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Abstract

This study presents the Moisture Dynamic Model (MDM), a new semi-physical formulation
designed to estimate Fuel Moisture Content (FMC) using only air temperature and relative
humidity. The core innovation of this work lies in the introduction of an Arrhenius-type
kinetic term into a fuel moisture prediction framework, allowing temperature-driven des-
orption processes to be explicitly represented within a lightweight operational model. Its
predictive capability was assessed through experimental campaigns on Cistus monspeliensis
shrublands in Corsica and validated using FireStar3D simulations. A second major con-
tribution is the coupling of the MDM with the physical wildfire simulator FireStar3D to
quantify how FMC prediction errors propagate into fire spread predictions. The MDM
accurately reproduced the seasonal variability of FMC, achieving strong correlation with
experimental data during dry summer periods. When coupled with FireStar3D, discrep-
ancies in the predicted rate of spread remained below 4% under high-risk meteorological
conditions. While the model performed robustly during summer, its accuracy decreased
during spring, when rainfall events and microclimatic variability introduced greater un-
certainty. This work represents a proof of concept demonstrating the potential of a simple
physically interpretable FMC model for operational fire behaviour prediction.

Keywords: Fuel Moisture Content; wildfire risk assessment; cistus vegetation; fire behavior;
Mediterranean ecosystems

1. Introduction

Wildfires pose a growing global threat, increasingly driven by the combined effects of
climate change and human expansion into fire-prone landscapes [1]. Rising temperatures
and prolonged droughts have led to widespread vegetation desiccation and the accumula-
tion of flammable materials, intensifying the frequency and severity of fire events. This
trend has been clearly demonstrated by catastrophic wildfires in recent years across Europe,
North America, and Australia [2]. For 2025, according to the most recent data from the
European Commission’s Joint Research Centre via the European Forest Fire Information
Service [3], the total burned area in the European Union has already exceeded 1 million
hectares, marking the highest cumulative burn extent on record for a fire season since
systematic reporting began in 2006. Mediterranean regions are particularly vulnerable due
to the convergence of hot, dry climates, flammable vegetation types, and dense human
activity, which together create ideal conditions for recurrent and intense events. Fuel
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Moisture Content (FMC), defined as the ratio of water mass to dry vegetation mass, is a
key determinant of ignition, fire spread and intensity, and constitutes a critical operational
indicator for fire danger assessment, prescribed burning and fuel consumption predic-
tion [4-7]. Consequently, FMC has become widely recognized as a reliable indicator of
overall fire danger [8]. However, it cannot be easily measured in situ, since direct methods
rely on destructive gravimetric sampling or specialized equipment. These approaches are
labor-intensive, costly, and often spatially limited. Consequently, there is a strong need
for FMC models that are based on simple and widely available atmospheric variables
such as air temperature and relative humidity, which can be easily accessed from weather
stations or forecast products. A variety of models have been developed to estimate FMC
and its influence on fire behavior. Empirical models have historically been used to esti-
mate fuel moisture content based on temperature and relative humidity. Foundational
contributions by [9-11] underpinned systems such as the Forest Fire Danger Index (FFDI).
These empirical models provided valuable insights into the relationship between meteo-
rological variables and FMC but often struggled to generalize across diverse ecosystems.
Fuel moisture equilibrium (EMC) is the steady-state water content a fuel reaches under
constant atmospheric conditions. Classical models, such as those of Nelson [12], Van
Wagner and Pickett [13], and Viney [14], describe EMC as a function of temperature and
humidity through empirical or semi-analytical formulations. Recent advances include
machine learning prediction models, satellite-based FMC retrievals, and cross-ecosystem
analyses highlighting the spatial variability of fuel moisture dynamics [15-18]. However,
many operational formulations still rely on equilibrium moisture concepts derived from
controlled laboratory conditions. Although foundational, these models assume stable
environments rarely encountered in nature, focus mainly on fine dead fuels, and overlook
both sorption—desorption kinetics and species-specific hygroscopic traits. Physically based
models, on the other hand, including those proposed by Matthews [19], provide mechanis-
tic descriptions of moisture transport and exchange. Although mechanistic models provide
a physically based representation of fuel moisture dynamics by accounting for heat and
moisture exchanges, radiative processes, and canopy effects, they rely on numerous input
variables (e.g., solar radiation, fuel temperature, precipitation) and are computationally
demanding, which limits their applicability in operational fire danger forecasting. To ad-
dress this gap, this study proposes a new semi-physical formulation, the Moisture Dynamic
Model (MDM), designed to estimate FMC using only air temperature and relative humidity.
The model incorporates an Arrhenius-type kinetic term to represent thermally activated
moisture desorption processes, while retaining a simple functional structure suitable for
operational applications. An empirical constraint is introduced to account for extreme
hydric stress conditions, under which vegetation moisture is assumed to converge toward
atmospheric humidity due to the progressive breakdown of physiological water retention
mechanisms. This formulation aims to provide a compromise between empirical simplicity
and physical consistency, enabling integration into fire danger assessment tools and fire
behaviour models without requiring extensive input data. The predictive capability of
the proposed model was evaluated using experimental FMC measurements collected on
Cistus monspeliensis shrublands in Corsica. This species is widespread in Mediterranean
ecosystems and is characterized by a high proportion of fine fuels and strong sensitivity of
flammability to variations in moisture content. The model was further assessed through
its integration within the physical wildfire simulator FireStar3D in order to quantify how
uncertainties in FMC estimation propagate into fire behaviour outputs, particularly the
rate of spread. Two contrasting seasonal periods were considered: spring, correspond-
ing to the main prescribed burning season, and summer, corresponding to peak wildfire
risk and extreme meteorological conditions. The objective of this study is therefore to
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develop and evaluate a lightweight semi-physical FMC model based on readily available
meteorological variables and to examine how its prediction uncertainty influences fire
behaviour simulations.

In this framework, the present study addresses the following research questions:

(1) Can a semi-physical model based solely on air temperature and relative humidity
reproduce the seasonal dynamics of live fuel moisture content in Cistus monspeliensis
Mediterranean shrublands?

(2) To what extent does uncertainty in FMC prediction propagate into fire behaviour
outputs, particularly the rate of spread, when the model is coupled with a physical
wildfire simulator?

(3) Is the proposed formulation sufficiently robust to provide reliable estimates under
extreme summer meteorological conditions relevant to operational fire risk assessment?

It should be emphasized that this work constitutes a proof of concept rather than a
comprehensive validation across multiple ecosystems. The objective is to evaluate the inter-
nal consistency, physical plausibility, and operational potential of the proposed formulation
under controlled and representative conditions, and to explore its capacity to improve
fire behaviour prediction when coupled with a physical model. The remainder of this
article is organized as follows. The Materials and Methods section describes the study area,
experimental protocol, model formulation, and numerical implementation. The Results
section presents the experimental FMC dataset, model performance, and the influence of
FMC uncertainty on fire spread predictions. The Discussion section examines the impli-
cations, limitations, and perspectives of the proposed approach. Finally, the Conclusion
summarizes the main contributions of the study.

2. Materials and Methods
2.1. Reference Fuel: Cistus Monspeliensis

Firstly, Cistus is one of the dominant species in Mediterranean shrubland, a dense,
low-lying shrubland typical of fire-prone environments. As such, this vegetation type is
crucial for studies of wildfire behavior because it provides a realistic representation of the
combustible material found in Mediterranean regions. Moreover, Corsica, a Mediterranean
island, hosts extensive Cistus-dominated vegetation, making it a representative species for
modelling and studying wildfire behavior in this specific geographic area. The prominence
of Cistus in Corsica further underscores its relevance for developing predictive models
tailored to local wildfire risks. It is well known that this plant plays a significant ecological
and structural role in Mediterranean vegetation, particularly due to its prevalence and
adaptability to dry, fire-prone climates. Indeed, it is very common in the first stages of
regeneration of the vegetation after wildfires. High temperatures associated with fires break
the dormancy of its seeds [20]. In regions experiencing frequent wildfires, with recurrence
intervals of approximately six years, Cistus species can become dominant throughout
the entire shrubland [21]. Finally, Cistus is known for its high flammability due to its
specific physical and chemical properties, which significantly influence fire propagation.
The species is particularly relevant for modelling wildfire behavior because its structural
properties, such as its fine dead and live fuel, make it highly responsive to changes in Fuel
Moisture Content (FMC). The selection of this fuel is therefore justified by the combination
of these key factors.

2.2. Study Area

The study was conducted on a 1460 m? Mediterranean maquis plot dominated by
Cistus monspeliensis, located near the town of Corte, Corsica (42°18'42.77"" N, 9°9'37.31" E),
at an elevation of approximately 500 m. The location of the experimental site is shown
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in Figure 1. The plot is flat and visually homogeneous in terms of vegetation structure
and species composition, with vegetation consisting mainly of mature Cistus monspeliensis
shrubs showing relatively uniform height and density across the site. The selected plot is
visually representative of widespread Cistus monspeliensis shrublands commonly found
across Corsican and broader Mediterranean landscapes. It was deliberately chosen within
a homogeneous stand in order to limit structural variability of the fuel bed and to focus the
analysis on the influence of meteorological drivers, namely air temperature and relative
humidity, on fuel moisture content.

e %

G 42°1842,77"N, 9°9'37,31” E
1460 m?

MOROCCO

Figure 1. Geographic location of the study area using a progressive spatial zoom. (a) Position of
Corsica within the Mediterranean basin in Southern Europe; (b) location of the Corte area within
Corsica; (c) detailed view of the experimental sampling plot. The black squares indicate the successive
zoomed areas. Base maps adapted from Wikimedia Commons contributors [22,23].

2.3. Fuel Structural and Physicochemical Properties for Numerical Modelling

Fuel properties required for numerical simulations with FireStar3D were determined
using a combination of laboratory measurements and targeted field characterization. Ther-
mochemical properties of Cistus monspeliensis (thermal capacity, heat of combustion) were
obtained in the chemistry laboratory of the University of Corsica following procedures
described in previous studies [24-26]. Structural fuel properties, which depend on local
vegetation characteristics, were assessed in situ within the selected homogeneous plot.
Two representative 1 m? plots were used to characterize the reference fuel bed used in the
simulations. Within these plots, fuel load was measured, and fuel bed height was estimated
from twenty vertical measurements between the ground and the top of the vegetation.
Fuel volume fraction was then calculated from the measured fuel load, particle density,
and mean vegetation height. The structural and thermochemical properties obtained are
reported in Table 1. These measurements were not intended to quantify spatial variability
at the landscape scale but rather to define a consistent and representative reference fuel
bed for the coupled experimental-numerical analysis. Similar approaches based on repre-
sentative fuel beds are commonly adopted in fire behaviour modelling studies when the
objective is to isolate process-level relationships rather than describe spatial heterogeneity.
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Table 1. Structural and thermochemical properties of a representative Cistus monspeliensis shrubland
fuel bed.

Fuel Characteristics

Fuel bed depth, e (m) 0.85

Fuel load, o (kg/ m?) 1.25
Structural

Surface-area to volume ratio, s (m~1) 2400

Particle density, p, (kg/m3) 288

Thermal capacity, Cp (J/kg/K) 1440
Thermochemical

Yield heat, AH, (kJ/kg) 10.52

2.4. Fuel Moisture Sampling and Weather Conditions

Fuel moisture content (FMC) sampling was designed to prioritize temporal replication
while ensuring spatial representativeness within the study plot. The plot was divided into
five zones of similar surface area. Sampling was conducted daily over a one-month period
during each experimental campaign. Two sampling sessions were performed each day:
a morning session (09:00-10:00) and an afternoon session (14:00-15:00). During each session,
five independent samples were collected, with one sample taken within each of the five
zones. Within each zone, sampling locations were rotated among pre-identified Cistus
monspeliensis individuals to avoid repeated clipping of the same plant and to minimize
sampling-induced effects. This strategy ensured spatial independence of samples while
preserving the representativeness of the plot. For each sample, a representative portion of
plant material (leaves and fine apical twigs, diameter < 6 mm) was collected from healthy,
mature individuals using clean pruning shears. Sampling was standardized by targeting
similar plant parts and exposure conditions. Each sample was immediately placed in a
labeled airtight plastic bag to limit evaporative water loss, stored in a cooled container
in the field, and transported to the laboratory shortly after collection. All samples were
oven-dried at 60 °C for 48 h to determine gravimetric fuel moisture content. In total,
920 individual FMC measurements were obtained across the two experimental campaigns.
This sampling design allowed robust characterization of the temporal dynamics of FMC
under contrasting seasonal meteorological conditions.

For ambient weather conditions, relative humidity (RH) and air temperature (Ta) were
monitored using a Kestrel 5500 weather meter [27]. The meteorological measurements were
performed at 1.5 m above ground, close to the sampled vegetation, in order to characterize
local atmospheric conditions.

2.5. MDM Formulation

While complex mechanistic models can describe FMC dynamics in detail, they re-
quire numerous parameters and high computational cost, making them less suitable for
operational applications. To address this, a lightweight yet physically motivated model
was developed, grounded in thermodynamic principles, allowing the direct estimation
of FMC using only ambient air temperature and relative humidity. The model builds on
the analogy between fuel drying and thermally activated desorption processes, in which
the rate of moisture release increases exponentially with temperature. At the same time,
ambient humidity slows down the drying process by reducing the vapor pressure gradient
between the fuel and the atmosphere. Combining these effects, the model assumes that
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FMC approaches an equilibrium state determined by relative humidity, but modulated by
a temperature-dependent kinetic constraint. The formulation is expressed as:

- 1 n XUEII
FMCo = ) o i~ RHy) g

where FMCu is the Fuel Moisture Content of the vegetation type v,

n is the number of samples,

R is the universal gas constant: 8.31 J-mol~1-K~!,

T, is the air temperature in K,

Xv 1s a vegetation-specific scaling factor,

E, is the activation energy associated with moisture desorption: 42 k]-mol~!,

RH is the relative humidity expressed as a fraction.

Xv is a dimensionless parameter interpreted as a fuel-bed structural scaling factor. In
fire behaviour studies, the response rate of fuel moisture depends on structural descriptors
such as fuel load, bulk density (packing) and surface-area-to-volume ratio. For the studied
Cistus shrubland (Table 1), these structural properties indicate a relatively compact fuel
bed; the calibration yielded a single constant value ), = 0.34, which was kept unchanged
for both seasonal datasets in order to evaluate the robustness of the formulation under
contrasted meteorological conditions. The parameter is therefore treated as a fuel-type
constant representing structural effects while preserving the operational simplicity of the
model rather than a species-specific physiological property. In this formulation, kinetic
theory is accounted for by introducing an Arrhenius-like term, whose effect is statistically
weighted according to the logarithmic dependence on relative humidity. The result is a
robust yet computationally light model, called MDM, that directly yields FMC estimates
without needing to simulate time-evolution dynamics. In this formulation, the numerator
represents a thermally controlled “desorption potential” which decreases linearly with
temperature and vanishes once a threshold is reached. The denominator accounts for
the influence of ambient relative humidity, acting as a normalization factor that scales
the desorption kinetics and ensures consistency with equilibrium moisture conditions.
Together, this fractional structure formalizes the balance between temperature-driven
drying and humidity-driven stabilization, thus providing a semi-physical representation
of the vegetation moisture dynamics. A vegetation-specific scaling factor was introduced
into the Arrhenius-type kinetic term in order to adjust the thermal sensitivity of the drying
process. This parameter does not change the physical structure of the model but modulates
the magnitude of the temperature response, ensuring consistency between the theoretical
formulation and the experimentally observed FMC dynamics for Cistus monspeliensis.
In practice, the scaling factor accounts for species-dependent structural and chemical
characteristics that influence moisture desorption efficiency. By providing a physically
interpretable yet operationally simple estimation of FMC, the MDM offers a robust input
variable for wildfire behaviour models. To assess how FMC variations influence the rate of
spread and fire intensity under realistic conditions, the model was subsequently integrated
into the FireStar3D physical wildfire simulator, described in the following section.

2.6. FireStar3D: A Computational Tool for Wildfire Behavior Analysis

FireStar3D is a computational code based on a multiphase formulation, developed
to enhance the understanding of wildfire behavior [28]. The tool is available in both 3D
and quasi-2D versions. Inspired by Grishin’s model [29], FireStar3D provides a detailed
representation of the physical and chemical phenomena occurring during wildfires, from
vegetation degradation to the turbulent flame front development above the vegetation
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layer in a porous medium. This section outlines the model’s framework and provides an
overview of its methods. FireStar3D employs a multiphase approach with a low Mach
number approximation. The model incorporates key factors in wildfire propagation, in-
cluding detailed fuel characteristics, meteorological conditions, and terrain topography.
The solid phase is represented as a porous medium, while the fluid phase is modelled
as a gas mixture of air and pyrolysis products. The gas phase evolution is governed
by conservation equations for mass, momentum, and energy, involving species such as
O3, Ny, CO, CO,, and HyO. The combustion rate in the gas phase is determined using
the Eddy Dissipation Concept (EDC) for turbulent diffusion [30,31]. Turbulent flows are
resolved using the Large Eddy Simulation (LES) method. Additionally, soot particle vol-
ume fractions in the gas phase are computed through transport equations. Vegetation
degradation is modelled in three successive phases: dehydration, pyrolysis, and combus-
tion. The vegetation consists of various solid particle families, such as stems, leaves, and
trunks, each with specific properties including shape, size, surface area-to-volume ratio,
and density. The degradation process is represented by temporal changes in the solid
phase’s constituents, including water content, dry matter, charcoal, and ash. This process is
governed by ordinary differential equations describing the evolution of the solid’s total
mass, temperature, and volumetric fraction. The interaction between the gas and solid
phases involves heat and mass transfer. The solid phase’s presence is incorporated through
aerodynamic drag terms in conservation equations. Heat transfer between the gas mixture
and the solid fuel is evaluated using empirical correlations for convective heat transfer
coefficients, combined with radiative heat transfer equation solutions. The quasi-2D ver-
sion of FireStar3D solves problems in a vertical plane. In contrast, FireStar3D accounts
for the three-dimensional effects observed in real fires [32]. The main difference lies in the
flame front representation: FireStar3D, in its quasi-2D version, models it as a homogeneous
obstacle, whereas FireStar3D captures the flame front’s heterogeneity, influenced by ther-
moconvective instability. This improvement leads to more realistic predictions, including
the interaction between the flame front and vegetation [33]. FireStar3D’s comprehensive
physical approach allows the study of wildfire propagation in homogeneous fuels such as
grass [34,35], needle beds [36], or Mediterranean shrubland [37], as well as heterogeneous
vegetation with multiple layers, such as pine forests [38]. It serves as a predictive tool
for various configurations and scales [28,35,39]. Additionally, FireStar3D aids in wildfire
prevention by evaluating the effectiveness of management techniques, such as optimizing
fuel load reductions and designing fuel breaks [40,41]. In this study, the quasi-2D version
of FireStar3D was used, as only the flame front rate of spread is relevant. This situation
corresponds to a flame of infinite width, for which only the dynamics of the fire are of
interest. Some duly chosen configurations launched in 3D lead to ROS values very close
comparatively to their counterparts in quasi-2D configurations.

3. Results
3.1. Meteorological Data

This section presents the field measurements collected during two distinct study
periods: spring conditions (April) and summer conditions (June). The experimental re-
sults illustrate the evolution of air Temperature (Ta), Relative Humidity (RH), and the
relationship between Fuel Moisture Content (FMC) and RH at the study site. FMC values
presented correspond to the mean across the five sampling zones for each sampling time.
The temperature data during the study periods highlight significant differences between
the two conditions (Figures 2 and 3). During spring, the average temperature was 12.59 °C,
with daily fluctuations ranging from 6.8 °C to 21.1 °C. Conversely, in summer, the aver-
age temperature increased to 23.4 °C, with peaks exceeding 36 °C, reflecting the typical
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Mediterranean summer conditions that contribute to vegetation desiccation and increased
fire risks.

Spring

RH (%)

»
Temperature (°C)

0 0
S oy A o N oh " N
NSRS N S INLAIAS N2 N SV SV
IR { ¥ Y Y Y Y DR U S 1S
N o N o N o\ N N o\ » N CAIIRA LI (A LA
o SR S N Q SR o S Q Q S S S S
B I I A N N I A MR M \ \

Date

%) —0—Ta (°C) =====Taaverage (°C)

Figure 2. Meteorological data (Temperature and Relative Humidity) during spring conditions.
Asterisks indicate days influenced by precipitation.

Summer

Temperature (°C)

10 >
0 0
N N N N N N N
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Date
----- RH average (%) ==O=—RH (%) =====Taaverage(°C) ==O=—Ta("C)

Figure 3. Meteorological data (Temperature and Relative Humidity) during summer conditions.

Relative Humidity followed an inverse trend compared to air temperature (Figure 3).
Under spring conditions, the average RH was recorded at 59.85%, with variability through-
out the period. In summer, RH values dropped significantly, averaging 45.08%, with min-
ima falling below 35%, a level indicative of increased vegetation flammability and reduced
FMC. These results underscore the critical role of RH in influencing fuel moisture levels.

The relationship between FMC and RH, illustrated in Figure 4, reveals the dependence
of vegetation moisture on ambient relative humidity. These experimental findings provide
a foundational understanding of the site-specific climatic factors influencing FMC and
fire behavior.
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Figure 4. Three-dimensional representation of the combined effect of air temperature (T) and relative
humidity (RH) on the fuel moisture content (FMC).

The behaviour illustrated in Figure 4 reflects a progressive change in the structure of
the data distribution. Under moderate temperatures and relatively high humidity, fuel
moisture content (FMC) spans a broad range of values, showing that comparable atmo-
spheric conditions may lead to markedly different moisture levels. This dispersion indicates
the influence of storage processes, microclimatic heterogeneity and recent hydrological
inputs. With increasing air temperature and decreasing relative humidity, the variability of
FMC diminishes progressively. The points gather within a narrower interval of moisture
values, especially under low humidity conditions where the spread observed at lower
temperatures disappears. This concentration indicates that vegetation moisture becomes
increasingly governed by atmospheric conditions. The distribution thus reveals a shift from
a storage-dominated regime, characterized by high variability, toward a regime controlled
by atmospheric drying in which fuel moisture responds more uniformly to environmental
forcing. This observed convergence provides the basis for defining a practical criterion
used later in the model formulation to identify this regime.

3.2. Global Approach

Building on the observed relationships between air temperature, relative humidity,
and fuel moisture content, an empirical adjustment was incorporated into the Moisture
Dynamic Model (MDM) to improve its responsiveness under extreme meteorological
stress. Field data indicated that, during periods combining high temperatures and very
low humidity, vegetation experienced rapid and irreversible desiccation that the standard
formulation tended to underestimate. To capture this behavior, a threshold condition
was introduced: when the ratio of air temperature (°C) to relative humidity (%) exceeds
30, the fuel moisture content (FMC) is assumed to equal the ambient relative humidity
(FMC = RH) (Figure 5). This formulation is intended to represent fuel moisture behaviour
under extreme drying conditions relevant to wildfire spread rather than the full seasonal
evolution of live fuel moisture. Recent studies have shown that fuel moisture dynamics
may shift from a hydrologically influenced regime to a regime primarily controlled by
atmospheric conditions during fire-prone periods [16-18]. Outside this regime, additional
hydrological processes dominate fuel moisture variability. The seasonal behaviour of the
dataset supports this interpretation: during summer, fuel moisture variability decreases
and becomes strongly correlated with meteorological conditions, whereas during spring
larger dispersion is observed. The threshold therefore identifies a transition toward an
atmosphere-controlled moisture regime, allowing the model to reproduce the rapid drying
phase observed under fire-prone conditions.
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Figure 5. The empirical threshold condition applied to field data when Ta/RH > 30.

3.3. Comparison of Experimental and Modelled FMC

The experimental and theoretical results for the fuel moisture content (FMC) of Cistus

are compared for two distinct periods: spring (April) and summer (June). Figures 6 and 7
illustrate these comparisons, highlighting the performance of the proposed model in
predicting FMC under varying meteorological conditions.

Spring r2=0.41

250

150

FMC (%)

N N
v SV
o Qb.\"'

N N N N N N N N
SV SV SV v SV SV SV SV

Qb.\’L o o N\ N\ N N 0%@

)

N o° »F o o F oF » & &

Date

FMCmodeled —O—FMC Experimental

Figure 6. Temporal evolution of experimental and modeled FMC for Cistus monspeliensis during
spring conditions.
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Summer r’=0.81
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Figure 7. Temporal evolution of observed and predicted FMC for Cistus monspeliensis during
summer conditions.

In April, the FMC obtained through field measurements and the model shows signif-
icant variation, with the experimental FMC displaying higher fluctuations compared to
the modelled FMC. The ? value of 0.41 indicates a weak correlation between the observed
and modelled data. This variation is likely due to the relatively high relative humidity
and cooler air temperatures, which lead to localized moisture retention and variability
in the field that the model does not fully capture. It also reflects additional hydrological
influences, such as recent precipitation and soil water availability, introducing memory
effects in vegetation moisture that are not represented in the present formulation. During
the summer period (June), the comparison shows a much stronger agreement between the
experimental and theoretical FMC values, with an r? value of 0.81. This higher correlation
demonstrates the model’s ability to perform more accurately under hot and dry conditions,
where RH and Ta exert a more stable and predictable influence on vegetation moisture.
Both the measured and modelled FMC decrease steadily during this period, reflecting the
drying effect of elevated Ta and reduced RH on Cistus. The comparison between measured
and modelled FMC highlights two distinct behaviours, as observed in Figures 8 and 9.
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Figure 8. Experimental vs. modeled FMC for Cistus monspeliensis in spring conditions.
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Figure 9. Experimental vs. modelled FMC for Cistus monspeliensis in summer conditions.

Under dry conditions, most points are distributed close to the 1:1 reference line,
indicating that the formulation captures the main moisture variations controlled by air
temperature and relative humidity. Under wetter seasonal conditions, a much larger dis-
persion appears, with similar atmospheric conditions corresponding to markedly different
measured moisture values. This variability reflects additional environmental influences not
represented in the formulation, such as recent precipitation and moisture storage effects.

3.4. Impact of FMC Modelling Accuracy on Fire Propagation Predictions

The predictive reliability of fire behaviour simulators such as FireStar3D largely de-
pends on the accuracy of the fuel moisture content (FMC) model. As FMC governs the
flammability and energy release characteristics of vegetation, even minor deviations be-
tween modelled and measured FMC can lead to substantial errors in the predicted rate of
spread (RoS).

In this study, the differences between experimental and numerical data for FMC and
RoS are quantified as DFMC and DRos, respectively. DEMC represents the difference be-
tween the modelled FMC (FMC_mod) and the experimentally measured FMC (FMC_exp),
while DRos represents the difference between the rate of spread simulated using the FMC
predicted by the MDM (RoS_mod) and that obtained using the experimentally determined
FMC (RoS_exp). The influence of environmental variables such as relative humidity (RH)
and air temperature (Ta) is further detailed in Tables 2 and 3.

Table 2. Impact of Relative Humidity (RH) on FMC and RoS Discrepancies.

RH (%) DFMC/FMC_exp (%) DRos/Ros_exp (%)
30-40 7.65 4.37
40-50 10.04 1.71
50-60 13.28 3.69
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Table 3. Impact of Air Temperature (Ta) on FMC and RoS Discrepancies.
Ta (°C) DFMC/FMC_exp (%) DRos/Ros_exp (%)
24-27 —13.67 5.13
27-30 15.28 2.15
30-35 —3.42 0.15
35-40 5.94 0.71

When FMC_mod overestimated FMC_exp, the largest positive deviation of DFMC/
FMC_exp was observed in the 27-30 °C temperature range, reaching +15.28% (Table 3).
This overestimation of fuel moisture resulted in a decrease in DRos/Ros_exp by 2.15%,
indicating that the simulator predicted slower fire propagation rates under conditions
where moisture content was overestimated. Conversely, when FMC_mod underestimated
FMC_exp, negative DFMC/FMC_exp values were associated with in-creased fire spread
predictions. For instance, in the 24-27 °C temperature range, a DFMC/FMC_exp of
—13.67% corresponded to an increase in DRos/Ros_exp of 5.13% (Table 3), reflecting an
amplification of the simulated rate of spread under underesti-mated moisture conditions.

Under low RH conditions (30-40%), DFMC/FMC_exp reached —7.65%, resulting in an
overprediction of RoS by 4.37%. At intermediate RH levels (40-50%), a positive moisture dis-
crepancy (+10.04%) led to a slight reduction in predicted fire spread (—1.71%). In contrast,
higher RH conditions (50-60%) were associated with a larger negative DFMC/FMC_exp
(—13.28%), corresponding to a 3.69% increase in RoS predictions.

Similarly, temperature variations modulated the magnitude and direction of the
discrepancies. While moderate positive DFMC/FMC_exp values were observed at higher
temperatures (e.g., +5.94% in the 35-40 °C range), their impact on DRos/Ros_exp remained
limited (0.71%). In contrast, stronger underestimations of FMC at lower temperatures
(24-27 °C) produced more pronounced amplification effects on fire spread predictions.

A linear regression performed on the complete dataset (excluding 12/04/2021,
n = 27) revealed a statistically significant inverse relationship between DFMC/FMC_exp
and DRos/Ros_exp (slope = —0.187 £ 0.064, t = —2.92, F(1, 25) = 8.54, p = 0.0073, 7= 0.255).
The 95% confidence interval of the slope ranged from —0.318 to —0.055, confirming that
the relationship does not include zero and is therefore statistically robust.

However, the moderate coefficient of determination indicates that only about 25% of
the variability in DRos/Ros_exp is explained by DFMC/FMC_exp when considering all
environmental conditions together. This confirms that no strong global linear correlation
governs the discrepancies across the full dataset. The detailed statistical outputs supporting
this regression analysis are provided in the Supplementary Material.

Rather than defining a universal predictive relationship, the regression suggests that
the influence of FMC modelling inaccuracies on RoS predictions is conditional upon specific
environmental regimes. The analysis should therefore be interpreted as exploratory, aiming
to highlight regime-dependent trends rather than to establish a generalized predictive
statistical model.

The combined influence of RH and Ta on the relationship between DFMC/FMC_exp
and DRos/Ros_exp is illustrated in Figure 10.
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Figure 10. Regime-dependent distribution of DEMC/FMC_exp and DRoS/RoS_exp as a function of
air temperature and relative humidity.

The dispersion of the data points confirms the absence of a uniform global trend across
the full dataset, while suggesting that stronger correlations may emerge within specific RH
and Ta ranges. This regime-dependent behavior explains the variability observed in fire
spread pre-dictions under different environmental conditions.

4. Discussion
4.1. Model Performance and Validation

The Moisture Dynamic Model (MDM) demonstrated robust and operationally relevant
predictive performance under Mediterranean summer conditions, characterized by high
air temperatures and low relative humidity. The strong agreement between modelled and
experimental FMC values (2 = 0.81) confirms the model’s ability to capture vegetation
moisture dynamics during dry, high-risk periods. Previous studies have shown that fuel
moisture dynamics tend to shift toward an atmosphere-controlled regime governed by
vapor pressure deficit (VPD) under dry conditions [17,18]. Because VPD is directly deter-
mined by air temperature and relative humidity, the transition identified here toward an
atmosphere-controlled regime corresponds to high-VPD conditions. The proposed formu-
lation therefore implicitly represents this physical control through a simplified criterion
based only on temperature and relative humidity. When integrated into the FireStar3D
physical wildfire simulator, the MDM yielded fire spread predictions consistent with those
obtained using experimentally measured FMC, with discrepancies in the predicted rate of
spread remaining below 4% under extreme meteorological conditions (35-40 °C and 30—40%
RH). These results highlight the model’s capacity to represent both the thermodynamic
and kinetic aspects of fuel desiccation, providing reliable input for physically based wild-
fire simulations. The introduction of an empirical threshold condition (FMC = RH when
Ta/RH > 30) further improved the model’s responsiveness under severe hydric stress, re-
flecting the progressive collapse of vegetation water retention capacity under extreme heat
and dryness. This adjustment enhances the realism of FMC estimates during heatwaves,
which are critical periods for wildfire initiation and rapid propagation.

4.2. Seasonal Limitations and Model Sensitivity

Despite its strong performance during summer, the accuracy of the MDM decreases
under spring conditions. The lower correlation observed between modelled and exper-
imental FMC values (r> = 0.41) reflects increased variability in both fuel moisture and
microclimatic conditions during this period. Intermittent rainfall and localized humidity
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fluctuations introduce heterogeneity that the current model does not fully capture. This
behaviour is consistent with hydrological memory effects following recent precipitation
and soil water availability, which influence vegetation moisture independently of instanta-
neous atmospheric conditions. This limitation is inherent to the present structure of the
model, which is primarily designed to describe drying kinetics driven by temperature and
atmospheric humidity, rather than moisture gain processes following precipitation. These
findings highlight the need for further model development, including the integration of
additional environmental drivers such as precipitation, soil moisture, and microclimatic
variability. Extending the calibration to multiple vegetation types beyond Cistus mon-
speliensis would also improve the model’s generalizability across Mediterranean and other
fire-prone ecosystems.

4.3. Operational Implications for Wildfire Management

From an operational standpoint, the MDM provides a simple yet physically inter-
pretable framework for estimating fuel moisture content using only air temperature and
relative humidity, two variables that are readily available from weather stations and forecast
products. This simplicity makes the model well suited for real-time fire danger assessment,
prescribed burning planning, and early warning systems, particularly during periods of
elevated wildfire risk.

The results presented in Tables 2 and 3 show that errors in fuel moisture content
estimation can translate into substantial errors in the rate of spread, reaching up to 11.7%
under high temperature conditions between 35 and 40 °C. From an operational wildfire
management perspective, such an underestimation is nontrivial. A rate of spread that is
underestimated by approximately 12% implies that the fire front may advance significantly
faster than anticipated, thereby reducing the time available for suppression actions, fireline
construction, or tactical repositioning of resources. In fast moving fires, particularly under
extreme weather conditions, this reduction in temporal margin may lead to ineffective
fireline placement, increased likelihood of line breaches, and heightened safety risks for
firefighting personnel. These findings also highlight the asymmetric nature of rate of
spread prediction errors in operational contexts. While overestimation generally results
in conservative and safer decisions, systematic underestimation, especially under severe
fire weather, can lead to overly optimistic tactical planning. Consequently, defining an
acceptable error threshold for rate of spread predictions appears necessary when such
models are used to support decision making. For short-term tactical applications, a rela-
tively low tolerance on the order of 5 to 10% may be required, whereas higher tolerances
may be acceptable for strategic planning or scenario analysis, provided that uncertainty
is explicitly acknowledged. In this context, the adoption of an operational safety margin
applied to modelled rate of spread values could be recommended, particularly under high
temperature and low fuel moisture conditions. Such an approach would help mitigate the
risks associated with fuel moisture-induced underestimation of fire spread and improve
the robustness of fire behaviour predictions used in wildfire management.

By providing dynamic FMC estimates without requiring destructive sampling, the
model can be integrated into decision-support platforms or coupled with large-scale fire
simulators such as FireStar3D to improve predictive accuracy in fire-prone regions. In
practice, the model can be applied to standard meteorological data to produce spatial
FMC estimates before fire behaviour calculations. Moreover, the model’s semi-physical
formulation bridges the gap between empirical and mechanistic approaches. It retains
physical interpretability while remaining computationally efficient, enabling use in both
research and operational contexts. For fire management agencies, this approach can inform
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proactive fuel management and optimize the timing of prescribed burns, especially during
transitional seasons.

5. Conclusions

This study introduced a semi-physical fuel moisture content (FMC) prediction model
based only on air temperature and relative humidity and incorporating an Arrhenius-type
kinetic formulation. The model provides consistent estimates under dry seasonal condi-
tions while remaining simple and operationally accessible. The coupling of the MDM with
the FireStar3D simulator allowed quantification of the sensitivity of fire spread predic-
tions to FMC estimation errors, highlighting the importance of reliable moisture inputs
for fire behaviour modelling. Because it relies only on commonly available meteorolog-
ical data, the approach can be used to generate fuel moisture inputs for fire behaviour
simulations and fire danger assessment workflows. The proposed framework therefore
provides a practical bridge between empirical indices and fully physical models, offering a
computationally efficient way to supply moisture conditions for wildfire simulations in
Mediterranean environments. The results also indicate that inaccurate FMC estimation
may lead to non-negligible underestimation of the rate of spread under severe fire weather,
potentially reducing the available response time in operational contexts. Improving FMC
prediction is therefore essential for increasing the reliability of fire behaviour forecasts
and supporting safer tactical planning during high-risk Mediterranean wildfire conditions.
However, it should be explicitly stated that this work represents a proof of concept rather
than a comprehensive validation. Further developments are required to improve model
performance during wetter seasons and to extend its applicability across a wider range of
vegetation types and climatic contexts.
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DFMC Fuel Moisture Content Discrepancy
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EDC Eddy Dissipation Concept
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FFDI Forest Fire Danger Index

FMC Fuel Moisture Content

LES Large Eddy Simulation
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MDM Moisture Dynamic Model
RH Relative Humidity

RoS Rate of Spread

Ta Ambient Temperature
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