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a b s t r a c t

While the significance of leaf transpiration (fe) on carbon and water cycling is rarely disputed, conflicting

evidence has been reported on how increasing mean wind speed (U) impacts fe from leaves. Here, conditions

promoting enhancement or suppression of fe with increasing U for a wide range of environmental conditions

are explored numerically using leaf-level gas exchange theories that combine a stomatal conductance model

based on optimal water use strategies (maximizing the ‘net’ carbon gain at a given fe), energy balance consid-

erations, and biochemical demand for CO2. The analysis showed monotonic increases in fe with increasing U

at low light levels. However, a decline in modeled fe with increasing U were predicted at high light levels but

only in certain instances. The dominant mechanism explaining this decline in modeled fe with increasing U is

a shift from evaporative cooling to surface heating at high light levels. New and published sap flow measure-

ments for potted Pachira macrocarpa and Messerschmidia argentea plants conducted in a wind tunnel across

a wide range of U (2 − 8 m s−1) and two different soil moisture conditions were also employed to assess how

fe varies with increasing U. The radiative forcing imposed in the wind tunnel was only restricted to the lower

end of expected field conditions. At this low light regime, the findings from the wind tunnel experiments

were consistent with the predicted trends.

© 2015 Elsevier Ltd. All rights reserved.
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1. Introduction

The global water and carbon cycle sensitivity to stomata predicted

by global climate models that employ the Ball-Berry [3] or Leuning

[44] stomatal conductance formulations has been convincingly doc-

umented [6,13,21]. Likewise, detailed ecosystem models predicting

gas exchange between the biosphere and atmosphere are analyzed in

terms of their sensitivity to stomatal conductance [1,37]. Since water

loss through stomata (i.e., transpiration) to the dry atmosphere is

inevitable when CO2 uptake (i.e., assimilation) occurs, how stomata

respond to environmental factors has long been an active research

area. Environmental factors governing transpiration (fe) from leaves

include, at minimum, atmospheric CO2 concentration (ca), air tem-

perature (Ta), air relative humidity (RH) or vapor pressure deficit

(VPD), photosynthetically active radiation (PPFD), soil moisture (or

leaf water potential) and mean wind speed (U) [52]. When surveying

the literature encompassing a wide range of ecosystems and environ-
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ental conditions, conflicting empirical results on the sign of ∂ fe/∂U

merged [7,10,11,17,23–25,28,30,31,39,49,63]. Positive, negative or

eek dependency of fe on U for numerous forested canopies has

een highlighted and discussed elsewhere [39]. This is perhaps

ot surprising and has been foreshadowed by Monteith [52] who

ointed out that wind effects on fe are a vexing problem because of

heir non-monotonic effects. The thickness of the laminar boundary

ayer pinned to a leaf surface, which monotonically depends on

, determines the diffusive path length for the exchanges of gases

etween the leaf surface and the turbulent atmosphere above the

aminar boundary layer. However, U also dictates the heat exchange

etween leaves and the overlying atmosphere as well as the degree

f evaporative cooling experienced at the leaf surface depending on

he radiation load.

The Penman–Monteith (PM) equation that utilizes an energy

alance has been extensively used to predict fe for more than 50

ears in hydrology. The dependence of fe on U was discussed in the

riginal work describing the PM equation, indicating that the sign

f ∂ fe/∂U is mainly governed by a competition between evaporative

ooling and surface heating (or cooling). However, the biotic controls

or water transport through the stomatal pathway (i.e., encoded

s stomatal conductance gs here) remain weakly dependent on U
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Fig. 1. Schematic of the mass (CO2 and water vapor) and energy transfer between the leaf and the atmosphere. Note that u is the average wind velocity at the distance y from leaf

surface within the laminar boundary layer and yb is the thickness of the laminar boundary layer.
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n the PM equation. To be clear, gas exchange through stomata of

iologically active scalars is a complex problem given the biotic

ontrols imposed by guard cells. The stomatal pathway serves as the

ain conduit for CO2 and water vapor exchange, but this pathway

an be further impacted by the laminar boundary layer (see Fig. 1).

hus, the main objective of this work is to disentangle wind effects

rom other exogenous environmental factors (e.g., radiative cooling)

n gs and fe so as to explore the manifold of possible conditions

romoting ∂ fe/∂U to reverse from > 0 to < 0 with increasing U.

When analyzing responses of stomata to their environment, tem-

erature, atmospheric CO2 concentration and water vapor pressure

t the leaf surface are commonly assumed to be sufficiently close to

heir counterparts in the atmosphere represented by their states be-

ond the outer edge of the laminar boundary layer. A plausible ar-

ument for this approximation is that the thickness of the laminar

oundary layer pinned to a leaf is sufficiently small so that the leaf

s presumed to be ‘well-coupled’ to its environment. This approxima-

ion is common when interpreting leaf-gas exchange measurements

n cuvettes where the flow rate through the chamber is sufficiently

arge to ensure the validity of the ‘well-coupled’ approximation. This

pproximation becomes also convenient when deriving relations be-

ween gs and external environmental conditions [20]. Following this

approximation’, only monotonic increase in fe with increasing U (i.e.,

fe/∂U > 0 for increasing U) is expected primarily due to the reduced

hickness of the laminar boundary layer. Because measurements (e.g.,

s) within such thin and disturbed laminar boundary layer adjacent

o the leaf experiencing variable U are difficult to conduct, a leaf-

evel gas exchange model is needed and developed here for comput-

ng mass transfer of CO2 and water vapor. The model combines bio-

hemical demand for CO2 as described by the Farquhar photosynthe-

is model [19] for C3 plants, a Fickian mass transfer including transfer

hrough the laminar boundary layer that may be experiencing forced

r free convection depending on U and the radiation load, an opti-

al leaf water use strategy that maximizes ‘net’ carbon gain for a

iven fe describing stomatal aperture variations, and a leaf-level en-

rgy balance to accommodate evaporative cooling. Hence, the pro-

osed model is able to bridge the gap between biological controls

hrough stomata and the aerodynamic modifications due to U as may

e experienced in natural settings. These calculations can be used to
rrive at a closed set of equations that predict fe through gs as im-

acted by variable U. The manifold of conditions promoting the sign

eversal of ∂ fe/∂U with increasing U can therefore be numerically de-

ineated.

To address this study objective, the manuscript is organized as fol-

ows. The model development is first presented in Sections 2.1 and

.2 featuring the mass transfer equations for water and carbon diox-

de gases through stomates and through the laminar boundary layer.

he Farquhar photosynthesis model applied to the mesophyll and the

nergy balance at the leaf surface are then presented in Sections 2.3

nd 2.4, respectively and then coupled to the mass transfer equations.

he optimality hypothesis for stomatal aperture variations with vari-

tions in environmental conditions, which is used to mathematically

lose the overall set of equations for the model system, is discussed

n Section 2.5. Other ‘closure’ conditions for stomatal aperture varia-

ions such as those widely used in land-surface schemes (e.g. a Ball-

erry or Leuning type closure) are briefly presented and elaborated

n in an appendix. The goal of exploring these alternative and widely

sed stomatal conductance models is to highlight the non-linearities

n ∂ fe/∂U with increasing U in such gs model closure. A broad range

f environmental conditions (mainly PPDF, soil moisture, and atmo-

pheric humidity) are then explored in Sections 3.1.1–3.1.4 using the

roposed model so as to unfold the possible environmental condi-

ions above the laminar boundary layer promoting a sign reversal in

fe/∂U from > 0 to < 0. Because the work here employs published

nd recent wind tunnel experiments on potted plants aimed at dis-

erning the effects of U on measured fe, these experimental condi-

ions and the parameters required in model calculations are used as

case study for the model and are discussed in Section 3.2. The mea-

ured dependence of fe on U at low PPFD is presented in Sections 3.2.1

nd 3.2.2 using the published and new sap flow measurements con-

ucted for two different potted plants with similar leaf dimensions

n the wind tunnel across a wide range of U and for two different

oil moisture states. The wind-tunnel setup has been described else-

here [11] and only salient features of the experiment are summa-

ized in Appendix A. Since physiological parameters and total leaf

rea for the potted plants were not directly measured in these wind

unnel experiments, comparisons between modeled and actual leaf-

evel fe cannot be directly conducted (discussed later). However, the
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relative response of the sap flow measurements to U and their com-

parison to model calculations can be used to illustrate the behavior

of fe with varying U when all other external conditions are set.

2. Theory

The notation and units used throughout are listed in Appendix B

and the mass exchange processes at the leaf scale are featured in

Fig. 1. It is assumed that the state variables such as air tempera-

ture, CO2 and water vapor concentrations above the laminar bound-

ary layer (denoted as the turbulent region) are ‘well-mixed’ and their

vertical variations relative to those experienced across the laminar

boundary layer are small. The energy driving the system is generated

through a pre-set PPFD value incident to the leaf surface. The mean

wind speed is externally imposed but decays to zero (i.e. no slip) at

the leaf surface over a distance defining the laminar boundary layer

thickness. The analysis only applies after steady-state conditions in U

and fe are attained.

2.1. Fickian mass transfer

A two layer mass transport model describing the simultaneous

transfer of CO2 and water vapor across the sub-stomatal cavity and

the laminar boundary layer attached to the leaf surface (see Fig. 1) is

given as

fc = gt,CO2
(ca − ci)

fe = gt,H2O(ei − ea), (1)

where fc is the CO2 flux, fe is, as before, the water vapor flux, ca is

ambient (or external) and ci is the inter-cellular CO2 concentration, ea

is ambient (or external) and ei is inter-cellular water vapor pressures,

gt,CO2
and gt,H2O are the total conductances at the ‘leaf scale’ for CO2

and water vapor, respectively. Here, storage effects in the leaf and

laminar boundary layer are assumed to be small or negligible so that

the same mass fluxes cross the stomata and the laminar boundary

layers at steady state. Also, turbulent conditions away from the

laminar boundary layer prevail thereby allowing variations in ca and

ea to be ignored far from the outer edge of the leaf boundary layer as

earlier noted. The gt,CO2
and gt,H2O can be formulated as

gt,CO2
= gs,CO2

gb,CO2

gs,CO2
+ gb,CO2

gt,H2O = (gs,H2O + gres)gb,H2O

gs,H2O + gres + gb,H2O

(2)

where gs,CO2
and gs,H2O(≈ 1.6gs,CO2

) are respectively the stomatal

conductance to CO2 and water vapor [32], gres is the ‘residual con-

ductance’, and gb,CO2
and gb,H2O are respectively the boundary layer

conductance for CO2 and water vapor including both forced and free

convection. These boundary layer conductances can be determined

from U and temperature difference (δT) between the leaf surface

(Ts) and the atmosphere away from the laminar boundary layer (Ta)

as well as the characteristic dimension of the leaf (d) as described

elsewhere [9]. To determine fe and fc, gt,CO2
and gt,H2O are required.

The following sections describe the determination of gb, i (that varies

with U and δT = Ts − Ta) and gs, i where i refers to CO2, H2O or sen-

sible heat (H). As shown by several experiments [8,15,54], nocturnal

transpiration need not be zero and can be attributed to a combined

effect of water loss from stomata (minor leakage from guard cells)

and cuticle. This additional water loss typically constitutes 10–30% of

daily transpiration but is not regulated by the biochemical demand of

CO2. Thus, gres in Eq. (2) must be interpreted as the sum of night-time

(i.e., modeled by setting PPFD=0) stomatal gnight and cuticular gcut

conductance without distinguishing between them. Eq. (2) also as-

sumes that the mesophyll conductance to CO2 is much larger than its

stomatal counterpart though these mesophyll effects can be included
f known (e.g., [60]). Hence, when using Eq. (1), a point of departure

rom previous models is that well-coupled conditions between the

eaf and the atmosphere (i.e., fc ≈ gs,CO2
(ca − ci) and fe ≈ gs,H2OVPD)

re not assumed as the laminar boundary layer thickness changes

ith changing U as well as leaf surface heating or cooling. It is for this

eason that previous models using this approximation predict only

ncreasing fe with increasing U and a constant gs,CO2
independent of

(see Appendix C).

.2. Boundary layer conductances for heat and mass transfer in forced

nd free convection

For heat and mass transfer within the laminar boundary layer ad-

acent to the leaf surface, the combined effects of forced and free con-

ection can be expressed as:

b,i = 1.4gb,i, f orced + gb,i, f ree (3)

here gb, i is the boundary layer conductance, gb, i, forced and gb, i, free

re respectively the forced and free convection conductances. The

actor of 1.4 is adopted for naturally turbulent flow as suggested else-

here [9]. Through the connection to U, d and δT (the temperature

ifference across the laminar boundary layer reflecting Ts − Ta), the

mpirical formulations of gb, H, forced and gb, H, free are given as [9]:

b,H, f orced = 0.664ρDHRe1/2Pr1/3

d
,

gb,H, f ree = 0.54ρDH(GrPr)1/4

d
, (4)

here ρ is the mean air molar density, DH is the thermal diffusiv-

ty, Re = (Ud)/ν is the Reynolds number, where ν is the air kinematic

iscosity, Pr = ν/DH is the Prandtl number, and Gr = (gd3δT)[(Ta +
73.15)ν2] is the Grashof number, where g is the gravitational ac-

eleration. The forced and free convection conductances for CO2 and

ater vapor can be determined by substituting DH and Pr in Eq. (4)

ith their molecular diffusivity Di and Schmidt number Sc, respec-

ively. A leaf-level energy balance (see Section 2.4) is now required to

etermine the unknown variable Ts (or δT).

.3. Farquhar photosynthesis model

For C3 species, the biochemical demand for CO2 is commonly de-

cribed by the C3-photosynthesis model [19]. Here, this biochemical

emand is approximated by a hyperbolic function reflecting the co-

imitations of Rubisco activity and ribulose-1,5-biphosphate (RuBP)

egeneration rate (and hence electron transport) on photosynthesis

nd is given as [59]:

fc = k1(ci − �∗)
k2 + ci

− Rd

1 = J

4

2 = k1
a2

Vc,max
(5)

here k1 and k2 are associated with the photosynthetic parame-

ers, �∗ is the CO2 compensation point in the absence of mitochon-

rial respiration, Rd is the daytime mitochondrial respiration rate, J is

he electron transport rate that varies with PPFD and the light satu-

ated rate of electron transport (Jmax) as described elsewhere [51,59],

2 = Kc(1 + Coa/Ko), where Kc and Ko are the Michaelis constants for

O2 fixation and oxygen inhibition and Coa is the ambient oxygen

oncentration, and Vc, max is the maximum carboxylation capacity. A

eature of this representation is that the abrupt transition between

ubisco-limited and RuBP-limited photosynthesis is bypassed with-

ut requiring an additional ad hoc curvature parameter. This form of

he biochemical demand for CO2 ensures that at low ci, Vc, max ap-

reciably controls photosynthesis. Conversely, at large c , Jmax limits
i
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Table 1

Physiological parameters and their temperature adjustments for bio-

chemical model [9].

Parameters Value or temperature adjustment Unit

Vcmax, 25
a 50 μ mol m−2 s−1

Jmax, 25
a 100 μ mol m−2 s−1

Kc, 25 300 μ mol mol−1

Ko, 25 300 mmol mol−1

Coa 210 mmol mol−1

Vc, max Vcmax,25
exp[0.088(Ts − 25)]

1 + exp[0.29(Ts − 41)]
μ mol m−2 s−1

Jmax
b Jmax,25 exp[

160(Ts − 25)

298RTs
] μ mol m−2 s−1

Kc Kc,25 exp[0.074(Ts − 25)] μ mol mol−1

Ko Ko,25 exp[0.018(Ts − 25)] mmol mol−1

τ 2.6 exp[−0.056(Ts − 25)] mmol mol−1

�∗ Coa

2τ
μ mol mol−1

a The values of Vcmax, 25 and Jmax, 25 were taken to be within the range

of the data reported elsewhere [61,62].
b The formulations of Jmax and Vc, max dependent on the normalized

Jmax, 25 and Vcmax, 25 at 25 °C were adopted from elsewhere [4,9,51].
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hotosynthesis. The parameters of the biochemical demand model

nd their temperature adjustments are summarized in Table 1. Com-

ining Eqs. (1) and (5), ci and fc can be expressed as a function of gt,CO2

nd photosynthetic parameters using [36]:

ci

ca
= 1

2
+ 1

2gt,CO2
ca

[−k1 − k2gt,CO2
+ Rd

+
√[

k1 + (k2 − ca)gt,CO2
− Rd

]2 − 4gt,CO2

(
−cagt,CO2

k2 − k2Rd − k1�∗
)
]

(6)

nd

fc = 1

2
[k1 + (k2 + ca)gt,CO2

+ Rd

−
√[

k1 + (k2 − ca)gt,CO2
− Rd

]2 − 4gt,CO2

(
−cagt,CO2

k2 − k2Rd − k1�∗
)
].

(7)

From Eqs. (6) and (7), it is evident that ci and fc (i.e., the bio-

hemical demand for CO2) are impacted by the laminar boundary

ayer through gt,CO2
(see Eq. 2) when accounting for the aerodynamic

hanges induced by changes in U. The laminar boundary layer bridg-

ng the atmosphere to the leaf surface may be substantially altered

hen the leaf is decoupled from the atmosphere given that fc, fe and

are respectively connected to ca, ea and Ta through gb, i (see Fig. 1)

nd photosynthetic parameters that depend on Ts (not Ta). Two addi-

ional formulations are now required to solve for gs,CO2
and Ts assum-

ng gres can be a priori estimated.

.4. Energy balance at the leaf scale

When the specific heat capacity of the leaf is assumed to be mi-

or and can be ignored, the leaf energy balance under steady-state

onditions can now employed to determine Ts and is given as [9]:

Qn = Qabs − Qout = H + LE

out = εsσ(Ts + 273.15)
4

H = cpgb,H(Ts − Ta)

LE = L fe/Pa, (8)

here the net radiation (Qn) is computed from the difference be-

ween the absorbed radiation (Qabs) and emitted longwave radiation

Qout) balanced by H and latent heat (LE) fluxes on the leaf surface,

s is the leaf surface emissivity, σ is the Stefan-Boltzmann constant,
p is the specific heat capacity of dry air at constant pressure, L is the

atent heat of vaporization of water, gb, H is the boundary layer con-

uctance for heat in forced and free convection (see Section 2.2), and

a is the atmospheric pressure. The Qabs can be determined from PPFD

easurements assuming a constant ratio of all-wave Qabs to incident

PFD as suggested elsewhere [27]. The Ts is now computed as:

s = Ta + Qabs − εsσ(Ts + 273.15)
4 − Lgt,H2O(ei − ea)/Pa

cpgb,H

(9)

here ei ≈ e∗(Ts) given that the water vapor pressure in the inter-

ellular air space is nearly saturated at temperature Ti = Ts (see Fig. 1).

t is to be noted that Ts is determined here without invoking any lin-

arization, which is a departure from the assumptions used in the

riginal PM derivation. However, a numerical scheme for solving Ts is

ow required as Ts is retained on the right hand side of Eq. (9) (also

mbedded in gt,H2O and gb, H). Eqs. (8) and (9) again show the signifi-

ance of the aerodynamic modifications introduced by U through gb, i

ontributing to H (or Ts) and LE. Also, the derivation here assumes

hat gb, i > 0, which necessitates a U > 0. The partitioning of the leaf

nergy balance to H or LE is also connected to the biochemical de-

and for CO2 and optimal water use (discussed later) as shown in

ections 2.1 and 2.5.

.5. Optimality hypothesis for stomatal aperture variations

To close the system of equations, a number of models have

een proposed as independent expressions for gs,CO2
(see review by

amour et al. [14]). Here, an optimality hypothesis [5,12,22,29,41]

hat uses the economics of leaf-gas exchange is selected in lieu of

he widely used Ball-Berry [3] (superscripted as BB) or Leuning [44]

superscripted as LEU) semi-empirical models. According to this hy-

othesis, the short-term regulation of stomatal aperture is achieved

y maximizing carbon gain constrained by water availability or water

oss (i.e., fe). This constrained optimization is mathematically equiv-

lent to an unconstrained optimization problem using an objective

unction (or Hamiltonian) defined as

a(gs,CO2) = fc − λ fe, (10)

here the species-specific cost of water parameter λ is known as the

arginal water use efficiency and measures the cost to the plant of

oosing water in carbon units thereby bridging the carbon and water

conomies of the plant. Mathematically, λ is the Lagrange multiplier

or the unconstrained optimization problem. Assuming λ is approx-

mately constant on time scales commensurate with stomatal aper-

ure fluctuations but it can vary on longer time scales [48], the opti-

al gs,CO2
can be determined by setting

∂ha(gs,CO2)

∂gs,CO2

= ∂ fc

∂gs,CO2

− λ
∂ fe

∂gs,CO2

= 0, (11)

ith λ = (∂ fc/∂gs,CO2
)/(∂ fe/∂gs,CO2

) = b2 > 0, where b is constant

ver time scale over which gs,CO2
rapidly varies. Formulated in this

anner, gs,CO2
must be ‘numerically’ computed. Analytical formula-

ion for gs,CO2
can be derived when additional assumptions are pro-

osed including gt,CO2
≈ gs,CO2

or when gb,CO2
� gs,CO2

and the leaf

s well coupled to the atmosphere as proposed elsewhere [36] and

hown in Appendix C. Upon further assumption of a constant long-

erm ci/cs and a linearized biochemical demand function, the analyt-

cal form of gs,CO2
derived from the optimality hypothesis has been

hown to be identical to BB and LEU (see Appendix D) except for the

eduction function of VPD or RH [37]. When exploring the manifold of

ossible conditions promoting ∂ fe/∂U to reverse from > 0 to < 0 with

ncreasing U, the BB and LEU formulations are also employed instead

f the optimality hypothesis and the outcomes of these calculations

re presented separately in Appendix D but highlighted in the results

ection.
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Fig. 2. Flowchart of numerical calculation process for the model system.

t

e

d

t

e

s

P

3

d

d

d

t

e

t

m

d

i

d

t

As shown in Fig. 2, a numerical solution is now required to de-

termine gs,CO2
and Ts as well as fc, fe, and H for a given set of external

variables U, Pa, PPFD, Qabs, Ta, ea (or RH), ca and leaf dimension d, given

that the laminar boundary layer may play a significant role on leaf-

level gas exchange. The following parameters are needed to conduct

the model calculations: Vc, max, Jmax, λ and εs. The analysis here also

assumed that ∂gres/∂gs,CO2
= 0 thereby necessitating an independent

estimate of gres to complete the mathematical description as earlier

noted.

3. Results and discussions

To address the study objective, four scenarios are examined

through model calculations to explore the effects of soil water avail-

ability and evaporative demand on leaf-level gas exchange across a

wide range of wind speed and light availability. These scenarios are

for (1) well-watered soil conditions with small evaporative demand,

(2) water-stressed soil conditions with small evaporative demand,

(3) large evaporative demand under well-watered soil moisture

conditions and (4) large evaporative demand under water-stressed

soil moisture conditions. These model results are then contrasted

with sap flow velocity measurements for a wide range of U but
wo different soil moisture states reported in previous wind-tunnel

xperiments [11] and a recent one with a similar configuration

escribed in Appendix A. A drawback in these experiments is that

he artificial light used to generate a steady PPFD in the wind-tunnel

xperiments only corresponds to a low value encountered in natural

ettings (about a factor of 5–6 lower than the maximum theoretical

PFD for clear-sky conditions).

.1. Model analysis illustrating a decreasing fe with increasing U

Prior to discussing the effects of U on leaf-level gas exchange, the

ifference between the ‘actual’ evaporative demand and evaporative

emand approximated by VPD requires clarification. VPD is the

ifference between actual and saturated water vapor pressure in

he atmosphere (i.e., VPD= ea
∗(Ta) − ea = ea

∗(Ta)(1 − RH)), where

a
∗(Ta) is the saturated water vapor pressure at a given ambient

emperature outside the laminar boundary layer and can be deter-

ined from atmospheric RH and Ta. However, VPD may substantially

eviate from the ‘actual’ evaporative demand (i.e., ei − ea), which

s impacted by wind speed above the leaf surface (see Fig. 1). The

eviation between these two evaporative demands increases when

he leaf becomes ‘decoupled’ from the atmosphere (i.e., Ts �= Ta and
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Fig. 3. Modeled transpiration rate (fe), assimilation rate (fc), stomatal conductance (gs,CO2
), Bowen ratio (H/LE), WUE (fc/fe) and the ratio of the inter-cellular to leaf-surface CO2

concentration (ci/cs) as a function of wind speed (U) and photosynthetically active radiation (PPFD) for well-watered soil condition (λ = 0.001 μ mol mol−1 kPa−1) and small

evaporative demand (RH = 60%). Note that the transition PPFD for the reversal sign of ∂ fe/∂U and ∂ fc/∂U are 1550 and 1250 μ mol m−2 s−1 and represented by the broken lines,

respectively. The broken line for Bowen ratio (≈0.75) represents the corresponding transition for fe .
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hus ei �= ea
∗(Ta)) as expected. For the purposes here, VPD (or RH)

utside the laminar boundary layer is used to define the dryness

f the atmosphere because this measure is not sensitive to U and

ecause it is commonly ‘imposed’ on the canopy by much larger scale

eteorological conditions. The RH = 60% and 20% were respectively

et for small and large atmospheric evaporative demand in model

alculations. The PPFD range explored here is selected to be within

he expected range of diurnal variations observed in field condi-

ions. All other environmental factors (i.e., Ta = 25 °C, ca = 400 ppm

nd Pa = 101.3 kPa), physiological parameters (i.e., Vcmax, 25 and

max, 25 are respectively 50 and 100 μ mol m−2 s−1, which are well

ithin the range in a literature survey encompassing more than 100

pecies [61,62]), leaf attributes (i.e., d=0.015 m) and εs = 0.95 are

aintained constant. It should be noted that the overall features

or the following discussions (i.e., Section 3.1.1–3.1.4) associated

ith the model calculations are not altered by the choice of the two

hysiological parameters. While a larger value of λ is expected for

imited soil water availability [37,46,47], the values of λ selected for

ell-watered and water-stressed conditions are respectively 0.001

nd 5 μ mol mol−1 kPa−1 to represent two extreme water conditions

n the soil. The value of gres is set to be 0.04 mol m−2 s−1 but the anal-

sis is not sensitive to gres when it resides in the range from 0.02 to

.1 mol m−2 s−1 (not shown here). This range covers values reported

or many species as summarized elsewhere [8]. The modeled fe, fc and

s,CO2
as well as a number of dimensionless ratios such as the Bowen

atio (= H/LE), leaf flux-based water use efficiency (WUE= fc/ fe) and

i/cs are shown in Figs. 3–6 for the four scenarios and for increasing U.

.1.1. Well-watered conditions with small evaporative demand

Fig. 3 shows that fe, fc and gs,CO2
generally increase with increasing

PFD as expected. How the trend of fe, fc and gs,CO2
is impacted by U

learly varies for different light conditions. Based on the model calcu-

ation, ∂ fe/∂U > 0 at lower PPFD while ∂ fe/∂U < 0 at higher PPFD. The

ransition occurs at PPFD ≈ 1550 μ mol m−2 s−1 and can be explained

y how the energy balance is partitioned between H and LE as U in-

reases. The ∂ fe/∂U > 0 with increasing U occurs when the Bowen
atio < 0. For a small Bowen ratio, H further decreases (i.e., H < 0;

urface cooling) with increasing U (i.e., gb, H) at low PPFD. The model

alculations suggest the H < 0 in the energy balance is an outcome

f evaporative cooling and low Rn. At higher PPFD, increases in H (i.e.,

> 0; surface heating) occur due to rapid increases in gb, H with in-

reasing U. This increase in H is mediated by the fact that the differ-

nce between Ts and Ta (i.e. the driving force for H) tends to diminish

ith increasing U (see Eq. (8)). Notwithstanding this compensatory

ffect arising from a reduced driving force for H, the overall increase

n H results in a decrease in LE. This highlights the main mechanism

eading to an apparent decline in fe with increasing U. It may be stated

hat when H < 0, ∂ fe/∂U > 0 for all U. However, when H > 0, ∂ fe/∂U <

with further increases in U.

Similar to fe, modeled fc declines at high PPFD but increases at low

PFD with increasing U. The transition occurs when PPFD ≈ 1250 μ
ol m−2 s−1 (i.e., lower than fe). The increasing trend in fc with in-

reasing U at a low PPFD was also reported elsewhere [40] for tomato

eedlings in a wind-tunnel type chamber. Different from fe and fc, a

onotonic increase in gs,CO2
with increasing U was maintained across

ll PPFD in the model calculations. Adopting well-coupled assump-

ion, however, common models assume gs,CO2
only serves as an up-

er limit for gt,CO2
and remains constant for different U even when

he leaf is ‘decoupled’ from the atmosphere at low wind speed (see

ppendix C). The modeled gb,CO2
here is dominated by forced convec-

ion (i.e., free convection is negligible) and gb,CO2
�gs,CO2

(not shown

ere), leading to gt,CO2
≈ gs,CO2

and cs ≈ ca. These results illustrate

ow variations in gs,CO2
can be associated with changing U even for

ell-coupled conditions between leaf and atmosphere. For a given

(i.e., the replenishment rate of CO2 through the laminar boundary

ayer is fixed), larger ci/cs in the lower PPFD regime can be attributed

o smaller assimilation rate so that ci tends to be closer to cs (i.e.,

he depletion rate of CO2 in the stomatal cavity is low). On the other

and, increasing ci/cs with increasing U at a given PPFD suggests that

s,CO2
promoted by gb,CO2

at higher U resulted in larger replenishment

ate of CO2 in the stomatal cavity. Larger flux-based WUE (= fc/ fe)

as computed under low U and low PPFD due to faster reductions in
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Fig. 4. The same as Fig. 3 but for water-stressed soil conditions (λ = 5 μ mol mol−1 kPa−1) and small evaporative demand (RH = 60%). Note that the transition PPFD for the reversal

sign of ∂ fe/∂U and ∂ fc/∂U are 1350 and 1150 μ mol m−2 s−1 and represented by the broken lines, respectively. The broken line for Bowen ratio (≈0.75) represents the corresponding

transition for fe .

Fig. 5. The same as Fig. 3 but for well-watered soil condition (λ = 0.001 μ mol mol−1 kPa−1) and high evaporative demand (RH = 20%).
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fe with decreasing U when compared to fc at low PPFD. This implies

that WUE may be larger for leaves within the lower part of a canopy if

the physiological, radiative, and aerodynamic characteristics are un-

altered (though a less likely scenario given variations in leaf nitrogen

content).

3.1.2. Water-stressed condition with small evaporative demand

Fig. 4 shows trends in fe, fc and gs,CO2
with increasing U for variable

PPFD when soil moisture is limiting (i.e., large λ). Modeled fe and fc

trends with increasing U agree with their well-watered counterparts

but their transitions are now ‘shifted’ to smaller PPFD (≈1350 and
150 μ mol m−2 s−1 for fe and fc, respectively). The transition for fe

t a smaller PPFD can be explained again by the larger Bowen ratio

ue to the smaller fe induced by water-stressed conditions (higher

). Compared with well-watered conditions (see Fig. 3), gs,CO2
is

enerally smaller. Also, gs,CO2
does not significantly increase with

ncreasing U in low PPFD and even decreases with increasing U in the

igh PPFD range. Field experiments [10] on two grapevine cultivars

easured by porometry reported a reduced gs,CO2
with increasing U,

pattern consistent with the model results here. Moreover, smaller

i/cs corresponding to a larger λ have been predicted for this scenario,

hich is supported by experiments and other model predictions
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Fig. 6. The same as Fig. 3 but for water-stressed soil conditions (λ = 5 μ mol mol−1 kPa−1) and high evaporative demand (RH = 20 %). Note that the transition PPFD for the reversal

sign of ∂ fe/∂U and ∂ fc/∂U are 1400 and 1250 μ mol m−2 s−1 and represented by the broken lines, respectively. The broken line for Bowen ratio (≈0.75) represents the corresponding

transition for fe .
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37,55]. In general, ci/cs varies with gs,CO2
(≈ gt,CO2

) but its depen-

ence on Ts in the physiological parameters of Eq. (6) complicates

ts variations with U. Thus, modeled ci/cs at the two end members of

he light regime (i.e., very low and very high light PPFD) can exhibit

on-monotonic variation with increasing U. As a consequence, the

odel results predict enhanced WUE compared to well-watered

onditions because fe is reduced more rapidly with increasing λ than

c. Recall that fc is impacted by another compensatory physiological

echanism (regulating ci) and optimality conditions tend to maxi-

ize fc for a given fe. With progressively drying conditions in the soil,

imilar trends in WUE have been reported elsewhere again lending

ome support to the model results here [16,45,50]. This analysis

uggests that WUE may increase with some reductions in water

upply from the soil volume without significant reductions in plant

hotosynthesis (and possibly crop yield in some instances).

.1.3. Large evaporative demand under well-watered conditions

The responses of fe, fc and gs,CO2
to smaller RH (i.e., overall ‘ac-

ual’ evaporative demand is larger) under well-watered soil condi-

ion are shown in Fig. 5. When soil water availability is not limiting

eaf transpiration, the effect of enhanced driving force from the at-

osphere reduces gs,CO2
monotonically (i.e., ∂gs,CO2

/∂VPD < 0 for all

PD; roughly, gs,CO2
∼ VPD−1/2 to a leading order; see [36]). This find-

ng is consistent with Helox experiments (i.e., helium:oxygen mixture

s used as a surrogate to control the ‘actual’ evaporative demand) re-

orted elsewhere [53] and forms the basis of the Hamiltonian Ha.

owever, reduced gs,CO2
due to larger evaporative demand dimin-

shes fc and ci/cs, but fe is enhanced by increased evaporative demand

ecause of the increased driving force (i.e., fe ∼ VPD−1/2 × VPD to a

eading order). As a result, a decreasing overall WUE with larger evap-

rative demand emerges. Using leaf gas exchange measurements, the

esponse of fc and fe as well as WUE to increasing evaporative demand

or Gossypium hirsutum L. under well-watered condition, explored in

lasshouse bays by [18], are consistent with the model calculations

ere. Since fe increases with increasing evaporative demand, the H

nd Bowen ratio governed by the energy balance are subsequently re-
uced, leading to a shift in the transition PPFD where ∂ fe/∂U reverses

ign with increasing U in a PPFD value well outside the range con-

idered here. For the particular conditions explored here, ∂ fe/∂U >

prevails for all PPFD commonly encountered in ecosystem studies.

vaporative cooling dominates throughout given that surface heating

s reduced with increasing U even in high PPFD.

.1.4. Large evaporative demand under water-stressed conditions

Fig. 6 shows the trends in fe, fc and gs,CO2
with respect to vari-

ble U and PPFD when evaporative demand and soil water availability

re simultaneously limiting leaf-level gas exchange with the atmo-

phere. Compared to the well-watered conditions with large evapora-

ive demand (see Fig. 5), a further reduction in gs,CO2
is expected due

o limited soil water availability (i.e., larger λ). As discussed earlier,

he overall decreasing trend in fe, fc and ci/cs can be simply explained

y this reduced gs,CO2
, given a constant driving force from the atmo-

phere. Similar to the comparison for small evaporative demand be-

ween the two end members of the soil water availability conditions

see Sections 3.1.1 and 3.1.2), the more rapid reduction of fe than fc re-

ults in enhanced WUE. Interestingly, the transition PPFD responsible

or the reversed sign of ∂ fe/∂U emerges again. This is because the cor-

esponding H and Bowen ratio are enhanced with decreasing LE (i.e.,

e) thereby shifting back the transition within the range of PPFD con-

idered here. This transition occurs at PPFD ≈ 1400 μ mol m−2 s−1.

To sum up, ∂ fe/∂U > 0 is generally satisfied for low PPFD. How-

ver, ∂ fe/∂U at high PPFD can be positive or negative depending on

he driving forces for transpiration (e.g., evaporative demand) and

oil water availability (e.g., leaf water status and λ). Fig. 7 summarizes

fe/∂U for a wide range of U and typical low and high PPFD, low and

igh evaporative demand and for two extreme λs representing dif-

erent soil water availability. It is to be noted that when replacing the

ptimal stomatal conductance closure with BB or LEU formulations,

ualitatively similar results emerge though the transition points shift

o smaller PPFD due to the larger predicted values of fe as shown in

ppendix D.
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Fig. 7. The fe–U trends under two selected light conditions (i.e., PPFD=600 and 1600 μ
mol m−2 s−1) for the four scenarios. Note that the model results here are extracted from

Figs. 3–6 to illustrate the persistent monotonic increases in fe under low light condition

but possible non-monotonic variations or decreasing trends in fe at the high light level.
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3.2. Sap flow measurements in a wind tunnel

To further explore the variations in ∂ fe/∂U with increasing U,

sapflow velocity (Vs) data reported by [11] are complemented by re-

cent experiments on the same species and in the same wind tunnel.

The experimental setup, the species used, and the soil moisture con-

ditions are reviewed in Appendix A (see also Fig. 8). In the experi-

ments here, only whole plant (or branch) steady-state transpiration

rate Fe derived from Vs is available for two species across various

U for: nocturnal (or PPFD=0) and low PPFD (=250 μ mol m−2 s−1)

and for two soil moisture states (well-watered and water-stressed).

Steady-state conditions were checked for each prescribed U by wait-

ing until measured dVs/dt ≈ 0. A major advantage of the wind tun-

nel setup is that all the leaves experienced steady and uniform U and

PPFD permitting direct fe-trend comparison with leaf-level gas ex-

change model calculations under given conditions. For comparisons

with the model results, the focus is on the behavior of ∂ fe/∂U vari-

ations. Hence, to facilitate this comparison, measured transpiration

rates are normalized using the scaling relation:

Fe

Femax

= VsAs

VsmaxAs
= feAl

femaxAl

= Vs

Vsmax

= fe

femax

(12)

where As and Al are respectively the sapwood and total leaf area, and

Femax and femax are Fe and fe at maximum wind speed for each set

of PPFD and soil moisture conditions. Likewise, the model results are

normalized by their fe at maximum wind speed for each PPFD and soil
oisture conditions. This normalization is selected because U varia-

ions are to be studied while all other conditions are held constant.

he normalization for the measurements is expected to be reasonable

nder steady state conditions as is the case here (see Appendix A)

nd for a linear relation between Fe and Vs, which was reported by

hu et al. [11]. Recall that a direct comparison between measured

nd modeled fe (or Fe) cannot be conducted due to the lack of As and

l measurements as well as leaf-gas exchange parameters. As shown

ater through model calculations, such normalized fe may be suffi-

iently adequate to capture plant system responses to U variations,

hich is the main focus here. Three physiological parameters must be

priori specified before implementing the proposed model: Vcmax, 25,

max, 25 and λ. For all runs, including runs employing the published

ata from [11] and the recent wind-tunnel experiments, the Vcmax, 25

nd Jmax, 25 were taken to be 50 and 100 μ mol m−2 s−1 (see Table 1).

hough leaf-level gas exchange measurements were not available to

nfer directly these parameters, a sensitivity analysis showed that

hen using normalized-fe (i.e. fe normalized by its maximum coin-

iding with the highest U for model and measurements) for compar-

sons, modeled normalized-fe was not sensitive to the precise choice

f Vcmax, 25 and Jmax, 25 (see Appendix E). The values of λ used for the

wo species under different soil water conditions are summarized in

able A.2. For well-watered conditions (i.e., when the cost of water in

arbon units is small), λ = 0.001 μ mol mol−1 kPa−1 and is arbitrarily

elected. The normalized fe variations with U are again not sensitive

o this choice of λ provided its value is sufficiently small and finite

36] for well-watered soil conditions. However, a larger value of λ is

xpected when soil water availability is limited as mentioned before

see Section 3.1). The λ for Pachira macrocarpa and Messerschmidia

rgentea under water-stressed conditions were determined by fitting

odeled to measured normalized-fe. The resulting λ are respectively

.85 and 3.5 μ mol mol−1 kPa−1 for P. macrocarpa and M. argentea,

hich are within the range reported for approximately 50 species

47]. It was found that trends in normalized-fe with variable U chiefly

epend on λ and PPFD once the evaporative demand, ca, PPDF, and air

emperature are set. Based on these findings, the wind-tunnel com-

arison presented here only utilizes normalized-fe with pre-specified

cmax, 25 and Jmax, 25 as the goal is to illustrate the low PPFD condition

esponsible for the positive sign of ∂ fe/∂U. For the computation of gb, i,

is assumed to be 0.015 m for both species and all cases. The trends in

he measurements and models for normalized fe are now presented

or the published and the more recent wind tunnel experiments.

.2.1. Previous wind-tunnel experiments [11]

Where possible, the measured nocturnal (i.e. PPDF=0) sap flow

n the previous wind-tunnel experiments [11] are used for infer-

ing gres (see discussion in Section 2.1). It is inferred by matching

ormalized-fe computed from the energy balance to the steady-state

ap flow measurement (i.e., no capacitive effects and water refill-

ng the xylem) for various U. Furthermore, this gres is assumed to

e independent of gs,H2O so that ∂gres/∂gs,H2O = 0 as noted earlier.

sing published data reported elsewhere [11], the measured noctur-

al fe (i.e. at PPFD=0) normalized by the maximum nocturnal fe (la-

eled as fne, max) at maximum U versus the modeled results with the

est-fit gres = 0.04 mol m−2 s−1 is shown in Fig. 9(a). The best-fit

res was determined from a ‘global search’ that minimizes the root-

ean squared percent error (RMSPE) between modeled and mea-

ured fe/fne, max during conditions where PPFD=0. Here, the RMSPE

s defined as

MSPE =
√

1

N

N∑
i=1

�i
2 × 100, (13)

here N is the number of data points and �i is the difference be-

ween measured and modeled fe/fne, max computed solely from en-

rgy balance considerations. During nighttime (i.e. PPFD=0), the
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Fig. 8. (a) A photograph of the two broadleaf species, (b) the wind-tunnel and (c) schematic of the wind-tunnel setup.
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ain external driver responsible for fe variability is variation in U (i.e.,

b,H2O) given that the evaporative demand (i.e., Ta and RH) and gres are

onstants and the soil was well-watered in those published experi-

ents [11]. The constant gres here does not imply a constant fe when

increases, and in fact, nocturnal fe does increase with increasing U

hrough gb,H2O. It is to be noted that gres = 0.04 mol m−2 s−1 is de-

ermined only from these prior experiments. The data set described

n Appendix A are not used in the inference of gres as the aforemen-

ioned data are all collected at PPFD=250 μ mol m−2 s−1 (i.e. no

octurnal like runs).

Inserting the best-fit gres (= 0.04 mol m−2 s−1) into the leaf-

evel gas exchange model described in Section 2, Fig. 9(b) shows

easonable agreement between measured and modeled daytime

ormalized-fe reported in [11] for well-watered soil condition for dif-

erent U at PPFD= 250 μ mol m−2 s−1. The gres only serves as an ad-

itional pathway for water vapor transport (but not CO2) during day-

ime. As suggested elsewhere [8], no experimental evidence has been

resented that shows significant impact of gres on gs,CO2
or carbon

ain. Additionally, model sensitivity analysis (not shown here) was

onducted on gres demonstrating that gs,CO2
and fc are not sensitive

o variations in gres, which only provides a base line value for fe dur-

ng daytime conditions. The increasing trend in modeled gs,CO2
(not

t,CO2
) with increasing U is presented in Fig. 9(c) for the same con-

itions as those in Fig. 9(b). The monotonic increase in fe and gs,CO2

ith increasing U occurs at low PPFD reported here, which is consis-

ent with other wind-tunnel studies conducted at low PPFD regimes

23,25,31,49].
.2.2. Recent wind-tunnel experiments

For the two species in the present wind-tunnel experiment, the

omparison between measured and modeled daytime (i.e. PPFD =
50 μ mol m−2 s−1) fe normalized by the corresponding maximum

aytime fe under two different soil water conditions across a wide

ange of U is shown in Fig. 10. Previous data from [11] are included

nly for reference (see Fig. 9(b)). In Fig. 10, the arrow indicates the

irection of increasing U. Similar to Fig. 9(b), the normalized-fe for

ach species at a given soil water status monotonically increases with

ncreasing U at the low PPFD that is consistent with model predic-

ions. It should be noted again that we do not attempt to conduct a

ne-to-one comparison between measured and modeled absolute fe

iven the absence of leaf physiological measurements, leaf area in-

ex, and leaf-to-sapwood area. Only trends in measured sap flow ve-

ocity at steady-state conditions, when properly normalized, are used

or such qualitative comparisons between measured and modeled fe

ith increasing U. To be clear, the recent experiments are employed

s independent data sources to show only the increasing trends in

e with increasing U at low PPFD for the two different species and

wo different soil water availability. Moreover, measured Vs (used as

surrogate to fe) for the two species under water-stressed soil condi-

ions was significantly smaller when compared to their well-watered

ounterparts. The reductions in Vsmax are approximately 20% and 15%

or P. macrocarpa and M. argentea, respectively. It is also suggested

hat the potted plants did sense soil moisture stress even though the

rop in the measured water saturation is only 10% (see Table A.2) be-

ween well-watered and water-stressed conditions. To sum up, these
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Fig. 9. (a) Comparisons between measured (symbols) and modeled (solid line) noc-

turnal fe normalized by its maximum nocturnal value for different wind speed condi-

tions(U). (b) The same as figure (a) but for daytime normalized-fe , where the normal-

ization is based on maximum daytime value. (c) Modeled stomatal conductance (gs,CO2
)

under different wind conditions. The data is taken from [11]. Note that the best-fit noc-

turnal residual conductance (gres ≈ 0.04 mol m−2 s−1) is first obtained from matching

nocturnal fe computed through energy balance to the measured nocturnal fe as shown

in (a), and the optimality hypothesis is implemented to compute daytime fe and gs,CO2

as shown in (b) and (c).

Fig. 10. Comparison between measured and modeled normalized-fe during daytime

for Pachira macrocarpa (Pm) and Messerschmidia argentea (Ma) for different soil water

conditions and across a wide range of wind speeds. The solid line represents 1:1 line.

The coefficient of determination R2 = 0.85 (p < 0.01). Note that WW and WS respec-

tively refer to well-watered and water-stressed condition. The direction of increasing

U is also indicated by the arrow suggesting ∂ fe/∂U > 0 for all data set at low PPFD.
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comparisons suggest that the proposed model reasonably recovers

the patterns reported in the wind tunnel experiment for steady low

PPFD and quasi-steady soil moisture states and across a wide range

of wind speeds.

3.3. Study limitation

Given all the assumptions made to arrive at the model and the

fe-trend comparison between modeled and measured results, it is in-

structive to recapitulate the limitations of the leaf-level gas exchange

model and the wind tunnel experiments. Regarding the model devel-

opment, the premise is U > 0 that guarantees a finite gb, i (i.e., gt,CO2

and gt,H2O). Without considering all the details of the biochemical

signaling that govern movement of guard cells and mechanical con-

straints on this movement, the closure for gs,CO2
is based on an as-

sumption that stomates operate optimally to maximize carbon gain

per unit water loss. This assumption, while generally accepted and

supported by a large corpus of data, needs not hold when limitations

other than water availability exist. Also, the calculations for gb, i rely

on empirical formations and an effective leaf dimension (i.e., d) that

needs further elaboration to account for detailed aerodynamic modi-

fications surrounding leaf bodies due to wind contact angle, leaf ori-

entation and micro-roughness of the leaf surface. The energy balance

assumes leaves have no thermal inertia and that surface temperature

adjusts instantly to changes in wind speed. For some species, this as-
umption appears to be fair [38] though leaf thermal properties and

eaf volume must be factored in. Last, the calculations here ignore the

esophyll conductance that may become limiting under increased

oil moisture stress conditions.

Direct comparisons between modeled and measured fe in the

ind tunnel was not possible as well. The lack of measured physi-

logical parameters and the absence of total leaf area needed to con-

ert sapflow velocity to transpiration rate for the potted plants was

he main cause for the absence of such one-to-one comparison. An-

ther major limitation of the wind tunnel experiment is the lack of

igh PPFD conditions, especially at PPFD values where the fe-U re-

ersed its monotonically increasing trend. Notwithstanding all the

forementioned issues, the overall trends in actual fe with respect to

are reflected in measured steady-state Vs through the normaliza-

ion when all other conditions (i.e., PPFD, Al, As and soil water status)

re maintained nearly constant throughout each experiment.

. Conclusion

The primary goal here was to explain the conditions leading to

fe/∂U > 0 or < 0 with increasing U. To address this goal, the sign

f ∂ fe/∂U was mainly discussed with the aid of a gas transfer model

hat explicitly accounts for boundary layer conductance, evaporative

ooling, and soil moisture stress across a wide range of wind speed

onditions. The model combines the Farquhar photosynthesis model

or atmospheric CO2 demand with stomatal optimization theories to

nfer fe. Consistent with model prediction, a positive sign of ∂ fe/∂U

t low PPFD regime was shown by published and newly reported sap

ow measurements conducted in a wind tunnel for two species (i.e.,

. macrocarpa and M. argentea) across a wide range of wind speed

nd two different soil water availability. Based on model results for a

road range of environmental conditions and wind tunnel measure-

ents for a restricted range of environmental conditions, a number

f conclusions can be drawn:
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Table A.2

Environmental factors and the marginal water use efficiency for the two species under

two soil water conditions.

Species Pachira macrocarpa Messerschmidia argentea

Soil water condition

Well-

watered

Water-

stressed

Well-

watered

Water-

stressed

Volumetric soil

moisture

θ (%) 35.8 27.7 35.8 24.0

Air temperature

Ta (°C) 31.4 24.4 22.0 16.3

Relative humidity

RH (%) 56.4 89.3 90.3 93.5

Photosynthetically

active radiation

PPFD (μ mol m−2 s−1) 250 250 250 250

Marginal water use

efficiencya

λ (μ mol mol−1 kPa−1) 0.000035 0.85 0.000035 3.5

a The λ values were assumed to be small and finite for well-watered soil condition

[36], but larger for dryer soil [37,46,47].
(1) Leaf-level transpiration monotonically increases with increas-

ing mean wind speed when PPFD is low. This finding is sup-

ported by both sap flow measurements in the wind-tunnel and

model calculations. However, the model calculations also sug-

gest a possible ∂ fe/∂U < 0 at high PPDF levels. This transition

from ∂ fe/∂U > 0 to ∂ fe/∂U < 0 occurs when the Bowen ratio is

≥ 0.75. To be specific, surface cooling (i.e., H < 0) at low light

regime guarantees a ∂ fe/∂U > 0 for all U. At high light levels,

∂ fe/∂U < 0 can occur due to surface heating (i.e., H > 0) that

suppresses fe because of rapid increases in H with increasing U

if net radiation at the leaf surface remains roughly the same.

(2) When soil water availability is limited, the transition PPFD

value reflecting the reversed sign of ∂ fe/∂U tends to be lower.

This can be explained by reduction in fe (i.e., evaporative cool-

ing) that enhances H (i.e., surface heating) and Bowen ratio

leading to a transition at a lower light regime. On the other

hand, ∂ fe/∂U < 0 may not be realized for common environ-

mental conditions when atmospheric evaporative demand is

large under well-watered soil condition. Given this specific

condition, evaporative cooling dominates and ∂ fe/∂U > 0 pre-

vails for all PPFD.

(3) Modeled stomatal conductance to CO2 (i.e., gs,CO2
) can be im-

pacted positively or negatively by aerodynamic modifications

based on U, especially when the leaf is ‘decoupled’ from the at-

mosphere. The assimilation and transpiration rates as well as

the ratio of the inter-cellular to ambient atmospheric CO2 con-

centration and WUE are also altered by wind speed conditions.

The degree of alteration depends on environmental factors

(e.g., light availability, water availability in the soil and evap-

orative demand) imposed upon the plant system. Unlike mod-

els that assume well-coupled conditions, the proposed mod-

eling approach is capable of capturing theses non-monotonic

behaviors with respect to U. Thus, it may be used to improve

the predictability of canopy-level CO2 and H2O fluxes reflect-

ing whole-plant responses to the environment. As U and PPFD

can be highly variable within vegetated canopies, the model

up-scaling process from leaf to canopy level requires appropri-

ate coupling to the light attenuation and flow field (e.g., [43])

given information on leaf area density and leaf nitrogen con-

tent distributions.

Current uncertainties in modeling leaf-level gas exchange for CO2

nd water vapor can be reduced when the interplay between the

icro-environment (i.e., flow and temperature fields) and leaf at-

ributes (e.g., d) are appropriately described without implement-

ng empirical formulations to determine the boundary layer conduc-

ances. Moreover, the model calculations are only valid for finite U.

iven that finite U throughout vegetated medium is not uncommon

n many ecosystems [35] suggests that this limitation may not be too

estrictive for natural settings. Future studies on the measurements

f gs,CO2
, fe and fc within the laminar boundary layer when leaves ex-

erience natural U are needed to evaluate the proposed model pre-

ictive ability. Also, additional laboratory and field experiments for

ifferent species are required to differentiate wind effects on transpi-

ation rate at the leaf scale from canopy scales, especially when the

ertical distributions of leaf orientation, radiative forcing and wind

peed within tall canopies are statistically non-uniform.
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ppendix A. Experiment

The effects of variable U on fe were explored using sap flow mea-

urements for two potted broadleaf species (i.e., P. macrocarpa and M.

rgentea) placed in a large wind-tunnel (see Fig. 8). The working sec-

ion of the wind tunnel is 18.5 m long, 2.1 m tall and 3.0 m wide as

escribed in [11]. Sap flow measurements were conducted across a

ide range of U (up to 8 m s−1) at a fixed PPFD (=250 μ mol m−2 s−1

or all runs) or zero PPFD (plants covered). The soil type in the pot

as sandy loam with a permanent wilting point (on a volume basis)

f θw = 5.6%. Two scenarios were explored for soil water availability:

1) well-watered and (2) water-stressed conditions. For well-watered

onditions, the soil was watered with plethoric water and drainage

hrough a small hole at the bottom of the pot proceeded for three

ours prior to each experiment. For water-stressed conditions, the

ot was not watered for 12 days and volumetric soil moisture θ mea-

ured by a soil moisture sensor (EC10, Decagon Inc.) positioned at

.0 cm underneath the soil surface dropped from θ = 35.8% for near

aturated conditions to θ = 27.7% and θ = 24.0% for Pachira macro-

arpa and Messerschmidia argentea, respectively.

Table A.1

Characteristics of the stem and the branches.

Species Pachira macrocarpa Messerschmidia argentea

Total height (cm) 130 130

Main stem height (cm) 72 10

Main stem diameter (cm) 5.6 5.34

Branch 1 Diameter (cm) – 3.45

Length (cm) – 12

Branch 2 Diameter (cm) – 2.44

Length (cm) – 26

In this open-circuit suction-type wind-tunnel, the plant pot was

laced in a soil tank covered with plastic bag to prevent soil evapo-

ation in the test section. For both well-watered and water-stressed

oil condition, U = 2, 4, 6 and 8 m s−1 in the test section were pro-

uced by a fan and monitored by a pitot tube. Granier-type [26] heat

issipation sensors were employed for measuring sap flow and their

alibration as well as installation details are described in [11]. Dur-

ng the course of each experiment, any potential cooling effect in-

uced by increasing U were minimized by covering the sensors with

tyrofoam. Sap flow velocities (Vs) were measured simultaneously at

wo different locations (i.e., 10 cm and 37 cm from the soil surface)

long the main stem for Pachira macrocarpa. Vs was measured in the

ain stem and two branches for Messerschmidia argentea. The stem

nd branch characteristics for each species are presented in Table A.1.

http://dx.doi.org/10.13039/100000001
http://dx.doi.org/10.13039/100000015
http://dx.doi.org/10.13039/501100004359
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Table B.1 (continued)

Symbol Description Unit

gt,H2 O Total conductance for water vapor mol m−2 s−1

�∗ CO2 compensation point μ mol mol−1

εs Leaf surface emissivity Dimensionless

σ Stefan-Boltzmann constant W m−2 K−4

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

θ Volumetric soil moisture (on a volume basis) %

θw Permanent wilting point (on a volume basis) %

Appendix C. Leaf gas exchange model with well-coupled

assumption

When interpreting leaf gas exchange measurements in cu-

v

(

o

b

Steady-state U can be achieved approximately one to two minutes

after the fan was turned on or when U was altered. Following any

abrupt alteration to U, a transient duration of 20–50 min is required

for Vs to reach a new steady state condition [11]. The data reported

here are all collected when Vs attains steady state at each U. Environ-

mental factors such as PPFD, Ta and RH were measured during the

course of each experiment and remained nearly unaltered at the am-

bient indoor conditions. Ta and RH were respectively measured to a

resolution of ± 0.1 °C and ± 2% using a hygrotransmitter (HD9008TR,

Delta Ohm Inc.). PPFD was nearly constant and controlled by multi-

ple lamps and monitored by a quantum sensor (LI-190SZ, LI-COR Inc.).

All instrument signals were recorded by a data logger (CR10X, Camp-

bell Scientific Inc.) throughout each experiment. The average values

of the environmental factors for these two species are summarized in

Table A.2.

Appendix B. List of symbols

All the symbols and units used throughout are summarized in
Table B.1.

Table B.1

Nomenclature.

Symbol Description Unit

As Sapwood area m2

Al Total leaf area m2

Coa Ambient oxygen concentration mmol mol−1

H Sensible heat flux W m−2

J Electron transport rate μ mol m−2 s−1

Jmax Light saturated rate of electron transport μ mol m−2 s−1

Jmax, 25 Normalized Jmax at 25 °C μ mol m−2 s−1

Kc Michaelis constants for CO2 fixation μ mol mol−1

Ko Michaelis constants for oxygen inhibition mmol mol−1

L Latent heat of water vaporization J mol−1

LE Latent heat flux W m−2

PPFD Photosynthetically active radiation μ mol 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

Rd Daytime mitochondrial respiration rate μ mol m−2 s−1

RH Relative humidity %

Ta Leaf surface temperature °C
Ti Intercellular temperature °C
Ts Ambient temperature °C
U Mean wind speed m s−1

VPD Vapor pressure deficit kPa

Vc, max Maximum carboxylation capacity under

light-saturated conditions

μ mol m−2 s−1

Vcmax, 25 Normalized Vc, max at 25 °C μ mol m−2 s−1

WUE Water use efficiency mol mol−1

ca Ambient CO2 concentration μ mol mol−1

ci Intercellular CO2 concentration μ mol mol−1

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

d Characteristic dimension of the leaf m

ea Ambient water vapor pressure kPa

e∗
a(Ta) Saturated water vapor pressure at a given Ta kPa

ei Inter-cellular water vapor pressure kPa

fc Assimilation rate μ mol m−2 s−1

fe Transpiration rate mol m−2 s−1

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

gb,H2 O Laminar boundary layer conductance for water

vapor

mol m−2 s−1

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

gcut Cuticular conductance to water vapor mol m−2 s−1

gnight Nighttime stomatal conductance to water vapor mol m−2 s−1

gres Nocturnal residual conductance mol m−2 s−1

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

gs,H2 O Stomatal conductance to water vapor mol m−2 s−1

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

(continued on next page)

w

t

F

c

ettes, well-coupled condition between the leaf and atmosphere

i.e., gb, i � gs, i) is commonly assumed and the mass transfer

f CO2 and water vapor adjacent to the leaf surface are given

y:

fc = gs,CO2
(ca − ci)

fe = ags,CO2
VPD, (C.1)

here a = 1.6 is the relative diffusivity of water vapor with respect

o CO2. Eq. (C.1) also implies that Ts ≈ Ta, cs ≈ ca and ei − ea ≈VPD.
ig. C.1. Modeled fe, fc and gs,CO2
as a function of U and PPFD for well-watered soil

ondition (λ = 0.001 μ mol mol−1 kPa−1) and small evaporative demand (RH = 60%).
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ombining Eqs. (C.1) and (5), ci and fc can now be expressed as a func-

ion of gs,CO2
instead of gt,CO2

:

ci

ca
= 1

2
+ 1

2gs,CO2
ca

[−k1 − k2gs,CO2
+ Rd

+
√[

k1 + (k2 − ca)gs,CO2
− Rd

]2 − 4gs,CO2

(
−cags,CO2

k2 − k2Rd − k1�∗
)
]

(C.2)

nd

fc = 1

2
[k1 + (k2 + ca)gs,CO2

+ Rd

−
√[

k1 + (k2 − ca)gs,CO2
− Rd

]2 − 4gs,CO2

(
−cags,CO2

k2 − k2Rd − k1�∗
)
].

(C.3)

When optimality hypothesis (see Section 2.5) is again em-

loyed as a closure for gs,CO2
, an analytical form of gs,CO2

can be

erived:

s,CO2
= −(ca(k1 − Rd) − k2(k1 + Rd) − 2k1�

∗)(aVPDλ)

(ca + k2)2(ca + k2 − aVPDλ)

+
√

aVPDλk1(k2 + �∗)(k2Rd + ca( − k1 + Rd) + k1�∗)(ca

aVPDλ(ca + k2)2(ca + k2 −
ig. D.1. Modeled fe using (a) Ball-Berry and (b) Leuning models assuming the same cond

ith small evaporative demand, water-stressed soil conditions with small evaporative dema

vaporative demand under water-stressed soil moisture conditions are respectively shown fr

s represented by broken lines.
− 2aVPDλ)2( − ca − k2 + aVPDλ)

Dλ)
. (C.4)

It is evident that the predicted gs,CO2
is not impacted by U at a

iven PPFD when the well-coupled approximation is adopted. How-

ver, previous models often combine this representation of gs,CO2

ith boundary layer conductance to accommodate wind effects on fe

nd fc, leading to monotonic increases in fe and fc with increasing U.

o contrast, the modeled fe, fc and gs,CO2
with respect to variable U and

PFD for well-watered soil condition (λ = 0.001 μ mol mol−1 kPa−1)

nd small evaporative demand (RH = 60%) (the same conditions as

ection 3.1.1) are shown in Fig. C.1. The predicted fe and fc can de-

iate from the modeled results without invoking the well-coupled

pproximation (see Fig. 3) by up to 60% and 17% at high wind speed

onditions, which is not trivial.

ppendix D. Ball-Berry and Leuning semi-empirical models

Two formulations of gs,CO2
– the Ball-Berry (BB) [3] and the Le-

ning models (LEU) [44] – are commonly adopted in climate [56,57]
itions for the four scenarios discussed in Section 3.1. Well-watered soil conditions

nd, large evaporative demand under well-watered soil moisture conditions and large

om top to bottom panels. Note that the transition PPFD for the sign reversal of ∂ fe/∂U
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or biosphere-atmosphere [2,33,42,58] gas exchange models. They are

represented as:

gs,CO2
= m

fc

ca − �∗ F (D.1)

where ms (i.e., respectively denoted as mBB and mLEU for BB and LEU)

are the empirical fitting parameters and the reduction functions Fs

are respectively FBB = RH and FLEU = (1 + VPD/D0)
−1 where D0 is a

normalizing constant for BB and LEU.

The BB and LEU models are employed as alternatives to close the

system of equations discussed in Section 2 instead of the optimality

hypothesis so as to further assess whether a non-monotonic fe − U

relation is robust to such optimality condition. To illustrate, it is as-

sumed that �∗ = 50 μ mol mol−1, D0 = 3 kPa and the same con-

ditions for the four scenarios discussed in Section 3.1. The empiri-

cal parameters ms are estimated by setting mBB = [RH(1 − ci/ca)]
−1

and mLEU = (1 + VPD/D0)(1 − �∗/ca)(1 − ci/ca)
−1 [34]. The com-

puted ci/cs from the optimality model under high PPFD and high wind

conditions (approximating well coupled state) is adopted when de-

termining the ms in BB and LEU so as to ensure their equivalence to

optimality theory for such conditions. Next, the fe as a function of U

and PPFD computed by BB and LEU are shown in Fig. D.1. These results

maintain similar patterns when compared to the optimality model

for stomatal conductance (see Figs. 3–5) such as the transitions of the

modeled fe trends with increasing U. It is safe to state that the conclu-

sions drawn from the modeling work here about the non-monotonic

response of fe to U is not sensitive to the precise stomatal closure ap-

proximation used to model the stomatal conductance. This completes

the objective of the appendix.

Appendix E. Sensitivity analysis

A sensitivity index I is defined as:

I =
√

1

N

N∑
i=1

(O − O0)i
2 × 100 (E.1)

where O0 is the model output calculated from the pre-specified in-

put variables (i.e., Vcmax,25 = 50 μ mol m−2 s−1 and Jmax,25 = 100 μ
mol m−2 s−1), O is the model output calculated by altering input vari-

ables according to data reported elsewhere [61,62] and N is the num-

ber of data points. The index I is selected here to assess the sensitivity

of the model output due to the model parameter variability. The un-

certainties of the input variables for the proposed model are listed

in Table E.1. Table E.1 shows that the uncertainties for the two phys-

Table E.1

Sensitivity index I for the pre-specified input variables.

Jmax, 25 (μ mol m−2 s−1) Vcmax, 25 (μ mol m−2 s−1)

Range 75–125 25–75

Maximum I (%) 3.12 1.33

iological model parameters have minor impact on the model results

(i.e., maximum I is small).
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