesses described in Eqns 7-11. As an example, the estimate
from the best fitted model (Van Wagner) is also shown
in Fig. 3.

As can be seen, for a wide range of T and RH values, all
sorption models showed good fitting with the laboratory
results; however, the Van Wagner model showed the
best fit for both adsorption and desorption processes.
This model gives the highest R* of 0.991 and 0.984, the
lowest MAE of 0.428 and 0.514% and the lowest RMSE of
0.514 and 0.622 for desorption and adsorption processes,
respectively. The residual distribution was also analysed
and showed that all adsorption and desorption models

showed a random residual distribution, indicating good
fitting ability, with only the Halsey model presenting a
systematic residual distribution.

It was seen that EMC values for the desorption process
were an average of 3.4% higher than for adsorption, show-
ing the typical hysteresis effect.

In terms of model validation, Figs 4 and 5 show the
comparison between the predicted and observed values of
FMC of PPBs obtained in 2020 and 2021. Predicted values
are results from the Modified Henderson and Pabis model
for the drying and wetting curves and the Van Wagner
model for EMC, both with empirical parameters estimated
in the present work, and considering the hourly meteorol-
ogical conditions (air temperature and RH) from the
weather station mentioned above. The observed FMC val-
ues were obtained in the field tests excluding the rainfall
events.

Table 5 shows the statistical parameters of the model
validation procedures obtained with sorption and EMC
models. Comparing the predicted and observed FMC
values, in terms of MAE, MAPE and RMSE, the Modified
Henderson and Pabis model for the drying and wetting
curves and the Van Wagner model for EMC show high

Table 4. Equilibrium moisture content model parameters estimation for the sorption processes.
Equation Van Wagner Modified Halsey Modified Oswin Nelson Modified
Chung-Pfost
Model parameters a Desorption 1.473 5.767 12.653 -0.183 0.183
Adsorption 0.218 4232 9.409 -0.193 0.193
b Desorption 0.531 0.012 0.053 5.236 57.182
Adsorption 0.958 0.014 0.052 4714 40913
c Desorption 24.304 2.45 0.321 - 489.918
Adsorption 68.193 2.07 0.390 = 236.158
d Desorption 8.442 - - - -
Adsorption 2.863 - - - -
e Desorption -389.814 - - - -
Adsorption 0.094 - - - -
f Desorption 2.742% 107 - - - -
Adsorption -0.042 - - - -
Statistical parameters R? Desorption 0.991 0.977 0.989 0.979 0.984
Adsorption 0.984 0.903 0.944 0.968 0.977
MAE Desorption 0.428 0.702 0.384 0.579 0.421
Adsorption 0.514 1.328 0.989 0.630 0.610
RMSE Desorption 0.514 0.818 0.563 0.776 0.681
Adsorption 0.622 1.530 1.159 0.873 0.744
Residual distribution Desorption Random Systematic Random Random Random
Adsorption Random Systematic Random Random Random
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prediction ability, with an MAE of 1.96%, MAPE of
20.47% and RMSE of 2.32.

Discussion and conclusion

The drying and wetting curves of dead PPBs (0.6-2.5cm
diameter) show that they are not pure exponential functions
but have different timelag values until equilibrium is
reached. Additionally, the results suggest no significant
relationship of the timelag period values with air RH but a
dependence on air temperature. An increase in the sorption
rates with temperature was observed in this study that is in
agreement with the results reported by Byram (1963).
However, the pure exponential equation of Byram (1963),
which is frequently used in forest fire research, does not
represent the drying and wetting curves of PPBs well. The
Modified Henderson and Pabis model provides the best fit.

For this type of fuel, representation of the EMC values as
a function of relative air humidity at a constant temperature
allows us to obtain a typical sigmoid curve. The EMC values

25
FMC prediction

* Measured FMC | |

20 -

FMC (%)

5 L . .
0 1 1 1 1
15-May-20 14-Jun-20 14-Jul-20 13-Aug-20 12-Sep-20
30
FMC prediction
o5 | ¢ Measured FMC

L ;: -" Y
R
10+ e
A
5 L
0 L L L L
15-May-21 14-Jun-21 14-Jul-21 13-Aug-21 12-Sep-21

Fig. 4. Comparison between the predicted (line) and the observed
(dots) fuel moisture content (FMC) of dead Pinus pinaster branches
during 2020 and 2021 from May to September. Predicted values are
results from the Modified Henderson and Pabis model for the drying
and wetting curves and the Van Wagner model for equilibrium
moisture content.
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obtained were higher for the desorption process than for the
adsorption process, indicating the typical hysteresis effect in
these processes.

It was observed that EMCs of PPBs obtained in the present
work were an average of 4.7% lower than EMCs of dead
Pinus pinaster needles obtained by Lopes et al. (2014), show-
ing that under the same environmental conditions, and given
enough time to reach EMC, PPBs can reach lower values than
Pinus pinaster needles. In the present work, measured time-
lag values were within the expected values for PPBs, with a
first timelag period average of 12.0h for adsorption and
13.7 h for desorption.

Comparing the predicted and observed FMC of PPBs,
the Modified Henderson and Pabis model for the drying
and wetting curves and the Van Wagner model for
EMC show high prediction ability, with an MAE of
1.96%, MAPE of 20.47% and RMSE of 2.32. Lee et al
(2020) and Resco de Dios et al. (2015) obtained similar
results using other models with this type of forest fuel
(10 h-fuels).

Figs 4 and 5 show that, for FMC values below 8%, the
prediction results are overestimated. This could result from
the absence of solar radiation and wind effects in the cli-
matic chamber tests used for model parameters determina-
tion. Observed FMC values below 8% indicate that these
could be influenced by high values of direct solar radiation
and/or wind effects.

The results from this study can be applied to fire beha-
viour models and used for the assessment of wildfire risk,
improving planning and operational fire situations. Future
research should be also focused on the response of the
model in the presence of rainfall to understand the dura-
tion of the low-risk period of forest fire in an operational
context.
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Fig. 5. Comparison between the predicted and the observed fuel
moisture content (FMC) of dead Pinus pinaster branches. Predicted
values are results from the Modified Henderson and Pabis model for
the drying and wetting curves and the Van Wagner model for
equilibrium moisture content.
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Table 5. Model validation results.
Sorption model Statistical Equilibrium moisture content model
parameters Van Modified Modified Nelson Modified
Woagner Halsey Oswin Chung-Pfost
Byram MAE 2.8l 2.80 2.86 248 2.79
MAPE (%) 30.25 29.23 30.05 26.51 29.84
RMSE 3.26 3.27 3.34 2.87 3.24
Page MAE 2.39 2.38 2.46 4.58 2.44
MAPE (%) 25.26 24.33 25.27 45.07 25.49
RMSE 2.79 2.79 2.88 5.97 2.84
Modified Henderson MAE 1.96 1.98 4.05 3.94 2.04
and Pabis MAPE (%) 20.47 19.98 39.62 38.65 20.53
RMSE 2.32 2.34 5.35 5.22 2.44

Supplementary material

Supplementary material is available online.
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