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ABSTRACT

Background. Wildfires, prescribed fires and slash-pile burns are disturbances that occur in many
terrestrial ecosystems. Such fires produce variable surface heat fluxes causing a spectrum of
effects on soil, such as seed mortality, nutrient loss, changes in microbial activity and water
repellency. Accurately modeling soil heating is vital to predicting these second-order fire effects.
The process-based Massman HMV (Heat—Moisture—Vapor) model incorporates soil water eva-
poration, heat transport and water vapor movement, and captures the observed rapid evapora-
tion of soil moisture. Aims. Improve the Massman HMV model and compare it with Campbell soil
heating model using four independent soil temperature datasets collected during burning.
Methods. The models were evaluated using similar BFD curves against observed temperature
and soil moisture using standard statistical methods. Key results. Results suggest reasonable
agreement between the Massman HMV model and field soil temperature data under various burn
scenarios and it was consistently more accurate than the Campbell model. Conclusions. The
Massman HMV model improved soil heating predictions and provided soil moisture predictions.
Implications. The Massman HMV model was incorporated in the First Order Fire Effects Model
(FOFEM ver. 6.7) with a user-friendly interface that allows managers to assess the heating impacts
of fire on soil temperature and moisture.

Keywords: duff, fire intensity, First Order Fire Effects Model, FOFEM, Heat—Moisture—Vapor

(HMV) model, moisture dynamics, soil heating, soil temperature, surface fire, validation.

Introduction

Soil heating during wildfires, broadcast prescribed fires, or slash-pile burns can produce a
spectrum of effects in soil that, depending on fire intensity and duration, may be
permanent. These near-term (first-order) fire effects often result in significant, long-
term (secondary) biological, chemical, physical and hydrological fire effects (Neary
et al. 2005). When using broadcast prescribed fires, slash-pile burns or managed wildfires
as management tools, it is particularly important to understand and predict the potential
first- and second-order effects of soil heating.

The magnitude and duration of soil heating determine the depth and duration of heat
penetration, and therefore the extent of secondary effects caused by a fire (Girona-Garcia
et al. 2019; Brady et al. 2022). In a modeling context, the depth and duration of heating
depend on the soil properties, the thermal boundary conditions at the soil surface and the
initial distribution of soil moisture (Badia et al. 2017).

There are generally accepted temperature thresholds for specific indirect fire effects
on soil (Santin and Doerr 2016). Martin and Cushwa (1966) first measured soil heating
and duration in a laboratory study (e.g. heating in an oven) of effects of fire on
germination of legume seeds. In addition to providing threshold temperatures for the
lethal effect of vascular cambium or root tissue, Brady et al. (2022) elaborate that the
duration of the heating is also important as slow heating of the soils likely results in lower
thresholds. In general, soil temperatures in the range of 60-80°C for short periods of time
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are lethal to plant seeds, plant roots and plant tissue. At
temperatures approaching the range of 120-160°C, micro-
bial life is extinguished (Choczynska and Johnson 2009;
Armas-Herrera et al. 2016). At even higher temperatures,
irreversible physical, chemical, mineral and hydrologic
changes may occur in the soil (DeBano et al. 1998; Neary
et al. 2005; Massman et al. 2010). Temperature thresholds
have been identified for numerous physical, chemical and
biological properties (Certini 2005; Santin and Doerr 2016;
Alcaniz et al. 2018; Agbeshie et al. 2022). For example,
temperatures between 175 and 280°C can cause soils to
become water-repellent, reducing infiltration potential,
whereas temperatures above 300°C can break down repel-
lency (DeBano et al. 1976; Robichaud and Hungerford 2000;
Dlapa et al. 2008; Badia et al. 2017).

The energy generated by combustion of wildland fuels
may be transferred to underlying soil by means of thermal
radiation, conduction and convection, which in turn drive
mass transport, vaporization and condensation in soils
(Neary et al. 2005). Most studies employing models of
coupled heat and moisture transport in soils have concen-
trated primarily on typical ambient environmental condi-
tions, i.e. those involving daily and seasonal variations in
solar radiation, temperature, precipitation, etc. (Novak
2010; Smits et al. 2011). A few studies have examined
these processes under more extreme conditions, such as
those occurring during wildfires and prescribed burns
(Aston and Gill 1976; Campbell et al. 1995; Durany et al.
2010; Brady et al. 2022). Broadly speaking, the same physi-
cal principles and the basic equations are employed in these
models, but the impacts of various model components vary
by modeling regimes (i.e. ambient vs extreme conditions).
Models developed for soil heating under ambient conditions
tend to focus on the movement of soil moisture and evapora-
tion (Novak 2010; Smits et al. 2011), whereas models devel-
oped to describe the extreme conditions of fire emphasize
soil temperatures and the duration of the soil heating (Aston
and Gill 1976; Campbell et al. 1995; Durany et al. 2010;
Brady et al. 2022).

Numerical models (Aston and Gill 1976; Campbell et al.
1995; Durany et al. 2010; Massman 2012) have had some
success estimating soil temperatures during severe heating
events, but they have yielded quite poor simulations of the
coupled soil heating and soil moisture dynamics owing to
the model’s inability to properly represent the relationship
between soil water potential and soil moisture at extremely
low soil moisture contents (Massman 2012). Additionally,
Albini et al. (1996) reviewed the models of Aston and Gill
(1976) and Campbell et al. (1995) and found that the
earlier model was prone to instabilities and that the later
model did not provide an adequate simulation of soil mois-
ture content changes with high temperatures (i.e. evapora-
tion of the soil water), similarly to the conclusion reached
by Campbell et al. (1995). Likewise, the model of Durany
et al. (2010) provided reasonable model performance when

simulating soil temperatures, but estimated soil volumetric
moisture contents as high as 15% despite heating the soils
to over 225°C, which should be sufficient to dry the soil.

Massman (2012), using Campbell et al. (1995) as a
modeling template, found that all evaporated soil moisture
simply recondensed and accumulated ahead of the dry
zone and that no moisture escaped the soil. Therefore,
the state of the science in 2012 suggested two possibilities:
(1) the microphysical processes governing soil moisture
evaporation and condensation were not fully understood,
or (2) horizontal gradients in temperature and moisture
during a fire are strong enough to give rise to diffusive
horizontal heat and moisture flows. Massman et al. (2010)
further suggested that advective, rather than diffusive lat-
eral flows are induced by differential pressure fields
beneath and surrounding a burning slash-pile; therefore,
any possible 3D effects cannot be fully captured by a 1D
model. Massman (2015, 2021) investigated the likelihood
of possibility no. 1 through the development and refine-
ment of the vapor source or sink term required for a non-
equilibrium model. Simply put, an equilibrium model can
not describe evaporation below a volumetric soil moisture
level of ~0.02 m® m ™3 even though this is likely to occur
with fires in dry environments. Possibility no. 2 was first
noted in Massman et al. (2010) and was subsequently
confirmed by Bao et al. (2020) with their model, which
includes diffusive lateral transport of heat and soil
moisture.

The goal of the present work is to improve the predic-
tive ability of soil heating models that can be incorporated
into larger fire behavior models and used for predicting
the indirect, long-term, biological, chemical, physical and
hydrological secondary fire effects of soil heating. To
achieve this goal, we had two objectives: (1) incorporate
Massman (2015, 2021) Heat-Moisture-Vapor (HMV) soil
heating into the First Order Fire Effects Model (FOFEM),
and (2) evaluate the Massman HMV model (2015, 2021)
by comparing it with the Campbell model (1995) with
Massman’s (2021) adaptation of the BFD curve (Barnett
2002) to a soil heating function. The performance of each
model was tested and evaluated against existing field-
collected independent datasets from various burn scenar-
ios (slash-pile burn, broadcast prescribed fire, burn box
study and wildfire). FOFEM is a computer model that
predicts the direct (immediate) or indirect consequences
of fire such as consumption of fuels, smoke emissions, tree
mortality and soil heating. This is achieved by using
regional databases combined with initial fuel loads, fuel
moistures and soil moistures at the time of burning (Lutes
2020). The modeled soil heating uses either the Massman
HMYV or Campbell model to predict soil temperatures (and
moisture in the case of Massman HMV) at various depths
in the soil profile over time. FOFEM is actively used by fire
managers and is the predominant model of first order fire
effects.
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Materials and methods

Massman HMV soil heating model

The Massman HMV model (Massman 2015, 2021) has three
model variables - soil temperature, soil water potential and soil
water vapor — and several supporting relationships that describe
soil thermal conductivity, the soil water retention curve and
hydraulic conductivity functions for water transport and the
non-equilibrium evaporative source term. There are 35 input
parameters to this model, including boundary conditions and
soil physical properties. In contrast, the early Massman HMV
model (Massman 2012) model has only two model variables,
soil temperature and soil water potential, and approximately
half as many input parameters. The Massman HMV model
(Massman 2021) further improves on the 2015 version by
incorporating a more physically realistic parameterization of
soil thermal conductivity and the evaporation of soil moisture
as the soil completely dries out (i.e. as soil moisture — 0 during
a fire). These changes improved the stability and performance
of the Massman HMV model (Massman 2021) over previous
versions. The three conservation equations used in the physi-
cally based model are provided in the Appendix along with
descriptions of surface and lower boundary conditions.

The Massman HMV model (Massman 2021) accommo-
dates a new heat flux boundary condition. The input of
radiant energy at the upper boundary of the soil is based
on the BFD curve, a term coined by Barnett (2002) with-
out explanation. The curve was originally used to empiri-
cally fit the growth and decay of structural element
temperatures in fire engineering applications (Barnett
2002) but has been adapted to other fire effects applica-
tions (Bova et al. 2011). It requires only three parameters
to model growth and decay: maximum temperature (or, as
used herein, maximum heat flux), the time at which the
maximum occurs and a shape constant that determines the
profile of the curve.

The equation that describes the surface energy input is:

Qr(t) = Qfin + (Qmax — inn)e_ol(ln(t/t"‘*“‘))2 1)

where Qg,() (W m™2) is the surface energy input (i.e. fire
intensity at soil surface; see Fig. 1) as a function of burn
time, t (h) (Massman 2021). The key input parameters of
this equation are: Qmax, Which is the maximum fire intensity
impinging on the soil surface; a, which is a dimensionless
parameter determined by the duration of the fire, and t,.x
(h), the time to Qupax-

a5l FOFEM - Massman Soil Analysis - O X
Soil Temperature Graph Type
500 (® Temperature
an 400 O Moisture
2c O /
%) g 300 \ Axis Limits
5 \ Upper Temp (C)
g 20 A 500 |2
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& . —— ~ ? =
% | 0 '
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Fig. 1.

Graphical user interface developed for running the soil temperature and moisture content simulation with the Massman

HMV Soil Heating Model. This interface is accessed through FOFEM ver. 6.7 or greater. In bold red numbers and boxes: (1) soil depths;

2

—

graph type (temperature or moisture); (3) graph axes limits; (4) heating curve parameters (Fire Intensity at Soil Surface Max (kW m?)

is that amount of energy associated with a fire that impinges on the soil surface, Time to Max (h) is the time delay expressed in hours
between when the fire begins and when the soil heating reaches its maximum value, and Fire Duration (h) gives the length of time
that the fire heats the soil surface); (5) fire type (wildfire, prescribed burn, slash-pile burn and burn-up model, which uses inputs from
FOFEM) and simulation time (model run time (h)); (6) soil parameters; (7) start and stop buttons; (8) output soil temperature profile; (9)

output fire intensity at soil surface.
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Qr is related to the surface energy balance as:

€0(00)Qr(t) = €0(00)0 [Tgy — €alpy,) Tial + PaCpaCro [To
— T.] + LiyEy + Go (2)

where the subscript O refers to the soil surface, and the term
on the left-hand side of the equation is the energy absorbed
by the soil (assuming that absorptivity and emissivity of the
soil are the same). From left to right, the four terms on the
right-hand side of Eqn 2 represent net infrared heat loss,
convective heat loss, evaporation and soil conductive heat,
respectively. €y(8y) is the soil emissivity and is a function
of the soil moisture, 6y; o is the Stefan-Boltzmann con-
stant; €,(pya) is the emissivity of the ambient atmosphere
exposed to the soil surface during the fire and is a function
of the ambient vapor density py, according to the ‘clear
sky’ parameterization of Brutsaert (1984, eqn 6.18):
pa = pa(Tko) = 1.29(pa/ps1)(Ts1/Tro)(kg m™>), where p,
is the mass density of the ambient air at the soil surface
temperature, Txo; P, (Pa) is the ambient pressure, and
Pgr = 101 325 Pa and Tgy = 273.15° K are standard
atmospheric pressure and temperature; Cy; = 0.032 (m s~ ')
is the transfer coefficient for convective heat from the sur-
face (see Massman 2012, 2015). T, = Ta(t) (°C), or equiva-
lently Txa = Txa(t) (K), is the ambient temperature
somewhere above the soil surface; Li,Eq (W m~?) is the
rate of soil water evaporation; E, (kg m~2 s~ ') is the
evaporative mass flux at the surface; and G, (W m™?) is
the soil conductive heat flux and the upper boundary condi-
tion for the modeled soil temperatures. E, is parameterized
as the sum of a diffusional component and an advective
component (Massman 2012) as follows:

Ey = CEhSO [JOVO — Pya ®1 + CUuVIOIOVO (3)

where Cz (m s~ !) and Cy (dimensionless) are adjustable
model transfer coefficients, which were determined empiri-
cally to maximize E, without destabilizing the model.
Cy = 0.125 is associated with the air emanating from the
soil with velocity uyo and Cg = 10~% m s~ '. The surface
humidity, hyy (dimensionless) is determined from the soil
surface temperature and moisture.

A constant heat flux function was used to test the sensi-
tivity of the model to various parameters and to the heating
exponential curve (Qp(t) = Qgna(l — e ™) W m™3?)
developed by Campbell et al. (1995) and used for the
Massman HMV model (2015 version). However, during test-
ing with constant heat flux boundary conditions, an
instability was discovered that created a sensitivity of the
volumetric moisture content to short time steps (<0.9 s).
When a constant heat flux was applied, a sensitivity to time
step became apparent, causing an increase in soil moisture.
The time step issue led, in turn, to the discovery of an error
in the soil conductivity model. The thermal conductivity
model was subsequently corrected (see Massman 2021),

which eliminated the instability and was an important step
in stabilizing the HMV model and improving the observed
temperature rise.

The final Massman HMV model was incorporated into the
FOFEM with a simple graphical user interface (FOFEM ver-
sion 6.7, Lutes 2020) (Fig. 1). The latest version of the
FOFEM model is available at: https://research.fs.usda.gov/
firelab/products/dataandtools/software/fofem/spatialfofem-
fire-effects-model (accessed 11 January 2025).

Campbell soil heating model

The Campbell soil heating model (Campbell et al. 1995) has
been the standard soil heating model used in FOFEM (Lutes
2020). It was tested using Massman’s (2021) adaptation of
the BFD curve (Barnett 2002) to a soil heating function. The
BFD curve is used in the Massman HMV model and was also
used in the Campbell model to compare its performance
between the models.

Description of the datasets used for model
validation

Several different independent field datasets were used for
model validation. These datasets were collected in field
experiments during logging slash-pile burns (residual log-
ging slash-piled with a dozer and subsequently burned),
outdoor burn box measurements (controlled experiment
with fuel bed built to desired prescription on soil; see the
footnote of Table 1 for detailed description), broadcast pre-
scribed fires (drip-torch ignited fire to reduce fuel loadings)
and wildfires (lightning-ignited fire) in the western US. Each
dataset consists of pre-fire fuel loads, fuel moisture condi-
tions, forest floor characteristics (loading, compositions and
moisture) and soil characteristics (texture, moisture). These
studied datasets (Table 1) are provided here, and associated
metadata are archived and publicly available (Robichaud et al.
2018; USDA Forest Service Rocky Mountain Research Station
website: https://research.fs.usda.gov/rmrs/projects/high-soil-
temperature-data-archive; accessed 11 January 2025).

Selection of the input parameters

The input parameters needed to run the model were
obtained, when possible, from the metadata collected during
various pile burns, broadcast burns, burn box experiments
and wildfires (Robichaud et al. 2018). The Manitou 2004
pile burn data, referred to as Manitou Center, was selected
to model soil heating at the center of a slash-pile burn. Burn
box measurements were from fuel added to a clay loam soil,
Repetition 1, 10% moisture content, in the Busse BB1 file.
Broadcast burn measurements were used from Sackett and
Haase soil temperature ID #5103_YP, Sackett and Haase2.
Of the four datasets collected from Cougar Wildfire, only
Transect 1 was suitable for this analysis. The other three
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Table 1. Description of the independent field datasets used for model parameterization.
Dataset, Location Vegetation Soil parent Thermocouple Number of Pre-fire Fuel Forest floor or Soil
dates, (lat., long.) type material depths (cm) thermocouple fuel loads moisture environmental characteristics
publication locations per fire (kg m™) conditions characteristics (texture)
Massman Manitou Ponderosa Granitic, Pikes Surface, duff, 1, 2, 2-5 250-300, 8-10% Pine slash Coarse loam
2001-2004 Experimental pine Peak Batholith 3,4,56,8 450-600
7 Forest, Colorado
assman (39.04°, -105.04°)
et al. (2010)
Sackett and Various, Arizona Chaparral, Various Surface, duff, 2, 4, 2-5 4.4 Litter 14.4%, Intact patchy litter Loam
Haase and California pinyon— 10, 20, 30 fermented,
1980-2006 (32—41°, -109 juniper, humus 19.6%
sackett and to 123°) various pines
Haase (1992)
Busse Various®, Mixed Granitic 0, 2.5, 5.1,10.2,15.2 1-3 1-17 5-9% Masticated Clay loam,
et al. (2005) California chaparral and whiteleaf
(38.8-39.2°, -119.9 forests, manzanita, 10 cm
to 120.2°) mastication depth
Robichaud Idaho Panhandle Grand Metamorphic 1,234,638 4 11 Duff 4%, Intact forest floor Gravelly silt loam

et al. (2018)

National Forest,
Idaho (48.16°,
-116.06%)

fir—Douglas fir
forest

litter 7-8.7%

duff layer, average
7.7 cm depth

All data are available at https://www.fs.usda.gov/research/rmrs/projects/high-soil-temperature-data-archive; accessed 23 January 2024.

AMaterials for Busse burn box experiments were collected from Whitmore and Challenge, CA. A burn box is a metal frame (I by 1 m) that contains forest soil, duff (forest floor material) and fuel (loaded at
various amounts). Understory vegetation (fuel) was masticated and brought to the Redding Silviculture Laboratory for the experiment. Mineral soil and surface mulch were collected from the
Whitmore site.
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Table 2. Model parameters for each fire type and scenario.

Time interval of the recorded

Soil particle Soil moisture Soil texture Cover type

density (g cm™)

Soil bulk
density (g cm™)

Dataset and scenario

temperatures

(0-1 cm)

15 s, 2, 30 min

Ponderosa pine savanna

Coarse — loamy

2.65 0.16

13

Manitou Center slash-pile burn

1 min

Douglas fir—sugar

Coarse — loamy

2.65 0.05

0.92

Busse 1 burn box”

pine—tanoak forest

37 s

Douglas fir—sugar

Loamy — skeletal

01

2.65

13

Sacket and Haase 2 broadcast

prescribed burn

pine—tanoak forest

1 min

Grand fir—Douglas fir forest

Loamy — skeletal

0.1

2.65

125

Cougar T1 wildfire

ABusse 1 was modeled using a custom soil model.

were discarded owing to anomalous conditions (preheating
of the soil and low soil temperatures).

The field-collected inputs of ambient air temperature,
volumetric soil moisture, soil particle density and soil bulk
density were used for model parameterization (Table 2). The
maximum fire intensity at the soil surface (Qmay, KW m™2),
the time to maximum intensity (tyax, h) and the burn dura-
tion (h) were adjusted at the shallowest field-measured
depth to get the best match between the modeled and
observed temperatures for each of the models separately
and can be found in Table 3. First, the Q¢ and t,.x were
adjusted to match the peak temperature of the field.
Afterwards, the burn duration was adjusted to best match
the cooling phase. Lastly, all three parameters were slightly
adjusted repeatedly to achieve the highest NSE values at the
shallowest field-measured depth.

Validation simulations were conducted for comparison
with soil temperature data from each scenario (Table 2).
Owing to a lack of site-specific information about the soils at
the Busse burn box experiment, simulations for comparison
with the Busse 1 data were run using custom soil models
(WesternUSO1 coarse loamy) based on Massman’s pile burn
dataset from Manitou Experimental Forest. Although several
measurements in these datasets are below soil depths of
12 cm, the Campbell model was limited to results at depths
above 12 cm owing to constraints in the C+ + code.
Comparisons with the Campbell model are omitted in
those cases. Further simulations were conducted for com-
parisons with only temperature data because no moisture
data were recorded in Sackett and Haase’s broadcast pre-
scribed fire, Busse’s burn box and Cougar Wildfire.

Data analysis and model evaluation

The accuracy of the Massman HMV model was assessed by
comparing modeled soil temperatures with field measure-
ments of soil temperature for four scenarios: a slash-pile
burn, burn box, broadcast prescribed fire and wildfire. We
also compared the Campbell model with field data to deter-
mine if the Massman HMV model provided improved pre-
diction of soil heating. Statistics used in the comparison
include: the Nash-Sutcliffe Efficiency (NSE) (Eqn 4), the
Root Mean Squared Deviation (RMSD) (Eqn 5), the Mean
Absolute Error (MAE) (Eqn 6), the Centered pattern RMS
(CRMS) (Eqn 7) and the Correlation among the data (Corr)
(Eqn 8), where M is the modeled value, M is the mean
of the modeled values, O is the observed data, O is the
mean of the observed data, and N is the total number of
observations.

Egz 1 (Mn - On)2
zg—l (On - On)2
| 2nN:1 (Mn - On)z

RMSD = |
\ N

NSE = 1 — 4)

()
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Table 3.
each type of fire and modeled scenario.

Heating curve parameters: maximum fire intensity (Qmax), time to maximum intensity (t.,) and duration of the fire (burn duration) for

Dataset and scenario Model

Qmax (kW m'z) trmax (h) Burn

duration (h)

Manitou Center slash-pile burn Massman HMV 16 9.5 39.5
Campbell 18 9.5 39.5
Busse 1 burn box Massman HMV 14 0.6 6.0
Campbell 16 0.6 7.0
Sacket and Haase 2 broadcast Massman HMV 6.7 31 18.0
prescribed burn
Campbell 8.2 3.8 23.0
Cougar T1 wildfire Massman HMV 8.0 0.3 12.0
Campbell 9.0 0.6 10.0
MAE — SN_ M, — O] ©) 500 0cm
N . NSE = 0.94
Lo O 400 RMSD = 38.3
1 _ ) ~ 2cm
CRMS = (— SN My — M) — (0, — 0)] ] (7) 2 NSE = 0.91
n 2 300 RMSD = 28.9
- = o) 5cm
Corr = —2M —M)(© — 0) (8) g 200 NSE =0.93
JE(M — M)2(0 — 0)2 i) RMSD = 24.4
8 100
The NSE values range from — e to 1 (Nash and Sutcliffe ,{f
1970). A NSE of 1 indicates a perfect match of the modeled 0
data to the field observation data. However, an NSE of 0
indicates that the model is no better than using the mean to 500 5 oem
predict the data. When NSE values are below 0, they indi- b) . M | NSE < 0.91
cate that the model is not producing accurate data compared © 400 ;‘MSD =46.6
with the measured values. The RMSD, which is the square o NSE < 0.89
=}
root of the average of squared errors, was used to measure IS 300 RMSD =32.0
the differences between the modeled and observed data. qé-’. 200 ﬁgg‘z 071
RMSD values close to 0 indicate a better fit to the data. o RMSD = 31.9
The MAE indicates the difference between two continu- ';c'g 100
ous variables, which in this case are the modeled and
o

observed soil temperature data at various depths. The cor-
relation coefficient alone does not allow determination of
the amplitude of variation of two patterns, so the CRMS is
used to accurately quantify the differences. The use of the
correlation coefficient and the CRMS together provides com-
plementary information regarding the correspondence
between two patterns (Taylor 2001).

The complete statistical results for the soil temperature
model comparisons are provided in the Appendix in Tables
A1-A5. Important statistics such as NSE and RMSD are
provided within selected figures.

Results

Comparisons with slash-pile burn data

Model results from Manitou slash-pile burns were compared
using soil temperature measurements at the pile center

Time (h)

Fig. 2. Comparison of (a) Massman HMV model and (b) Campbell
model with observed data from the Manitou Center slash-pile burn at
0, 2, 5 and 10 cm depth, with dashed lines representing the observed
data and solid lines representing the modeled data. NSE is
Nash—Sutcliffe Efficiency and RMSD is Root Mean Squared Deviation.

(Fig. 2). Adjusted heating parameters for this pile burn
indicated a maximum fire intensity (Quax) of only
16-18 kW m~2 even with the high fuel load (Table 3).
This is likely due to fuel arrangement, and to soil incorpo-
rated in the pile by the dozer. Results from the Massman
HMYV and Campbell models compared well with field mea-
surements of soil temperature at 0, 2 and 5 cm depths
(Fig. 2), though the Massman HMV model showed lower
errors and greater NSE than the Campbell model (Table Al).
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Soil moisture (m3/m?3)

30 40 50
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Fig. 3. Comparison of the measured soil moisture from Manitou
Center slash-pile burn (dashed lines) with the soil moisture values
modeled by Massman HMV model (solid lines) and Campbell model
(dots) at 5 and 15 cm depth.

When comparing the predicted soil temperatures, the higher
NSE values obtained for the Massman HMV model
(NSE = 0.94 at 0 cm) indicate that it better predicts the
soil temperature profile at the center of the pile than does
the Campbell model (NSE = 0.91) at the soil surface
(Fig. 2). The lower RMSD value (38.33) of the Massman
HMYV model at the soil surface also indicates a higher accu-
racy compared with the Campbell model (RMSD = 46.6)
(Table A1).

Both the Massman HMV and Campbell models simulated
soil moistures below the center of the pile better at shallow
(5 cm) depths than they did at greater (12-15 cm) depths,
with NSEs of 0.83 and 0.76, respectively (Fig. 3, Table A2).
Neither model performed well when simulating soil mois-
ture at greater soil depths (Fig. 3). The Massman HMV
model showed an increase in soil moisture at 15-19 h as a
heat pulse greater than 100°C occurred at ~14 h, driving
evaporated moisture downward before it dissipated over
time. The statistical analysis indicates a better prediction
of soil moisture data at 5 cm by the Massman HMV model,
although Campbell model soil moisture did reasonably well
at 5 cm but had poor correlations at greater depths
(Table A2).

Comparisons with burn box and broadcast
prescribed burn data

Comparison of model output with the Busse (burn box) and
Sackett and Haase (broadcast prescribed burn) experiments
demonstrates a better model accuracy for broadcast pre-
scribed fires than for controlled experiments. In comparison
with measured surface temperatures in the Busse 1 burn box
data, the Massman HMV model shows better accuracy (NSE
of 0.92) than the Campbell model (NSE of 0.87) (Table A3
and Fig. 4). Although at 2.5 and 5.1 cm both models pre-
dicted higher temperatures than observed (Fig. 4), the
Massman HMV model performed well at 10.2 cm (NSE of
0.76, Corr of 0.94) (Table A3). Using the Sackett and Haase
2 prescribed fire dataset, and similarly to previous cases, the
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Fig. 4. Comparison of (a) Massman HMV model and (b) Campbell
model temperatures with the observed soil temperatures from the
Busse 1 burn box data at 0, 2.5, 5.1, 10.2 cm depth, with dashed lines
representing the observed data and solid lines representing the
modeled data. NSE is Nash—Sutcliffe Efficiency and RMSD is Root
Mean Squared Deviation.

Massman HMV model data showed higher NSE than the
Campbell model (Fig. 5). Although the accuracy of the
Massman HMV model slightly decreased with depth, it per-
formed better than the Campbell model for 1.9 and 2.5 cm
depths (Table A4). The Massman HMV model provides more
plausible estimates of soil moisture content than does the
Campbell model, in comparison with both the Busse 1 burn
box dataset and the Sackett and Haase 2 prescribed fire
dataset (Figs 6 and 7).

Comparisons with wildfire data

The Massman HMV model produced temperatures with bet-
ter correspondence to the Cougar 1 Wildfire dataset than did
the Campbell model (Table A5) for all the studied depths,
specially at a depth of 1 cm (NSE of 0.97). At 1 cm, the
accuracy of Campbell model was high (NSE of 0.85), denot-
ing the quality of its prediction, but it gradually decreased
with depth. However, the NSE of the Massman HMV model
remained above 0.6 for all the studied depths, except for
4 cm (NSE of 0.42), where the modeled temperature reached
its maximum value much before the observed data (Fig. 8).
The correlation values between modeled and observed data
remained high for both models (Corr >0.9), with the
Massman HMV model producing slightly higher values for
all the studied depths except 4 cm (Table A5).
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Fig. 5. Comparison of (a) Massman HMV model and (b) Campbell

model temperatures with the observed soil temperatures from the
Sackett and Haase 2 broadcast prescribed burn data at 1.9 and 2.5 cm
depth, with dashed lines representing the observed data and solid
lines representing the modeled data. NSE is Nash—Sutcliffe Efficiency
and RMSD is Root Mean Squared Deviation.

Discussion

The Massman HMV model was consistently more accurate
than the Campbell model. The soil temperature profiles
predicted by the Massman HMV model were most accurate
for center pile burns (NSE of 0.94 at 0 cm, 0.91 at 2 cm),
burn box burns (NSE of 0.92 at 0 cm), broadcast prescribed
burns (NSE of 0.89 at 1.9 ¢cm) and wildfires (NSE of 0.97 at
1 cm). The Massman HMV and Campbell models were also
reasonable accurate when modeling 5 cm depth moisture at
the center of pile burns (NSE of 0.83 and 0.76, respectively).
The higher accuracy of the Massman HMV results is likely
because of improvements in soil water movement (hydraulic
conductivity function driven by a gradient in soil moisture
potential) and better parameterizations of thermophysical
properties of water and water vapor in the vertical profile
with uniform heat (Massman 2021).

The Massman HMV model was able to predict near-
surface temperatures owing to its ability to model time lag
in actual soil heating in burn boxes and prescribed fires, but
the mid-depth temperatures were not as accurate. The pre-
scribed burn and burn box datasets were modeled with
custom soil data (WesternUS01) and performed better near
the soil surface than at lower depths. Predicting the time lag
of the heat pulse in the soil at greater depths is challenging

as the thermal conductivity of each soil texture can vary
even over micro-scale measurements (Horton and
Ochsner 2011).

The NSE values for the Massman HMV model were lower
for the Busse 1 burn box than for other burn types (NSE of
0.92 at the surface and —7.99 at 2.5 c¢m). This decrease in
the accuracy of the Massman HMV model is probably due to
the particular conditions of the experimental burning; with
a small burn box, the slash fuel load was rapidly consumed,
generating a peak of heat at the surface that was barely
transmitted to deeper layers owing to the low bulk density
of the soil, which was hand-packed, making it porous with
air voids, thus reducing heat transmission downwards.
Neither of the models was able to predict this characteristic.

In comparison with the Campbell model, the Massman
HMV model provides improved modeling of soil moisture
flux driven by heating. The model improvement is likely due
to the incorporation of liquid water transport via the
hydraulic conductivity function and its dynamic representa-
tion of the physics describing moisture changes (Massman
2021). Instead of the stair-step changes in soil moisture
produced by the Campbell model (Fig. 3), the Massman
HMV model generates Weibull-shaped soil moisture curves
that mimic observed soil moisture changes.

Although we were able to test the Massman HMV model
against only one dataset with soil moisture (Manitou slash-
pile burn), it showed promising results, with an NSE of 0.83
at 5 cm (Fig. 3, Table A2). This also encourages further
research into the dynamics of soil moisture phase change
during extreme heating events. The Massman HMV model
performs better than the Campbell model, although the
statistics related to soil moisture (Table A2) are not as
compelling as those for soil temperature (Table Al). Both
models predicted soil moisture reasonably well, with a slight
increase at 6-7 h into the burn as temperatures at 5 cm
approached 100°C (Fig. 3). Both models performed better at
5 cm depths than at 15 cm. Accuracy in the prediction of
temperatures near the soil surface is particularly important
because higher temperatures in this region could cause the
formation of a water-repellent layer that affects runoff and
nutrient concentrations and availability (Mataix-Solera and
Doerr 2004). Higher temperatures (>400°C) near the soil
surface could also cause water-repellent layers to disappear
(Robichaud and Hungerford 2000; Badia et al. 2017).
Additionally, accurate modeling of soil moisture near the
surface is informative because the near-surface soil contains
seed sources and hosts high microbial activity (Girona-
Garcia et al. 2019) that is important for long-term soil
health.

The soil moisture outputs from the Massman HMV and
Campbell models were directly compared from the Busse 1
burn box model and the Sackett and Haase 2 prescribed fire
model (Figs 6 and 7). The Massman HMV model produces
Weibull-shaped moisture curves in contrast to the stair-
stepped curves produced by the Campbell model. In both
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Fig. 6. Comparison of simulated soil moistures with the Busse 1 burn
box conditions: Massman HMV model (solid lines) and Campbell
model (dashed lines).
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Fig. 7. Comparison of simulated soil moistures with the Sackett and
Haase 2 broadcast prescribed burn conditions: Massman HMV model
(solid lines) and Campbell model (dashed lines).

cases, the Massman HMV model produced a transient pulse
of increased moisture as water was evaporated at the front
of the downward-propagating heat wave (Figs 6 and 7).

The enhancements described in this study were found to
significantly increase the accuracy of both the Massman HMV
and Campbell models of soil heating, providing better predic-
tions of soil temperature peaks and durations above key
threshold temperatures. In the case of the Massman HMV
model, this is likely related to parameterization of the soil
moisture evaporation and condensation, and soil moisture
movement in response to extreme temperature gradients.
The methods of Blagojevi¢ and PeSi¢ (2011) were used to
define a new time-temperature curve that describes smolder-
ing fire conditions, rather than flash or peak temperature
conditions, and were similar to the methods used to create
BED curves. The Blagojevi¢ and Pesi¢ (2011) methods were
created to evaluate compartment fire situations, not wildfires,
but the similarity of their approach reinforces the observed
heat pulse phenomena observed.

Predicting elevated soil temperatures and duration of
these temperatures may be of great utility to managers
who need to assess the potential for damage to soils through
second-order effects after the application of common forest
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Fig. 8. Comparison of (a) Massman HMV model; and (b) Campbell
model temperatures with the observed soil temperatures from the
Cougar Fire Transect 1 dataset at 1, 2, 3, 4, 5, 6 and 8 cm depth, with
dashed lines representing the observed data and solid lines repre-
senting the modeled data. NSE is Nash—Sutcliffe Efficiency and RMSD
is Root Mean Squared Deviation.

management treatments such as prescribed burning or slash-
pile burns. The timing of ignition of slash-pile burns, for
example spring versus fall (autumn) burns (high vs low soil
moistures), can now be considered and provide guidance on
expected maximum and duration of high temperatures using
the Massman HMV model.

Conclusions

Accurate modeling of soil temperatures is essential for pre-
dicting first- and second-order effects of soil heating in wild-
land fires. Using previously collected field datasets, this
evaluation suggests that the Massman HMV model performs
better than the Campbell model in simulating soil tempera-
tures and soil moisture transport for a variety of fuel and
initial moisture conditions in slash-pile burns, burn boxes,
prescribed fires and wildfires. The model estimates for all
four near-surface temperatures datasets were more accurate
than those for deeper soil layers owing soil moisture eva-
poration and condensation processes at greater depth.
However, the Campbell model performs satisfactorily for
shallow soil depths. In addition, it is less computationally
expensive than the more sophisticated Massman HMV
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model. The Massman HMV model has been incorporated
into FOFEM (ver. >6.7) for modeling fire effects and is
applicable under broader-scale situations such as wildfires,
prescribed fires and pile burns. This tool allows managers to
compare soil heating effects for various forest management
activities.

The scarcity of combined soil temperature and moisture
measurements during fires prevents further evaluation of
the soil moisture modeling component of this study. Soil
moisture may be important in modeling the formation of
water-repellent layers as well as seed source viability and
microbial activity. Future work should include improving
measurements of soil moisture concurrent with soil heating.
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Appendix

The Massman HMV soil heating model is fully incorporated into FOFEM (ver. 6.7 or greater; Lutes 2020). This appendix
provides a short description of the basic physical principles used to develop the model; however, for complete details, the
reader is directed to Massman (2021). The Massman HMV model is composed of the three coupled partial differential
conservation equations, namely the conservation of energy, soil liquid water and soil water vapor.

The conservation of energy is (Massman 2021, eqn 1):

oT o )\SGT

S —] =-L,S, + WS, = -L, X S,
ot 0z 0z

where C, (J m ™3 K1) is the volumetric specific heat of the soil, such that C; = C; (T, 6) is a function of both temperature T
(°C) and volumetric soil moisture, 8 (m® m™3), t (s) is time, z (m) is soil depth and A, (W m~' K™!) is soil thermal
conductivity, such that A, = As (T, 6, py); Ly = L(Tx) (J kg~ ') is the enthalpy of vaporization and - LS, represents the
change in enthalpy associated with evaporation or condensation. S, = S,(Tx, 6, v, py) is the source term for water vapor and
is discussed in more detail in Massman (2021). W S,, is the change in enthalpy associated with the heat of wetting (also
termed the heat of immersion), where W (J kgfl) is the heat of wetting and S,, (kg m~3 s 1) is the source term for water
liquid, or equivalently the sink term for water vapor, i.e. S,y = —S,. W can be interpreted as the additional enthalpy of
vaporization that is required to break the electrostatic bonds between molecular water and the soil mineral surfaces and for
modeling purposes, W = y.
The conservation of liquid water is as follows (Massman 2021, eqn 2):
00 9 [, 9P,

pwg - Pwa—z K, 2, + Ky — VG,surf = =S,

where p,, = pw(Tx) (kg m~3) is the density of liquid water, and vy, (dimensionless) is the non-dimensional form of y, i.e.
Wn = w/y+, where y» = —10° J kg~ ' is the nominal soil water potential of oven-dried soil (Campbell et al. 1995).
K, = Ku(Tx, wpn, 6) (m> s~ 1) is the hydraulic diffusivity, Ky = Ku(Tk, yn, 6) (m s~ 1) is the hydraulic conductivity, and
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Vosurt = Vosurt (T, 6) (m s~1) is the velocity of liquid water associated with surface diffusion of water. The hydraulic
conductivity functions (Massman 2021, eqn 3), K, (Tx, vy, 0) and Ky (Tk, y,, 6), are given as follows:

KK, KK
= TRPw Rsze and Ky = TRPw Rpwg
My My

Ky

where s, = puw(Tx) (P, s) is the viscosity of water, and g = 9.81 m s~ 2 is the acceleration due to gravity. K; (m?) is the
intrinsic permeability of the soil — here assumed to be constant and uniform throughout the soil profile. Kr = Kg (6, wyn, Tx)
(dimensionless) is the relative hydraulic conductivity (used to describe capillary flow in soils). The model for intrinsic
permeability is K; = (6.17 x 10~ *)d,? where d, (m) is the mean soil particle diameter.

The conservation of water vapor is given as follows (Massman 2021, eqn 4):

o —0)p, _ 3|, 9p

ot oz| ¢ oz

- (77 - 6)uvlpv =S,

where 7 (m® m ~3) is the total soil porosity, assumed to be temporally constant and spatially uniform, and (4 — 6) (m®m~3) is
the soil’s air-filled porosity. Dye = Dye(Tk, v, pv) (m s~ 1) is the (equivalent) molecular diffusivity associated with the diffusive
transport of water vapor in the soil’s air-filled pore space, where D, includes the enhancement factor developed by Campbell
et al. (1995).

The model includes improvements to the non-equilibrium vapor source term from Massman (2015, eqn 10), who adapted
the Hertz—-Knudsen equation to develop a new version of the non-equilibrium model parameter, S, (dimensionless):

RT

W

Sy = 'S; (Awa (G)Kepv,eq - Awa,drchPV)

where K. = 1 has been retained — as has the original formulation for A,,, (Massman 2015), as follows:
Awa (6) = Sw(1 - Sw)al + a [Sw (1 - Sw)]a3

where S,, = 0/7 is the soil water saturation and dimensionless parameters a; = 50 (rather than the original value of 40),
a, = 0.003 and a; = 1/8. This value for the parameter a; was chosen so that the maximum value of Ay, occurs at S,, = 0.02
(=1/a1) and is assumed to be where the soil surfaces are covered by a monolayer of water. Ay, ary = Awa(6), as long as
Sw =< 1/a;, and Ay, ary = max(A,) whenever S, 1/a;. In other words, Ay, ary differs from A, whenever the soil moisture is
so low that the soil particle surfaces are covered by, at most, a monolayer of water. Empirical tuning of S« and E,,, after
implementing the other changes, yielded 0.01 < S. < 0.1 and E,, = 10 kJ mol ~'. Together, these changes in S, improved
the model’s stability and robustness.

Other improvements were to the thermal conductivity (As, W m~ 'K 1) and high-temperature thermal (infrared) radiant
energy transfer within soil pore space, and are described in detail in Massman (2021, section 2.3). Basically, the vapor
‘distillation’ term (A,*), which accounts for the influence of evaporation, transport and condensation of water vapor, was
simplified. An explicit temperature-dependent thermal conductivity for mineral soil (quartz) and an approximation for the
soil particle density were also included.

The forcing function that drives the model is the energy that is input to the soil at its surface, denoted by Qr(t) (W m~2).
How that energy is divided between net infrared heat loss, convective heat loss, evaporation and soil conductive heating is

Table Al. Temperature statistical tests results obtained when comparing Massman HMV model and Campbell model with Manitou Center
slash-pile dataset for selected soil depths.

Massman HMV model Campbell model
Soil depth 0 cm 2 cm 5 cm 10 cm 0 cm 2 cm 5cm 10 cm
NSE 0.94 0.91 0.74 0.74 0.91 0.89 071 -1.40
RMSD 38.33 28.85 24.39 n.72 46.61 31.93 31.93 35.26
MAE 3217 26.03 20.52 9.04 39.77 27.10 29.77 3217
Corr 0.98 0.99 0.96 0.93 0.96 0.98 0.97 0.66
CRMS 33.97 28.85 24.38 10.96 45.61 3114 13.39 17.25

Nash-Sutcliffe Efficiency (NSE), Root Mean Squared Difference (RMSD), Mean Absolute Error (MAE), Correlation (Corr) and Centered Pattern RMS (CRMS).
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Table A2. Moisture statistical results obtained when comparing Massman HMV model and Campbell model with Manitou Center slash-pile
dataset for selected soil depths.

Manitou Center

Massman HMV model Campbell model
Soil depth 5cm 15 cm 5cm 12 cm
NSE 0.83 -31.77 0.76 -39.67
RMSD 0.02 0.08 0.03 0.09
MAE 0.01 0.07 0.02 0.08
Corr 0.93 -0.54 0.91 -0.74
CRMS 0.02 0.03 0.02 0.03

Nash-Sutcliffe Efficiency (NSE), Root Mean Squared Difference (RMSD), Mean Absolute Error (MAE), Correlation (Corr) and Centered Pattern RMS (CRMS). The
lowest modeled depth of the Campbell model, 12 cm, was used for this comparison. The Campbell model results at 12 cm would not be expected to differ greatly
from those at 15 cm.

Table A3. Temperature statistical test results obtained when comparing Massman HMV model and Campbell model with field-measured data
for selected soil depths for Busse 1 burn box dataset.

Busse 1

Massman HMV model

Soil depth 0 cm 25 cm 51 cm 10.2 cm 15.2 cm
NSE 0.92 -7.99 -0.61 0.76 0.65
RMSD 32.89 47.92 19.23 7.65 3.0
MAE 26.73 34.25 13.50 7.05 2.2
Corr 0.97 0.37 0.48 0.94 0.99
CRMS 29.52 44.09 17.01 5.94 3.0

Campbell model

Soil depth 0 cm 25 cm 51 cm 10.2 cm
NSE 0.87 -12.33 -144 -2.30
RMSD 40.04 58.34 23.69 28.09
MAE 35.52 47.24 20.74 2542
Corr 0.96 0.33 0.34 0.56
CRMS 36.27 56.87 23.301 12.83

Nash-Sutcliffe Efficiency (NSE), Root Mean Squared Difference (RMSD), Mean Absolute Error (MAE), Correlation (Corr) and Centered Pattern RMS (CRMS).

Table A4. Temperature statistics test results obtained when comparing Massman HMV model and Campbell model with field-measured data
for selected soil depths for Sackett and Haase 2 broadcast prescribed fire dataset using the Western USOT1 soil parameters.

Sackett and Haase 2

Massman HMV model Campbell model
Soil depth 1.9 cm 25 cm 1.9 cm 25 cm
NSE 0.89 0.61 0.81 0.52
RMSD 16.23 2117 21.34 2332
MAE 14.65 18.87 18.52 20.72
Corr 0.98 0.94 0.96 0.96
CRMS 15.33 21.17 21.19 2298

Nash-Sutcliffe Efficiency (NSE), Root Mean Squared Difference (RMSD), Mean Absolute Error (MAE), Correlation (Corr) and Centered RMS (CRMS).
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Table A5. Temperature statistics obtained when comparing Massman HMV model and Campbell model for the Cougar 1 Wildfire.

Cougar Transect 1

Massman HMV model

Soil depth 1ecm 2cm 3cm 4 cm 6 cm 8 cm
NSE 0.97 0.90 0.61 0.42 0.66 078
RMSD 83 9.8008 14.67 14.73 9.04 6.86
MAE 747 9.17 12.97 13.07 8.34 6.06
Corr 0.99 0.98 0.96 0.944 0.97 0.99
CRMS 7.8 6.23 9.04 8.71 5.09 373

Cougar Transect 1

Campbell model

Soil depth 1cm 2cm 3cm 4 cm 6 cm 8 cm
NSE 0.85 0.80 0.40 -0.25 -0.55 -0.93
RMSD 17.22 13.60 18.08 21.65 19.18 20.26
MAE 14.72 ni 17.26 20.89 18.78 19.61
Corr 0.98 0.98 0.97 0.97 0.96 0.95
CRMS 17.19 8.37 5.79 6.31 5.12 6.42

Nash-Sutcliffe Efficiency (NSE), Root Mean Squared Difference (RMSD), Mean Absolute Error (MAE), Correlation (Corr) and Centered RMS (CRMS) for the Cougar
Fire Transect 1 dataset.

expressed by the surface energy balance and the upper boundary conditions. For example, beneath a burning slash-pile,
surface heating may be combination of radiation and conduction; it may change over time as the pile burns and as the ash
accumulates and, at later stages of the burn, as the pile collapses. In the case of a moving fire front, radiant energy is clearly a
major driver, but thermal instabilities drive circulations ahead and behind the fire that input energy into the soil when these
circulations force hot air into contact with the soil, which may cause direct ignition of soil biomass ahead of the flame front as
well as vaporizing water. As the fire front passes, the forcing is likely to be a combination of conduction and radiation and
possibly convection, whereas, after the fire front, conduction is the major forcing in areas covered with burning biomass, and
radiant energy and convection in areas free of burning biomass. The lower boundary condition is the same pass-through or
extrapolative boundary condition that was used in Massman (2012, 2015), i.e. the second derivative, 92/9z% The lower
boundary is 0.60 m below the surface. This pass-through boundary condition is used because, for field-based applications, the
lower boundary condition will never be known, so it must be placed at a depth where it will not influence the model
predictions within the upper few centimeters of the soil.

The Massman HMV model (imbedded in FOFEM version >6.7, https://research.fs.usda.gov/firelab/products/
dataandtools/software/fofem/spatialfofem-fire-effects-model) is publicly available. The actual code (MALAB 2017) is also
publicly available via the Fort Collins, CO, Forest Service Research Data Archive at https://www.fs.usda.gov/rds/archive/
Catalog/RDS-2020-0077 (Accessed: January 2025; Massman 2021).
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