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Abstract

This paper reports the first effort to include carbon, water, and heat exchange in a Large Eddy Simulation (LES) model for 3D
canopy flows with dynamic response of leaf temperature and stomatal aperture. The LES model simulates eddy motion from 3D,
transient integration of a filtered form of the Navier-Stokes equations. Carbon exchange between the vegetation and air is predicted
in space and time following biophysical considerations, which act to maximize carbon assimilation while minimizing water loss. The
vegetation’s stomatal conductance is inferred from these same considerations and used to regulate both transpiration and carbon
assimilation rates. Variations in transpiration and radiation distribution propagate to foliage temperature and ultimately heat ex-
change through a local, transient vegetation energy balance. The wind field is affected by the foliage patterns and by the temperature
profile’s control on vertical mixing. These temperature and mixing patterns control the concentration profiles that, in turn, affect
water and CO, exchange processes. By comparing a simulation of horizontally heterogeneous canopy behavior to simulations of
several homogeneous canopies with different leaf area index (LAI) values we evaluate the relative importance of local and regional
LAI values on the local microenvironment variables and fluxes from the forest canopy. We focus on a pine forest with ample soil
moisture as a case study. We demonstrate from these simulations that primitive state variables (e.g. concentrations and velocity)
exhibit noticeable non-local controls. However, these features are offset in their effects on land surface fluxes, such that the local fluxes
scale well with local LAI values. Furthermore, the resulting relationships between LAI and fluxes are quasi-linear (for the forest
morphology studied here) allowing for robust relationships between forest averaged LAI and forest averaged fluxes. The offsetting
nature of the non-local effects is described in the context of the dual regulation of stomatal conductance by the rates of carbon as-
similation and water loss as opposed to independent regulating effects of the various state variables. Hence, non-local variations in
state variables naturally induce offsetting variations in stomatal conductance thereby buffering the water use efficiency of the plant
from environmental excursions associated with the turbulent microclimate. © 2001 Elsevier Science Ltd. All rights reserved.

1. Introduction

The exchange of energy, water, and CO, between
vegetated land surfaces and the atmosphere plays a
central role in the dynamics of weather, climate, surface
hydrology, and terrestrial ecology. The exchange rates
are regulated and affected by an intertwined collection
of physical, biological, and chemical processes. These
processes possess varying degrees of non-linearity and
scale dependencies with respect to forcing variables. We
focus here on elucidating some of these issues for mass
and energy exchanges within and over forest canopies.

*Corresponding author. Tel.: +1-804-924-7241; fax: +1-804-982-
2137.
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It has long been recognized that the addition of an
energy balance to the water balance constrains estima-
tion of evaporative fluxes. However, the dependence of
transpiration on stomatal aperture frustrates closure of
the equations. A common modeling approach in hy-
drology has been to adopt a maximum stomatal con-
ductance for a given vegetation type and then reduce
this amount through independent empirical reduction
functions that vary with an array of environmental
factors, such as temperature and vapor pressure deficit
(VPD) [26]. More recent advances in the ecophysiology
community suggest that stomatal conductance responds
directly to the rate of carbon assimilation inside the leaf
[9,13,22,50-52], with a general optimization strategy
that seeks to maximize carbon gain while minimizing
water loss [14]. Since the carbon assimilation rate in-
volves temperature dependent biochemical reactions
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and is driven by solar energy and since the water loss is
driven by vapor pressure gradients across the leave
surface, the stomatal aperture is defined by the con-
certed influences of water, carbon, and energy states.
Hence, the addition of carbon balance considerations to
the water and energy balances provides an added
equation to match the number of unknowns, and hence
close the system of equations in a way that resolves the
intertwined dynamics of the water, carbon, and energy
cycles in the above ground portion of terrestrial systems.

Incident solar radiation excites the exchange pro-
cesses at the leaf-level and turbulent transport re-dis-
tributes the mass and energy throughout the
atmospheric boundary layer (ABL), thus influencing
concentration gradients between the foliage and the air.
The “coarse scale” geometry of the plant canopy not
only defines the distribution of the leaf area, but it also
affects the distribution of solar radiation and turbulent
mixing throughout the canopy. In a local sense (i.e.
considering only collocated variables) the concentration
of leaf surface area provides a potential source or sink of
mass, momentum, and energy for the atmosphere; and,
in a non-local sense (i.e. depending on remote or re-
gional variables), the regionally aggregated canopy
properties contribute to the regional air properties and
wind field. The combined action of these local and non-
local controls defines the exchange rates, which then
interact with the turbulent mixing to alter the microcli-
mate and potentially feedback on the biophysical pro-
cesses within the individual leaves.

Conceptually, we can consider separately the effects of
the vertical and horizontal distribution of canopy den-
sity. Problems related to horizontal variability range
from small-scale issues such as shading of adjacent trees
under low sun angles to well-known issues of advection
under spatial variability of land surface properties (e.g.
[2,3,7,8,25]). Vertical canopy structure exerts the omni-
present control on radiation penetration and mixing
between concentrations of carbon, water vapor, and heat
within and above the canopy (e.g. [12,30,43,53]). What
remains illusive is a robust and parsimonious means to
represent the net impact of these processes at the larger
scale. Motivation to seek simplifying rules for the esti-
mation of landscape scale fluxes is provided by theoret-
ical studies that have focused on a limited number of
variables. For example, McNaughton and Jarvis [36]
found that conditions of reduced atmospheric mixing in
the canopy (low laminar boundary layer conductances)
can lead to a reduced sensitivity of canopy scale tran-
spiration to stomatal conductance. If the relative influ-
ences of meteorological forcing and vegetation structure
on coupled exchange phenomena are defined at the
landscape scale, then the potential exists to combine re-
motely observed vegetation density data and meteoro-
logical factors to estimate real-time and future fluxes of
water, heat, and carbon over realistic land surfaces.

Our objective is to investigate how variability in fo-
liage distribution interacts with turbulent mixing, radi-
ative exchange, and leaf physiology to induce variability
in land surface fluxes. Towards this end we consider
both horizontal and vertical variation in foliage in the
presence of shear and buoyancy driven turbulent flow.
We approach the problem with the state of the art in
numerical simulation of canopy turbulence, using the
Large Eddy Simulation (LES) technique. With the LES
technique, resolved eddies are “‘simulated” in three
spatial dimensions through time by direct integration of
the Navier—Stokes equations filtered to the scale of the
numerical mesh. The effect of the small-scale field
(subgrid) on the resolved (flux carrying) eddies is
“modeled” through a subgrid eddy viscosity. Hence, the
important dynamics of the air and the resulting trans-
port follow from the Navier—Stokes equations.
Although LES has been successfully applied to simulate
canopy flows [19,45,47,48], this is the first investigation
to include water vapor, carbon, and heat exchanges that
are based on a dynamical coupling of leaf and air
properties. The simulations use a canopy-affected radi-
ation distribution and a dynamic vegetation energy
balance, which considers changes in leaf heat storage
due to imbalances between net radiation and the fluxes
of sensible and latent heat from the canopy to the sur-
rounding air. This case study focuses on pine as the
vegetation type, adopting appropriate biophysical
parameters, and we explore horizontally heterogeneous
and homogencous leaf areca index (LAI) cases. Our
analysis is limited to this pine monoculture with ample
soil moisture and its simulated response over a single
mid-day period.

In addition to these spatial scale interactions there are
important temporal scaling issues to be dealt with. In a
separate paper in this issue [31] we explore key features
of the relationships between the meteorological forcing
and land surface fluxes in the time domain over time
scales ranging from seconds to years.

2. Theory

In this section we summarize the mathematical basis
of the turbulence simulation, the radiation distribution,
the leaf-level biophysics and the integration of these
coupled processes to the landscape scale.

2.1. Large Eddy Simulation

The LES technique was pioneered by Deardorff
[15,16] and applied successfully to simulate the convec-
tive boundary layer. The approach has recently been
shown to capably simulate the neutrally stratified ABL
as well [5]. These codes have also shown how hetero-
geneous properties of a planar surface affect boundary
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layer flows [2,3,24,46] and how wavy terrain induces
effects on the turbulent fluxes [33]. But, perhaps most
promising for the present objectives, the pioneering
study of Shaw and Schumann [45] proved that the LES
technique is useful for exploring turbulent flow over and
through a forest canopy. The important flow and
transport features were reproduced well by their simu-
lations.

With the LES technique the resolved eddies are sim-
ulated by a space-time integration of the Navier—Stokes
equations filtered to the scale of the numerical mesh.
The fluxes between the vegetation and the air are dis-
tributed in space and time as instantaneous functions of
the local canopy state, the state of the air in contact with
the vegetation, and available energy (physiological
processes are described below). The transient velocity
field interacts with transient scalar fields to affect scalar
flux fields throughout the canopy space and above.

The LES technique is a major departure from con-
ceptual models of turbulent transport, such as the
Reynolds-averaged models (e.g. [29]) used in many 1D
multi-level canopy models (e.g. [34]), where all the tur-
bulence is averaged out and represented in total by a
closure model. The Reynolds averaged approaches are
especially problematic when applied to plant canopies
because of their difficulty in dealing with fluxes that are
not proportional to local gradients (e.g. see [17,44]).
These effects of the eddy dynamics in the canopy are
simulated naturally (implicitly) with the LES approach.

The LES code used here was originally developed for
ABL simulations under neutral conditions [1,2], ex-
tended to handle ABL simulations under convective
conditions [3], adapted to handle remotely sensed land
surface conditions [4], and recently adapted to handle
embedded plant canopies with radiation, dynamic fo-
liage energy balances, and carbon exchange and trans-
port as described here.

The canopy LES code integrates filtered equations,
based on conservation of momentum and mass for a
turbulent fluid with embedded vegetation:

du; = 0, (1)
Qo + u; (Qju; — Q) = —0p — 0,1+ Bos — f, (2)
000 + u;0,0 = —d;m! + h, (3)
Ooq + u;0,q = —0;m] + e, (4)
Qoc +u;0;c = —O;m; + 1, (5)

where u; is the filtered (or resolved) velocity component
in the x; direction (x; =x,x, =y, x3=2z), p is the
pressure (which includes the trace of the turbulent ki-
netic energy and the trace of the subgrid stress tensor,
and is normalized by the density), t;; is the subgrid stress
tensor (arising from the filtering of the equations to the
mesh), f; is a local drag term arising from the vegetation
inside the grid cell, (= (0 — (6))/6) is the buoyancy

term that connects the temperature equation to the ver-
tical momentum equation and accounts for the dynamic
effects of the density stratification, (-) is a horizontal
averaging operator, d;; is the Kronecker delta, 0 is the
potential air temperature, ¢ is the specific humidity, c is
the concentration of CO,, n? is the subgrid flux of tem-
perature in the j direction, % is a local source term for
heat exchanged with the vegetation, n/ is the subgrid flux
of humidity in the j direction, e is a local source term for
water vapor exchanged with the vegetation, 7] is the
subgrid flux of CO,; in the j direction, and 7 is a local
source term for CO, exchanged with the canopy (y < 0
for canopy uptake). All the equations are made dimen-
sionless by appropriate large-scale variables and Ein-
stein’s summation is implied by repeated subscripts. The
source/sink terms (f;, 4, e, 1) are described in Section 2.3.

This is the first published LES study to include CO,
exchange with vegetation induced by a coupling of
radiation and photosynthesis in thermodynamically ac-
tive vegetation. This is a departure from the previous
approaches using LES for canopy (e.g. [45]), where a
prescribed homogeneous scalar source strength was
employed.

The equations are integrated in space and time using a
mixed pseudospectral numerical technique [2], thus
generating a coarse-grained view of the interaction of the
atmosphere and the canopy, the dynamics of flow inside
the canopy, and the connection between this portion of
the flow with the free air above. The mixed pseudo-
spectral approach for the numerical solution employed
in our code was first used for turbulent channel flow by
Moin et al. [39], and then later for the ABL by Moeng
[38]. Our version builds on the work of Moin et al., with
several advances to handle canopy sublayer flows.

2.2. Radiation

The leaf energy balance interacts directly with the net
radiation (R,), including both long (terrestrial and at-
mospheric) and short (solar) wave fluxes. However, the
carbon assimilation rates are constrained by the avail-
able photosynthetically active radiation (PAR), which
consists of a fraction of the short wave flux (between 400
and 700 nm). We distribute both R, and PAR vertically
through the canopy with a 1D radiative transmission
algorithm [11, p. 255] that approximates the (high order)
binomial probability of radiation interception by the
Poisson distribution, which results in a simple expo-
nential function of leaf density at each x—y position. As
we simulate a pine canopy we use a leaf clumping factor
of 0.8 and an absorbtivity for the R, of 0.5 [11]. This
distributed 1D approach is acceptable since our simu-
lations consider cases with high sun angles and where
the length scale of horizontal variability is greater than
the depth of the canopy. Hence, the local leaf area
density profile shape dictates the vertical distribution of
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PAR and R,. This approach is a first-order simplifica-
tion that cannot capture different photosynthetic re-
sponses to direct and diffuse radiation. However, our
intent here is to resolve dominant effects of solar radi-
ation with reasonable dependence on canopy geometry.

2.3. Leaf-level fluxes

The velocity field is subject to a local momentum sink
(f;) that depends on the vegetation density and the wind
speed and direction according to

fl = CdaVuia (6)

where a [m{ m~?] is the local vegetation density (varies
in x,y,z), V is the scalar wind speed (i.e. (u} +
2 +12)"%), and Cy4 (=0.15) is an empirical drag coeffi-
cient [45].

The sensible heat exchange between the vegetation
and air is estimated by

h = agb(91 — 9), (7)

where g, is a conductance to heat transfer across the
laminar boundary layer on a leaf that is o< /V /I, where
[ is a characteristic leaf length [11, p. 101], and 6, and 6
are the leaf surface and local air temperatures, re-
spectively. All variables in (7) are functions of (x,y,z,¢),
with the leaf temperature evolving according to a foliage
energy balance (discussed below) and the air tempera-
ture described by (3).

Within canopy water vapor exchange is dependent on
the stomatal conductance, which we derive from con-
siderations of the carbon assimilation processes [14,22].
The local net rate of carbon uptake () is determined by
biochemical reactions and by diffusion from the ambient
air to the chloroplast, where the biochemical reactions

1 = min (Ap, A a. (8)
The PAR limited rate is estimated as

A o O(pargmaprar(Ci - F)
par C; +2r

— Ry, 9)

where A,,, has units of pmol m,* s~!, with m; 2 implying
per square meter of leaf area, ap, (=0.9) is the ab-
sorbtivity of the leaf with respect to PAR, &y, (=0.08)
is the maximum ratio of molecules of CO, fixed per
quantum of PAR absorbed, O, is the PAR photon flux
density [umol m;? s~!], C; is the CO, concentration in-
side the leaf [umol mol™' or parts per million), I' is the
CO, compensation point, which is the minimum C; for
which there is finite assimilation, and Ry (umol m; > s™1)
is the dark respiration rate. The Rubisco limited rate is
estimated (after [22]) as

C-T

A = Vepax | ———F—<
G ke(1+2)

_Rd7 (10)

where V;max (Hmol m; 2 s71) is the maximum catalytic
activity of Rubisco with saturating RuBP, O; (ppm) is
the intercellular O, concentrations, and k. and k, are
the Michaelis coefficients (ppm) of Rubisco for CO,
and O,, respectively. The temperature dependencies of
the kinetic parameters k., k,, and Ry are calculated as
described in De Pury and Farquhar [18] and Medlyn
et al. [37] and repeated below. See Table 1 for further
detail.

Evmax(gl - 25)
_ ref
Vemas (01) = Vo' eXP (298R(91 +273) )

I' = 36.9 + 1.88(6, — 25) + 0.036(6;, — 25)*,

are either limited by the amount of absorbed PAR (i.e. Ewe(6 — 25) (11)
electron transport dependence on photon flux) or by the ke =k exp [ oot "0 )
ans] . . 298R(6; + 273)
enzyme kinetics of the ribulose biphosphate carboxy-
lase—oxygenase (Rubisco), as described by Farquhar ko = k™" exp ( Eyo (01 — 25) )
o — .
et al. [22], hence © 298R (6, + 273)
Table 1
Eco-physiological variables for estimating g. for pine [31]
Variable Value Note
D, 296.7 (ppm) Estimated from porometry measurements [31]
my 3.54 (dimensionless) Estimated from porometery measurements as in Katul et al. [31]
r 80 ppm Estimated from measured Light-Response curves [21]
yref 98.9 (umol m™2 s~!) Estimated from measured Light-Response curves
O; 210,000 ppm From [18,37]
Ry 0.015 Vemax (T) From [22,23]
Evmax 68,000 Ocil
R 8.314
Eye 59,400 °C™"
Ey 36,000 °C™"
ke 404 ppm
ket 248,000 ppm

Note: The polynomial for I' (in ppm) is from [28].
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Hence, the assimilation rate 4 depends on the vegetation
temperature and C;. From the diffusion of CO, through
the stomatal pores there is an implicit relationship be-
tween 1 and C;

n= _gc(ci - Cs)a7 (12>

where g, [mol m; * s7?] is the stomatal conductance with
respect to CO, diffusion and C; is the concentration of CO,
at the outer leaf surface, which is related to the concen-
tration in the free air by the leaf boundary layer conduc-
tance. Since we have one more unknown than equations,
we turn to an expression describing controls of g.

Wong et al. [50-52] demonstrated the strong rela-
tionship between g. and the carbon assimilation rate. In
consideration of this, Ball et al. [9] proposed a
relationship for g. that accounted for the influences
of carbon assimilation rate, C;, and relative humidity.
However, subsequent experiments [40] revealed that
stomata respond to intercellular CO, concentration and
not to leaf surface concentrations or ambient concen-
trations. There has also been debate about the functional
controls of aridity on stomatal aperture, with Ball et al.
[9] suggesting dependence on relative humidity of the air,
Aphalo and Jarvis [6] concluding from experiments that
VPD is more appropriate than relative humidity and,
finally, Mott and Parkhurst [41] demonstrating from the
results of a novel experiment that it is actually the rate of
water loss through the stomatal pores that governs the
response. However, given its strong relationship to
transpiration, the VPD persists as the dominant choice
of variables to serve as a proxy for rate of water loss in
the mathematical description of conductance. The in-
fluence of soil moisture on stomatal conductance is often
neglected in ecological applications (e.g. [13]); however,
it can become important under drought conditions [42]
because it induces hydraulic failure by cavitation in the
root-xylem pathway. In this first study, we focus on non-
water-limiting conditions and therefore omit soil mois-
ture status from the functional description of g.. With
this in mind, we adopt the approach of Leuning [35] for
describing the controls on stomatal conductance

8= mL(%) + 8, fL(D) :1_%,

Do

(13)

where my is an empirically derived species-specific con-
stant, 4 = min(4,y,4par), Cs is used as a proxy for C;
since it is the more readily measured field quantity via
porometry (and is related to C; via g.), D is the vapor
pressure deficit (or VPD), D, is an empirical constant
describing the species sensitivity to VPD, and g, is the
residual conductance at 4 = 0. Leuning [35] and later
Katul et al. [31] demonstrated that the formulation in
(13) better reproduces 4 measured by porometry when
contrasted with the Ball-Berry type formulation.

The equations in this section may be solved iteratively
or closed with a minor approximation. The iterative

approach would be to estimate C; (typically it is found
to be proportional to Cs or C,, [20], calculate A from
(9)—(11), compute g. from (13), revise the estimate of C;
from (12) and continue iteration until convergence. A
reasonable closure approximation (which was used in
this study) is to ignore g,, thus allowing direct calcula-
tion of C; from the combination of (13) and (12) as

and then proceeding with the direct calculation of 4 and
gc. Note that D(x, y,z,¢) is available from (3) and (4).

The stomatal conductance for water vapor (trans-
piration) is approximately 1.56 times greater than that
for CO,, due to the different molecular diffusivities of
the two gases in air [11]. Hence, we estimate the water
vapor source terms as

e = (1.56gemap,")(q" (0h) — g5)a, (15)

where m, is the molecular weight of air, p, is the density
of air, ¢*(0)) is the saturated specific humidity (g kg ') at
the leaf temperature and g is the specific humidity of the
air at the surface of the leaf, which is related to ¢ via a
laminar leaf boundary layer conductance analogous to
the treatment of sensible heat exchange.

The temperature of the foliage at each computational
node evolves in response to a local vegetation energy
balance
00, 1
3~ pye(ade) Ry, — h — Lye], (16)
where p; (=24 kg ml’z) is the mass of foliage per unit
leaf area, ¢, (=4190 J kg'' K™') is the specific heat
capacity of the foliage, L, (=2450 J g') is the latent
heat of vaporization, and dz is the vertical node spacing,
such that adz has units of [m? m~2].

2.4. Integration

With this representation of canopy fluxes, the spatial
variability in canopy structure (a(x,y,z) [m} m~]) gives
rise to variable net radiation penetration within the
canopy space (and corresponding density stratification),
variable water vapor, heat, CO,, and momentum ex-
change with the turbulent air flow (6)-(16). The variable
fluxes, consequently, inject variability into the velocity,
temperature, humidity, and CO, fields flowing through
the canopy (2)—(5). The simulations are 3D, with 32
nodes in the X direction (streamwise), 32 nodes in the ¥
direction (spanwise) and 100 nodes in the vertical di-
rection, for a total of 102,400 computational nodes. The
simulation domain covers 100 m in the vertical direction
and 200 m in each the x and y directions. The numerical
solutions march forward on a time step of less than 1 s.
Fields of primitive variables (e.g. u;, C,q...), fluxes (e.g.
usq,u;C, . ..), and variances are time averaged for anal-
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ysis of relationships between spatial distribution of
vegetation density and spatial distribution of mass and
energy fluxes.

3. Simulations

The 3D geometry of the canopy is expressed in terms
of horizontal LAI maps and a vertical shape function,
such that

a(x.7,7) = LAI(x,) * A(2), (17)

where /1 serves to distribute the leaf area in the vertical
for any position in the x-y plane. We use the measured
vertical shape of the Duke Forest [20]. The vertical
shape used in all cases and the horizontal distribution of
LAI used in the horizontally heterogeneous case are
shown in Fig. 1. Note the secondary peak in the vertical
shape, where the foliage density is approximately one-
half that of the primary peak. We refer back to this
when examining the relationships between the canopy
shape and the shapes of the source/sink profiles in the
results. Note also that the canopy is embedded in the
bottom 1/6th of the flow simulation domain (100 m).
The horizontally heterogeneous case has LAI ranging
from 3.7 to 7.6 m? m~? (consistent with the measured

o)

14

o

12

10t

z [m]
@

0 01 02 03 04 05
A[m™]

spatial variation in LAI reported in [32]) and was gen-
erated as a random field from an exponential correlation
model with a prescribed spatial correlation length of
about two times the canopy height (see Fig. 1(b)). For
each case the canopy density geometry was generated
and embedded in the LES. Table 2 summarizes the
canopy geometry of the four cases. The contrast be-
tween Cases 1 and 3 reflects heterogeneous versus
homogeneous horizontal canopy structure. Cases 2 and
4 allow an examination of the relative contribution of
local and non-local effects in the LAI versus flux dis-
tributions derived in Case 1. For example, we can
compare fluxes from local regions of LAl =4 (or
LAI = 7) in a global field that has a mean canopy LAI
of 5.5 (in Case 1) with results from Case 2 (or Case 4)

Table 2
Characterization of foliage structure for the simulation cases

Horizontal structure?, o Vertical shape®, 4

Case 1 Variable,

(LAI) =5.5,L, =30 m
Case 2 Homogeneous, LAI = 4
Case 3 Homogeneous, LAl = 5.5
Case 4 Homogeneous, LAI =7

Pine forest

Pine forest
Pine forest
Pine forest

#Simulated forest size is 200 m x 200 m (see Fig. 1).
®Canopy height =14 m, all cases (see Fig. 1).

50 100 150 200
Y [m]

Fig. 1. The left panel shows the normalized vertical shape function of the pine canopy (shape function). The right panel depicts the horizontal
distribution of leaf area density used in the heterogeneous canopy simulation.
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Table 3

Boundary conditions and forcing of the simulation
Boundary or forcing Treatment
Horizontal (flow BC) Periodic

Stress-free and
zero-flux. At 100 m*
500 W m,”,
horizontally uniform
1200 pmol mg’2 s7!
9E-4 m s~?

360 pmol mol ™!

Upper (flow BC)
Net radiation®
Photosynthetically active radiation®

Mean kinematic pressure forcing®
Upper ABL CO, concentration

#Partial simulation of ABL depth, thus omitting boundary layer scales
eddies.

°®Total to distribute between canopy and soil at each x, y location.

¢ General longitudinal flow forcing.

where the entire global field is LAl =4 (or LAI = 7).
Table 3 summarizes the boundary conditions for the
flow simulation and the regional forcing characteristics
with respect to pressure gradient and radiation.

4. Results and discussion

In this section we present the simulation results of the
cases in Table 2 and discuss the effects of foliage dis-
tribution on the variability in land—-atmosphere fluxes.
Given that the scalar sources and sinks are dependent on
the flow statistics, we first address the impact of foliage
distribution on the mean flow field. The effects of leaf
area density distribution on scalar sources and fluxes
within the canopy are considered next. Finally, we
progress to derive functional relationships between
vegetation density (LAI) and exchange rates of water,
heat, and carbon. These relationships permit us to assess
the combination of local and global scaling measures
that are needed to describe variability in canopy fluxes.

4.1. Velocity field

In Fig. 2 we present the mean wind speed for each of
the four cases plotted versus height in the lower 30 m
(i.e. 2h, where / is canopy height) of the flow domain.
The concept of a zero-plane displacement (e.g. [10, p.
116]) is evident in the figure, with weak mean winds in
the region below the peak foliage density. In these
profiles and the profile figures to follow, the LES flow
variables (which vary over x,y,z,¢) have been time av-
eraged over 30-min and horizontally averaged (over the
full x, y domain), such that the resulting means are only
functions of z. When subjected to the same mean
pressure gradient, the heterogeneous and homogeneous
cases with (LAI) = 5.5 have similar wind speeds inside
the canopy, however above the canopy the hetero-
geneous case has a lower (U). This is expected because
the presence of a heterogencous surface roughness is

30

251

20

O . L L L L
0 0.5 1 1.5 2 25

<U>[m st ]

Fig. 2. Mean (horizontal- and time-averaged) profiles of longitudinal
wind speed plotted against height in the lower 30 m of the simulation
domain. The canopy density shape is distributed vertically according
to Fig. 1. The symbols map to the cases as: ‘x’=heterogeneous,
(LAI) =5.5; ‘0=homogeneous, LAI =4; ‘(O’=homogeneous,
LAI = 5.5; ‘)’ =homogeneous, LAl = 7.

known to result in greater regional shear stress due to
asymmetrical response of the wind field to rough-to-
smooth and smooth-to-rough transitions [3]. For the
homogeneous cases, an increase in LAI results in a de-
crease in wind speed in the lower canopy (understory)
and an increase in wind speed above the canopy. This is
due to a ‘skimming effect’ of the wind over a dense
canopy, resulting in an effective decrease in roughness
for the dense canopy. As described in Section 2.3, the
leaf-level fluxes are affected by the wind speeds inside the
canopy through control of conductance across the
laminar boundary layer on the leaf surfaces. Greater
(U) increases the efficiency of removing (or replenishing
in the case of CO,) mass at the leaf surface, thus in-
creasing concentration differences between the internal
and external portions of stomatal cavities.

4.2. Scalar exchange in the canopy

In Fig. 3 we present CO, exchange and transport
results for the region inside the canopy (i.e. z < 15 m). In
this figure and those following we use m? to denote leaf
area and mé to denote ground area. Soil processes are
not explicitly considered in this study, but to account for
soil respiration of CO, into the atmosphere, a horizon-
tally homogeneous source strength of 2 umol mg’2 s!
was assigned at z = 0. In the top-left panel of Fig. 3 the
mean CO, concentration in the main portion of the
canopy is seen to decrease with increasing LAI. There is
an opposite response near the soil surface, which we
attribute to the combined affects of reduced uptake in
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Fig. 3. Mean (horizontal- and time-averaged) profiles related to CO, exchange and transport. All symbols are as in Fig. 2. The top-left panel shows
the profile of CO, concentration in the air. The bottom-left panel is the sink strength (vegetation uptake of CO,) through the canopy. The top-right
panel is the stomatal conductance calculated through the canopy. The bottom-right panel is the mean vertical flux of CO, carried by the turbulent

flow in the canopy space.

the shaded understory and reduced mixing in the higher
LAI cases. In the low LAI case the efficient mixing re-
sults in less accumulation of respired CO, near the soil
surface. In the lower-left panel the mean sink strength of
CO; (uptake from the air) is shown, as computed by (8)—
(14), thus including the instantaneous considerations of
PAR, vegetation conditions, CO, concentrations in the
surrounding air, VPD, and wind speed. The resulting
sink strength has features of the vegetation shape profile
from Fig. 1, however it is skewed toward stronger sinks
in the upper canopy. This is evidenced by the secondary
peak in vegetation density realizing only 1/5th of the
peak CO, uptake while it contains 1/2 the peak vegeta-
tion density, as a result of reduced PAR availability in
the lower regions of the canopy. The leaf conductance to
CO, is a byproduct of these calculations and is reported
in the top-right panel of Fig. 3. Note that the units are

referenced to unit leaf area, such that this profile must
be scaled by local foliage density to relate these values to
sink strengths. Section 2.3 demonstrates that the con-
ductance is tied to the assimilation rate, and from this
point we note for g. in Fig. 3 that there is a sharp
transition from Rubisco controls (i.e. Ay, in (8)) in the
upper-canopy to PAR control (4y,,) in the mid- and
lower-canopy. This conductance is re-scaled by the ratio
of molecular weights (H,O to CO,) and used in the
transpiration calculations. Hence, the differences in
Rubisco and PAR controlled assimilation directly
translate into fundamental differences in leaf-level tran-
spiration response to vapor pressure gradients across
leaf surfaces. The vertical flux of CO, in the flow field
(inside the canopy) is shown in the bottom-right panel to
be relatively constant with z above the uptake region
with a sharp transition to +2 pmol m~* s~' below the
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dominant uptake region. From 1D mass conservation
principles the mean flux at z is equal to the integration of
all the mean sources and sinks below z. It is clear from
joint inspection of (C) and (f;) that the fluxes are not
readily described by local gradient diffusion theory. This
is examined later, after presentation of results for the
remaining scalars.

Mean specific humidity profiles, latent heat source
profiles (LE. = p,L.e), and the vertical flux fields of
latent heat inside the canopy for the four cases are
shown in Fig. 4. Clearly, the conductance inferred from
the CO, processes dominates the source profiles of water
vapor to the boundary layer. The vertical latent heat
fluxes at the canopy top (i.e. reflecting total canopy
contribution) are shown to increase with increasing LAI,
while the horizontal heterogeneity in LAI has a negli-
gible impact on the spatial mean latent heat flux (Case 1
compared to Case 3, with like (LAI)). Again, the fluxes
inside the canopy appear unrelated to local gradients in

the mean concentration field, especially below 9 m where
the gradient is significant and positive and the fluxes are
vanishingly small.

Mean profiles related to sensible heat exchange and
transport are shown in Fig. 5. In addition to the types of
variables shown for water vapor, here we add mean leaf
temperature profiles (top-left) and mean differences be-
tween leaf and air temperatures (bottom). The cases
with denser canopies have higher leaf temperatures in
the upper part of the canopy and lower leaf tempera-
tures in the lower parts of the canopy relative to the
sparser canopies. This is due to a more evenly distrib-
uted radiation through the canopy under low LAI
conditions and the impact of radiation on vegetation
temperature through the energy balance of (16). This
same crossover of the temperature profiles (for the dif-
ferent cases) in the mid-canopy region is noted for the
air temperature. By taking the difference of the leaf and
air temperature profiles (bottom panel) we see that the

z [m]

200

15
10}
E
N
5.
0 1 1
15 155 16 165
<q>[gkg ']
15
10}
£
N
5.
O " "
-100 0 100

<LE> (W m_

209 300 400
]

Fig. 4. Mean (horizontal- and time-averaged) profiles related to water vapor exchange and transport. All symbols are as in Fig. 2. The top-left panel
shows the profile of water vapor concentration (¢) in the air; The top-right panel is the source strength (vegetation’s transpiration release) through the
canopy. The bottom panel is the mean vertical flux of water vapor carried by the turbulent flow in the canopy space.
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canopy depth.
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denser LAI cases have higher leaf to air temperature
differences at the point of peak foliage density, however
the denser cases have leaf temperatures in the lower
canopy which are lower than local air temperatures.
This is in contrast to the LAI = 4 case, which has leaf
temperature greater than air temperature at all depths in
the canopy. An interesting feedback from these results
onto CO, and water vapor transport is found in the
creation of a stable layer of air in the understory. This
positive temperature gradient, 0(0)/0z > 0, acts as a
restoring force to vertical air displacements, thus im-
peding vertical mixing (through the f§ term in (2)). The
downward sensible heat flux indicated in the region of
5 m < z < 10 m on the bottom-right panel is along the
temperature gradient and is balanced by heat exchange
from the air to the vegetation (where 0, — 0 < 0) and the
increase in air temperature through time below the main
heat source level. The relationship between scalar
gradients and turbulent fluxes is considered next.

In Fig. 6 we explore the vertical profiles of the mean
turbulent diffusivities for the three scalars as a measure
of scalar mixing by the flow field. These profiles are
computed as

Ks:fs(%)i

where K; is the inferred turbulent diffusivity of scalar
S (as proxy for A, v, or ¢) and f; is the turbulent
vertical flux of scalar S. When modeling (rather than
simulating) the turbulence, the turbulent diffusivity is
typically estimated as the product of a characteristic

turbulent velocity scale and a mixing length scale. In
the absence of significant stability effects, the velocity
scale is universally considered to be the shear velocity
u,. In the surface layer the mixing length has been
shown to be a linear function of height above the
zero-plane [49]. Here we see that the combination of
small flux magnitudes and significant concentration
gradients inside the canopy is representative of van-
ishingly small turbulent diffusivities inside the canopy.
However, just above the canopy we see a non-linear
increase in K; (consistent with roughness sublayer
observations) and higher up we recover a mixing
length that is linear in z. The failure of gradient dif-
fusion theory inside and often just above plant cano-
pies is well established from field experiments [17]. An
encouraging result here is that the three different
scalars for all the cases appear to possess similar
turbulent diffusivities. To quantify the similarity in
source and sink profiles of the three scalars, which is
an important determinant in the similarity of trans-
port efficiencies as seen in Fig. 6, we plot the source
and sink strengths of the three scalars normalized by
their canopy integrated fluxes and the local vegetation
density in Fig. 7 (Case 3 only). The shape of the water
source and the carbon sink profiles are nearly identi-
cal, which we attribute to the strong coupling by
stomatal aperture. The heat source profile is notice-
ably more skewed toward the upper portions of the
canopy, however it remains similar enough in shape to
the other scalars to result in similar mixing charac-
teristics above the canopy.
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Fig. 6. The inferred mean turbulent diffusivities of heat (Kj), water vapor (K,) and CO,(K.) in and just above the canopy. Symbols are as in Fig. 2.
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4.3. Global (regional) versus local LAI controls

In Figs. 8 and 9 we explore the relationships between
LAI and land surface fluxes and between LAI and
canopy environment properties, respectively. For the
heterogeneous case (Case 1) we group x, y locations into
bins of similar LAI. For each bin we plot the mean
dependent variable (e.g. H) and bars denoting +1 S.D.
of the dependent variable values referenced to the bin.
We also plot the global (horizontal) average for the
heterogeneous case as an ‘x’ symbol at LAI = 5.5. The
homogeneous cases are plotted as solitary symbols at
the appropriate LAI values. The question these figures
address is, ‘Are the relationships between local LAI and
local fluxes and environment variables dependent on the
global distribution of LAI throughout the forest?” As a
specific case, is the value of f; at a location with LAI = 7
in the heterogeneous case (where the forest average LAI
is 5.5) the same as that found in a homogeneous case
where the local and global mean LAI values are 7 (i.e.
Case 4)? This question has important implications for
deriving fluxes from distributed data sets using 1D ver-
tical models and then aggregating these model results to
regional scales. The findings presented here are limited
to short time periods during non-water-limiting con-
ditions and single plant species. Hence, we focus strictly
on canopy geometry, leaving the other issues for on-
going and future efforts.

The relationships between the fluxes and LAI values
(Fig. 8) are quasi-linear such that the global mean fluxes

in the heterogeneous case match the fluxes of the
homogeneous case with identical (LAI). The radiation
absorption depends functionally on local LAI values.
This was justified, as the horizontal length scale over
which the LAI varies is greater than the canopy depth.
The carbon assimilation and transpiration rates exhibit
little scatter about the binned means. The sensible heat
flux appears to include minor non-local effects (such as
advection), as evidenced by a finite difference between
the H values of the heterogeneous and homogeneous
cases at LAl = 4 and LAI = 7 (middle-left panel Fig. 8).
The carbon assimilation and latent heat fluxes increase
similarly to each other with LAI, resulting in a fairly
constant canopy water use efficiency (f./LE) with LAI.
The range of variability in LE and f. over the hetero-
geneous LAI distribution is similar to the observed
variability in these fluxes from a spatial variability
measurement campaign at the Duke Forest [32]. The
relatively constant H with LAI interacts with the LE to
give a decreasing trend of the Bowen ratio (H/LE) with
increasing LAI. The difference in absorbed net radiation
across the range of LAI from 4 to 7 results in reduced
radiation to the soil in the denser canopy cases. We
assume in the present approach, for simplicity, that the
soil is a perfect sink for incident energy. While this is
clearly not correct, it may not be too detrimental since
this soil increment is one order of magnitude smaller
than the radiation absorbed by the canopy volume.
The leaf and vegetation properties inside the canopy
(Fig. 9) possess more pronounced scatter within each
LAI bin, as the state variables are influenced by both
local and upwind fluxes through the air flow (advection).
These non-local (or regional) controls also lead to
greater departure between homogeneous and hetero-
geneous cases at the same LAI. For example, in the U
field a global LAI of 4 (Case 2) yields higher wind speeds
than in the regions of the heterogeneous case where
LAI =4 (but with global (LAI) = 5.5). The increased
wind speeds serve to increase the leaf boundary layer
conductance (recall that g, « /(U), and hence
0gy/0(U) ~ %; so with (U) < 1), the sensitivity of g

to (U) is significant). This is offset by greater VPDs (top
left panel) acting to decrease the canopy conductance
(G.) in the lower-left panel relative to the heterogeneous
case. (The canopy conductance is the product of
stomatal conductance and leaf area density integrated
over the canopy depth.)

These types of offsetting feedbacks serve to translate
complicated processes with respect to the state variables
into well-constrained behavior of the fluxes. Another
excellent example of offsetting effects is found in the
vegetation and air temperatures. In Fig. 9 the low LAI
conditions of Case 2 result in suppressed air tempera-
tures inside the (well ventilated) canopy compared to low
LALI regions of Case 1. A similar result is noted for the
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Fig. 8. Binned scatter plots of depth-integrated fluxes in the canopy versus local LAI values. The symbols are as in Fig. 2 and the heterogeneous case
includes vertical bars denoting +1 S.D. of the values in the LAI bin. Each bin includes all x, y locations with LAI values in a range of 0.5 m m;2. R,,
is the amount of net radiation absorbed by the vegetation; f. is the net carbon exchange; H is the sensible heat flux; LE is the latent heat flux;
f (= H/LE) is the Bowen ratio; and f;/LE is a measure of the canopies water use efficiency.

leaf temperatures. Hence there are global LAI controls
on leaf and canopy air temperature. However, when we
focus on the difference between leaf and air temperatures,
which drives the heat exchange process, we observe a
collapse to local controls (i.e. local LAI values dictate
local temperature differences) as evidenced by agreement
between homogeneous and heterogeneous simulation
results. When 6, — 0 is scaled by vegetation density, the
resulting heat flux is relatively constant over a wide range
of LAI (c.f. middle-left panel of Fig. 8). Therefore,
complicated responses of individual primitive variables
are offsetting each other to yield simple and robust
constraints on fluxes over heterogeneous plant canopies.

At first glance these offsetting feedbacks may appear
to be a coincidence or a special case related to the
canopy conditions. However, the underlying vegetation
strategy suggests otherwise. Recall that the stomatal
conductance has been shown to respond to the dual
influences of the rates of carbon assimilation [50-52] and
water loss [41]. Hence, environmental effects that would
serve, for example, to increase transpiration (e.g. in-

creased VPD because of changes to ¢,0,, or 0) will
prompt an offsetting response of the stomatal aperture.
That is to say, the individual variables do not affect
stomatal aperture independently but rather jointly and
weighted in accordance with their influences on rates of
water release and/or carbon gain. It is only with the
simultaneous treatment of water and carbon cycling that
these offsetting effects are so well behaved. As for the
sensible heat exchange, we note that leaf temperature
responds quickly to maintain a local balance of R, H,
and LE, and since H is regulated by the difference be-
tween leaf and air temperature, it is this difference that
must scale well locally. Therefore, the vegetation’s
water—carbon strategy serves to simplify the flux re-
sponse. We note that we have addressed a limited spatial
region and that magnitudes of departures of state
variables from strict local LAI scaling would possibly be
greater over larger regions with perhaps greater canopy
variability. However, given the discussion of vegetation
function strategy we expect that the cancellations would
be equally robust as observed here.
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5. Conclusions

This study demonstrates that complex interactions
between canopy geometry, turbulent transport, and
biophysical mechanisms manifest themselves with sig-
nificant variability in land surface fluxes and moderate
variability in concentration fields over a forest of het-
erogeneous foliage density (LAI ranged from 4 to 7).
The vegetation’s strategy to maximize carbon uptake
while minimizing water loss under prevailing environ-
mental conditions was simulated to deduce 3D, tran-
sient fields of stomatal conductance. The conductance
controlled the release of water through transpiration,
which in turn affected the leaf temperature and sensible
heat exchange through a distributed leaf energy balance.
The distribution of sensible heat fluxes and the canopy
wind field interacted to create density stratification that
impeded mixing below the canopy crown (stably
stratified) and enhanced mixing above the crown
(unstably stratified), with impacts back to the water
vapor and CO, concentrations inside and above the
canopy.

By comparing a simulation of a horizontally hetero-
geneous canopy and simulations of three homogeneous
canopies (with different LAI values) we were able to
discern the relative importance of local LAI and global
(regional) LAI controls on local concentrations and
fluxes. For this single species example under non-water-
limiting conditions, it was demonstrated that concen-
trations (e.g. ¢,0) and velocities (i.e. state variables)
exhibited noticeable non-local controls while the land
surface fluxes did not. This is attributed to negative
feedback pathways (offsetting effects) between stomatal
and boundary layer conductance, as suggested in the
theoretical work of Jarvis and McNaughton [27], with
reduced (increased) wind speeds acting to lower (in-
crease) the boundary layer conductance which increases
(decreases) water vapor concentrations at leaf surfaces
thus decreasing (increasing) VPD and increasing (de-
creasing) the stomatal conductance. In fact, since the
stomatal response is to the rate of carbon assimilation
[50-52] and the rate of water loss [41] it is predictable
that an external perturbation that increases transpirative
loss should be equally offset by an equivalent stomatal
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restriction to maintain the desired water/carbon balance.
Hence, the various state variables affecting the conduc-
tance do not act independently, but rather in a joint
matter defined by their relative effects on transpiration
(and carbon assimilation) — apparently leading to a ro-
bust water use efficiency that does not vary appreciably
with local environmental perturbations. We demon-
strate other offsetting effects here as well, such as the
cancellation of non-local controls on leaf temperature
and air temperature to result in a simple local scaling of
the ‘difference between leaf and air temperature’, as used
in the estimation of sensible heat exchange. This should
also be a general truth given that the leaf temperature
responds rapidly (low foliage heat capacity) to maintain
a balance between local net radiation and latent and
sensible heat fluxes. So, given an LAI -defined net
radiation and latent heat loss the leaf temperature would
have to adjust relative to the air temperature to yield the
appropriate leaf-to-air temperature difference to dissi-
pate the residual heat — hence, the simple local scaling of
‘0 — 0’ — a direct consequence of the leaf energy balance.

In the presence of ample soil moisture, uniform solar
radiation and species composition, the land surface
fluxes scale quasi-linearly with LAI over the LAI en-
countered here, such that the forest average fluxes are
well described by the forest average LAI and are thus
insensitive to the horizontal variability of LAI. There
are interesting implications for efforts aiming to com-
pute distributed fluxes and scale to the region. We sur-
mise that results from such efforts may have greatest
likelihood of success at the two extreme ends of the di-
mensionality of the models. The simple models that ig-
nore impacts of forest heterogeneity on the state
variables may recover the correct solution and detailed
process models (such as this LES with dynamic canopy)
may capture all the variability and the offsetting effects,
yet models that partially treat the complications are
likely to fail to capture the full counteraction of the
jointly acting variables. An example of a complication
(and possible source of error) for a mid-range com-
plexity model would be accurately dealing with satellite
derived canopy temperature data (6;(x,y)) in the ab-
sence of spatially distributed air temperature data
(0(x, ).

The encouraging finding for regions represented by
ample water supply is that despite all the complications
within the forest, the regional scale exchange is regulated
more by vegetation response to large scale energy input
and vegetation density in the context of an optimum
coupling of the carbon, water, and energy cycles.
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