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Abstract The representation of vegetative sub-canopy wind is critical in numerical weather prediction
(NWP) models for the determination of the air-surface exchange processes of heat, momentum, and trace gases.
Because of the relationship between wind speed and fire behaviors, the influence of the canopy on near-surface
wind speed is critical for prognostic fire spread models used in regional NWP models. In practice, the wind
speed at the midflame point of fires (midflame wind speed) is used to determine the rate of fire spread. However,
the wind speeds from most in situ measurements and NWP models are taken at some reference height above the
canopy and fire flames. Hence, this study develops a modular and computationally-efficient one-dimensional
model set composed of a canopy wind model and a wind adjustment factor (W AF) model for NWP applications
across scales. The model set uses prescribed foliage shape functions to represent the vertical vegetation profile
and its impacts on the three-dimensional structure of horizontal wind speeds. Results from the canopy wind
model well agree with ground-based observations with average mean absolute bias, root mean square error and

determination coefficients around 0.18 m s_l, 040 ms™!

and 0.90, respectively. The WAF model provides
midflame wind speeds by estimating the WAF based on canopy, fire and flame characteristics. Various user-
definable options provide flexibility to adapt to variations in canopy characteristics and additional complexities
associated with wildfires. The model set is expected to improve NWP models by providing an improved

representation of the sub-grid wind flows at any spatial scale.

Plain Language Summary Compared to bare ground, wind speeds are reduced by the presence of
vegetation at the surface by the leaves and woody parts of plants, especially within forest canopies. The altered
wind speeds affect the atmosphere's stability and transport processes, as well as the spread of wildfires. Several
fire prediction models are connected with weather models; however, most weather models do not consider such
sub-canopy effects on reducing wind speeds as the vertical structure of vegetation are not included in the
models. Thus, this study presents a canopy model that can simulate the effects of vegetation, primarily forest
canopies, on horizontal wind speeds used in weather models. The canopy model also provides the estimation of
the wind speeds at the height of the midpoint of flame above ground level (midflame wind speed), which can
better describe fire behaviors for general use in fire prediction models. The model results agree well with both
above and below canopy top wind speed observations, and the midflame wind speeds are reliable when
compared to previous studies. The canopy model is expected to improve weather modeling by providing a better
representation of near-surface wind flow, particularly for areas covered by dense forest canopies.

1. Introduction

Winds in the boundary layer are strongly affected by vegetative canopies, especially regions of contiguous
forests. Due to the drag forces introduced by leaves and branches, horizontal wind speeds are reduced near and
within the canopy compared to the airflow above bare soil (Chen et al., 1993; Grimmond et al., 2000; Rau-
pach, 1991; Thom, 1971). The presence of vegetation increases turbulence near and within the canopy and in-
fluences atmospheric stability and the vertical exchanges of momentum, heat and water vapor (Poggi et al., 2004;
Raupach & Thom, 1981; Raupach et al., 1996). Moreover, the altered wind speeds can affect atmospheric
composition by modulating the dispersion and deposition rate of air components (Freire et al., 2017; Lamaud
et al., 2002; Makar et al., 2017). Since over 80% of the land on the Earth is covered by vegetation and nearly 30%
is covered by forests (Potapov et al., 2022), it is important for regional-to global-scale climate and numerical
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weather prediction (NWP) models, including coupled prognostic models, to have an accurate representation of the
land surface and more explicitly defined in-canopy wind speeds.

However, most NWP models assume a single layer of combined vegetation and soil (the “big-leaf ” approach) in
the coupled land surface models. For instance, vegetation is treated as part of the surface roughness and is not
vertically resolved in the Noah land surface model (Ek et al., 2003) that is widely used in the Weather Research
and Forecast (WRF) model (Skamarock et al., 2019). The near-surface wind speeds in NWP models are derived
from the wind speeds at the lowest model layer by assuming a logarithmic wind profile based on the Monin-
Obukhov similarity theory (MOST; Monin & Obukhov, 1954). In MOST, the ground is referred to the surface
roughness, which is the combination of vegetative canopy and bare soil, and wind speeds go to zeros at the height
of surface roughness (i.e., roughness length of the soil ground plus displacement height due to vegetation). In this
case, wind speeds at a given height above the ground are referred to a given height above the vegetative canopy,
and in-canopy wind speeds are usually not available in NWP models.

The lack of explicit in-canopy wind speeds in NWP models may not only affect the simulations for the transport
and deposition of air pollutants, but also for the emissions of various trace gases and aerosols. Wildfires emit large
amounts of aerosol and trace gases into the atmosphere (Andreae & Merlet, 2001; Crutzen & Andreae, 1990;
Kaulfus et al., 2017; Reid et al., 2005), and wildfires can be the main source of air pollutants in certain regions and
seasons. Fire emissions in nature are highly dependent on fire behavior (e.g., spread, duration and intensity) and
flame characteristics (e.g., flame height, length, and angle), which are highly sensitive to the underlying canopy
effects on winds (Liu et al., 2021). According to field measurements and laboratory experiments, fire spread is
linearly correlated with wind speeds (Beer, 1993; Cheney & Gould, 1995; Cheney et al., 1993, 1998;
Rothermel, 1972).

Most state-of-the-science prognostic fire spread models used in NWP models, such as the fire behavior module in
the WRF model (WRF-FIRE; Coen et al., 2013), SPread and InTensity of FIRE model (SPITFIRE; Thonicke
et al., 2010) and the Region-Specific ecosystem feedback Fire model (RESFire; Zou et al., 2019), are built based
on Rothermel's surface fire spread model (Rothermel, 1972). In Rothermel's model, wind speeds at the midflame
point (i.e., the midpoint of fire flame above the ground) are used to better describe the influence of wind speeds on
the spread of fires. In practice, most wind measurements and NWP models provide wind speeds at a height of
10 m above the vegetative canopy surface, which is usually much higher than fire flames. Thus, often a constant
scale factor is used to bring wind speeds from a reference height above the canopy (e.g. 10 m) down to the
midpoint of the flames (Andrews, 2012; Lawrence et al., 2019; Thonicke et al., 2010). However, the influence of
vegetative canopy is still not properly considered in such an approach since the vertical structure of canopy is not
resolved in NWP models. Hence, the application and evaluation of in-canopy wind speeds and the estimation of
the scale factor (hereafter referred to as the wind adjustment factor (WAF) adopted from Andrews (2012)) are
important to NWP models as well as to coupled prognostic fire spread models of wildfire spread and resulting
emissions, and such applications need to be evaluated for their practical usage. Mallia et al. (2020) found that the
application of in-canopy wind speeds and WAF improved the simulation of fire growth, heat release and smoke
dispersion by conducting a comprehensive investigation on fire behaviors and smoke plume rise, but their study
only focused on a prescribed burning case over the western Florida in the early November of 2012. Therefore, a
set of generalized and comprehensive formulations of in-canopy wind speed, flame height and WAF for cross-
scale NWP model applications remains lacking.

In this study, a modular one-dimensional model set composed of canopy wind and WAF components for regional-
and global-scale NWP applications (referred to as the “canopy wind model” and the “WAF model”, respectively)
is developed based on Massman et al. (2017). The canopy wind model is comprehensively evaluated against a
suite of flux tower above and within canopy wind observations, and the WAF model is evaluated against a
previous study for a historical fire case in 2018 to assess the derived WAF. Massman et al. (2017) provides an in-
canopy wind model that includes a self-consistent set of canopy wind speed and WAF formulations based on
prescribed foliage distribution shape functions allowing for a generalized application to various canopy types.
Furthermore, the simple analytical expressions for in-canopy wind speeds allow the models to run with minimal
computational cost, which is advantageous to already computationally expensive NWP models. As an extension,
the goal of this study is to create a canopy model set that can not only be used as a stand-alone application but also
be coupled with NWP models as an online model component. This manuscript is structured as follows. A brief
description of the canopy wind and WAF models, including adaptations of Massman et al. (2017), is given in

HUNG ET AL.

2 of 34



NI

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Advances in Modeling Earth Systems 10.1029/2024MS004300

Section 2. Evaluation of in-canopy wind speed by comparing against flux tower observations and sensitivity of
the performance of in-canopy wind speed simulation are discussed in Section 3. A comprehensive assessment of
the applications to regional NWP models of the canopy wind and WAF models, including examples of gridded in-
canopy wind speeds and evaluation of WAF estimation, is provided in Section 4. Possible sources of model
uncertainties and limitations are discussed in Section 5, with overall study conclusions in Section 6.

2. Model Description
2.1. In-Canopy Wind Model

Following Massman et al. (2017) (hereafter referred to as “M17”), the calculation of in-canopy wind speed in-
cludes two basic steps: (a) estimation of the canopy density profile from prescribed foliage shape functions and (b)
estimation of the wind profiles in the top and bottom portions of the canopy. First, the canopy density profile,
h,(£), is defined as the product of total plant density (i.e., plant area index, PAI) and canopy density fraction (i.e.,
fraction of bottom-up canopy density to total canopy density, FRAC(E) ):

Ja(©)

ha(E) = PAI X FRAC(E) = PAI e
© 8 © xfolfa(f)df

(1

where £ is the ratio of height of the level above ground (z) to height of the canopy top (canopy height, h), f,(£) is
1

the foliage distribution shape function, and [ f, (&) d¢ s the integration of f,(£) from the surface (& = 0) to the
0

canopy top (¢ = 1). The nondimensional term & allows the model to calculate the wind speed at any desired level
within the canopy independently, regardless of canopy type and structure. The mathematical expression of f, () is
shown below:

2
exp (—(5—;)) by SES T

u

Ja&) = @

2
exp(_(%(:iz_f)), 0<e<e
1

where &, is the height of the maximum plant density, and o, and o, are standard deviations of plant density
above and below &,,,., respectively. This form for the foliage distribution shape function is chosen for its
simplicity, generality, and computational efficiency. The three required parameters that describe the foliage shape
function (¢,,,,, 0, and o;) are determined based on the specific canopy type.

The approach used in M17 parameterizes f,(£) for eight canopy types, including aspen, jack pine, scots pine,
loblolloy pine, hardwood, corn, spruce, and rice, whereas the canopy wind model for regional to global scale
NWP applications must reclassify and/or simplify these canopy types into four grouped categories: evergreen
forest, deciduous forest, mixed forest, and generally low-lying vegetation. Mixed forest is defined as a combi-
nation of evergreen and deciduous forests. Low-lying vegetation includes grasslands and croplands by assuming
they share a similar foliage shape (Bonan et al., 2018). Shrublands are classified as mixed forest as they often have
a tree-like foliage density distribution. Note that the classifications of grasslands and shrublands are simplified
approaches following the canopy types reported in M17 and could result in potential uncertainties, as grasslands
and shrublands may have different foliage density shapes from croplands and forests, respectively. The reclas-
sifications are based on the annual surface type (AST; Huang et al., 2022) product from the Visible Infrared
Imaging Radiometer Suite (VIIRS) sensor onboard the Suomi National Polar orbiting Partnership (SNPP) sat-
ellite, which follows the International Geosphere-Biosphere Programme (IGBP) land cover classification that is
commonly used in regional/global scale NWP models. Figure 1 visualizes the f,(£) of four canopy categories
used in the canopy wind model, and Table 1 provides the f,(£) parameter values for each canopy category with its
corresponding VIIRS AST. The parameters are calculated by averaging the parameters of all associated canopy
types in the M17 model. For instance, the parameters for evergreen forest in the canopy wind model are the
average of those for spruce and pines in M17. Note that the parameters for low-lying vegetation are based on crops
(corn and rice) and may introduce potential uncertainties for grasslands.
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Figure 1. Foliage distribution shape function f,(£) for (a) evergreen forest, (b) deciduous forest, (c) mixed forest, and (d) low-
lying vegetations used in the canopy wind model. The associated parameter values are adapted from M17 and shown in
Table 1.

Two terms are required to calculate the in-canopy wind speed. The first term U,(&) describes the logarithmic
reduction of wind speed that dominates within the lower part of the canopy:

log (Z/ZO) = lOg (5/510) Z Z < h
Up(@) = {log (h/z) ~ log (1/6,5)" °7°7 3)
0, 0<z<z

Parameter Values of Four Canopy Categories Used in Equations 2 and 5 With Corresponding VIIRS AST

Canopy type in the present model Emax oy o} Cy VIIRS AST Canopy type in the M17 model

Evergreen forest 0.60 0.25 0.18 0.21 1,2 Spruce, Jack pine, scots pine, loblolloy pine

Deciduous forest 0.60 0.37 0.25 0.18 3,4 Aspen, hardwood

Mixed forest 0.60 0.29 0.21 0.20 5,6,7 Spruce, Jack pine, scots pine, loblolloy pine, Aspen, hardwood
Low-lying vegetation 0.780 0.265 0.525 0.300 8,9, 10, 12 Corn, rice

Note. The parameter values are calculated as the averages of the values of corresponding canopy types in M17.
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where z is the surface (i.e., bare soil) roughness length of the ground, and & is the ratio of surface roughness
length to the canopy height (i.e., &,y = zo/h). Following M17, £, = 0.0025 is used in the in-canopy wind speed
calculation in the canopy wind model by default. It is worth noting that this equation satisfies the no-slip lower
boundary condition, by reducing the wind speed to zero at the height of the surface roughness length to better
simulate a realistic vertical wind speed profile.

The second term U,(€) describes the reduction effects of vegetation on the wind speed near the upper part of the
canopy, which is dominated by drag effects:

cosh (N X FRACd(g)) 0< 5 <1 (4)

vie)= cosh (N) ’ -

where N is defined as the ratio of the total drag area (DRAG) to the canopy stress (CSTRESS):

_ DRAG _ C;Xx PAI
"~ CSTRESS ~ 2u**/u?

©)

where C,, is the drag area coefficient adapted from M17 (Table 1), . is the friction velocity at the canopy top, u, is
the wind speed at the canopy top, and FRAC,(£) is the fraction of the bottom-up integrated drag area to the total
drag area of the canopy. In the canopy wind model, the drag effect is assumed to be independent from the winds
and is dominated by canopy density. Thus, FRAC,(£) is approximately equal to FRAC(E), and U,(¢) can be
expressed as:

__cosh (N X FRAC(§))
U = SIS 0sest ©

The ratio u}/u, is calculated as:

u—” = — ¢, exp (—c3 X DRAG) @)

c

where ¢; = 0.38, ¢, = ¢, + ﬁ assuming a von Karman constant k = 0.4, and c; = 15.
20

Finally, the in-canopy wind profile u(&) can be expressed as the product of the two terms and the wind speed at
canopy top (u.):

2.2. Estimation of the Above-Canopy Wind Profile and Wind Speed at the Canopy Top

The estimation of u, is a critical task in terms of the u(£) calculation, since most in situ measurements and NWP
models provide wind speeds at some height well above the canopy. The distance between the height of the above-
canopy winds and the canopy top is defined as the reference height (e.g., reference height = 10 m for 10 m above
the canopy top). To calculate the winds at and above the canopy top, the canopy wind model adapts a variant of the
above-canopy log-wind speed profile from the community Noah land surface model with multiparameterization
options (Noah-MP) (He et al., 2023; Niu et al., 2011; https://github.com/NCAR/noahmp). The parameterization
is based on MOST and adjusted here to approximately account for the surface roughness sublayer (RSL) effects
above the canopy:

In(A,(z — d + 20)/z0)
ln(href/ZO)

u(z) = Uty X z2h ©)

where u(z) is the wind speed at level z above the ground, 4, is the reference height, u,,, is the wind speed at the
reference height above the canopy (reference wind speed), 4,, = 1.25 is adopted as the influence function
associated with the RSL effects in the M17 model, d is the zero-plane displacement height, and z is the surface
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(soil) roughness length. The limitation of z (i.e., z > k) restricts u(z) to be applicable to the wind speeds above the
canopy only. The log-wind profile formulation (Equation 9) is used as it is readily applied in NWP models and
applicable to combine with M17 in the approach described here. It is important to note that this formulation is
assumed to be under neutrally buoyant conditions based on MOST. Also, the use of 4, to represent the RSL
effects in the canopy wind model is a simplification, as the RSL effects vary with diabatic stability, wind speeds
and canopy characteristics (Abolafia-Rosenzweig et al., 2021).

Initial estimates for the NWP resolved z, and d are first made in the canopy wind model. The first-estimate z, is
taken from user input, while the d is initially estimated as 0.75 X h (canopy height) which is the typical
approximation in NWP models (Martano, 2000; Stull, 1988). The initial estimates are used to approximate u, and
u; calculations based on Equations 7 and 10, respectively. Afterward, d and z, are recalculated following M17
(see Appendix 1 for details) and the revised values are used for final u,. and in-canopy wind estimations. This is a
critical step as it closes the set of equations in the M17 model and takes into account the RSL and drag effects on
the final calculations of d and z,.

Finally, u(z) = u, when z equals canopy height (i.e., z = h):

In(A,s(h —d + 20)/20)

ln(href/zo) (10)

Ue = Upep

This function directly brings the wind speed at the reference height to the canopy top, providing a robust esti-
mation of u,.

2.3. Wind Adjustment Factor

The WAF model adopts the WAF calculation from M17, which is defined as the ratio of the midflame wind speed
(i) to the reference wind speed (u,,y) at the reference height above the canopy top (4,,r; 10 m by default). In a
simplified approach for regional and global NWP applications, u,,, is dependent on the height of the midflame
point and canopy type only.

The height of the midflame point (4,,;,) is simply defined as the one-half of the flame height (%4,,.) above ground
level:

1
Mmia = E X hflame (1n

However, definition of a gross flame height is difficult under this context of wildfires in regional to global NWP
systems, and such flame dimensions (including flame length and angle) are affected by multiple factors including
the overall ambient conditions, topographic characteristics, canopy structure, and more detailed plant trait in-
formation such as fuel type/load, age, stress, and moisture content. These canopy-associated factors are further
modulated by the fire environment, and thus result in complex relationships that can only be more comprehen-
sively modeled using mechanistic and computationally expensive fire behavior models (e.g., Zylstra, 2021). To
simplify the calculation for cross-scale NWP applications, the WAF model assumes that the flame height is equal
to the flame length (L) (i.e., under calm winds), such that the 4, may be approximated using only fire intensity
following Byram (1959) and Alexander (1982):

Rftame =L =ax 1’ (12)

a and g are fuel type and fire behavior dependent constants based on Alexander and Cruz (2012), which are
summarized in Table 2. To account for the variability of the relationship between fire height and fire intensity,
multiple formulations from various references are used for each vegetation type. The final estimate of /i, is
calculated as the average of the results of corresponding formulations using Equation 12 with associated a and /.
For example, the final estimate of /. for evergreen forest is calculated as the average of the Ay, results
derived from Equation 12 using each of the six a and f in Table 2.
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Table 2
Relevant Constants Used for Flame Height Calculation (Equation 12)
Vegetation type VIIRS AST a p Fuel/Fire type Reference
Evergreen forest 1,2 0.0775 0.460 Pine litter with grass understory Byram (1959)
0.074 0.651 Lodgepole pine slash Anderson et al. (1966)
0.0447 0.670 Douglas-fir slash
0.0147 0.767 Eucalypt forest Burrows (1994)
0.045 0.543 Maritime pine (head fire) Fernandes et al. (2009)
0.029 0.724 Maritime pine (backfire)
Deciduous forest 3,4 0.0377 0.500 Southern US Nelson (1980)
0.016 0.700 Excelsior Weise and Biging (1996)
Mixed forest 5 0.0377 0.500 Southern US Nelson (1980)
Low-lying vegetation: Shrubland 6,7 0.475 0.493 Litter and shrublands Nelson and Adkins (1986)
0.0075 0.460 Fynbos shrublands van Wilgen (1986)
0.087 0.493 Shrublands Vega et al. (1998)
0.0325 0.560 Shrublands Catchpole et al. (1998)
0.0516 0.453 Shrublands Fernandes et al. (2000)
Low-lying vegetation: Grassland and cropland 8,9, 10, 12 0.0775 0.460 Pine litter with grass understory Byram (1959)
0.00015 1.750 Grasslands (head fire) Clark (1983)

0.000722 0.990 Grasslands (backfire)

In Equation 12, [ is the fire intensity over a linear distance, which here is estimated using fire radiative power
(FRP) from satellite observations across a given model grid resolution (dx):

FRP
I= I (13)
Satellite FRP is commonly used as an input of the prognostic fire spread models in operational NWP models, such
as the High Resolution Rapid Refresh for Smoke (HRRR-Smoke; Ahmadov et al., 2017) and the Aerosol Forecast
Member in the Global Ensemble Forecast System (GEFS-Aerosols; Zhang et al., 2022), to determine the fire
location and intensity in near real time. The linkage of / and FRP provides the WAF model a simple and efficient
manner to calculate WAF for NWP models across scales.

The model grid-cell vegetation/canopy type based on VIIRS AST is used as a binary determination for whether
the fires are above or below the canopy, and further affect the estimation of u,,;;. Following M17, fires that occur
within tall and dense canopies such as forests are assumed to be sub-canopy fires, and thus the midflame wind
speed is affected by both the wind reduction within the canopy and the MOST + RSL effects in the region
between the reference height above the canopy and the canopy top. The WAF for sub-canopy fires can be
expressed following M17 as:

zn(/lm ‘;0%’1)

U,
WAF = u(&,q) X @ = Uy (&nia) Ur(Enia) Xl <l h,.é,f/h+1—,1/h) (14)

rs 20/h

where &, is the ratio of the midflame height to the canopy height (i.e., &,y = Mua/h), d is the zero-plane
displacement height, z, is surface roughness length, and #,,, is the reference height. The definitions of d/h
and zo/h, which are functions of canopy height, friction velocity and canopy stress, can be found in Appendix 1.

Fires that occur in short vegetation such as grass and crops are assumed to be above-canopy fires, where the
flames typically extend higher than the canopy top. In this case, the midflame wind speed is mainly affected by the
wind reduction due to the MOST + RSL effect above the canopy top, and is therefore defined as the average over
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the flame above the canopy top (i.e., between h and h + hyyy,.). The WAF for above-canopy fires can be
expressed as:

hethfiame R prame/h+1—d/h 1
hflfmw-/’; s M(Z) dz ll’l(/lrsﬁT> —14+6x 1[1(3 + 1)
WAr= - hyor/h+1—d/h (15)
quf ln(/lrs = 20/h )
with

1—-d/h
- ’ (16)

h flame/ h

Detailed definitions of each factor and discussion about the sensitivities of WAF can be found in M17.

2.4. Model Configurations

The canopy model set (i.e., the canopy wind and WAF models) has a user-defined vertical resolution (above and
below canopy), which uses 100 vertical layers from the surface to 50 m above ground level with an interval of
0.5 m by default. Vegetation-type dependent PAI look-up tables from Katul et al. (2004) are used for PAI
estimation by default; however, PAI parameterizations based on Equation 19 from M 17, leaf area index (LAI) that
could be retrieved from either model products or observations, and user-defined, spatially-constant PAI options
are also available. Equation 19 from M17 formulates PAI as a function of canopy height, canopy cover and crown
ratio, while canopy cover is assumed to be canopy fraction, and crown ratio is calculated as one-third of canopy
fraction according to Andrews (2012) in the canopy wind model. Furthermore, when LAI is provided as input to
the canopy wind model, PAI can be determined by following the PAI-LAI relationship based on a combination of
Equations 10 and 14 from Zou et al. (2009):

PAI = LAI/(1 — a) a7

where a is the woody-to-total area ratio that describes the contribution of woody components to the total area of
plant. Typically, a plant is considered as a combination of leafy and woody components (Chen & Cihlar, 1995;
Kucharik et al., 1998; Li et al., 2018; Olivas et al., 2013; Zou et al., 2009), and thus 1 — a describes the
contribution of leafy components to the total area of plant. In the canopy wind model, « is vegetation type
dependent and is determined based on previous studies (Chen et al., 1997; Fang et al., 2019; Gower et al., 1999;
Kucharik et al., 1998).

Moreover, the canopy wind and WAF models are able to use both one-dimensional single location data and two-
dimensional gridded data sets over any given domain as inputs. In the latter case, the models identify the presence
of vegetation (canopy grids) based on user-defined thresholds of canopy height, canopy fraction, and LAI. More
details are given in Section 4.

The required input variables for the in-canopy wind and WAF calculations in the canopy wind and WAF models
are summarized in Table 3. In this study, the climatological forest height of 2020 derived from the global
ecosystem dynamics investigation (GEDI) measurements blended with Landsat archive data (Potapov
et al., 2020) is used as forest canopy height. The 2020 climatological forest fraction is from the moderate res-
olution imaging spectroradiometer collection 6.1 (MODISv061) (DiMiceli et al., 2022), and the 2020 monthly
average of LAl is from the VIIRS vegetation health product (VHP; Myneni & Knyazikhin, 2018). Since this study
primarily focuses on forest canopy, GEDI forest height and MODIS forest fraction are used as the proxy of
canopy height and canopy fraction, respectively. For model evaluation, the reference wind speed is from the wind
measurements at selected ground-based sites. For the assessment of gridded data and NWP model application, the
reference wind speed is based on the horizontal wind speeds at 10 m above the surface from the High-Resolution
Rapid Refresh version 3 (HRRRv3; Alexander et al., 2010; https://rapidrefresh.noaa.gov/hrrr/). HRRR is an
operational atmospheric model at the National Oceanic and Atmospheric Administration (NOAA) National
Centers for Environmental Prediction (NCEP), providing near-real-time hourly weather forecasts for the United
States. The surface roughness length (z,), which is used as the initial first guess in u, calculation, is also from
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Table 3

List of Input Variables of the Canopy Wind and Wind Adjustment Factor

Models and Data Sets Used in This Study

Variable

Data source

Latitude (degree)

Longitude (degree)

Time

Canopy height (m)

Reference wind speed (m s7h
Vegetation type (dimensionless)
Leaf area index (m> m~2)
Reference height (m)

Canopy fraction (dimensionless)
Surface roughness length (m)

Fire radiative power (MW)

GLAD?

Ameriflux®, GOA®, HRRRv3*
VIIRS AST®

VIIRS VNP*

Ameriflux, GOA

MODIS v061¢

HRRRv3

RAVE"

Note. Note that fire radiative power is used for WAF calculation only. *https://
glad.umd.edu/dataset/GLCLUC2020. https://ameriflux.lbl.gov/. “https://
www.arm.gov/research/campaigns/amf2014goamazon. dhttps://rapidrefresh.
noaa.gov/hrrr/; https://home.chpc.utah.edu/~u0553130/Brian_Blaylock/cgi--
bin/hrrr_download.cgi. ®https://www.star.nesdis.noaa.gov/jpss/st.php. ‘https://

Ipdaac.usgs.gov/products/vnp15a2hv001/.
ucts/mod44bv061/. "https://sites.google.com/view/rave-emission/.

HRRRv3. FRP from the Regional advanced baseline imager (ABI) and VIIRS
fire Emissions (RAVE; Li et al., 2022) is used for WAF estimation. RAVE is
a fire emission inventory that provides hourly FRP and fire emissions with a
spatial resolution of 3 km. RAVE products are based on the ABI onboard the
Geostationary Operational Environmental Satellite R Series (GOES-R), and
the VIIRS sensors onboard SNPP and Joint Polar Satellite System (JPSS)
satellites. Detail of each data set can be found in cited references.

3. Model Evaluation

The canopy wind model is evaluated by comparing simulated wind profiles
with horizontal wind speed measurements deployed on flux towers. Ameri-
flux is a network of ground-based flux sites covering major vegetation can-
opies such as forest, savanna, and grassland in North and South America.
Wind speed measurements from four operational Ameriflux sites across the
contiguous United States (CONUS) that contain at least three measurements
within the canopy and have continuous observations for at least one summer
season are used, including Willow Creek (US-WCr), Bartlett Experimental
Forest (US-xBR), Chestnut Ridge (US-Chr) and Lower Teakettle (US-xTE)
sites. Additionally, in-canopy wind speeds are evaluated against observations
from a fifth site taken from the Green Ocean Amazon (GOA) field campaign
(Freire et al., 2017; Fuentes et al., 2016; Santos et al., 2016). GOA was

g Qe COQ _ . . . . ..
https://lpdaac.usgs.gov/prod-- oo formed at a research site located in the Amazon rainforest in the Cuieiras

Biological Reserve, Brazil. The continuous wind speed observations at

multiple levels within the canopy at GOA makes it an ideal site for in-canopy
wind evaluation. The information for and locations of selected sites are shown in Table 4 and Figure 2. The wind
speeds at selected sites are measured by sonic anemometers (model CSAT3, Campbell Scientific, Inc. and model
Young-81000, Young) with offset error less than +0.08 m s~ (https:/www.campbellsci.com/csat3 and https://
www.youngusa.com/product/ultrasonic-anemometer/).

For Ameriflux sites, consistent summer seasons are used to minimize the influence of the seasonal variations of
PAI As for the GOA site, a full-year period is used by assuming a less variable climate and relatively minimal
PAI seasonal variations in tropical regions throughout the year compared with the Ameriflux sites. The wind
profiles with wind speeds equal to zero at all sites and the wind profiles with outliers (i.e., mean plus three times of
standard deviation, which is ~5.8 m s~") at GOA site are omitted from the analysis. Hourly wind profiles at 1800
UTC (1,100-1400 LT) and 0600 UTC (2300-0200 LT) are used to represent daytime and nighttime wind profiles,
respectively. The reference wind speed, reference height, canopy height, and vegetation type are determined
based on site characteristics, while initial surface roughness length is taken as that used for the site's location in

Table 4
List of Selected Horizontal Wind Tower Sites
Lon, lat Canopy

Site name (degree) Vegetation type  height (m) Measurement height (m) Time period

Willow creek, WI (US-WCr) UTC-5 —90.08, 40.81  Mixed forest 243 12.20, 18.30, 24.40%*, 29.60** 1 June-30
September 2016

Bartlett experimental forest, UTC-4 —71.29, 44.06 Mixed forest 23.0 0.56, 2.48, 15.50, 19.20, 25.48%*, 35.68%** 1 June-30

NH (US-xBR) September 2019

Chestnut ridge, TN (US-Chr) UTC-5 —84.33,3593  Mixed forest 25.0 5, 10, 15, 20, 25%, 30**, 35, 40, 45, 50 30 May-11
September 2018

Lower teakettle, CA (US-xTE) UTC-6 —119.01,37.00 Evergreen forest 32.0 0.29, 2.79, 9.48, 18.01, 26.22, 32.08*, 58.71** 1 June 1-30
September 2020

Green Ocean Amazon (GOA) UTC-4 —60.21, —2.60  Mixed forest 35.0 1.40, 7.00, 13.65, 18.20, 22.05, 24.50, 31.50, 23 Mar 2014-16

35.00%, 40.25%*, 48.30 January 2015

Note. The measurement heights closest to the canopy top and at the first level above the canopy at each site are marked with asterisks and double-asterisks, respectively.

HUNG ET AL.

9 of 34


https://www.campbellsci.com/csat3
https://www.youngusa.com/product/ultrasonic-anemometer/
https://www.youngusa.com/product/ultrasonic-anemometer/
https://glad.umd.edu/dataset/GLCLUC2020
https://glad.umd.edu/dataset/GLCLUC2020
https://ameriflux.lbl.gov/
https://www.arm.gov/research/campaigns/amf2014goamazon
https://www.arm.gov/research/campaigns/amf2014goamazon
https://rapidrefresh.noaa.gov/hrrr/
https://rapidrefresh.noaa.gov/hrrr/
https://home.chpc.utah.edu/~u0553130/Brian_Blaylock/cgi-bin/hrrr_download.cgi
https://home.chpc.utah.edu/~u0553130/Brian_Blaylock/cgi-bin/hrrr_download.cgi
https://www.star.nesdis.noaa.gov/jpss/st.php
https://lpdaac.usgs.gov/products/vnp15a2hv001/
https://lpdaac.usgs.gov/products/vnp15a2hv001/
https://lpdaac.usgs.gov/products/mod44bv061/
https://lpdaac.usgs.gov/products/mod44bv061/
https://sites.google.com/view/rave-emission/

NI

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Advances in Modeling Earth Systems 10.1029/2024MS004300

Table 5
List of the Evaluation Sets

(a) Ameriflux sites (b) GoAmazon site
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Figure 2. Location of (a) Ameriflux sites and (b) GoAmazon site.

HRRRv3 and friction velocity is calculated by the canopy wind model (Equation 7). Note that the canopy height
(24.3 m) and measurement height (24.4 m) at US-WCer site are adjusted to 24.5 m, and the measurement height
(32.08 m) at US-xTE site is adjusted to 32.0 m to fit to the model resolution (0.5 m).

Three sets of model simulations are evaluated, and are summarized in Table 5. First, the wind profiles from the
surface to the maximum model level (i.e. 50 m) (hereafter referred to as the “full wind profile”) at selected sites
are analyzed to evaluate the overall performance of the canopy wind model. Wind speeds at the reference heights
(hyer), which are determined based on the measurement height at each site, are used as the reference wind speeds
(urer). Here the contributions from both the MOST + RSL effects above the canopy top and foliage density below
the canopy top are considered. While the measurement heights vary with sites, the maximum measurement level
may extend above the model layers at some sites. Second, the wind profiles within the canopy (in-canopy wind
profile) at selected sites are analyzed by using the wind speeds at the canopy top (h,,; = 0) as the reference wind
speeds with a focus on the evaluation of the foliage effects on wind speeds. Third, multiple in-canopy wind
profiles with different PAI options, vegetation type settings and model vertical resolution configurations at US-
xTE site are compared for model sensitivity test.

3.1. Full Wind Profile Comparison

Evaluation of wind profiles from the surface to the maximum model level (i.e. 50 m), including both in-canopy and
above-canopy winds, are discussed in this section. The wind speed measurements at the first level above the canopy
at selected sites are used as the reference winds (u,,). Different reference heights (4,,,) are applied as the mea-
surement heights vary by site, and the selected measurement heights at each site are marked with double-asterisks in
Table 4. Figure 3 shows the observed wind profiles, comparisons of the mean wind profiles of model results and
observations, and scatter plots of observed and model wind speeds at selected sites. Note that the maximum

Evaluation set

Selected site

Time

Description

Full wind profile

In-canopy wind profile

Model sensitivity test

US-WCr
US-xBR
US-Chr
US-xTE
GOA
US-WCr
US-Chr
US-xTE
GOA
US-xTE

0600 and
1800 UTC

0600 and
1800 UTC

0600 UTC

Wind speeds at the reference heights (h,.), which are determined based on the
measurement height at each site, are used as the reference wind speeds (u). Both the
MOST + RSL effects above the canopy top and foliage density below the canopy top
are considered.

Wind speeds at the canopy top (k. = 0) are used as the reference
winds (u,) to focus on the contribution of foliage effects within the canopy.

In-canopy wind profiles using six PAI options, four vegetation types
and four model layer configurations are compared.
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Figure 3. Observed horizontal wind profiles (far left panels), comparisons of
model wind profile with observations at 0600 UTC and 1800 UTC (middle
two panels), and scatter plots of observed and model wind speeds at 0600
UTC and 1800 UTC (far right panels) at (a) Willow Creek, (b) Bartlett
Experimental Forest, (c) Chestnut Ridge, (d) Lower Teakettle, and

(e) GoAmazon sites. In the observation plots (far left), blue and orange lines
are the horizontal wind profiles at 0600 UTC and 1800 UTC, respectively.
Pink and red horizontal lines show the height of the canopy top (i.e., § = 1)
and the measurements at the first level above the canopy top, respectively, and
the distance between the two heights is the reference height. The comparison
profile plots (middle two) show the mean and range of wind speeds for model
results (orange profiles) and observations (blue dots) across site-specific time
periods (see Table 4), and the gray dots show the associated mean biases (model
—observation). The scatter plots (far right) show the model wind speeds and
observations above (filled circles) and within (non-filled circles) the canopy.

measurement height at US-xTE site (58.71 m) is beyond the maximum model
level (50 m) and thus the measurements at this level are not available for
evaluation. Table 6 shows the average observed wind speeds, the mean ab-
solute biases (MABs) between model and observed mean wind profiles, and
the root mean square errors (RMSEs) and coefficients of determination (R?) of
observed and model wind speeds. Mean absolute biases, RMSEs and R?s for
the in-canopy section of the full wind profiles (i.e., wind profiles within the
canopy) are also calculated. Overall, the shape of model wind profiles is
generally consistent with previous studies (Abolafia-Rosenzweig et al., 2021;
Andrews, 2012; Bonan et al., 2018; Harman & Finnigan, 2007). Model wind
profiles all show a similar pattern with a logarithmic profile above the canopy,
associated with the MOST+ RSL effects, and an approximately exponential
profile within the canopy that is affected by canopy density. Furthermore, a
turning point at the canopy top is found in model wind profiles (Figure 3) due to
the transition from the MOST + RSL effects above the canopy to foliage/drag
effects below the canopy top.

The model wind profiles generally capture the variation of wind speeds with
the range and average of MABs (RMSEs) around —0.25-0.56 m s71(0.13-
0.70 m s™") and ~0.18 m s™" (~0.40 m s™"), respectively, and the average
values for R? is around 0.90. The comparable MABs, RMSEs and R?s for
daytime and nighttime indicate that the canopy wind model captures well the
diurnal variability of wind speeds. Additionally, relatively larger biases are
commonly found near the canopy top (¢ ~ 1) for all sites (Figure 3), sug-
gesting the influence of the MOST + RSL effects and the uncertainties of the
simple RSL influence function (4,, ) used in u, estimation (Equation 10) when
adjusting wind speeds from the reference height to canopy top. The use of a
constant 1,, = 1.25 to estimate the RSL effect above the canopy top is indeed
simplified, while in reality the RSL effect is highly variable due to canopy
characteristics and atmospheric stability (Abolafia-Rosenzweig et al., 2021;
Bonanetal., 2018; Harman & Finnigan, 2007, 2008; Physick & Garratt, 1995).
Furthermore, since in-canopy wind speeds (u(&) are proportionally adjusted
based on initial . values (Equation 8), the biases in u. estimation propagate
downward and impact u(£) estimation in the canopy wind model. For instance,
positive biases at the canopy top tend to result in an overestimation of in-
canopy wind speeds at US-WCr site, while negative biases at the canopy
top lead to a general underestimation of in-canopy wind speeds at US-xTE
sites. These results emphasize the critical role of u,. estimation in in-canopy
wind speed estimation and possible uncertainties from the selection of 4,.

3.2. In-Canopy Wind Profile Comparison

The previous section demonstrated the significant impacts of the MOST +
RSL approximations on calculation of u, and resulting in-canopy winds.
Thus, this section focuses on evaluating only in-canopy portion of the full
wind profiles. This is accomplished by constraining the upper boundary of the
canopy wind model via the use of observed wind speeds near the canopy top
as the reference (i.e., h,,; = 0). This approach effectively removes the un-
certainties from the MOST + RSL approximation above the canopy. Results
at four of the sites with wind measurements near the canopy top (US-WCr,
US-Chr, US-xTE, and GOA sites) are analyzed in Figure 4 and Table 7.

Overall, model results show good agreement with observations, as the range
and average of MABs (RMSEs) is around —0.18-0.06 m s (0.12-0.33 m s_l)
and —0.05 ms™" (0.20ms™"), respectively, and average R*s over 0.70. There is
a general underestimation of model in-canopy wind speeds compared to
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Table 6

Average Observed Wind Speeds (m s™') and Mean Absolute Biases (m s~') of Average Wind Profiles, and Root Mean Square Errors (m s~') and Coefficients of
Determination (R?) of Observed and Model Wind Speeds at Selected Sites With Specific Reference Heights (i.e., hyer # 0) at 0600 and 1800 UTC

0600 UTC 1,800 UTC
Wind Mean absolute Root mean Wind Mean absolute ~ Root mean square
Site speed (m s7h bias (m s71) square error (m s7h R? speed (m s7hH bias (m s™") error (m s~ 1) R?
Full wind profile
US-WCr 1.04 + 1.04 0.56 + 0.27 0.63 0.90 1.01 + 1.02 0.50 + 0.26 0.56 0.90
US-xBR 0.61 £+ 0.69 0.25 £ 0.51 0.56 0.94 0.95 £0.95 0.36 £ 0.60 0.70 0.97
US-Chr 1.49 + 1.33 0.16 + 0.32 0.35 0.87 1.42 + 1.38 0.13 £ 0.30 0.33 0.91
US-xTE 0.44 = 0.31 —0.18 £ 0.15 0.23 0.74 0.68 = 0.65 —0.16 £ 0.18 0.24 0.93
GOA 0.53 £ 0.60 0.07 £ 0.11 0.13 0.81 0.64 = 0.67 0.08 £ 0.14 0.16 0.80
Average 0.82 £ 0.39 0.17 £ 0.24 0.38 = 0.19 0.85 £ 0.07 0.94 = 0.28 0.18 £ 0.23 0.40 £ 0.20 0.90 £ 0.06
Full wind profile within the canopy (£ <1)
US-WCr 0.30 £ 0.36 0.57 £ 0.32 0.88 0.66 0.31 + 0.36 0.50 = 0.30 0.84 0.68
US-xBR 0.34 £ 0.25 —0.06 £+ 0.23 0.25 0.59 0.44 + 0.31 —0.01 £ 0.26 0.28 0.63
US-Chr 0.44 + 0.22 0.04 = 0.37 0.41 0.13 0.47 £ 0.30 —0.02 £ 0.33 0.40 0.27
US-xTE 037 £0.23 —0.23 £ 0.09 0.28 0.60 0.49 £ 041 —0.23 £ 0.09 0.25 0.89
GOA 0.35 £ 0.39 0.02 = 0.08 0.21 0.65 0.35 £ 0.39 0.03 £ 0.10 0.22 0.70
Average 0.36 + 0.05 0.07 = 0.27 0.41 £ 0.25 0.52 = 0.20 0.41 + 0.07 0.03 £ 0.25 0.40 = 0.23 0.63 = 0.20

Note. Absolute bias is calculated as model - observation. The averages across selected sites are also calculated.

observations, except for US-WCr and GOA sites with MABs close to zero. The best agreement appears at US-xTE
site with the lowest MABs and RMSEs (~-0.05 and 0.12 m s7h respectively) and the highest R? (>0.90). The
similar range of MABs across four sites indicates good representation of the foliage shape distribution function

f,(&) for various canopy types. Moreover, model results are significantly improved compared to those affected by

the MOST + RSL approximations used in the full wind profile comparisons (see Figure 3 and Table 6), with lower
MABs at US-WCr and US-xTE sites, and higher values of R* at all sites. Note that the magnitude of MABs for in-
canopy winds at US-Chr site are actually lower (Table 6: 0.04 + 0.37 m s~ ') when using a reference height above
the canopy (i.e., i, = 10 m), when compared to the in-canopy only evaluation (Table 7: —0.18 £ 0.21 ms™ ") using
a boundary condition at the canopy top (i.e., i, = 0). This is due to the relatively large positive MAB near the
canopy top at US-Chr (Figure 3c) that compensates for the negative MAB below the canopy, underscoring the
importance of MOST + RSL approximations in deriving . for in-canopy wind estimation. A similar situation
happens at GOA site, although the negative MAB near the canopy top (Figure 3e) that compensates for the positive
MAB below the canopy, leading to relatively lower MABs (Table 6: 0.03 + 0.10 m s~ ') when using a reference
height above the canopy (i.e., h,,; = 5.25 m) compared to the in-canopy only (i.e., /s = 0) evaluation (Table 7:
0.06 £ 0.10ms™").

Naturally, there are both mean and turbulent components of the actual winds that mix air of different wind speeds
both above and within the canopy. At the flux tower sites, using eddy covariance one can artificially separate the
winds (which the sonic anemometers measure fairly accurately) into its mean and turbulent components. The
results suggest, however, that the relatively simple and efficient analytical canopy wind model for the attenuation
of the above canopy wind speeds can well capture the profile distribution of observed, actual winds.

Moreover, in-canopy wind profiles are further separated into the upper (¢ > 0.6) and lower (£ < 0.6) parts of the
canopy to better understand the representativeness of foliage distribution shape function. The average wind
speeds and MABs between the model and observed mean wind profiles, and RMSEs and Rs of model and
observed wind speeds in two categories are calculated (Table 7). The boundary of the upper and lower canopy
(¢ = 0.6) is determined based on the height of the maximum plant density (¢,,,,; Table 1). Results show that the
average wind speeds in the upper canopy are about 2—4 times larger than those in the lower canopy, except for US-
Chr site, where the average wind speeds in the upper and lower canopies are comparable. The higher wind speeds
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Figure 4. In-canopy wind profile at 0600 UTC (left panel) and 1800 UTC
(middle panel) and scatter plots of observed and model wind speeds at 0600
UTC and 1800 UTC (right panel) at (a) Willow Creek, (b) Chestnut Ridge,
(c) Lower Teakettle, and (d) GoAmazon sites. In the in-canopy wind profiles
(left and middle), brown and orange profiles show the mean and range of in-
canopy wind speeds for the model with A,.; # 0 and h,,; = 0, respectively,
and blue dots show the mean and range of in-canopy wind speeds for
observations. Gray dots are the mean biases between the model result with
hyes = 0 and observation (model result—observation). The mean and range are
calculated for the time periods at each site (Table 4). In the scatter plots, gray
dots are the paired in-canopy wind speeds of observations and model results
with h,,,#0, while red and orange dots are the paired in-canopy wind speeds of
observations and model results with h,,, = O at the upper and lower canopies,
respectively.

in the upper canopy are expected because wind speeds reduce with increasing
distance downward from the canopy top (Massman et al., 2017). However,
model biases show an opposite trend, while the average MABs and RMSEs
are relatively lower in the upper canopy, and then increase in the lower
canopy. The model wind speeds also show significantly better agreements
with observations in the upper canopy (average R? ~ 0.9) compared to the
lower canopy (average R* ~ 0.1-0.3). In addition, the canopy wind model
shows larger underestimates of the wind speeds in the lower canopy at US-
Chr (Figure 4b) and US-xTE (Figure 4c) compared with other sites. The
larger wind speeds in observations may be impacted with the relatively
minimal canopy understories at US-Chr and US-xTE sites. If there are fewer
branches and leaves near the bottom of forest canopies compared to the
amount of drag assumed by the canopy wind model, the observed wind speeds
are less restricted and thus introduce secondary increases within the lower
part of the canopy (Boudreault et al., 2014; Shaw, 1977). This phenomenon,
however, could also be associated with stronger in-canopy turbulence
affected by the terrain and real plant foliage (see above discussion and further
information in Raupach & Thom, 1981). In other words, the foliage distri-
bution shape function f,(£) used for u(£) estimation in the canopy wind
model cannot resolve the secondary increases in wind speeds (Figure 1).
Furthermore, the secondary increases may also depend on canopy type,
season, and other atmospheric dynamical/stability effects. The strong wind
speeds exceeding 6 m s~ at £ = 0.4-0.6 are occasionally observed at GOA
site during nighttime, indicating a potential diurnal dependence of the sec-
ondary increases (e.g., nocturnal jet effects (Bai & Schumacher, 2020)). In
addition, most popular wildfire fuel data sets (e.g., LANDFIRE (https:/
landfire.gov/about.php)) are based on satellite measurements which often do
not provide information of the canopy structure within the forest. Hence, it is
difficult for the canopy wind model to simulate the secondary peaks without
abundant observations and explicit foliage density profiles from regional to
global scales in NWP application. Note that the nighttime gusts at GOA site
are identified as outliers (i.e., strong wind speeds that are generally larger than
6 m s~! and exceed the mean plus three times of standard deviation
~5.8 m s~') and are omitted from the analysis.

3.3. Model Sensitivity

The sensitivity of the canopy wind model to canopy characteristics is
investigated by examining three key model configurations: PAI options,
vegetation type and vertical layer resolution. Three PAI estimation ap-
proaches are available in the canopy wind model, including the vegetation-
type dependent PAI look-up tables from Katul et al. (2004), PAI parame-
terizations based on Equation 19 from M17, and retrieval from user-defined
LAI based on the PAI-LAI relationship from Zou et al. (2009). User-defined,
spatially-constant PAI is also available as the fourth option. PAI has a deci-
sive impact on the canopy density profile /,(£) (Equation 1) and the calcu-
lation of total drag area (Equation 5). The estimations of d and z, are also
affected as they are functions of and total drag area and canopy stress
(Equation 5 and Appendix 1). Meanwhile, vegetation type determines the
necessary parameters for canopy density profile estimation (Table 1 and
Figure 1), the PAI value when the Katul PAI option is used, and the woody-to-
total ratio (a) for PAI estimation when LAI input is provided (Equation 17).
This sensitivity test focuses on the impacts of vegetation type on canopy
density profile estimation and PAI values by using the PAI look-up tables
from Katul et al. (2004).
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Table 7

Average Observed Wind Speeds (m s~' ) and Mean Absolute Biases (m s™') of Average In-Canopy Wind Profiles, and Root Mean Square Errors (m s~*) and Coefficients
of Determination (R?) of Observed and Model Wind Speeds at Selected Sites With hyer = 0 at 0600 and 1800 UTC

0600 UTC 1,800 UTC
Mean absolute ~ Root mean square Wind speed  Mean absolute ~ Root mean square
Site Wind speed (m s7h bias (m s™}) error (m s~ 1) R? (m s bias (m s™) error (m s 1) R?
In-canopy wind profile with £, = 0
US-WCr 0.30 = 0.36 0.05 + 0.08 0.14 0.85 0.31 £ 0.36 0.04 + 0.08 0.16 0.83
US-Chr 0.44 £ 0.24 —0.18 £ 0.21 0.30 0.25 0.47 = 0.30 —0.18 £ 0.21 0.33 0.36
US-xTE 0.37 £ 0.23 —0.05 £ 0.12 0.12 0.91 0.49 + 041 —0.10 £ 0.05 0.12 0.97
GOA 029 + 0.33 0.01 = 0.04 0.16 0.83 0.35 = 0.39 0.06 = 0.10 0.18 0.85
Average 0.35 = 0.06 —0.04 £ 0.09 0.18 + 0.07 0.71 £0.27  0.41 £0.08 —0.05 £ 0.10 0.20 + 0.08 0.75 £ 0.23
In-canopy wind profile in the upper canopy (¢ > 0.6)
US-WCr 0.36 + 0.38 0.08 + 0.09 0.15 0.85 0.37 £ 0.39 0.07 £ 0.08 0.16 0.84
US-Chr 0.43 £ 0.30 0.07 £ 0.08 0.19 0.85 0.48 + 0.37 0.06 £+ 0.07 0.23 0.88
US-xTE 0.66 + 0.24 0.10 + 0.08 0.07 0.94 1.02 + 0.39 —0.07 £+ 0.06 0.04 0.99
GOA 0.48 + 0.40 0.02 = 0.02 0.19 0.83 0.60 + 0.45 0.09 £ 0.11 0.21 0.86
Average 048 £0.11 0.07 £ 0.03 0.15 + 0.05 0.87 £0.04 0.62+£0.25 0.04 = 0.06 0.16 + 0.07 0.89 = 0.06

In-canopy wind profile in the lower canopy (¢ <0.6)

US-WCr 0.07 = 0.10
US-Chr 045 £ 0.15
US-xTE 0.26 + 0.08
GOA 0.12 £ 0.08
Average 023 £0.15

0.00 0.11 0.08 0.11 £ 0.15 —-0.4 0.13 0.08
—0.35 £ 0.05 0.42 0.05 0.47 £0.23 —0.35 £ 0.07 0.44 0.20
—0.13 £ 0.03 0.14 0.41 0.29 £ 0.15 —0.12 £ 0.01 0.14 0.78
—0.01 £ 0.04 0.10 0.02 0.14 £+ 0.09 0.04 £+ 0.08 0.11 0.00
—0.12 £ 0.14 0.19 £0.13 0.14 £ 0.16 025 £0.14 —0.21 £ 0.18 0.21 £ 0.14 0.27 £ 0.31

Note. The averages across selected sites are also calculated. Note that there is only one measurement in the lower canopy at US-WCr site.

The in-canopy wind profile at 0600 UTC with 4, = 0 at US-xTE site (Figures 4c—41) is used as the test case. US-
xTE site is selected because of the multiple wind measurements from the surface to canopy top, the lack of
significant nighttime gusts, and the good agreement between model simulations and observations at this site. The
nighttime wind profile is selected to minimize the potential effect of boundary-layer turbulence due to daytime
surface heating. The average LAI value at US-xTE site is about 1-3 m? m™2 according to field measurements
(Tang et al., 2014), and VIIRS LAI values are similarly around 1.5-2 m* m™~2. By default, the model layer
resolution is set as 0.5 m, vegetation type is set as evergreen forest, and PAI is 3.5 m® m™2, as determined
using the Katul et al. (2004) look-up table. The model sensitivity to a specific parameter is evaluated by modi-
fying the parameter of interest while keeping others unchanged.

Results of in-canopy wind profiles using different model configurations are shown in Figure 5 and Table 8.
Overall, the canopy wind model shows a high sensitivity to PAI options (Figures 5a and 5b). For user-defined PAI
(Figure 5a), PAI values on the low (high) end of what is observed at US-xTE site (~1-3 m* m™?) leads to weaker
(stronger) drag effect and wind reduction, and results in over (under) predictions of in-canopy wind speeds
(Figure 5a). From this sensitivity test, it appears that a PAI value of 2 m®> m~? generally provides the best
agreement for model in-canopy winds compared to observations with the lowest MAB and RMSE (Table 8),
indicating that a PAI value of 2 m? m~? is representative of the canopy characteristics at this site.

As for the PAI estimation approaches (Figure 5b), the PAI values based on the look-up table from Katul
et al. (2004), Equation 19 from M17 and VIIRS LAI are 2.90, 15.81 and 1.77 m? m~2, respectively. The vari-
ability of the shape of in-canopy wind profile reflects the diversity of PAI values among three approaches as the
highest PAI based on the Equation 19 from M 17 results in the strongest wind reduction effects. The PAI look-up
tables from Katul et al. (2004) generally provide a better estimation of PAI values and good agreement with
measured mean in-canopy wind speed profiles. The PAI parameterization from M17 generates overestimated PAI
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Figure 5. In-canopy wind profiles with (a) user-defined plant area index (PAI) values of 1-3, (b) PAI estimation based on the
Katul et al. (2004) look-up table, Equation 19 in M17 and VIIRS LAl retrieval, (c) four vegetation categories, and (d) vertical
layer resolution of 0.25, 0.5, 1 and 5 m at Lower Teakettle site, 0600 UTC. The model configuration for each run is the same
except for the listed parameters.

values and underestimated in-canopy wind speeds (Figure 5b). The PAI overestimation of the Equation 19 in M17
is influenced by its dependence on canopy height and canopy fraction, which leads to high PAI in dense and tall
forests (i.e., large values of canopy height and canopy fraction). Also, the experiment using LAI-derived PAI
demonstrates the reliability of VIIRS LAI retrievals and the PAI-LAI relationship, and further supports previous
studies (Xiao et al., 2016; Xu et al., 2018; Yan et al., 2018) from a perspective of in-canopy wind estimation.

The canopy wind model also shows a high sensitivity to canopy type (Figure 5c), mainly associated with its
contribution to the estimation of PAI and canopy density shape. The PAI values for evergreen forest, deciduous
forest, mixed forest, and low-lying vegetation are 2.90, 4.10, 3.71 and 3.02 m> m73, respectively, showing a small
variability compared with those derived from different PAI estimation approaches. The model results mainly
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Table 8
Mean Absolute Biases (m s~') and Root Mean Square Errors (m s™') of Model In-Canopy Wind Profiles With Heer =0
Compared to Observations at US-xTE Site, 0600 UTC

Model configuration Mean absolute bias (m s™) Root mean square error (m s7hH
PAI option
User-defined PAI = 1 0.13 £0.12 0.19
User-defined PAI = 2 0.02 = 0.10 0.09
User-defined PAI = 3 —0.05 £ 0.12 0.13
PAI option = Katul —0.05 = 0.12 0.12
PAI option = Equation 19 in M17 —0.20 £ 0.11 0.24
PAI derived from VIIRS LAI —0.08 = 0.08 0.14

Vegetation type

Evergreen forest —0.05 = 0.12 0.12
Deciduous forest —0.10 £ 0.10 0.14
Mixed forest —0.09 £ 0.11 0.15
Low-lying vegetation —0.14 = 0.09 0.18

Model layer resolution

Sm —0.07 £ 0.11 0.12
I m —0.06 = 0.12 0.12
0.5 m —0.05 = 0.12 0.13
0.25 m —0.05 = 0.12 0.13

Note. The model configuration for each run is the same except for the listed parameters.

diverge in the upper canopy, above & ~ 0.6, due to varying canopy density functions for four canopy types
(Figure 1). Overall, the influence of vegetation type on the in-canopy wind calculation in terms of the deter-
mination of PAI values and drag coefficients based on the look-up table from Katul et al. (2004) is minor.

The canopy wind model generates comparable results with different vertical layer resolution, showing negligible
sensitivity to model layer resolution (Figure 5d). The differences of MAB and RMSE are minor even when the
model layer resolution is increased by 20-fold (5 m compared to 0.25 m) (Table 8). This finding indicates that the
canopy wind model provides reliable results when run at coarser vertical resolutions, thereby making the canopy
wind model computationally efficient and thus beneficial to regional and global NWP applications.

4. Application to Regional NWP Modeling

As an extension of the single-point approach in M17, the canopy wind model is able to provide the estimation of
the three-dimensional structure of horizontal wind speeds and canopy effects by using two-dimensional gridded
data sets over any given domain as inputs. To estimate the influence of the canopy on wind speeds, the canopy
wind model first identifies and defines the lower thresholds for presence of vegetation. For instance, model grids
with a user-defined canopy height >0.5 m, canopy fraction >0.1, and LAI >0.1 m* m™2 are used as filters to
identify canopy grids, whereas elsewhere the grid cells are ignored in the model simulation. It should be noted that
these are relatively low thresholds for the presence of contiguous forest canopies; however, this work aims to
demonstrate the influence of the canopy wind model across a range of vegetation heights above the surface.
Ultimately, such model grid cells are still only considered if there is a valid climatological forest height observed
by the gridded satellite product, hence suggesting the presence of a forest canopy.

In this section, model results using two-dimensional gridded data sets over the CONUS are discussed. The
example of gridded model results shown here uses the model configurations including model maximum height as
50 m, model layer resolution as 0.5 m, reference height as 10 m, PAI values based on the look-up table from Katul
et al. (2004), and the canopy filters listed previously. The following discussion primarily focuses on forest
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Figure 6. The (a) global ecosystem dynamics investigation climatological forest height in 2020, (b) MODIS climatological forest fraction in 2020, (c) monthly average
of VIIRS LAI in September 2020, and (d) daily average of horizontal wind speed at 10 m above the canopy (where present) from HRRRv3 (reference wind) on 15
September 2020. The daily average of horizontal wind speeds at (e) 1, (f) 5, (g) 10, (h) 20, and (i) 30 m above the ground affected by canopies on 15 September 2020. (a—
d) are used as inputs to the canopy wind model, and (e—i) are model results. Note that the regions identified as without a canopy are ignored in the canopy wind model.

regions, as it is these regions with the most significant data availability, contiguous canopy coverage, and overall
in-canopy wind reduction. Therefore, forest height and forest fraction are used as the proxy of canopy height and
canopy fraction, respectively, in the following discussions. Note that all the model results shown in this section
are based on the same model configurations, except for the WAF assessment in Section 4.3 in which a 2020
Californian fire case is discussed.

4.1. Spatially Varying Horizontal Wind Speeds and Canopy Effects

Figures 6a—6c¢ illustrates the gridded canopy height, canopy fraction, and LAI over the CONUS from
September 2020 (same for March 2020 in Appendix Figure B1). The example reference wind speed is based on
the horizontal wind speeds at 10 m above the surface from the HRRRvV3 initial analysis field (Figure 6d). Like
most NWP models, HRRRv3 relies on the “big-leaf” approach and a MOST surface-layer parameterization,
where the surface is treated as bare soil and/or vegetation with no explicit vertical representation (Dowell
et al., 2022). Thus, the HRRRv3 diagnostic 10-m wind is technically taken 10 m above the canopy (where
present), and derived from the entire model prognostic log wind profile that goes to zero at the height of the
surface element's roughness length plus the displacement height (dependent on prescribed vegetation type).
Therefore, the height of the HRRRv3 diagnostic 10-m wind above ground is not exactly 10 m and varies by
spatially dependent canopy height.
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Figure 7. (a) Blended daily average of 10-m wind speeds on 15 September 2020, and (b) absolute difference and (c) relative
difference between the 10-m wind speeds obtained by the canopy wind model and 10-m reference wind speeds (i.e., model—
reference).

Figures 6e—6i shows the horizontal wind speeds at various levels from 1 to 30 m above the ground considering the
influence of canopy, with inclusion of the full wind profile (i.e., from the surface to model maximum height 50 m
for above and below the canopy top) generated by the canopy wind model. Grid cells that do not satisfy the canopy
filters (canopy height > 0.5 m, canopy fraction > 0.1, and LAI > 0.1 m? m™?) are transparent. Most forests are
taller than 5 m (Figure 6a ~97%), and thus the 1-m and 5-m wind speeds (Figures 6e and 6f) have widespread
reductions compared with the reference wind speeds (Figure 6d). Due to the influence of an explicitly defined
canopy wind model here, the calculated 10-m wind speeds above the ground are less than 2 m s~ over ~75% of
all forests (Figure 6g). Moreover, wind speeds increase when heights become higher within or above the canopy
top. For instance, 30-m wind speeds are about double that of 20-m wind speeds over the southeastern US
(Figures 6h and 61), as the average height of the forests over this region is about 20-25 m. Thus, the 30-m wind
speeds are generally above the forest canopy tops in this region. However, 30-m wind speeds are significantly
reduced in the western US, where about 20% of identified forests are taller than 30 m.

Figure 7a is an example of the blend of simulated 10-m wind speeds at identified forest grids and reference wind
speeds (i.e., HRRRv3 diagnostic 10-m wind speeds) at canopy-free grids that do not satisfy the canopy filters
(canopy height < 0.5 m, canopy fraction < 0.1, and LAI < 0.1 m* m™2). By assuming canopy height equals to
0 m at canopy-free grids, reference wind speeds at those grids could be used as the approximations of actual 10-m
wind speeds above the ground. Figures 7b and 7c show the absolute difference and relative difference between the
wind speeds simulated by the canopy wind model and reference wind speeds (difference = model—reference).
The blended wind speeds may be more representative of the near-surface airflow, as the reference wind speeds,
technically, are the diagnostic wind speeds at 10 m above the canopy instead of 10 m above the ground. In
practice, the typical 10-m wind speeds from NWP models can serve as a first guess for in-canopy wind speed
estimation to generate the blended wind speeds. It is important to mention that canopy fraction of 0.1 and LAI
of 0.1 m* m™2 suggest a sparse vegetative canopy, which may introduce uncertainties in the representation of
in-canopy wind speed when a coarse grid resolution is used.

However, it is worth noting that the different surface parameterizations in the canopy wind model and HRRRv3
(i.e., vertically resolved canopy and “big-leaf” approach, respectively) could lead to inconsistencies in the cal-
culations of z;, d, and wind speeds. The inconsistencies, as a limitation of the canopy wind model, may introduce
uncertainties to the blended wind speeds and future potential applications.
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Figure 8. The daily average of (a) fire radiative power from RAVE, (b) flame height, (c) wind adjustment factor, and (d) midflame wind speeds on 15 September 2020.

4.2. Estimation of WAF and the Midflame Wind Speed

A useful application of the WAF model is the estimation of midflame wind speed (u,,;;) of wildfires using WAF
based on the results from the canopy wind model and approximated fire characteristics, thus providing valuable
information for potential usage in prognostic fire spread calculations in NWP models. Verification of the WAF
calculation also follows the approach in M17 and is further discussed in Appendix 3. Here the location and in-
tensity of active wildfires are identified using the FRP product from RAVE. Daily average FRP over CONUS on
15 September 2020 is used in this study (Figure 8a).

Figure 8b illustrates the estimated midflame height (%,,.) following the approach described in Section 2.3.
Figures 8c and 8d are the WAF and midflame wind speeds at model grids with valid canopies (i.e., passing the
three canopy filters discussed previously), respectively. The wildfires in California and Oregon generally have
higher flame heights about 0.3—0.5 m compared to the fires in the southeastern US due to stronger FRP exceeding
100 MW. However, wildfires in the western US show lower WAF with an average of 0.06 £ 0.11, while the
average WAF over the southeastern US is about double (0.13 + 0.14). This is because of the taller forests in the
western US compared to the southeastern US. In this approach, the estimated flame heights are generally lower
than 0.5 m, and thus wind speeds could be reduced significantly when occurring below the relatively tall western
canopies, resulting in low WAF and midflame wind speeds. Note that the wind speeds at grids without valid
canopies are assumed to be unaffected by the canopy. The midflame wind speeds for those grids should be the
same as the reference wind speeds and are not discussed in this study.

4.3. Assessment of the WAF for NWP Applications

Typically, gridded fire intensity (e.g., FRP) is a known piece of information at any given forecast time in
prognostic fire behavior models coupled in NWP models (e.g., WRF-FIRE (Coen et al., 2013)). With the
meteorology and fire intensity provided by NWP models as well as vegetation type and external canopy data, the
WAF model can calculate WAF and midflame wind speeds, which can be applied to prognostic fire behavior
models for fire spread prediction and the estimation of the fire intensity for future time steps. This process can be
repeated until the end of a forecast simulation.
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Figure 9. Comparison of the rates of spread (ROS) during the Doe Fire speeds and terrain slope on ROS are different in two models (the Rothermel's
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Rothermel's fire spread model using midflame wind speeds estimated by the
wind adjustment factor (WAF) with different flame height options in the

model and CFFBPS), the uncertainties associated with fuel categorizations
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WAF model. Red stars are the ROS reported in Varga et al. (2022), in which scope of this work. The configurations of the WAF model results discussed in
the Canadian Forest Fire Behavior Prediction System and effective wind this section are the same as those used for the canopy wind model in Sec-
speeds were used. Note that the units of wind speeds and ROS from Varga tion 4.2, except for the time and domain of interest which are based on Varga
et al. (2022) are converted to m s~ for easy comparison. et al. (2022), and flame height options.

Figure 9 illustrates the daily ROSs from Varga et al. (2022) and those calculated based on the WAF and midflame
wind speed using different flame height options, including default FRP-dependent flame heights (ensemble
approach based on Alexander and Cruz (2012)), FRP-dependent flame heights but with enhanced FRP values by
applying a factor of 10, constant flame heights of 2 and 4 m, and flame heights equal to full and half that of the
canopy heights. Table 9 summarizes the average wind speed, flame height and ROS for each option. Although
Varga et al. (2022) reported four daily ROS values (Table 3 in Varga et al., 2022) from 18-22 August, 2020, in
this case, model grids may exist that have valid FRP values but no valid canopies on 18 August in the WAF model.
Such points are removed from the analysis due to the inability of the WAF model to calculate valid WAF
estimates.

Results reveal that the ROSs based on midflame wind speeds show an overall comparable range with Varga
et al. (2022), while 10-m wind speeds produce significantly higher ROS. This finding verifies the validity of the

Table 9

Average Wind Speeds, Flame Heights and Rates of Spread of the Doe Fire During 19-22 August From Varga et al. (2022)
and Those Estimated by the Rothermel's Fire Spread Model Using Wind Adjustment Factor and Midflame Wind Speed With
Different Flame Options

Wind speed (m s~ ") Flame height (m) ROS (ms™)
Varga et al. 142 £ 0.78 - 0.090 £+ 0.014
10-m wind 322 +£0.83 - 0.134 £+ 0.021
Midflame wind: FRP-dependent 0.44 £ 0.37 0.89 £ 0.54 0.072 £ 0.005
Midflame wind: FRP-dependent with FRPx10 0.61 = 0.52 2.58 £1.55 0.075 £ 0.007
Midflame wind: 4 m flame 0.73 = 0.46 4.00 0.077 £ 0.007
Midflame wind: 2 m flame 0.53 +£0.43 2.00 0.074 £ 0.006
Midflame wind: hg,, . =h 0.80 = 0.60 12.81 = 8.36 0.078 = 0.010
Midflame wind: hg,,. = 1/2 hr 0.64 = 0.50 6.40 + 4.18 0.075 £ 0.007

Note. Values for August 18th are removed from the analysis due to the lack of identified valid canopies in the WAF model.
Here, hg, . refers to the flame height and & refers to the canopy height.
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WAF from the WAF model, as usage of typical NWP 10-m wind speeds (i.e., wind speeds at 10 m above the
canopy) are much higher than the effective wind speeds from Varga et al. (2022) and do not account for the
canopy-induced wind reductions. Among all flame height options, the default FRP-dependent option shows the
lowest average flame height of 1 m, leading to the lowest average midflame wind speed (0.44 + 0.37 m s™') and
ROS (0.072 + 0.005 m s V). According to Alexander and Cruz (2012), which summarized the range of
flame heights from 18 field and laboratory studies, the value of flame height varies from 0.1 m to over 10 m with
an average around 2 m, while the estimated flame heights from the WAF model demonstrate a realistic range
from near 0-2 m. However, gridded FRP products usually provide average FRP values per grid cell instead of
values for individual fires, and likely underestimate the fire intensity after averaging. The underestimation of FRP
could lead to underestimations of flame height and midflame wind speed, and eventually, an underestimation
of ROS.

Further, results show the sensitivity of ROS on flame height and midflame wind speed. A positive correlation is
found among the three parameters, with higher flame heights leading to stronger midflame wind speeds and
ROSs. These results are consistent with the core assumptions of the WAF model and Rothermel's fire spread
model, as midflame wind speeds are determined by the heights of fire midpoint, and ROSs are linearly correlated
with wind speeds. Such positive correlation provides the possibility of improving ROS estimates by providing a
better estimation of midflame wind speeds from the WAF model.

5. Discussion

As discussed in Section 3.3, the canopy wind model is sensitive to the selection of PAI and the overall canopy
density profile that is based on a prescribed foliage distribution shape function f,(£) . Although the vegetation-
type-dependent PAI look-up table from Katul et al. (2004) introduces generally realistic results, the simplifica-
tion of canopy characteristics may not properly describe realistic canopy structures, leading to possible un-
certainties in the calculation of in-canopy wind profile. On the other hand, the PAI parameterization based on
Equation 19 from M17 provides an “effective PAI” that considers canopy characteristics such as forest canopy
height and cover fraction, as well as leaf sheltering effects (Massman et al., 2017). Further, the reclassification of
canopy types (i.e., using four canopy categories rather than eight canopy types) based on M17 in this study (from
eight canopy types to four categories) and the use of canopy-type-dependent prescribed foliage distribution shape
function f,(£) may miss the regional variations of canopy density (e.g., canopy understories) for a given canopy

type.

To rectify some of the uncertainties discussed above, additional canopy cover and vertical profile metrics data are
available via the space-borne lidar measurements from the Global Ecosystem Dynamics Investigation (GEDI;
Dubayah et al., 2021), including the vertical profiles of PAI and plant area volume density (PAVD). Several
researchers have demonstrated that GEDI canopy products show generally reliable performance when compared
with airborne laser measurements in temperate forests (Dhargay et al., 2022; Wang, Jia, et al., 2023, Wang, Jia,
et al., 2023). Although validations on other canopy types and regions are necessary, GEDI PAI and PAVD
profiles have been shown to capture realistic canopy vertical structures. Therefore, GEDI PAI and PAVD profiles
could potentially improve the accuracy of in-canopy wind speed estimation by providing a better representation of
the canopy density profile in the canopy wind model.

The use of a simplified RSL influence function 4, is another source of uncertainty in the in-canopy wind
profile estimation, as the RSL effect varies with canopy characteristics and boundary layer conditions.
Although A, is tunable, its impacts on canopy wind profile estimation are minor and the canopy wind
model nearly shows no sensitivity to the selection of ,,, probably due to the relatively limited value range
in its application (Appendix 5). Harman and Finnigan (2007, 2008) proposed a more complicated and
comprehensive unified RSL turbulence theory based on MOST, providing a self-consistent set of formu-
lations of wind speeds, surface radiation and turbulent fluxes, and the surface exchange processes of heat
and moisture above and within the vegetative canopies. This theory has been applied and validated in land
surface models (e.g., Abolafia-Rosenzweig et al., 2021; Bonan et al., 2018; Shapkalijevski et al., 2016,
2017), showing good agreements for above- and in-canopy wind speeds. Application of such explicit RSL
parameterization could potentially improve the performance of modeled in-canopy wind speeds by providing
a better estimation of the wind speed and more seamlessly transitioning between regimes at the air-canopy
interface.
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A major concern of the WAF and midflame wind speed estimations comes from the estimation of flame height.
The influence of underestimated gridded FRP on flame height and WAF estimation has been tested and discussed
in Section 4.3. Also, previous studies show that most intense fires are crown fires (i.e., fires burning at the crown
top), and the flame heights of these crown fires are comparable to the canopy heights (Andrews et al., 2011;
Stocks et al., 2004; Taylor et al., 2004; Wagner, 1977). Fire spotting (i.e., the scatter of burned objects that could
ignite new fires at distance away from the flame) is often observed in crown fires, and spotting distance is affected
by wind speeds (Albini et al., 2012; Alexander & Cruz, 2011; Koo et al., 2010). Hence, the flame height derived in
the WAF model might be too low, and the resultant midflame wind speeds could underestimate the speed at which
crown fires spread. To address this issue, the WAF model has the flexibility to use either a constant user-defined
flame height, flame heights as a fraction (<1) of canopy heights, or adjusted flame heights for crown fires. When
the crown fire option is used, wildfires with fire intensity (Equation 13) greater than 1700 MW m~' (Andrews
et al., 2011) are identified as crown fires, and the wind speed at the canopy top (u.) is used as the midflame wind
speed. An evaluation of model simulations using different flame height options is conducted and the details are
presented in Appendix 6. Results show that the influence of different flame height options may be limited over tall
forest regions because the midflame point is still well within the deep canopy and the wind speeds are signifi-
cantly affected by the canopy.

Moreover, fire behaviors are not explicitly simulated in the WAF model. For instance, the calculation of WAF
only considers the wind reduction due to the canopy and does not account for fire behaviors and their feedback.
The interaction between fires and winds is a two-way process in nature. Wind speed and direction could affect the
geometrical features and spread of fires (Cheney et al., 1993, 1998; Cheney & Gould, 1995; Linn & Cunning-
ham, 2005; Sutherland et al., 2023), while the overall dynamical circulations and resulting wind speeds near and/
or within fire flames may be enhanced due to the heat released by fires (Eftekharian et al., 2018, 2019a, 2019b,
2021). Such fire feedbacks could be approximately addressed by applying an influence factor of 1-2 to the
estimated midflame wind speeds according to Eftekharian et al.’s research. However, fire feedbacks are highly
variable and case dependent, and are cutting-edge areas of research for canopy and/or regional to global-scale
NWP models used to simulate the complexity of fire behaviors. Ultimately, bridging the gap between such
local-scale fire behavior and their feedbacks and regional to global-scale NWP modeling is a major challenge
facing the community today.

The canopy model set (i.e., the canopy wind model and the WAF model) currently runs as an offline standalone
application with preprocessed vegetative canopy inputs. In the future, the canopy model set presented here is
anticipated to be coupled with NWP models as an online canopy component via its own column physics routines
(e.g., Common Community Physics Package (CCPP); https://dtcenter.org/community-code/common-commu-
nity-physics-package-ccpp) or as a separate Earth System Model Framework component (e.g., NOAA's Unified
Forecast System (UFS); https://ufscommunity.org/). This is envisioned by coupling and driving the canopy model
set using other physical components and above canopy initializations from the land surface and planetary
boundary layer models, while being supplemented by external satellite-derived vegetative canopy inputs. For
instance, non-observed land surface properties (e.g., model resolved surface roughness length and friction ve-
locity) from the land surface model, 10-m wind speeds from the weather model, and fire characteristics (e.g.,
FRP) from the fire behavior model components in NOAA's UFS could be used as initialized/boundary inputs for
the canopy wind and WAF models, whose products (e.g., WAF and midflame wind speed) could be further passed
back to the UFS weather and fire behavior models for the estimation of the spread of fire and fire forecast. This is
one of the many potential applications of a future online-coupling of the canopy model within NOAA's UFS for
NWP applications.

6. Conclusions

This study develops and evaluates a stand-alone, modular one-dimensional canopy model set, including a canopy
wind model and a WAF model, for cross-scale NWP modeling applications. The canopy wind model is based on
Massman et al. (2017), which is desirable because of its simplicity and flexibility of the asymmetric gaussian
distribution function that can be applied as prescribed, vertically resolved foliage shapes for different gridded
vegetation types globally. The canopy wind model provides estimations of the vertically resolved horizontal wind
speeds uniformly above and below the canopy based on the MOST and simple RSL effects.
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Overall, the canopy wind model well simulates the three-dimensional structure of horizontal wind speeds affected
by the canopy with relatively low biases compared to vertical wind profile measurements at four Ameriflux and
one GoAmazon sites. Derivation of blended canopy-resolved wind fields could provide a better representation of
near-surface wind flow in regional to global NWP applications, particularly for areas covered by dense canopies.
Furthermore, the WAF model is capable of estimating the wind speeds at the midflame point of active wildfires
(midflame wind speed) based on fire characteristics (e.g., fire intensity), which could be used for the estimation of
the rate of fire spread in fire behavior models and better represent the wind flows associated with fire behaviors.

The major sources of uncertainties in the canopy model set include (a) the use of the arbitrary shape and
prescribed canopy foliage density functions applied to different vegetation types, (b) the simplified RSL
influence function, (b) the biases in flame height estimation due to underestimated fire intensity and varying
fuel and fire types such as crown fires, and (d) the lack of local-scale fire feedbacks on dynamical cir-
culations and wind enhancements. Despite these potential limitations, the user-definable (and tunable) op-
tions in the canopy wind and WAF models provide users the flexibility to adjust control factors according to
user applications. Also, such flexibility of adjusting FRP value and flame height provides the WAF model
the potential to be integrated with fire behavior models to generate an interconnected workflow for the
estimation of fire spread in NWP modeling systems. Future work includes a built-in ROS calculation based
on Rothermel's fire spread model, improved 2D and 3D canopy representation using GEDI observations
from space, and direct connection of the impacts of in-canopy wind and WAF model explained here to
NWP and related fire behavior models, as well as improved verification against observed events within
these contexts.

Appendix A: Definitions of Zero-Plane Displacement Height and Surface Roughness
Length

Following Massman et al. (2017) (M17), the zero-plane displacement height (d) is calculated based on its
relationship with the canopy height (h):

Ji FRAC,(&)éde

= [1 — FRAC,(0)] X
Ji FRAC,(¢) d¢

(AD)

S

where £ = % and FRAC,, is the fraction of the friction velocity at the desire height (z) to the friction velocity at the
canopy top (h):

cosh [q*N X FRACd(é)]
cosh (q*N)

FRAC,(¢) = . 0<ex<l (A2)

with
4s = qu + qp exp (—q.N) (A3)

where g, = 4.02 — g, g, = 2/(1 - e‘l) , and g. = 0.6. Note that FRAC,(¢) is equal to FRAC(E) as the drag
effect is assumed to be independent from the winds and is dominated by canopy density in this study.

The surface roughness length (z;) is calculated as:

% _ _d i
h _’1”‘(1 h)xex” ( k CTRESS) (A4)

where A,, = 1.25 is the default value of RSL effect in the M17 model, k = 0.4 is the von Karman constant, and
CTRESS is canopy stress. Note that z, from the input list is used as a first guess for u, estimation, which is further
applied to CTRESS and zy/h calculation in the canopy wind model.
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Figure A1. The dependencies of (a) % and (b) % on drag area index following the &,,,, = 0.8 configuration in Figure 5 and 6 in
M17, respectively. Red and green lines are for above-canopy and sub-canopy fires, respectively.
The calculation of d and z, is verified following the approaches in M17 and the results are shown in Figure Al.
The variations of % and 2 from the canopy wind model are comparable with the results shown in Figures 5 and 6 in
M17, respectively. The differences in % and % may be due to different model layer resolution configurations and
the use of input variable z; as first guess for u, and CTRESS calculation.
Appendix B: Regional NWP Modeling Application-March 2020 Case
Along with the discussion in Section 4, a case on 1 March 2020 is demonstrated as an additional example of the
application of the canopy wind model. Similarly, the wind speeds (Figures Ble—B1i) are significantly reduced to
less than 2 m s~ over forest regions, and start to increase when heights become higher within or above the canopy
top. Figure B2 is an example of the blended 10-m wind speeds at identified forest grids. Also, the low flame
heights result in low WAF values and midflame wind speeds (Figure B3), as the wind speeds are significantly
reduced by the forest canopy over the southeastern US.
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Figure B1. Same as Figure 6 but for 1 March 2020.
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Figure B2. Same as Figure 7 but for 1 March 2020.
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Appendix C: Evaluation of Wind Adjustment Factor
The calculation of WAF in the WAF model is verified following the approaches in M17. Results are shown in
Figure C1.
Overall, the WAF model generally produces reasonable WAF values in general compared with Figure 9 in M17.
The WAF from the WAF model shows a similar trend to Figure 12 in M17. WAF values are constrained to less
than 0.1 for the sub-canopy case while they grow rapidly with flame height for the above-canopy case. A
discontinuity at the canopy top (10 m) is also found, showing different characteristics for sub- and above-canopy
fires. Low WAF values due to high PAI values in a dense canopy (canopy fraction = 0.8) based on both PAI
options are expected; although the Katul et al. (2004) look-up table provides constant PAI values based on
vegetation type only, the PAI parameterization in Equation 19 of M17 is canopy-height- and canopy-fraction-
dependent. Therefore, the low PAI values in a sparse canopy (canopy fraction = 0.3) generated by M17
approach result in significantly high WAF values compared to a dense canopy. This could be a possible source of
uncertainty in the WAF application.
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Figure C1. The dependencies of (a) wind adjustment factor (WAF) on drag area index following the &,,,, = 0.8 configuration in Figure 9 in M17. The dependencies of
WAF on flame height using the (b) plant area index (PAI) look-up table from Katul et al. (2004) and (c) PAI parameterization from M 17 Equation 19, with canopy height

as 10 m (i.e., n = 10) and changing flame heights following the configuration in Figure 12 in M17. Red and green lines are for above-canopy and sub-canopy fires,
respectively. In (b) and (c), solid and dashed lines are results using canopy fraction as 0.8 and 0.3, respectively. Note that the results with canopy fraction as 0.3 are same as
those with canopy fraction as 0.8 when using the Katul et al. (2004) look-up table.

Appendix D: Evaluation of Rate of Spread

The ROS calculated based on the Rothermel's model is evaluated by comparing with those reported in Varga
et al. (2022). In Rothermel's model, average fuel parameters of chaparral, brush, and hardwood slash are used
based on Andrews (2018), and wind speeds are adapted from Table 3 in Varga et al. (2022). Results are shown in
Figure D1.
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Figure D1. Comparison of the rates of spread (ROS) calculated by Rothermel's surface fire spread model and Varga et al. (2022).

Appendix E: Model Sensitivity to the RSL Influence Function

The sensitivity of the canopy wind model to the influence function 4,, (1 <4,; <1.25) adopted from Massman
etal. (2017) (M17), which represents the RSL effect in u. calculation, is evaluated. The full wind profile at 0600
UTC at US-xTE site (Figures 2 and 3d) is used as the test case. All model configurations (PAI option, vegetation
type, vertical layer resolution) follow the default settings described in Section 3.3. Results are shown in Figure E1
and Table E1. Overall, the canopy wind model shows nearly no sensitivity to the selection of 4,,, which has a
range of 1-1.25 by definition (Massman et al., 2017). Although u, estimation increases with 4,,, the impact on the
wind profile estimation is relatively minor. It is probably that 4, is already a simplification and thus has small
variability. The results emphasize the limitation of using 4,, to represent the RSL effect which varies with weather
and canopy characteristics.
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Figure E1. In-canopy section of full wind profiles with 4,; = 1, 1.125 and 1.25 at Lower Teakettle site, 0600 UTC. The height
where & = 1 is the canopy top. The model configuration for each run is the same except for the 4,, value.
Table E1
Mean Estimated Wind Speed at the Canopy Top (u., m s™*), and Mean Absolute Biases (m s~' ) and Root Mean Square Error
(m s™') of Model Wind Profiles Within the Canopy (£ < 1) Compared With Observations at US-xTE Site, 0600 UTC
Ars u, estimation (m s7h Mean absolute (m s™') Root mean square error (m s7hH
1.00 0.31 £0.16 —0.21 £0.14 0.27
1.125 033 £0.17 —0.19 £ 0.14 0.27
1.25 0.35 £ 0.18 —0.18 £ 0.14 0.26
Note. The mean u, observation is 0.77 0.21 m s™'. The model configuration for each run is the same except for the 4,, value.
Appendix F: Evaluation of Flame Height Estimation Option
The influence of different flame height option on the estimation of midflame wind speed is discussed. The model
configurations of the results shown here are the same as those shown in Section 4.2.
Figure F1 presents the difference between the midflame wind speeds using three flame height options
compared to the default FRP-dependent flame height calculation. In Figure Fla, the midflame wind speeds
generally increase when setting the flame height to 2 m (i.e. the height of midflame point as 1 m),
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particularly for the fires in the southern US that are typically grass fires with low FRP and very low flame
height. Enhanced wind speeds are expected as the user-defined flame height simply brings wind speeds to a
higher altitude. However, differences of the midflame wind speeds for the forest fires in the western and
southeastern US are minor (<0.5 m s™'). This is because the wind speeds are significantly affected by the
canopy and the midflame point at 1 m above the ground is still well within the deep canopy, resulting in
significant wind speed reductions. In Figure F1b, the enhancements of midflame wind speeds are more
significant by setting the flame height equal to the canopy height (i.e., midflame point locates at the center
of the canopy) for fires in Idaho, Arkansas and Louisiana, which are mostly covered by savannas and
grasslands. These relatively sparse and short vegetations, which are identified as above-canopy fires, showed
minimal effects on the WAF calculation in the WAF model (Equation 15), leading to stronger midflame
wind speeds compared to the forest regions such as California and the southeast. In Figure Flc, the midflame
wind speeds using flame height with the crown fire option increased by 1-2 m s~' for fires with low-lying
vegetation compared to the default FRP-dependent option, while the enhancements are still minor
(<0.5 m s for forest fires in the western US. This is probably because the difference between the in-
canopy wind speeds and u, is relatively small in the forest over this region (Figure 4). While the mid-
flame wind speeds show generally minor changes after adjusting flame height from the midflame point to
canopy top, they are still significantly lower compared to typical 10-m wind speeds and could influence the
spread of fires.
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Figure F1. Difference of the midflame wind speeds using (a) a constant user-defined flame height as 2 m, (b) flame height equals to the canopy height, and (c) flame
height with crown fire option compared to those using default FRP-dependent flame height. Fires that are not identified as crown fires are shown as white dots as they
have no changes in midflame wind speeds.

Note that although crown fires are typically associated with forest fires (Stocks et al., 2004; Taylor et al., 2004;
Wagner, 1977), fires with low-lying vegetation (e.g., grassland fires) may be identified as crown fires in the WAF
model since the crown fire identification is based on fire intensity (i.e., FRP) only. Also, in WAF calculation, fire
types (sub-canopy and above-canopy fires) are determined based on VIIRS AST, which only provides the
dominant vegetation/canopy type and may miss the regional variation of vegetative species of a given grid. For
instance, a tree crown fire could be identified as an above-canopy fire in the WAF model since it occurs over a
grassland-dominated area, suggesting potential uncertainties in WAF calculation.
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