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Abstract

The plant hydrodynamic approach represents a recent advancement to land surface modeling, in which stomatal conductance
responds to water availability in the xylem rather than in the soil. To provide a realistic representation of tree hydrodynamics,
hydrodynamic models must resolve processes at the level of a single modelled tree, and then scale the resulting fluxes to the
canopy and land surface. While this tree-to-canopy scaling is trivial in a homogeneous canopy, mixed-species canopies require
careful representation of the species properties and a scaling approach that results in a realistic description of both the canopy
and individual-tree hydrodynamics, as well as leaf-level fluxes from the canopy and their forcing. Here, we outline advantages
and pitfalls of three commonly used approaches for representing mixed-species forests in land surface models, and present a new
framework for scaling vegetation characteristics and fluxes in mixed-species forests. The new formulation scales fluxes from the
tree- to canopy-level in an energy- and mass-conservative way and allows for a consistent multi-species canopy description for

hydrodynamic models.
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Key Points:

e New generation of plant-hydrodynamic land surface models require resolution
representative of characteristic individual trees.

e Tree-level flux representation diverges from the common area-based representation,
especially in mixed plots of multiple species or types.

e We provide a formulation using common crown characteristics for consistent scaling of
leaf- and tree-level fluxes to area-based plot level.
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Abstract

The plant hydrodynamic approach represents a recent advancement to land surface modeling, in
which stomatal conductance responds to water availability in the xylem rather than in the soil. To
provide a realistic representation of tree hydrodynamics, hydrodynamic models must resolve
processes at the level of a single modelled tree, and then scale the resulting fluxes to the canopy
and land surface. While this tree-to-canopy scaling is trivial in a homogeneous canopy, mixed-
species canopies require careful representation of the species properties and a scaling approach
that results in a realistic description of both the canopy and individual-tree hydrodynamics, as
well as leaf-level fluxes from the canopy and their forcing. Here, we outline advantages and
pitfalls of three commonly used approaches for representing mixed-species forests in land
surface models, and present a new framework for scaling vegetation characteristics and fluxes in
mixed-species forests. The new formulation scales fluxes from the tree- to canopy-level in an
energy- and mass-conservative way and allows for a consistent multi-species canopy description
for hydrodynamic models.

1 Introduction — why tree-level fluxes are inconsistent with current surface flux
representation

Representation of canopy and tree function in earth system models (ESMs) has gone
through rapid advancements in the last decade. The classical big-leaf representation of the forest
canopy [Farquhar et al., 1989; Sellers et al., 1992] in land surface models (LSMs) is being
expanded and replaced by more complex canopy representations. The complexity of canopy
representation in LSMs is advancing in multiple dimensions. One dimension of canopy
complexity is functional diversity. Models vary in the number and exact definitions of functional
types they can represent. Nonetheless, almost every modern LSM can handle the representation
of structural/functional diversity of the ecosystem through sets of pre-calibrated parameters
describing land-cover classes and plant functional types (PFTs), equivalent to or more detailed
than the International Geosphere—Biosphere Programme (IGBP) land-cover classification system
[Loveland and Belward, 1997]. More complex canopy models can represent age/size stages
within functional types [see review by Fisher et al., 2018]. A second dimension of complexity
includes the spatial heterogeneity of the canopy, which can be represented by multiple “plots”
within a model grid-cell with different canopy height and leaf area characteristics. Finally, a third
dimension of complexity is the vertical structure of the canopy. Major advances have been made
in the representation of structural complexity of canopies along the vertical dimension, by
including vertically detailed representations of leaf density with between two canopy-leaf layers
[representing light and shade leaves, as in the CLM model, Dai et al., 2004] to n canopy-leaf
layers [for example in an advanced version of CLM, Bonan et al., 2021; Bonan et al., 2018].
Advancements in remote sensing and ground-based optical techniques using high resolution lidar
and hyperspectral images make it possible to interpret tree-level information from remote
sensing data. These data can be used for resolving horizontal heterogeneity and tree-crown
characteristics [e.g., Detto et al., 2013; Garrity et al., 2012; Simard et al., 2011],
functional/species/trait identity and diversity [e.g., Schweiger et al., 2018; Serbin et al., 2014;
Sothe et al., 2019], and vertical canopy structure [e.g., Atkins et al., 2018; Lefsky et al., 2002; Yu
etal.,2017].
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The plant hydrodynamic approach represents an advancement to land surface modeling,
and LSMs and ESMs have recently started including a hydrodynamic version [Christoffersen et
al.,2016; Kennedy et al., 2019; Lawrence et al., 2019; Li et al., 2021; Xu et al., 2016]. Under the
hydrodynamic approach, stomata respond to water availability (represented as water content or
water potential) in the xylem, rather than directly responding to soil water availability. The result
is a model that includes the stem and/or stem xylem as potential spaces for water storage, and as
conduits for water. The stem and xylem characteristic dimensions (area, diameter, volume, etc.)
are needed by such models for determining the flow and storage of water in the stem/xylem.

Current, non-hydrodynamic LSMs represent vegetation at the site-level, corresponding to
the discretized spatial pixel of the atmospheric column model, and/or at the plot-level,
corresponding to the horizontally averaged representation of the vegetation of a particular land
cover or PFT. Different models use different terminology to the describe the smallest resolved
spatial unit (e.g., site, pixel, grid-cell), and the PFT-specific sub-grid scale unit (e.g., plot, tile,
patch). Throughout this manuscript we will use ‘site’ for a single resolved land unit and “plot” for
the PFT-specific sub-grid-scale unit within a site. Consistent with the per ground area resolution
of fluxes and the atmospheric column, the surface and canopy characteristic dimensions are
either normalized per ground area (e.g., leaf area index, LAI) or provided in units of length (e.g.,
rooting depth, roughness length, canopy height). Hydrodynamic models require a revised
approach to discretization of model canopies to the tree level, a distinctly different scale than the
site or plot levels.

As demonstrated by Bohrer et al. [2005], tree hydrodynamics are strongly dependent on
the allometry of tree height, stem diameter, xylem area, and taper function (i.e., how the stem
diameter/area change with height). Furthermore, the stem xylem acts as a combined water
storage space and a central conduit to water transport from the soil, which serves the entire
crown. Therefore, for the purpose of resolving realistic tree hydrodynamics, it is imperative to
preserve the relationships between the total leaf area supported by a single crown, the height of
the crown, the xylem area and volume, and the vertical profiles of xylem area and leaf area
throughout the crown, which requires a set of intrinsic characteristic length scales describing an
individual tree (Fig. 1). For an individual tree, a crown with a large ground-projection area is
supported by a stem with a conductive active xylem cross-sectional area. The stem and xylem
cross-section areas are much smaller than the crown projection area. Like the crown, the roots
explore a certain volume with a horizontal projection area that is much larger than the stem. A
challenge for all hydrodynamic approaches is that diameter, height, area, and volume do not
scale linearly [see example for allometric scaling functions relating height, crown and DBH,
Garrity et al., 2012]. Furthermore, the equations that describe the hydraulic relationships
between water content and conductivity to water flow are strongly non-linear and depend both on
the volume and the conductive area of a stem element. For example, the combined crown area of
five small trees with stems with a diameter at breast height, DBH (the common measure of stem
size) of 10 [cm DBH], and a corresponding basal cross-section area of 314.16 [cm?] could be
much larger (or could be smaller) than the crown area of a single tree with stem diameter of 50
cm (corresponding with basal area of 7853.98 [cm?]), or a stem cross-section area of 5x314.16 =
1570.80 [cm?] (corresponding with a DBH of 22.36). Furthermore, for a particular tree species,
the characteristic height of a tree with a DBH of 10 [cm] is different than that of a 50 [cm DBH]-
and 22.36 [cm DBH]-trees. There are infinite permutations of trees with different characteristic
sizes but the same leaf area index (m? leaves per m? ground area). Because both the conductive
area (for transpiration and sap flow) and the hydrostatic water potential in the xylem (a function
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of volumetric water content) are important to the dynamics of moving water through the
conductive system of the tree, and because crown area, leaf area, and height are important to the
strength of evaporative demands, adding x% more xylem volume by growing x% taller and
maintaining a constant stem and crown cross-sectional areas will have very different
consequences than adding the same x% more crown and stem-xylem areas while maintaining
constant height.

A trivial, intuitive scaling from the tree to the plot level involves multiplying the tree-
level (total per tree) flows by the stand density (number of trees per unit plot area). However,
when scaling up from the tree to the canopy scale, there is no guarantee that the tree crowns
continuously and uniformly cover the whole plot area. In sparse forests, the average distance
between trees may be larger than the crown diameter, whereas in dense forests, individual tree
crowns may overlap and the mean distance between trees may be smaller than the crown
diameter. This leads to a discrepancy between the meaning of LAI in hydrodynamic models (at
the tree scale) and general land surface models (at the plot scale). Hydrodynamic models must
explicitly represent all the transpiration from the entire crown, as all transpiration from a crown
flows through a single stem. That means that evaporative demands and transpiration rates are
considered per the area relevant to tree, i.e., the ground area projected under the crown, rather
than the ground area of the whole plot (Fig. 1). As the total area under the crowns (crown area x
number of trees in the site) does not necessarily equal the plot area, special considerations must
be given to scaling LAI and tree-level fluxes, which despite having the same physical units, in a
hydrodynamic tree-level model are provided per ground area under the crown, whereas the land
surface model requires fluxes per ground area in the plot.

The overall plot-level leaf area index (LAI,) is currently the most observed and
commonly used site-level characteristic of vegetation canopies. Worldwide observations of LA,
exist from remote sensing products and plot-level optical measurements. LA, represents the
average leaf area per ground area for an entire plot [m? leaf/m? ground]. In a mixed forest it
includes leaves of multiple species (sp), such that
Nsp

LAL, = £ LAISP (1)
where LAIISSP)[m2 leaf of (sp) /m? ground] is the species-specific leaf area index per unit

ground area in the plot and N, is the number of species in the plot. LAIISSP) is typically measured

using leaf-litter traps and could also be characterized by remote sensing using high-resolution
multi-spectral images combined with spectral characterization of different tree types [Ju and

Bohrer, 2022; Sothe et al., 2019; Yu et al., 2017]. Currently, LAISis available in some plots but

is not a very commonly reported property of forest plots. Splitting LAIISSP) to further distinguish

among size categories is harder and not commonly done. Nonetheless, any modeling approach

(sp)
Ip

that resolves two different species requires LA , and therefore current modeling efforts

(sp)
Ip

already must make some assumptions about LA values at any given plot.

A different approach to view species-specific leaf area index is the ground accumulated
leaf area per unit ground-projection under the tree crowns of each species, LAl C(Sp) [m? leaf of

(sp) / m? ground under (sp) crowns]. Importantly, this is the leaf area that is supported by
individual crowns, and therefore it is LAI C(Sp) that characterizes the virtual hydrodynamic model
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tree crowns for each type. While it is possible to measure LAl C(Sp)in many individual crowns
using ground-based optical methods with a narrow upward cone, or by combining lidar and
multispectral images, it is rarely done or reported as plot characteristic. Nonetheless, we can use

the relationship between LAIC(Sp)and LAIIESp) to determine a plot-characteristic crown-level
LAISP):

LAISP = LAISP x ASP x 0.0001SDCP) ©)

where AESp) [m?] is the characteristic ground-projection area of crowns of (sp) (Fig. 1),

SD®P) [ha''] is the species-specific stand density (i.e. the number of tree crowns of (sp) per unit

plot area in hectares), and 0.0001 is the conversion factor from hectare! to m™.
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Figure 1. Schematic illustration of the characteristic length scales and areas for species-specific
crowns and whole-plot descriptions of canopies.

The difference between the tree-level description of the hydrodynamic canopy and the
horizontally averaged description of the canopy in the plot-scale surface-flux and radiation-
exchange modules leads to further specific challenges in mixed canopies that are composed of
trees belonging to more than one species, or trees of the same species that belong to different size
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classes, and therefore have different hydrodynamics. Imagine a mixed canopy, checkerboard
pattern of canopy-dominant trees: 50% of trees of species A and 50% of species B, with an LA,

of 4. Assume species A and species B trees have the same crown-level leaf area index LAIC(SP)
(i.e., LAIC(A) = LAIC(B) = 4 [m? leaves of (sp) / m? ground under (sp) crowns]). The plot-scale,
species-specific leaf area index LAIISSp)of both species A and B is 2 [m? leaves of (sp) / (m?

ground)]. Imagine that species A trees are taller [10 m] than species B [8 m] and species A have
thicker stems [DBHA=20 cm] than species B [DBHg=10 cm]. This hypothetical setup is
illustrated in Figure 2 (top panel).

Mixed forest canopy
Species A Species B Species A Species B

Models of forest canopy

Averaged-plot approach Mixed-plot approach Multi-plot approach
Species avg(A,B) Species A+B Species A Species B

Plot 1 Plot 1 Plot 1 Plot 2
Plot Area = 1 Site Plot Area = 1 Site Plot Areas = % Site

Figure 2. The “checkerboard-forest” conundrum — how to represent the canopy and crowns
characteristics of a mixed forest site composed of two species of trees with different crown
characteristics and hydraulic traits (top panel), in crown-level hydraulic models that need to
represent the combination of crowns that make up the entire site? Three approaches, namely the
averaged-plot approach, mixed-plot approach, and multi-plot approach, which are currently
utilized in models, are represented in the bottom panels.
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How could such a mixed forest (Fig. 2, top panel) be represented in hydrodynamic
model? Current models take one of three approaches to solve this: (1) The averaged-plot
approach resolves a single plot with a single characteristic tree type that represents the average of
the two species in the original canopy (Fig. 2, bottom left). CLM-ml [Bonan et al., 2018], CLM5
[Song et al., 2020], and ELMvVO [Liang et al., 2019] are examples of this approach. (2) The
mixed-plot approach resolves two tree species co-filling the same plot, each with the assumed
plot-scale properties of the tree species (Fig. 2, bottom center). ED2 [Xu et al., 2016] and CLM-
FATES [Koven et al., 2020] are examples of this approach. (3) The multi-plot approach resolves
a separate sub-site plot for each species, such that each plot is filled with a canopy composed of
trees of only one species. Each sub-site plot occupies half of the area of the site (Fig. 2, bottom
right). Most land surface models allow a multi-plot setup (as in approach 3) to represent different
PFTs. As an example of this approach, Cai ef al. [2019] demonstrates a multi-plot application of
ELMv1 (the same model which Liang et al. 2019, referenced above, used in a single plot setup).
Each of these approaches result in some bias due to the assumptions of scaling from tree to site
scale. In the averaged-plot approach (1), the characteristics of the hydrodynamic model tree are
not realistic and match none of the two species. In the mixed-plot approach (2), assuming that the
number of stems is determined by a plot-level stand density, the stems of each of the tree species
support half the leaf area that their crowns support in reality. The two species compete for light,
which in the example above results in the taller species A always shading species B. In some
cases, especially involving forest stands of mixed ages where the different species represent
different age/size categories, this is a realistic description of the relationship between the two
species. However, in a forest where the dominant canopy trees are of mixed species and grow
side by side, both species are exposed to full sunlight, especially around noontime, despite
species B being shorter on average. The multi-plot approach (3) results in hydrodynamically
realistic trees; however, the environmental drivers of evaporative demand that each species
experiences (e.g., temperature, humidity, and aerodynamic conductance) are calculated based on
canopy characteristics particular to a single species rather than a realistic mixed canopy. The
multi-plot approach is realistic when a forest is composed of large clusters of similar types/sizes
of trees, as is often the case in silvicultural and heavily managed forests but is not a realistic
representation of a mixed-canopy forest. In reality, scalar profiles, aerodynamic resistance, and
the resulting wind profile inside a mixed canopy are horizontally mixed at spatial scales smaller
than the turbulence eddy correlation length scale, and thus are characteristic of the mixed
canopy, not a “pure” canopy of species-A or species-B crowns. In addition, the multi-plot
approach also does not provide a realistic representation of water movement and water
availability in the soil since these are influenced by the combined root characteristics of the
different species in a mixed-canopy forest.

We propose a fourth approach that combines the advantages of the three approaches
above. We will present a formulation that scales vegetation characteristics and the resulting
fluxes from trees to forests in an energy and mass-conservative way and allows for a smooth and
consistent multi-species canopy description for hydrodynamic models in mixed-forests.
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2 Materials and Methods

2.1 Formulation - Canopy construction

We present the formulation for scaling hydrodynamic simulations of Ny, species of trees
in a mixed forest. For simplicity, we refer to the categories of trees representing distinct
hydraulic traits in the model as “species”, but these could also represent different PFTs and/or
different size categories within a PFT. These N, species co-occupy a single plot in a mixed
canopy with assumed no (or low degree of) clustering among trees of the same species. In the
model representation, characteristic tree-crown level dimensions will be used to specify N,
individual virtual trees, each representing one species (sp). Each of these individual virtual
crowns is resolved with multiple vertical layers, and for numerical simplicity, we assume that an
identical vertical discretization of space is used for all species of trees in the canopy.

Within the model plot, the plant area density in the virtual tree crowns, a.. [m? plant area
/ m® unit volume inside the crown], is composed of two components: the leaves, /.., and the stem
area density, b (i.e., a., = l., + b.,). Plant area density can be measured directly with 3-D
detail from airborne, spaceborne, or ground-based lidar. To represent the full crowns of multiple

species co-occupying the same plot, a.. values are organized in an array, acz, with one column

per species. Each column, ag”), represents one model characteristic tree, and each row of the full

matrix acz represents one vertical layer, z, throughout the vertical dimension of the canopy:

Ny
o o) az,,, 1P aggvz aEZNZ)
S . . . .
acZIZ € acip = [ : ] €ag = : - : 3)
Qo ey (Nsp)
c0 c0
such that the full array of plant area densities a., is composed of Ny, species-specific column
vectors describing the vertical profiles of plant area density of each species, agp), which are

discretized to elements, agszf),

above ground, z;, of each vertical layer within the canopy for each crown type. The vertical
discretization of the canopy is conducted such that the vertical spacing of each grid layer is
constant, i.e., z;,q — z; = Az. It is also uniform across all crown types; i.e., the number of
vertical layers, N, is such that the maximal height of the top vertical layer is at the height of the
tallest crown type, i.e., Zy, = max{h(l): hW Sp)}, where h®P) is the crown-top height (commonly
referred to as “canopy height”) of each species, sp.

in [m? leaf /m?], describing the plant area density at the height

It is common to ignore the stem area density by assuming: b, = 0, at which point the
plant area density profiles become identical to the leaf area density, ac. = lc-. For the purposes of
calculating drag and light attenuation, ignoring stem/branch density is appropriate. However, b,
is required for applications that use a plant hydrodynamic approach. Plant hydrodynamic models
resolve the water movement and water potential through the xylem and thus require the

conductive cross-section area of the xylem throughout the tree system. The species-specific

active xylem conductive cross-section area, bxgp) [m?] is typically calculated using species-

specific allometric equations of b, [Matheny et al., 2014], which, in turn, is usually calculated
using an allometric equation of DBH®”, A®P and z. For deciduous species, b, can be directly

observed by lidar measurements in the dormant season.
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In mixed forests, lidar can be used to observe the plot-level leaf area density profile 1,,,
but, because it is impossible to distinguish species within a lidar point cloud, it cannot be used to

directly observe 155;’). Ground-based lidar observations conducted under individual crowns are
sometimes available, but typically an assumption must be made about the typical crown shape of
each species. This assumption will be represented as a unit-normalized vertical profile of leaf
density (i.e., when integrated vertically will sum to 1) and can be de-normalized to represent any
tree of that type by multiplying the z axis of the normalized profile by h*P) and multiplying the

X axis by LAIC(Sp) /hGP) Note that by definition,

LAY = [715Pdz = Az Y5 1Y )

This approach can be used to combine plot-level observations of LAIC(SP) and assumed

allometric shapes of the crowns for each sp into a complete 1., array, which is also consistent
across scales from the resolved vertical layer to the whole crown. Furthermore, a plot-level leaf
area density profile that represents the mean canopy characteristic leaf area per ground are over
all tree types, 1,,, (single column vector), can be formed from the normalized crown-level array,
1.2 norm, and crown characteristics as:

(LAt x 4D x 0.00015D™)

l,, =1.,norm X

)

pz :
(LAI™ 5 AT x 0.0001SD V)

Where 1., ,0rm provided the vertical distribution of leaf area from the ground to the crown top
and integrates to 1.

A similar scaling approach is to be used independently to derive the plot-level, whole
canopy b, (if needed and not assumed = 0) and then a,,, = 1,,, + b,,,. It is expected that a,,
and 1,,, formed in this bottom-up approach by combining and scaling the individual species-
specific profiles may diverge to some degree from directly observed full plot-level mean vertical
profiles of leaf area distribution. This is because the sources of error associated with the species-
specific estimates of plant and leaf area densities are different than those in the direct plot-level
lidar measurements. Upon implementation, modelers should consider whether species-specific
crown-level or whole-plot-level data are more important to preserve or could make slight
modifications to each to optimize overall convergence with all scales of observations.

2.2 Multi-scale application — flux drivers

The purpose of any hydrodynamic module within a land surface model is to predict the
sensible heat, latent heat, and carbon fluxes of the land surface, incorporating the effects of tree
hydrodynamics on stomatal conductance. As such, any hydrodynamic module resolves a coupled
set of functions for each surface flux. Each of the functions for surface fluxes requires multiple
variables as drivers. These variables, specifically, the vertical profiles of net radiation, R,., air
temperature, 7., humidity, ¢.., and wind speed U.., provide the values of the canopy
environment that dictate the evaporative demand. Most models include a virtual entity for
canopy air, embedded as a sub-grid-scale value (or set of values) within the lowest resolved
atmospheric grid cell. The conditions in the canopy air are diagnosed (or prognosed, in models
that resolve a fully coupled numerical scheme that link the surface fluxes and canopy air
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conditions) as a function of the canopy characteristics (leaf density, roughness length) and the
conditions in the open air above the canopy. Canopy air may be represented by a single bulk set
of conditions or be vertically detailed.

Here, we discuss hydrodynamic models which resolve multiple species-specific,
vertically resolved crowns, representative of a mixed canopy. Each of the species-specific
crowns include a canopy air column with potentially different conditions. All the vertical canopy
columns interact with a single, common, site-level atmospheric column. However, it is not
obvious which canopy characteristics and at what scale best capture the relationship between the
conditions in the open air above the canopy and the values of the vertical profiles of the flux
drivers in the canopy air. For example, when resolving the specific-specific, crown-level R, at
midday in the checkerboard mixed forest (Figure 2), the multi-plot approach which represents
separate species-specific canopies will provide more realistic light attenuation profiles for each
species than the mixed-plot approach, which will result in excessive shading over all trees of
species B. However, wind speed, temperature, and humidity profiles are mixed inside the canopy
at a length scale that is related to the eddy correlation scale and is typically larger than the size of
individual tree crowns. Therefore, for 7., humidity, g.., and wind speed U.-, the mixed-plot and
averaged-plot approaches will provide more realistic profiles than the multi-plot approach.

We propose a mixed approach, where vertical profiles of flux drivers are derived from
canopy representations of different scales. Specifically, radiation should be characterized at the

. . . S S . . .
species-specific crown scale, i.e., R%Zp ) = f (1&;”). Some unresolved issues for radiative

transfer formulation are the reflection and long-wave emissions from the surrounding trees,
which in a mixed forest do not have to originate from crowns of the same species and shading
from near-by crowns when the sun is far from zenith (e.g., early in the morning). There are many
different approaches and degrees of complexity to model within-canopy radiation conditions [see
review of models participating in the RAMI intercoparisson project, Widlowski et al., 2015,
Widlowski et al., 2011]. Some models, such as ACTS [Ni-Meister et al., 2010; Yang et al., 2010],
are particularly suitable for hydrodynamic applications as they utilize a crown-based clumped
approach and apply a crown-to-canopy scaling that utilizes crown diameter and stand density.

Flux drivers that are controlled by atmospheric surface layer mixing at typical length
scales larger than a single tree crown (e.g, temperature, humidity, wind speed, and turbulent
mixing) are characterized by the mean, whole-site canopy, e.g., Tc(jp) =f (lpz). Wind speed and
turbulence mixing profiles through a canopy of prescribed vegetation density can be determined
using 1% or 2" order closure approaches [Massman, 1997; Massman and Weil, 1999]. One

approach to predict within-canopy temperature and humidity utilizes the vorticity-thickness
length scale [Harman and Finnigan, 2007; 2008].

Scaling of fluxes from crowns to forests

Any hydrodynamic model must represent a discrete virtual individual tree crown.
Consequently, fluxes from the leaves to the air, whether prescribed per leaf area or per ground
area, must be scaled over the leaf area of the crown to represent the fluxes that are supported by
an individual stem. To illustrate that, imagine a tree with a stem diameter of 30 cm supporting a
crown with a diameter of 10 m, and a given transpiration rate per leaf area. Compare this tree to

a tree with a stem of the same diameter and same LAI C(Sp), but growing in a sparser canopy, such
that the crown area is 1.5 times larger than that of the first tree. As the crown area, and with it the
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total leaf area that are supported by the stem are larger, the sap flux (water per unit active xylem
area) should be 1.5x larger, assuming xylem conductivity did not change. To preserve the
conservation of mass through transport from the stem to the leaves and the air, hydrodynamic

models must explicitly represent the crown by resolving flux from the leaves per leaf area, Fzgscl’})

[kg m™ leaf s'], and multiply by the total leaf area of the crown (LAI C(Sp) X AESp)) to get the

total flow from a single crown, Ft(rs;) [kg s'].

The same flow (with time lag due to changes of water storage in the crown) will be
transported through the conductive area of a single stem and consumed from the soil by the
corresponding root system of that single virtual tree. This tree-level flow can be represented as a

flux per ground area under the crown, FC(SP), where:

(sp)
FEP = T = Bl x LAICD. (6)

FC(Sp) will have the units of [x/s/m? projected ground area under the crown], where x corresponds

to the units of the flux in question, i.e., Joules for energy fluxes, kg for mass fluxes, etc. This
representation of transpiration in terms of FC(SP) is convenient since LAI C(Sp) and AESP) must
already be known in order to calculate flux drivers that are specified at the crown scale (e.g.,
radiation). In its most general form, scaling from each species-specific flux to the whole-plot flux
to the atmosphere per unit ground area, F), is done as:

Fy = Sp( FSE) % 0.0001SDEP)). (7)

tree
When representing the tree-level flow in terms of FC(SP), equation 7 becomes:
E, = zsp( ESP) x ABP) 0.000151)(51’)). (7a)

Alternatively, from equation 2, the total leaf area of the crown could also be represented as
LAIISSP) /0.0001SDEP) and FCP) could be represented as:

tree

(sp)
F(SP) — F(SP) LAIP (8)
tree leaf 0.0001SDGP"

We note that although equation 8 does not require knowledge of LAl C(Sp) or AESP), these
characteristics must be known in order to calculate crown-scale flux drivers. Thus, using either
equation 7a or equation 8 requires knowledge of the same canopy characteristics.

5 Conclusions

Canopy construction for hydrodynamic models requires species-specific and whole-plot
characteristics of the crowns and canopy. These include crown-level species-specific

characteristics of LAI ESP), AESP), and SDWSP) (scalars), as well as the vertical profiles agp), bﬁsz”)
and lﬁj") (vectors), and the species-specific plot-level LAI gsp). From these characteristics the

whole plot LAL,, a,,, and l,,, can be calculated, though these may also be independently

observed. These crown, species, and whole-canopy characteristics provide a consistent multi-
scale description of the canopy and provide all the required canopy characteristics needed to
resolve and scale canopy fluxes.
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