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Abstract: Quantifying the impact of natural and anthropogenic disturbances such as deforestation,
forest fires and vegetation thinning among others on net ecosystem—atmosphere exchanges of carbon
dioxide, water vapor and heat—is an important aspect in the context of modeling global carbon,
water and energy cycles. The absence of canopy architectural variation in horizontal and vertical
directions is a major source of uncertainty in current climate models attempting to address these
issues. This manuscript demonstrates the importance of considering the vertical distribution of
foliage density by coupling a leaf level plant biophysics model with analytical solutions of wind
flow and light attenuation in a horizontally homogeneous canopy. It is demonstrated that plant
physiological response in terms of carbon assimilation, transpiration and canopy surface temperature
can be widely different for two canopies with the same leaf area index (LAI) but different leaf
area density distributions, under several conditions of wind speed, light availability, soil moisture
availability and atmospheric evaporative demand.

Keywords: canopy turbulence; transpiration; thermoregulation; carbon assimilation; stomatal regulation

1. Introduction

Carbon, water and biogeochemical cycles of forest ecosystems are critically important in
determining Earth’s energy balance. Resolving the role of the biosphere as a terrestrial carbon sink
and the nature of nonlinear couplings between these cycles across a very wide range of spatiotemporal
scales (stomata to landscape; seconds to days) constitute the scope of modeling work identified by the
Department of Energy’s (DOE) Next Generation Ecosystem Experiments (NGEE) project [1]. The NGEE
Tropics campaign aims to identify major scientific issues such as (1) effects of changing patterns of
temperature, precipitation and carbon dioxide (CO2) on tropical forests; (2) disturbances effects on
ecosystem exchanges—i.e., how carbon, water and energy fluxes are impacted by vegetation thinning,
insect outbreaks, land use change, forest fires etc. Answering these questions requires moving beyond
the big leaf approximation of vegetation canopies prevalent in large scale models [2]. Reducing the
three dimensional canopy into one single layer certainly has computational benefits but completely
misses the complexity arising out of the spatial variation of plant functional traits [3]. Capturing
the effects of disturbances thus require considering the horizontal and vertical variation of canopy
architecture since plant-atmosphere interactions have several nonlinear dependencies with the canopy
microclimate parameters that are altered significantly with variations of the spatial structure of the
canopy. The temperature of the canopy is another important factor that governs enzyme reactions,
membrane transport etc. among other physiochemical activities and also can be taken as an indicator of
plant health. Although some earlier studies had used air temperature as a proxy for plant temperature,
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it is well established now that plant temperature can deviate from air temperature following the
physical processes of transpiration and heat transfer. This process of modulating plant temperature
based on the economics of carbon, water and heat exchange is called thermoregulation [4,5].

The response of plants to abiotic stressors emerges from the complex nonlinear interactions among
several physiological and environmental parameters such as stomatal conductance, water use efficiency,
light availability, wind speed, relative humidity, and ambient CO2 concentration [6]. The presence
of edges and clearings (gaps) inside the canopy disturbs the constant flux layer assumption in the
canopy sub layer and changes wind flow patterns by creating small recirculation zones [7,8]. While the
edge problem requires considering the variations of canopy structure in the horizontal directions,
variation of canopy architecture in the vertical dimension alone is sufficient to generate different plant
response to varying micrometeorological parameters. Katul et al. [9] demonstrated the systematic
variation of turbulence statistics inside vegetation canopies across a wide range of leaf area density
(LAD) distributions. Different LAD distributions also generate varied light environments inside the
canopy [10]. There have been several theoretical and experimental studies on the effect of elevated
CO2 on LAI, which is a representative parameter of plant foliage density and can be taken as an index
for plant health [11–13]. Under increased CO2 concentration, plants may undergo more photosynthesis
and if they are able to uptake nutrients from the soil, the availability of excess carbohydrates can help
them build tissue, thereby increasing LAI. Increased CO2 also leads to lower stomatal conductance.
In plant canopies that are well coupled to the atmosphere, this decrease in stomatal conductance
by stomatal closure leads to water savings, which also increases LAI. However, increased LAI
simultaneously leads to lower light availability, as well as lower throughfall precipitation and wind
speed, which reduces LAI potentially enough to offset any gains achieved by other mechanisms over
time. If the canopy is not well coupled to the atmosphere, there is lower water savings because of lower
boundary layer conductance in spite of reduced stomatal conductance, leading to minimal effects on
LAI. Moreover, during drought-like conditions, the marginal water use efficiency will increase and the
combination of low soil moisture availability and higher vapor pressure deficit (VPD) reduces stomatal
conductance further (on top of reduced stomatal conductance from elevated CO2). This could lead to
negative carbon balances for individual leaves causing the plant to shed leaves (called ‘leaf-out’) and
reduce LAI [13]. The higher daytime leaf temperature due to reduced stomatal conductance also causes
a slowdown in low-temperature acclimation, reducing the plant’s resilience to cold temperature [14–17].
Thus, the future health of the plant under elevated CO2 concentrations, hot drought and irregular
warm-cold cycles depends on the interplay of a variety of micrometeorological factors with plant
physiology across the landscape.

Resolving the full complexity of the problem is numerically and computationally intractable
due to the myriad of scales in space and time, as well as the complicated nonlinear feedback
loops between several processes in the soil-plant-atmosphere continuum. Hence low dimensional
predictive frameworks need to be developed to capture the essential modes of variability between
modules to approximate the system. The current work uses such a model which can solve plant
atmosphere exchange processes at the leaf level and systematically explores the effect of vertical canopy
architectural variation on canopy transpiration, carbon uptake and thermoregulation. Two different
vertical foliage distributions (in the form of leaf area density or LAD) are explored for the same LAI.
The first one is top heavy—meaning most of the foliage are concentrated at the top and the other one is
bottom heavy—meaning most of the foliage are concentrated at the bottom, representing two end cases
of foliage distribution. Note that the integrated vertical profiles of both LAD profiles yield the same
LAI. Transpiration, carbon uptake and thermoregulation are chosen since these processes represent
the fluxes of water, carbon and heat which control the corresponding water, carbon and energy cycles.
The variations of plant physiological response for the same canopy LAI but with different LAD
distributions across a multitude of water supply and demand conditions will highlight the importance
of capturing canopy architecture in models aimed at quantifying ecosystem-atmosphere interaction.
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2. Theory

The plant biophysics model is a culmination of several different studies of plant functionality,
which have been compiled by Huang et al. [18]. Earlier versions of the model can be found in
several works such as Katul et al. [13], Launiainen et al. [19], Siqueira et al. [20] and Lai et al. [21].
The framework is based on the following principles: (1) a model for the biochemical demand for CO2

as prescribed by photosynthesis models. This model can differentiate between photosynthesis under
light-limited and nutrient-limited scenarios; (2) A Fickian mass transfer model including transfer
through the laminar boundary layer on leaves that may be subjected to forced or free convection
depending upon the mean velocity and the radiation load; (3) an optimal leaf water use strategy that
maximizes net carbon gain for a given transpiration rate to describe the stomatal aperture variation;
(4) a leaf-level energy balance to accommodate evaporative cooling. The model can be adapted for both
amphistomatous (stomates on both sides) and epistometous leaves (stomates on one side). Leaf-level
models using the aforementioned philosophies are upscaled to plant, canopy and landscape scales
using one dimensional analytical solutions for mean flow inside vegetation canopies.

Leaves uptake carbon dioxide through stomata during the process of photosynthesis. However,
loss of water also takes place through the open stomata during the process of carbon assimilation.
So the plant needs to optimize these two processes by controlling the stomatal apertures. Moreover,
the presence of a laminar boundary layer over the leaf surface further complicates the problem by
decoupling the leaf from the atmosphere. The thickness of this boundary layer controls the diffusive
path length for gas exchange between the leaf and the turbulent atmosphere beyond the laminar
boundary layer. The thermodynamics of heat exchange and evaporative cooling is also dependent on
the wind speed, radiation load, air temperature, relative humidity etc.

The current model resolves these biotic controls through stomatal response to the turbulent
atmosphere by encoding more physical processes compared to existing models. The main advancements
are using a leaf boundary layer modulating level exchange and using an optimization strategy based
on carbon and water economies of the leaves [18].

2.1. Fickian Mass Transfer Model

The assimilation of carbon dioxide happens as a flux between the leaf and the atmosphere through
the laminar boundary layer on the leaves:

fc = gt,CO2(ca − ci). (1)

Similarly the flux of water vapor from the leaf to the atmosphere can be written as

fe = gt,H2O(ei − ea). (2)

i denotes intercellular concentration and a denotes ambient concentration. c denotes CO2 concentration
and e denotes concentration of water vapor. gt denotes the total conductance which is a combination
of both boundary layer (gb) and stomatal (gs) conductance:

gt,CO2 =
gs,CO2 gb,CO2

gs,CO2 + gb,CO2

, (3)

gt,H2O =
gs,H2Ogb,H2O

gs,H2O + gb,H2O
. (4)

2.2. Boundary Layer Conductance

The boundary layer conductance for scalars (i) such as carbon dioxide, heat and water can be
written as a combination of conductance under free and forced convection:
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gb,i = 1.4gb,i, f orced + gb,i, f ree. (5)

Forced convection for heat:

gb,i, f orced =
0.664ρDH Re1/2Pr1/3

d
(6)

Free convection for heat:

gb,i, f ree =
0.54ρDH(GrPr)1/4

d
(7)

where Re = Ud/ν is the Reynolds number, d is leaf dimension, ν is kinematic viscosity, Pr = ν/DH
is the Prandtl number and Gr = (gd3δT)/[(Ta + 273)ν2] is the Grashof number. For carbon dioxide
and water, replace Pr with Schmidt number. δT = Ts − Ta, where Ts is plant temperature, Ta is
air temperature.

2.3. Photosynthesis Model

The Farquhar model of photosynthesis for C3 plants is used [22], which was modified by
Vico et al. [23] to ensure a smooth transition between co-limitations of Rubisco limited and light
limited photosynthesis:

fc =
k1(ci − Γ∗)

k2 + ci
− Rd

k1 =
J
4

k2 = k1
a2

Vc,max

a2 = Kc(1 + Coa/KO).

where k1 and k2 are photosynthesis parameters. Γ∗ is carbon dioxide compensation point. Rd is
daytime mitochondrial respiration rate. J is electron transport rate that varies with light availability.
Kc and KO are Michaelis constants for carbon dioxide fixation and oxygen inhibition and Coa is the
ambient oxygen concentration. Vc,max is the maximum carboxylation capacity. All parameters are
functions of Ts. For more details, please refer to Huang et al. [18].

2.4. Leaf Level Energy Balance

The energy balance on the leaf surface can be written as

Qn = Qabs − Qout = H + LE, (8)

where Qn is the net radiation, Qabs is the absorbed radiation, Qout is the outgoing radiation, H is the
sensible heat flux and LE is the latent heat flux. Qout can be modeled using the Stefan-Boltzmann law:

Qout = εsσ(Ts + 273)4, (9)

where εs is the leaf surface emissivity, σ is the Stefan-Boltzmann constant. The sensible and latent heat
flux can be written as

H = cpgb,h(Ts − Ta) (10)

and
LE = L fe/Pa (11)
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where cp is the specific heat capacity of air and L is the latent heat of vaporization of water and Pa is
atmospheric pressure. Rearranging the energy balance equation yields the following implicit equation
which needs to be solved numerically.

Ts = Ta +
Qabs − εσ(Ts + 273)4 − Lgt,H2O(ei − ea)/Pa

cpgb,H
(12)

2.5. Stomatal Optimization Model

The closure for the system of equations is provided by invoking an optimality hypothesis based
on the economics of leaf-gas exchange. The short term regulation of stomatal aperture is hypothesized
as an optimization process that maximizes carbon gain constrained by water loss. This is a reasonable
assumption because plants have to open their stomata to gain carbon dioxide necessary for building
tissues. However, the open stomata also results in water loss through transpiration. Thus, the uptake
of carbon comes at a cost of losing water. To represent this idea mathematically, a Hamiltonian is
constructed to solve the constrained optimization problem.

ha(gs,CO2) = fc − λ fe, (13)

where λ is the Lagrange multiplier, called marginal water use efficiency and measures the cost to the
plant of losing water in carbon units thereby bridging the carbon and water economies of the plant.
One needs to solve numerically for

∂ha(gs,CO2)

∂gs,CO2

=
fc

∂gs,CO2

− λ
fe

∂gs,CO2

. (14)

It is important to note here that the marginal water use efficiency λ is taken as a parameter for
soil water availability. A larger value of λ will be taken as representative of a water stressed soil and
a small value of λ will be used to represent well watered conditions [18,24].

2.6. Algorithm

Figure 1 taken from Huang et al. [18] shows the algorithm for the plant biophysics code along
with values of input parameters for reproducibility. Essentially one needs to initialize the model with
an assumption for plant temperature equal to air temperature (Ts = Ta). This allows one to compute
the boundary layer conductances and use that information to compute The Fickian mass transfer
model along with the photosynthesis model that computes ci, fc and fe. In these computations, gs,CO2 ,
the stomatal conductance of CO2, remains unknown. Solving the constrained optimization problem
numerically allows one to solve for gs,CO2 . After this, one can solve the energy balance equation
numerically to solve for the updated value of Ts. This process is repeated in loops until subsequent
iterations for Ts converge.

To investigate the effect of wind canopy architecture, we drive the model with a range of wind
speed conditions (4 m s−1 to 10 m s−1) prescribed at the canopy top. Canopy response under this range
of wind conditions are tested for the two different (two sided) LAD distributions as shown in Figure 2.
The left panel shows the top heavy (TH) distribution and the right panel shows the bottom heavy (BH)
distribution. Both TH and BH distributions, when integrated, yields the LAI of 2.7 m3 m−3. The wind
speed distribution within the canopy airspace is assumed to attenuate exponentially inside the canopy,
following the model of Yi [25]

U(z) = Uh exp(−0.5 (LAI − LAIcum(z))), (15)

where Uh is the wind speed at canopy top, h denotes the canopy height (10 m), and LAIcum(z) is the
cumulative leaf area index from ground (z = 0) to z level. The third panel in Figure 2 shows the mean
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velocity profile obtained using Equation (15) for the top heavy and bottom heavy cases, for the canopy
top wind speed of 10 m s−1.

Other input conditions for the model include the air temperature Ta = 25 ◦C and the ambient
CO2 concentration of 380 ppm.

Figure 1. Algorithm for the plant physiological model adapted from Huang et al. [18].

Figure 2. Two LAD distributions used in this study. The left panel shows the top heavy (TH)
distribution and the right panel shows the bottom heavy (BH) distribution. Both TH and BH
distributions, when integrated, yields the LAI of 2.7 m3 m−3. The canopy height is 10 m. The third
panel in Figure 2 shows the mean velocity profile obtained using Equation (15) for the top heavy and
bottom heavy cases, for the canopy top wind speed of 10 m s−1.
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Each of these LAD cases are driven by two different light availability conditions—
photosynthetically active radiation (PPFD) of 600 µmol m−2 s−1 and 1600 µmol m−2 s−1 on top of
the canopy. The PPFD profiles are also attenuated inside the canopy following the Beer Lambert
law [26]:

Q(z) = Qh(− exp(−K LAIc)) (16)

where Q(z) is the PPFD at height z, Qh is the PPFD at canopy top, K is light extinction coefficient and
LAIc is the cumulative LAI unto height z from top.

Each of these LAD-PPFD combinations are then tested for four different water supply and
demand conditions:

• WW RH20: well watered soil (λ = 0.1µmol mol−1kPa−1) and high evaporative demand in the
atmosphere (relative humidity (RH) = 20%);

• WW RH60: well watered soil (λ = 0.1µmol mol−1 kPa−1) and low evaporative demand in the
atmosphere (relative humidity (RH) = 60%);

• WS RH20: water stressed soil (λ = 5µmol mol−1 kPa−1) and high evaporative demand in the
atmosphere (relative humidity (RH) = 20%);

• WS RH60: water stressed soil (λ = 5µmol mol−1 kPa−1) and low evaporative demand in the
atmosphere (relative humidity (RH) = 60%).

Once the leaf level outputs are obtained, leaf level fluxes are upscaled to plant scale fluxes by
multiplying with leaf area density and grid height at every grid cell. Canopy level fluxes are computed
by integrating plant level fluxes for the entire plant volume.

3. Results and Discussions

3.1. Comparison with Published Results

Figure 3 shows the variation of transpiration with respect to wind speeds for the high and low
light environments and for each of the four water availability and evaporative demand conditions.
The model outcomes are plotted against data plotted in Huang et al. [18], to check if the model
development was correct. The difference between the model and the data are because there are
uncertainties in some parameters that are not reported in Huang et al. [18] such as absorbed radiation
(Qabs), which we assume to be twice of PAR. Moreover, we could not use a value of λ = 0.001 reported
by Huang et al. [18] as the numerical solution was found to be unstable. We used a λ = 0.1 for well
watered condition instead. However the correct response in terms of whether transpiration increases
or decreases with wind speed is captured, which is deemed more important in the current context.
Under low light conditions, transpiration increases with wind speed for all four water supply-demand
conditions. However, for higher light conditions, transpiration for only well watered conditions
increases with wind speed. Under water stressed conditions, evaporation actually decreases with
wind speed for both low and high evaporative demand in the atmosphere. This has been explained by
a lowered stomatal conductance gs,CO2 because of higher carbon gain. The bottom line is that leaf level
physiological response is highly nonlinear and dependent on the local conditions of light availability,
wind speed, relative humidity and soil moisture availability among other conditions. The response
terms such as carbon and water flux as well as temperature are also interdependent. If enough moisture
is present in the soil, there would be high transpiration depending on wind speed, which could help
the plant cool down. However, recalling that carbon exchange and water exchange are opposing effects
to each other and happen through the same stomatal control, too much carbon gain would lead to
stomatal closure because of toxic effects and eventually that might lead to lower transpiration.
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Figure 3. Comparison of the model with digitized data outputs from Huang et al. [18]. x axis shows
wind speed and y axis shows normalized transpiration. Different colors indicate different water-supply
demand conditions as discussed in Section 2.6.

3.2. Effect of Canopy Architecture on Transpiration

Figure 4 shows the variations of leaf level transpiration with wind speed U and height z for the top
heavy (TH) scenario for four different cases in low light conditions. WW indicates well watered and WS
indicates water stressed condition. RH20 indicates high evaporative demand (20% relative humidity)
and RH60 indicates low evaporative demand in the atmosphere (60% relative humidity). Waterfall
figures are used instead of showing heatmaps to identify the wind speed variation of transpiration at
individual vertical levels more clearly. Figure 5 shows the same cases for the low light condition but
for bottom heavy (BH) scenario. Figure 6 shows the integrated canopy level fluxes for the four cases in
the low light condition.

Figure 7 shows shows the variations of leaf level transpiration with wind speed U and height z
for the top heavy (TH) scenario for four different cases in high light conditions. Figure 8 shows the
same for the bottom heavy scenario. Similar to Figure 6, Figure 9 shows the integrated canopy level
transpiration for the four different scenarios for both top heavy and bottom heavy scenario, but for
high light conditions.

Several observations can be made from Figures 4–9:

• well watered high evaporative demand condition (WW RH20): Transpiration is highest for this
condition for both top heavy and bottom heavy scenarios under all light conditions. For the top
heavy conditions, the top levels of the canopy undergo higher levels of transpiration and lower
levels have significantly less transpiration. For the bottom heavy scenario, the bottom levels
undergo considerable transpiration. However canopy level transpirations are higher for the top
heavy scenario. Transpiration increases with wind speed for almost all cases both for leaf level
and canopy level results, although this is more prominent in the top layers of the canopy. Overall,
integrated canopy level transpiration is much higher for the higher light conditions.

• well watered low evaporative demand condition (WW RH60): This scenario always has lower
transpiration than the high evaporative demand conditions because of lower demand but has
higher transpiration rates compared to the other water stressed conditions because of higher
supply of water/moisture. For the top heavy conditions, the top levels of the canopy undergo
higher levels of transpiration and lower levels have significantly less transpiration. For the bottom
heavy scenario, the bottom levels undergo considerable transpiration. However canopy level
transpirations are higher for the top heavy scenario. Transpiration increases with wind speed
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for almost all cases both for leaf level and canopy level results, however the rate of increase
of leaf level transpiration at the top layers are higher than the well watered high evaporative
demand condition. Another interesting observation is that for this scenario, the increase of
transpiration with wind speed for top heavy and bottom heavy scenarios follows different rates,
and the difference is more prominent for the low light conditions. Overall, integrated canopy
level transpiration is much higher for the higher light conditions.

• water stressed high evaporative demand condition (WS RH20): This scenario has lower
transpiration rates compared to both well watered scenarios because of lower supply of
soil moisture. However, the transpiration rate is higher compared to the water stressed,
low evaporative demand condition (WS RH60) because of higher atmospheric demand. For the
top heavy conditions, the top levels of the canopy undergo higher levels of transpiration and
lower levels have significantly less transpiration. For the bottom heavy scenario, the bottom
levels undergo considerable transpiration. Canopy level transpirations are higher for the top
heavy scenario. Unlike the other scenarios, leaf level transpiration rates remain relatively flat
with the increase of wind speed at all levels for the low level condition. For high light conditions,
leaf level transpiration actually reduces at the top levels with increase of wind speed. At lower
levels, leaf level transpiration still increases with wind speed. Overall canopy level transpiration
increases with wind speed but the rate of increase is quite low.

• water stressed low evaporative demand condition (WS RH60): This scenario has lowest
transpiration rates among all cases because of lowest supply and lowest demand. For the
top heavy conditions, the top levels of the canopy undergo higher levels of transpiration and
lower levels have significantly less transpiration. For the bottom heavy scenario, the bottom levels
undergo considerable transpiration. Canopy level transpirations are higher for the top heavy
scenario. It is interesting to note that for low light conditions, leaf level transpiration at the top
layers increase with wind speed but decrease with wind speed at high light conditions. Overall
canopy level transpiration still increases with wind speed but at different rates for the top heavy
and bottom heavy scenarios.

Figure 4. Variations of leaf level transpiration f e (mol m−2 leaf s−1) with wind speed U and height
z for the top heavy (TH) scenario for the following four cases in low light conditions. WW RH20
means well watered, high evaporative demand; WS RH20 means water stressed, high evaporative
demand; WW RH60 means well watered, low evaporative demand; WS RH60 means water stressed,
low evaporative demand. Color bars show f e multiplied by 1000, x axes show wind speed U in m s−1

and y axes show canopy height z in m.
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Figure 5. Variations of leaf level transpiration f e (mol m−2 leaf s−1) with wind speed U and height z
for the bottom heavy (BH) scenario for the following four cases in low light conditions. WW RH20
means well watered, high evaporative demand; WS RH20 means water stressed, high evaporative
demand; WW RH60 means well watered, low evaporative demand; WS RH60 means water stressed,
low evaporative demand. Color bars show f e multiplied by 1000, x axes show wind speed U in ms−1

and y axes show canopy height z in m.

Figure 6. Variation of canopy level transpiration with wind speed for the four scenarios for both top
heavy (solid line) and bottom heavy (dashed line) scenarios in low light condition.
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Figure 7. Variations of leaf level transpiration f e (mol m−2 leaf s−1) with wind speed U and height
z for the top heavy (TH) scenario for the following four cases in high light conditions. WW RH20
means well watered, high evaporative demand; WS RH20 means water stressed, high evaporative
demand; WW RH60 means well watered, low evaporative demand; WS RH60 means water stressed,
low evaporative demand. Color bars show f e multiplied by 1000, x axes show wind speed U in m s−1

and y axes show canopy height z in m.

Figure 8. Variations of leaf level transpiration f e (mol m−2 leaf s−1) with wind speed U and height z
for the bottom heavy (BH) scenario for the following four cases in high light conditions. WW RH20
means well watered, high evaporative demand; WS RH20 means water stressed, high evaporative
demand; WW RH60 means well watered, low evaporative demand; WS RH60 means water stressed,
low evaporative demand. Color bars show f e multiplied by 1000, x axes show wind speed U in m s−1

and y axes show canopy height z in m.
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Figure 9. Variation of canopy level transpiration with wind speed for the four scenarios for both top
heavy (solid line) and bottom heavy (dashed line) scenarios in high light condition.

3.3. Effect of Canopy Architecture on Canopy Temperature

As recognized before from Equation (12), canopy temperature is derived from a solution of leaf
level energy balance, which depends on stomatal conductance of heat and water vapor, which in turn
depend on the carbon and water fluxes. Figure 10 shows the variation of leaf level temperature with
height and wind speed for different water supply and demand conditions for low light level—well
watered, high demand (WW RH20); water stressed, high demand (WS RH20); well watered low
demand (WW RH60) and water stressed low demand (WS RH60). The top row shows these
conditions for the top heavy (TH) scenario and the bottom row for the bottom heavy (BH) scenario.
Figure 11 shows the same conditions for the high light level. Several observations can be made from
Figures 10 and 11. The well watered high evaporative demand condition (WW RH20) shows lowest
temperature across all canopy layers which can be attributed to the highest transpiration rates. The top
layers are colder and the middle layers are warmer for this condition for the top heavy case; while the
middle layers are colder for the bottom heavy case which can also be attributed to higher transpiration
at the middle layers. For the other conditions, more bottom layers of the canopy are warmer for
the bottom heavy scenarios for both high and low light conditions. For the top heavy condition,
more bottom layers are colder than the top layers for the higher light condition.
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Figure 10. Variation of leaf level canopy temperature with height and wind speed for different
water supply and demand conditions for low light level—well watered, high demand (WW RH20);
water stressed, high demand (WS RH20); well watered low demand (WW RH60) and water stressed
low demand (WS RH60). The top row shows these conditions for the top heavy (TH) scenario and the
bottom row for the bottom heavy (BH) scenario. The color bars indicate leaf level canopy temperature
in ◦C.

Figure 11. Similar to Figure 10 but for the higher light condition. The color bars indicate leaf level
canopy temperature in ◦C.

4. Effect of Canopy Architecture on Carbon Exchange

The effects of canopy architecture and water supply and demand conditions on carbon exchange
are shown in Figure 12 (low light condition) and Figure 13 (high light condition). The top row shows
the net canopy level carbon assimilation An, the middle row shows canopy level respiration and the
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bottom row shows net carbon flux which is given by Fc = An − Rd. Several observations can be made
from Figures 12 and 13.

Figure 12. Canopy level outputs of carbon assimilation An (top row), respiration Rd (middle row) and
net carbon dioxide flux Fc (bottom row) for the low light condition. Solid line indicates top heavy and
dashed line indicates bottom heavy scenario. The first column indicates well watered, high evaporative
demand (WW RH20); second column indicates water stressed high demand (WS RH20), third column
indicates well watered, low demand (WW RH60) and fourth column indicates water stressed low
demand (WS RH60) conditions.

Figure 13. Similar to Figure 12 but for the higher light condition.

• Well watered, high evaporative demand: carbon assimilation increases slightly with wind speed,
however, respiration increases at a faster rate, so effectively net carbon uptake reduces with
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wind speed at low light condition. The top heavy scenario has higher assimilation and carbon
uptake in the low light condition compared to the bottom heavy scenario. In the higher light
condition, the bottom heavy scenario has higher carbon assimilation and higher net carbon uptake
compared to the top heavy scenario. That said, respiration for the top heavy scenario is higher.
More interestingly, the net assimilation and carbon uptake increases with wind speed unlike
the low light condition. The difference of behavior can be attributed to different temperature
response—which is one of the main driver of the stomatal conductance of carbon dioxide and
respiration. Also important to recall the contrasting nature of carbon uptake and water release.
The stomates open to maximize carbon gain and minimize water loss. However, when the
stomatal apertures are large to satisfy the high transpiration rates, they also gain more carbon.
However, these results indicate that under low light conditions, the contrasting effects are still
there but in higher light conditions, the stomatal opening is not sufficient enough to impose
opposing effects of water loss and carbon gain.

• Water stressed, high evaporative demand: this scenario has the lowest carbon assimilation
and uptake, which reduce with wind speed under high and low light conditions. For the low
light condition, the top heavy scenario has higher carbon assimilation, respiration and uptake.
However, for the higher light condition, the bottom heavy scenario has higher carbon assimilation
and uptake with the exception of respiration.

• well watered low evaporative demand: This scenario also has higher rates of carbon assimilation
and net uptake and they reduce with increasing wind speed under both high and low light
conditions. This scenario also displays the highest differences between the top heavy and bottom
heavy scenarios. Like the other cases, the top heavy case has higher carbon assimilation and
uptake than the bottom heavy scenario with the exception of respiration. The trend completely
reverses under higher light condition.

• water stressed low evaporative demand Under this condition, carbon assimilation and net
carbon uptake reduce with wind speed, while the respiration increases in wind speed for both
light environments. However, the rate of respiration increase are different under different light
conditions. Also interestingly, under low light environment, the top heavy case uptakes more
carbon, while under high light conditions, the bottom heavy case uptakes more carbon.

5. Conclusions

In the current manuscript, we investigated the effect of vertical canopy architecture variation on
plant physiological response. large scale climate models often use a big-leaf approximation, ignoring
the three dimensional structural variation of the canopy. Such models often use the leaf area index
(LAI) as a representative proxy for the canopy. We demonstrate that for the same LAI, the transpiration,
carbon exchange and canopy temperature would be widely different for two different distributions
of leaf area density—one where most of the foliage are concentrated at the top and one where most
of the foliage are concentrated at the bottom. A leaf level plant physiological model that considers
photosynthesis, leaf level energy balance, Fickian mass transfer between the leaf and atmosphere
through a laminar boundary layer on the leaf surface and stomatal optimization is used following
the work of many different authors, which was recently compiled by Huang et al. [18]. The leaf level
plant physiological model is coupled with analytical solutions of wind flow and light attenuation
inside horizontally homogeneous canopies. Leaf level outputs are converted into plant level outputs,
which are converted to canopy level outputs by integrating over the canopy height. Leaf and canopy
level response under different conditions of wind speed, light availability, soil moisture availability
and evaporative demand in the atmosphere are tested and found to be widely different and nonlinear.
However, one needs to recall the limitations of the current model, which assumes steady state in
flux exchange, neglects the dynamics of subsurface and xylem transport of water flow, as well as the
feedback of the canopy level fluxes on the microclimate of the canopy flow itself (local scalar sources
and sinks would alter scalar transport in the simulated domain). Moreover, this modeling framework
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assumes a well coupled canopy with the atmosphere, so that air temperature and carbon dioxide
concentrations are considered well mixed and uniform in the sub-canopy space. However, even with
this simple model, this demonstration highlights the fact that architectural variation even in one
direction can result in significant variations in canopy atmosphere exchange. Any disturbance effect
(such as insect outbreak/forest fire etc.) or any management practice such as thinning [27] that changes
the local structure of the canopy will lead to a new regime of sub canopy microclimate—which will
be manifested by changes in local wind speed, local light availability and local moisture availability
among other factors. These changes will in turn alter the canopy response as observed through this
biophysics model and thus will affect the local source/sink distributions of scalars such as carbon
dioxide, heat and moisture. The changed wind pattern will transport/distribute these scalars based
on the new microclimate and that will further influence the canopy/ecosystem fluxes modulated
through this feedback loop. Future works will try to bridge the aforementioned model limitations and
consider the effect of full three dimensional variations of canopy structure and disturbance effects on
ecosystem atmosphere exchange. These efforts will be useful to quantify the effects of disturbances
on ecosystem services and also has potential applications in targeted agriculture and sustainable
management practices for healthy forests.

6. Data Availability

No external datasets are used , while model equations, algorithm and input values are presented
in the manuscript in sufficient detail for reproducibility.
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Abbreviations

List of Symbols

Symbol Description Unit
Coa Ambient oxygen concentration mmol mol−1

H Sensible heat flux W m−2

J Electron transport rate µmol m−2 s−1

Jmax Electron transport rate at light saturation µmol m−2 s−1

Jmax,25 Normalized Jmax at 25 ◦C µmol m−2 s−1

Kc Michaelis constant for CO2 fixation µmol mol−1

KO Michaelis constant for O2 inhibition mmol mol−1

L Latent heat for water vaporization J mol−1

LE Latent heat flux W m−2

PPFD Photosynthetically active radiation µmol m−2 s−1

Pa Atmospheric pressure kPa
Qn Net radiation W m−2

Qabs Absorbed radiation W m−2

Qout Emitted longwave radiation W m−2

R Universal gas constant J mol−1 K−1

Rd Daytime mitochondrial respiration rate µmol m−2 s−1

RH Relative humidity %
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Ta Air temperature ◦C
Ts Leaf surface temperature ◦C
U Mean wind speed m s−1

VPD Vapor pressure deficit kPa
Vc,max Maximum carboxylation capacity under light saturated conditions µmol m−2 s−1

Vc,max,25 Normalized Vc,max at 25 ◦C µmol m−2 s−1

ca Ambient CO2 concentration µmol mol−1

ci Intercellular CO2 concentration µmol mol−1

cp Capacity of dry air at constant pressure J mol−1 K−1

d Characteristic leaf dimension m
ea Ambient water vapor concentration kPa
ei Intercellular water vapor concentration kPa
f c Carbon assimilation rate µmol m−2 s−1

f e Transpiration rate mol m−2 s−1

gb,CO2 Laminar boundary layer conductance for CO2 mol m−2 s−1

gb,H2O Laminar boundary layer conductance for water vapor mol m−2 s−1

gres Nocturnal residual conductance of water vapor mol m−2 s−1

gs,CO2 Stomatal conductance for CO2 mol m−2 s−1

gs,H2O Stomatal conductance for water vapor mol m−2 s−1

gt,CO2 Total conductance for CO2 mol m−2 s−1

gt,H2O Total conductance for water vapor mol m−2 s−1

Γ∗ CO2 compensation point µmol mol−1

εs Leaf surface emissivity Dimensionless
σ Stefan-Boltzmann constant W m−2 K−4

λ Marginal water use efficiency µmol mol−1 kPa−1
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