Estimating Canopy Light-use And
Transpiration Efficiencies From Leaf
Measurements

Application Note #105

John M. Norman?, Jon M. Welles?, and Dayle K. McDermitt?

Introduction

Light andwater aretwo essential quantitiesthat plantsmust
have in adequate supply if they are to grow and flourish.
Although other factors also may be important such as
carbon dioxide, reasonable temperatures, oxygen, nutri-
ents and an appropriate rooting medium, frequently these
other factors do not limit growth or can be manipulated so
asto have minimal impact. However the supply of light or
water to leaves can be highly variable and often either one
or the other may limit growth. Understanding thisinterac-
tion between plants and their environment is difficult
because of the inherent complexity associated with living
organisms. Therefore an appreciation of theimportance of
these complex biophysical relations by scientists in the
numerous disciplines that may benefit from such knowl-
edgerequiresrelatively simplemethodol ogiesthat empha-
size only the factors of major importance.

Sunlight isthe source of radiant energy that plants convert
into stored chemical energy to support life-sustaining pro-
cesses. Thereforetheefficiency of conversion of lightinto
stored chemical energy and essential carbon compounds
providesamethod for estimating potential plant productiv-
ity. Water isessential for all lifeandin plantsit isnot only
a “universal” solvent, but it may be required in large
quantitiesto maintainleaf cellsinaviablecondition asthey
absorb essential carbon dioxide from air that simulta
neously removes water from the leaf tissue. Furthermore,
theabsorption of light, which alsoisrequired for photosyn-
thesis, heats the leaf and may further enhance the loss of
water. One of the major accomplishments of terrestrial
vegetation isthemaintenance of favorablecell water status
inthepresenceof heating by absorbed light and desiccation
by air that is supplying carbon dioxide. Plants routinely
accomplish this balancing of carbon dioxide uptake with
water loss through the extraordinarily elegant structures
that we refer to as stomata.

From the perspective of food production and environmen-
tal impact, weareinterested inthefunctioning of acommu-
nity of plants, and we refer to the aerial portion of this
community asacanopy. Ratesof photosynthesis, respira-
tion and transpiration for plant canopies can be measured
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directly using chamber (Garcia et al., 1990; Reicosky,
1990) or micrometeorological methods (Verma, 1990).
However, canopy fluxes are the result of many component
processes and separating effects of ambient environment,
canopy architecture, soil exchanges and plant physiologi-
cal characteristics can be difficult. Therefore our greatest
insight into the functioning of plant communitiesislikely
to arise from measurements at the canopy level combined
with measurements on individual leaves (Field, 1989).
Using both leaf and canopy measurements to understand
plant-environment rel ationsrequiresameansof combining
them.

This note describes a method for using simple measure-
ments of gas exchange on individual leaves to estimate
transpiration and light-use efficiencies on a canopy-wide
basis for broadleaf, full-cover vegetation.

Transpiration and Light-Use Efficiencies

Transpiration efficiency can be defined in many ways
depending on the time scale (instantaneous, daily or sea-
sonal), spatial scale (leaf, plant or field) and the kind of
measurement (carbon dioxide assimilation, total biomass,
yield, transpiration or evapotranspiration)(Sinclair et al.,
1984). For our purposes we shall define transpiration
efficiency (Og) as the ratio of canopy carbon dioxide
assimilation (A. - pmol m2s1) and canopy transpiration
(E¢ - mol m2 s1) on the time scale from instantaneous to
hourly:

0= A 107

100 [1]
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so that the units of O are mol CO, per mol H,O expressed
as percent (%).

Canopy light-use efficiency can also be defined in many
ways depending on time scale (instantaneous, daily or
seasonal), kind of carbon measurement (carbon dioxide
assimilation, total dry matter, above-ground dry matter, or
carbon content of total or above-ground dry matter) and
kind of radiation measurement (intercepted or absorbed
photosynthetically active radiation, or intercepted or ab-
sorbed solar radiation) (Norman and Arkebauer, 1991).



We shall define canopy light-use efficiency (Og) as the
ratio of CO, assimilation to intercepted photosynthetically
active radiation (Q, - pmol quanta m? s?)

A
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so that the units of g are umol CO, per pmol intercepted
guantaexpressed in percent (%). For our purposesthetime
scaleisinstantaneousto hourly.

Measurements

Characterizing canopy light-use-efficiency and transpira-
tion efficiency from leaf measurements requires leaf gas
exchange measurements, some environmental measure-
ments, and some measurements of canopy architecture.

Leaf Chamber Measurements

Leaf gas exchange measurements can be done with an
L1-6200 so that CO, uptake and stomatal conductance are
measured along with PAR incident on the leaf, leaf tem-
perature, humidity, air temperature and CO, concentration
of theairinthechamber. Oneprocedurefor acquiringthese
dataisto obtain|eaf assimilation and stomatal conductance
at a range of light flux densities with other conditions
remaining approximately constant. This can be done by
measuring on leaves at various angles to the direct solar
beam on a clear day or using a neutral-density filter on a
singleleaf. Using many leaves provides a better sampling
of meanleaf assimilationratesfor the canopy, but measure-
ments with neutral density filters on asingle leaf provide
more reliable curves of the relative dependence of assimi-
lation on light.

The scaling procedure outlined in this article requires | eaf
assimilation rate, at each quantum flux density, as afunc-
tion of interna CO, concentration (C;) over a range of
concentrations near normal ambient conditionsfor theleaf.
L eaf assimilation draws chamber CO, concentration down
so that after flow rate has been adjusted in the L1-6200 to
stabilize humidity, CO, concentration iswell below ambi-
ent. To obtain measurements near ambient CO,, a small
syringe can be used to inject a small amount of high
concentration CO,intothechamber to elevate CO, 20t0 30
umol mol-1 so that, by thetime humidity is stabilized, CO,
isnear ambient. By continuously logging data, |eaf assimi-
lation is obtained as a function of C; as the leaf draws
chamber CO, down (LI-COR Application Note #103).
When the | eaf assimilation rate declinesto about 2/3 of the
initial rate, high CO, may again be injected to raise the
chamber concentration to about 450 pumol mol-l, Leaf
assimilation rate can then be determined at elevated C;. If
chamber CO, is elevated to 450 pmol mol? initialy,
stomata tend to close rapidly from the combined effect of
lowered boundary layer resistance (since the leaf was just
moved from relatively still air to the well mixed chamber)
and higher CO, causing difficulty in determining A vs C,.

Allowing draw-downinitially may cause stomatal opening
so that when CO, is suddenly increased, stomata close
more slowly in responseto elevated CO,. Since C4 plants
saturate at a relatively low C;, obtaining assimilation at
elevated C; iscritical to using the scaling method described
in this paper because high boundary layer conductancesin
chambersoften causestomatal closure. Thisclosuremeans
that leaf assimilation and C; in the chamber can be lower
than the same | eaf in acanopy. The CO, saturated assimi-
lation rate must also be known to scale to the canopy.

The incident PAR measurements made with an LI-190
quantum sensor, attached to the leaf chamber of the LI-
6200, are not appropriate for the leaf because of chamber
transmittance t.. A value of 0.9 istypical for 1. for both
PAR and NIR spectral regions, although transmission of
PAR through chamber walls depends on the angl e between
the chamber wall and the sun.

Light-versus-assimilation relationsare of moregeneral use
if light is expressed on the basis of absorbed quanta (Q,).
L eaf absorptivity to PAR can be obtained by two methods,
both involving the L1-1800-12S integrating sphere. An
L1-190 can be used with theintegrating sphereto obtain an
approximateabsorbtivity thatisintegrated over PARwave-
lengths (apar). Using a broadband sensor to measure
reflectanceor transmittance canresult in errorsbecausethe
light source is not spectrally flat, and longer wavelengths
are weighted more heavily. However, the relative error
associated with using aquantum sensor with theintegrating
sphereto measureleaf absorptivity islessthan 5%. A more
accurate absorptivity can be obtained with an LI-1800
spectroradiometer and the integrating sphere to measure
the wavel ength dependence of absorption in the PAR and
near-infrared (ayr) as well. Software in the LI-1800
permits easy integration of the 400 to 700 nm wavelength
band. Typical values for apar and oy g are 0.8 and 0.1,
respectively.

Environmental Measurements

The L1-6200 can provide measurements of environmental
conditionswithinthe canopy, but additional measurements
are required to obtain canopy light-use and transpiration
efficiencies. The additional measurements depend on the
methods used to estimate canopy light-use and transpira-
tion efficiencies. Methods and instruments for obtaining
these environmental measurements are discussed in Goel
and Norman (1990).

Estimates of canopy light-use efficiency require the fol-
lowing environmental measurements:. 1) direct and diffuse
incoming PAR flux density above the canopy with an LI-
190 and a shading device, 2) intercepted PAR below the
canopy with an L1-191Sline quantum sensor, and 3) zenith
angle of the sun.

Estimates of transpiration efficiency require some addi-
tional environmental measurements; 1) net radiation, 2)
soil heat conduction flux and 3) wind speed. Net radiation



canbemeasuredwithanet radiometer (for exampleFritschen
or Swissteco). Although net radiation can be estimated
from solar radiation, air temperature, air vapor pressure,
canopy temperature and canopy abedo, the additional
measurements and associated errorsresult in adirect mea-
surement of net radiation being more desirabl ethan estima-
tion from other measurements. Thisof course assumesthe
net radiometer is properly maintained and calibrated.

The soil heat conduction flux can be estimated from soil
heat flux plates (ERB) buried at 5-cm depth with thermo-
couplesabovetheplatestoaccount for heat storagechanges
(Clothieretal., (1986)). Alternatively, soil heat conduction
flux can be estimated from the net radiation and canopy
characteristics. For full cover canopies, the soil heat
conduction flux is approximately 10% of the net radiation
above the canopy between 0900 and 1500 loca standard
time (Clothier et al., (1986)). Considering the relatively
small magnitude of the soil heat conduction flux below full
cover canopies, estimation from net radiation is a reason-
able choice.

Wind speed measurementsarerelatively easy to makewith
cup anemometers placed several meters above the top of
the canopy.

Measurements of Canopy Architecture

Estimates of light-use and transpiration efficiency require
thesamemeasurementsof canopy architecture; height, |eaf
areaindex (F), leaf size and some measure of leaf inclina-
tion angle such as extinction coefficient K. Canopy height
is a simple measurement that is used to estimate canopy
roughness and displacement height, which are used to
calculatetheresistanceto heat and water transport between
the canopy and the atmosphere. The LAI-2000 can beused
to estimate F and radiation extinction coefficients for full
cover canopies. Leaf size refers to the distance the wind
travels in crossing a leaf. For grasses, use two times the
width.

Model

The simple method proposed to calculate canopy photo-
synthetic rate and conductance has two parts:

1) Adjust the leaf chamber light responses of photosyn-
thesis and conductance to the environmental condi-
tions found in the canopy.

2) Use a simple canopy radiation model to compute
averageassi milationand conductancefor eachlayer of
the canopy, based on sunlit and shaded irradiances,
their area fractions, and the adjusted light response
curves. Summing over thelayersprovidestotal canopy
photosynthetic rate and conductance.

where Q, gives absorbed quanta per unit leaf areain the
chamber, @ is the photochemical efficiency at low light
levels, A iStheassimilation rateat light saturation, A, is

Adjusting Chamber Measurements

L eaf gasexchange measurementsare madein chambersthat
usually have intensive mixing and leaf boundary layer
conductances gy, that are systematically higher than those
found in canopies g,. For example, atypical 6000-11 one-
liter chamber for the LI1-6200 may have a boundary layer
conductance of 2mol m?s? for a10-cmwideleaf, whereas
in acanopy such aleaf may have a conductance of 0.4 mol
m2s, Thisdecreased boundary layer conductancetendsto
decrease |eaf photosynthetic rate and internal CO, concen-
tration; however, this may be more than offset by an in-
creasein stomatal conductance because of a higher surface
humidity adjacent to the stomata (Ball et al., 1987).

An L1-6200 gas exchange system provides measurements
of leaf assimilation (A), stomatal conductance (gy), internal
and ambient CO, concentrations (C; and C, respectively)
and ambient relative humidity of the air (H,). These mea-
surements are typically obtained at several CO, concentra-
tions slightly below ambient levels, because the closed
system draws down CO, concentrations during measure-
ment.

Inaddition to boundary layer conductance g, and C,, cham-
ber H,and T, may differ from canopy conditionsduring the
measurement.

Adjustmentsto A and gsfor changesinH,, T, C, and g, can
bemadewiththefollowingmodel. First, weassumethat the
relationship of gsto A found by Ball et al. (1987) will hold,
so that

AH
. th [3]
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where leaf surface humidity Hg and leaf surface CO, con-
centration C; are given by

EP

Hy=1-

° es(TI)gs [4]
A

C.=C, -
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Pisatmospheric pressure (kPa), T, isleaf temperature, and
e(T) isthe saturation vapor pressure (kPa) at temperature T
(°C) given by Buck (1981),

01752T O
e,(T) = 0.6136 e™24097+TH [6]

Boundary layer conductanceto CO, ¢', isrelated to that for
Hzo by

' :g_)(
9x=71a8 [7]



andf adjuststheboundary layer conductancefor thepresence
of stomata. f=1 for hypostomatus leaves and f=2 for
amphistomatus leaves. In general,

_(k+1)?
Ty [8]

wherek istheratio of stomatal conductance of the two sides
of the leaf (the LI1-6200 STOMRAT parameter).

In addition, we assume a linear A-C; relationship for the
leavesin the region in which adjustments are to be made.

A= C+a (9]

Thisassumptionisusually justified and simplifiesthe cal cu-
lations, but is not absolutely necessary.

Eq. [4] requires leaf temperature T;. When adjusting to
conditions significantly different than those of the chamber
(especialy when g, is different than g,,), chamber measured
T, will not suffice, since T, out of the chamber will be
different. Itistheexperience of oneof the authors (Norman)
that thisadjustment method worksbest whenthetemperature
of the air near the leaf is used in Eq. [4], rather than leaf
temperature. Thus, we assume

T, 0T, [10]

Mean canopy temperature T, can be measured with an
infrared temperature sensor by viewing the canopy at about
55° nadir angle and averaging over the four cardinal direc-
tions(Huband and Monteith, 1986). T canalsobecal culated
aerodynamically (Appendix C) once canopy conductance g
and transpiration E; are known. Thus, make afirst guess of
T, follow thisprocedurethroughtothecalculation of T, and
repeat again if the calculated T is more than afew degrees
different than the assumed T..

The model for adjusting A and g for non-measurement
conditionsrequiresmeasurementsover arangeof conditions
(especialy H, and to some extent C,) on anumber of leaves
to obtain constants b; and b,. Also, the segment of an A-C;
curvefor C, near ambient isrequired for obtaining a; and a,
for each light level. Then

1. Compute gy (Eg. 11) from the measured gs and the new
Ox

g = 1
S
R [11]
gs fox
2. Compute transpiration
- (M) —e,O

3. Compute A by combining Eq. [9] with A =(C,C)g'rto

yield the relation

A =3Catdy

1+ [13]
9r
where
g = 1
S

16,135 (14]
95 fox

4. Compute Hg (Eg. 4) and C, (Eq. 5).
5. Compute gs (Eq. 3).

6. Comparethenew gstothepreviousgs. If they differ by
more than 0.01, repeat steps 1 through 5 until g
converges.

ThisprocedureprovidesA and g;val uesadjusted to canopy
conditions at a series of light levels.

To illustrate the importance of these calculations, refer to
the example at the end of this note. Canopy assimilation
calculated with adjusted light curve data is 12% higher
compared to that calculated with chamber light curve data.
Similarly, canopy conductance is 24% higher, and canopy
transpiration is 7% higher. The chamber data in this
examplewastakenwith areduced fan speed and lower than
normal gy, or the correctionswould have been even larger.
Clearly, scaling chamber measurements to infer canopy
fluxes requires considerable care.

Canopy estimates of assimilation and transpiration will
depend on the boundary layer conductance that isimplicit
in light response curves used in Egs. [18] and [19]. If
chamber light response curves are used then chamber
boundary layer conductanceisassumedto beappropriatein
the canopy. The example above shows that such an as-
sumption can lead to significant errors.

In the analysis described in this paper, assimilation rates
measuredintheleaf chamber at eachlight level areadjusted
to canopy conditions with respect to boundary layer con-
ductance, air temperature, humidity and CO, molefraction.
A light curveisthen constructed using the adjusted assimi-
lation rates and absorbed PAR measured in the chamber.
Such alight response curve can be described by

Ao s

O Dodjp Ao
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where Q, givesthe absorbed quantaper unit |eaf areainthe
chamber, @ is the photochemical efficiency at low light
levels, A, IStheassimilation rateat light saturation, A, is
thedark assimilationrate, and pisacurvature parameter. @
istypically 0.06 for C4 plantsand 0.05 for C3 plants, soone
can either assume a value for @ or allow a curve-fitting
program to find it along with the other parameters. Q,is
given by

Qa= 0paTcQ [16]

Theresulting light response curveisvalid for the environ-
mental conditions that exist in the canopy.

Stomatal conductance for sunlit and shaded |eaves can be
computed from a linear regression of adjusted g5 vs ad-
justed A, using the light curve data set.

0s=CiA+C [17]

Calculating Canopy Fluxes

The procedure for estimating canopy conductance and
photosynthetic rate from leaf rates involves dividing the
canopy into several layers. Within each layer, consider
sunlit and shaded leaves separately; then the contributions
of sunlit and shaded |eaves are summed separately within
each layer. The final canopy values are obtained by
summing over the layers. Thus, we need to know the
amount of leaf areathat is sunlit and the amount shaded in
each layer, and an estimate of the mean illumination levels
onboth sunlit and shaded |eaves. Thisisnecessary because
of the nonlinear dependence of leaf conductance and pho-
tosynthetic rate on light.

The canopy photosynthesis rate per unit ground area for
each layer i is estimated from

Ac,i = Asun,iFsun,i + Ashade,i(Fi - Fsun,i) [18]

where, Agn; and Agej are assimilation rates of sun and
shadeleavesper unit leaf area, Fgy,j issunlit leaf areaindex
for layer i, and F; istotal leaf areaindex for layer i. Agp;
and Agej are obtained from the mean quantum flux
densities for sun and shade leaves, and the light response
curvegiven by Eq. [15]. Similarly, acanopy conductance
per unit ground area can be computed for each layer i from
thesum of contributionsof sunlit and shaded | eavesaccord-
ing to

Oei = gsun,iFsun,i + gshade,i(Fi - I:sun,i) [19]

where ggn 8nd Jeage,; are calculated from Eq. [17] using
Asini ad Agagei

Theleaf areaindex for theit" layer F; is obtained either by
dividing total leaf areaindex F by the number of layers, or

by the difference of leaf areaindex at the heights bounding
thelayersusing an LAI-2000. Thus, F, =F; - F'i.;, where
F', isthe LAl-2000 measurement beneath the it layer. For
nlayers, F,=F.

Thesunlitleaf areaindexinlayer 1 (toplayer of thecanopy)
can be calculated for a sun zenith angle 6, if leaves are
assumed to be randomly distributed,

Faun1=[1 - exp(-K Fy/cosB)] cosb/K [20]

whereK = the extinction coefficient of light in the canopy,
which depends on the leaf inclination angle distribution.
Physically K isthe fraction of leaf areaindex projected in
the direction 6. For the second layer (i=2)

_O O-KFRO

E +K(F, + F, [{Icos@
an2 = PO e O

PO cosf [H K [21]

and for athird layer (i=3),

FKE+R) O

O +K(F +F, +F;) (Ticosf
= =
sun3 QXpD cos6 O ] cos@

Hr [22]

The extinction coefficient (K), which usually depends on
the sun zenith angle, can be estimated from the contact
values calculated from the LAI-2000 measurement (Ap-
pendix B).

Clearly, the leaf areaindex exposed to direct sunlight can
vary widely with canopy architecture and sun zenith angle.
Infact, acanopy with aleaf areaindex of 1.0 can havemore
sunlit leaf area at midday than a canopy with a leaf area
index of 3.0 hasin morning or evening.

The canopy photosynthetic rate (conductance) depends on
a weighted sum of sunlit and shaded leaf photosynthetic
rates(conductance) represented by Eq. [18] (Eq.[19]). The
photosynthetic rate (conductance) for the entire canopy is
calculated from the sum of the contributions of individual
layers.

Ac= ;Ac,i [23]
9. = igc,i [24]

Note that both A; and g. are expressed on a ground area
basis, rather than aleaf areabasis.

To obtain the mean leaf photosynthetic rate and conduc-
tance, we must estimate the averageincident PAR for both
sunlit and shaded |leaves. Theaverage PAR received by all



shaded leaves (Qqnade) iN @ canopy was estimated by Norman
(1982), assuming a spherical leaf angle distribution. Al-
though this will depend on the leaf angle distribution, no
simpleeguationispresently availablefor predictingthemean
shadedillumination onleavesasafunctionof |eaf inclination.
We expect the results from spherical-distribution calcula-
tionsto be reasonablefor many canopies. Therefore, wewill
use the equation from Norman (1982) to estimate the shaded
illumination in the top layer (i =1);

Qshade,1 = Qu €xp(-0.5 F,%7) +C; [25]
where
C;=0.07 Qp(1.1- 0.1F;) exp(-cosb) [26]

and Qg4 and Qp are the incident sky diffuse and direct solar
beam PAR on a horizontal plane above the canopy, respec-
tively. C, representsthedirect beam scattered by leavesinthe
canopy. The direct beam flux density Qp is Qror - Qg
Because Egs. [25] and [26] represent an average shaded-|eaf
illumination over the leaf area index (in this case F;), the
shaded illumination for a second layer is given by

Qshade2 = 2Qshade,1+2 = Qshade,1 [27]

where Qgade 1+2 1S €valuated by using Egs. [25] and [26] and
substituting F;+F, for F;. Similarly, the shaded flux density
for athird layer is given by

Qshade = 3Qshade, 1+2+3 = 2Qshade,1+2 [28]

where Qge 1+2+31S€Val uated by replacing F in Egs. [25] and
[26] by F1+F,+F5. Clearly thismethod can beextended to any
number of layers.

ThePAR received by sunlit leavesisthe sum of that from the
direct beam along with the diffuse given by Egs. [25] and
[26]:

K.
qun,i = QD Ebosleg"' Qshaje,i [29]

Predicting Light-Use and Transpiration
Efficiency

The canopy light-use efficiency [Eq. 2] depends on canopy
photosynthesis (A.;) and intercepted PAR. The latter is
measured directly and A. is calculated from Egs. [18] and
[23].

Canopy transpiration efficiency requires an estimate of A,
and an estimate of canopy transpiration E, (mol m?2 s7),
which is calculated from Monteith (1965)

E = S(Rn -G)+ Cmga[es(Té) — e:a\]

¢ g g g0
LeB+yd+—2 [30]
e@ El QC%

where R, (W m™) is the net all-wave radiation above the
canopy, G (W m?) isthesoil heat conductionflux, C,isthe
mole specific heat of air (Jmole?), g, is the aerodynamic
conductance of the canopy, y isthe psychrometer constant
(0.066kPaK™1), T' jisair temperature abovethecanopy, and
€, isvapor pressure above the canopy.

Theslope s (kPaK1)of the saturated vapor pressure versus
temperature curve can be evaluated from

L c&s(T)
R(T +273)° [31]
whereL .isthelatent heat of water (44,200 Jmol* @ 20°C)
and R isthe universal gas constant (8.314 Jmol*K1). The
canopy conductance g, is given by Eq. [24]. The aerody-
namic conductance (g,) is evaluated in Appendix C.

Discussion

The model makes a number of stringent assumptions that
enhance simplicity but are not absolutely necessary.

1. Eq.[9] presents A asafirst-order function of C;. This
allowsEq.[13] totakeasimpleform, but Eq. [9] could
be represented by a quadratic, hyperbolic, or other
function without introducing serious difficulty.

2. Thesameistrue of Eq. [15]. Or, alight curve for g
could be constructed directly from g5 vs Q..

3. It isnot necessary that the Ball-Berry model be first
order, aslong assometractablefunctional form exists.

Wehavenot been very clear about the number of layersthat
may be necessary.

1. The number of layers will depend upon the situation.
Perhapsidentifying sunleavesand shadeleavesinone
layer is enough in monospecific culture. In that case,
the empirical coefficients for the Ball-Berry model
(b)), thegsvsA curve(c;), and thelight response curve
might characterizethewhol ecanopy considered asone

layer.

2. Even within a monospecific canopy, there may be
sufficient physiological differentiation between sun
and shadeleavesindifferent layersto prevent onelight
response curve, for example, from characterizing the
canopy. This will probably vary among cases, but
more layers require more empirical data, of course.

3. Multispecific canopiesinwhich upper story and lower
story species can be identified should be divided into
at least two layers, as in the example presented here.
The number of layerswill be amatter of judgement in
individual cases.



Summary of Procedure

Measurements

1

Reduce chamber fan speedto about 5.5V. Aneasy way
todothat isdescribedin Application Note#103. Make
chamber measurements on a variety of leaves in the
canopy, at arange of vapor pressures and small range
of CO, concentrations (near ambient). These datawill
be used to determine b; and b, the slope and intercept
of the conductance vs Ball-Berry index. This data set
should include only those cases in which the stomata
were equilibrated with the chamber conditions.

Usefilters, or work on leaves at varying angles to the
sun, to measure a chamber light response curve. At
each light level, alow the CO, to draw down suffi-
ciently to provide an estimate of the slope of A vsC; at
that light level. Useat least 4 light levels. Finally, for
C4 species, raise the CO, to give an estimate of the
maximum photosynthetic rate at each light level.

M easure the micrometeorological parameters. net ra-
diation, wind speed above the canopy, air temperature
and vapor pressureabovethe canopy, incident total and
diffuse PAR, and below-canopy spatialy averaged
PAR. If wind speedscan bemeasuredinthe canopy, do
s0. Also measure the air temperature and vapor pres-
sure within the canopy. If an IR gun is available,
measure canopy temperature at 55° nadir angle aver-
aged over 4 azimuthal views 90 degrees apart.

M easure the canopy structure: canopy height, LAl and
extinction coefficients, leaf absorptance to PAR, and
leaf size.

Data Processing:

1
2.
3.

Determine by and b, from the survey data.
Determine & and &, for each A-C; curve light level.

For each height corresponding to what you have de-
fined alayer inthe canopy to be, computethe boundary
layer conductancebased onleaf sizeand wind speed. If
wind profile information was not measured within the
canopy, compute the wind speeds from the model
assuming neutral stability.

Adjust the chamber light curve measurements to the
canopy conditions (g,, T., C, and e). Calculate
absorbed PAR.

Fit the light curve data (adjusted assimilation vs ab-
sorbed PAR).

Usethe adjusted light curve datato compute ¢; and c,,
the slope and intercept of conductance as afunction of
assimilation rate.

Compute total canopy assimilation and conductance
using the layer model (Eq. 18 through 29).

Compute the aerodynamic conductance (Eg. C-1) for
thecanopy, and resulting canopy transpiration (Eg. 30).
Solvethe energy balancefor sensible heat flux (Eqg. C-
8), and compute stability correction terms (Egs. C-2
through C-5). Recompute aerodynamic conductance,
transpiration, and sensibleheat flux. Continueiteration
on sensible heat flux.

Compute canopy temperature (Eq. C-9). Compare
with that assumed in Step 4. Iterate if necessary.

10. Compute canopy efficiencies.

Support Software

A softwarepackageisavailablefrom L1-COR (3 1/2" disk,
part #6200-29, or 5 1/4" disks, part #6200-29a) that will
assist in making these calculations. The package includes
several programs and the data files required for doing the
example at the end of this note. The programs on the disk

are:

a)

b)

0)

An editor, for preparing datafilesfor input to the other
programs.

A plotting program, includinglinear (polynomials) and
nonlinear regression curvefitting. User-defined equa-
tions can be added to the program’ s repertoire.

A transform program, for general purpose computa-
tions, such as those specified in this application note.
The program operates on its source file according to
instructions (writteninasimple BASIC-likelanguage)
that residein aseparatetext file. Theseinstructionsare
easily accessed and modified by the user.
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Example Calculations

Thisexampleisagrass stand whose upper canopy is made up of Switch grass, and whose lower canopy is Big Blue Stem.
Therefore, we analyze the canopy in two layers, with separate response curvesfor each layer. The chamber measurements
shown here were made with a 1/4 liter chamber with areduced fan speed, as reflected by the lower than normal boundary
layer conductances of 1.4 mol/m?/s.

Table 1. Meteorological Measurements

Time and location: 11 Aug. 1987 14:40 CST at 45 °N, 100 °W wind: 2 m s-1 at height 4m
Solar Zenith angle: 37.5° Net radiation: R, =500 W m-2
PAR above canopy: Soil Heat Flux: G =50 W m-2
(total + diffuse): Qyot = 1700 pmol m-2 s-1 Within Canopy: T,=36°C
(diffuse): Qg =250 pmol m2 s-1 e, = 2.8 kPa
PAR below canopy: 270 pmol m-2 s-1 Above Canopy: T ;=35°C
Intercepted PAR: Q;=1700 - 270 = 1430 pmol m-2 s-1 e ,=2.7kPa

Table 2. Canopy Structure Measurements

Height: 0.6 m
Leaf dimension: 0.03 m
Leaf absorptance: dppg =0.8 oapyr=0.1

(Output from LAI-2000)

FILE DATE TIME ACHK  PLOT | LAI SEL DIFN MTA SEM SMP
1 11 AUG 06:33:43 11 8 2.80| 0.10 0.150 65 3 2

ANGLES 7.000 23.00 38.00 53.00 68.00

CNTCT# 0.840 1.031 1.450 1.762 1.360

STDDEV 0.133 0.063 0.108 0.031 0.011

DISTS 1.008 1.087 1.270 1.662 2.670

GAPS 0.430 0.327 0.159 0.054 0.027

(Output from C2000 program)

ID# EXT_7 EXT_23 EXT_38 EXT_53 EXT_68 |EXTslope| [EXTint
1 0.300 0.368 0.518 0.629 0.486 | 4.17E-03 0.302




Table 3. Survey Data, Switch Grass

Op =1.43 mol m2sl

STOMRAT =1
Q Ta T e, Ca Ci Os A Ha Hs Cs Index*

2163 36.4 39.3 2.26 345 41.1 0.110 195 0.37 0.34 335 0.0199
2098 37.7 38.8 2.39 327 55.3 0.129 20.3 0.37 0.37 317 0.0238

329 34.2 34.6 2.08 331 69.6 0.102 15.6 0.39 0.40 323 0.0193
401 35.5 35.0 1.94 339 115 0.061 7.91 0.34 0.36 335 0.0085

331 34.6 34.3 1.95 341 103 0.038 5.32 0.35 0.37 338 0.0058
1840 36.8 37.3 2.89 314 90.3 0.251 32.0 0.47 0.50 299 0.0532

964 38.2 36.9 2.83 342 119 0.223 28.2 0.42 0.50 328 0.0427

332 36.1 35.6 2.39 334 163 0.065 6.3 0.40 0.43 331 0.0081

388 35.7 34.9 2.47 323 147 0.104 10.5 0.42 0.46 318 0.0153
1507 36.1 36.4 3.19 342 105 0.254 345 0.53 0.56 326 0.0597
1898 37.5 39.7 3.00 336 88.3 0.154 21.8 0.47 0.44 325 0.0296
1727 38.1 39.5 3.16 339 71.6 0.162 25.1 0.47 0.47 327 0.0359
1813 38.3 40.3 3.24 323 66.7 0.148 21.9 0.48 0.46 312 0.0321
1818 39.2 41.9 3.38 337 64.7 0.093 14.6 0.48 0.43 330 0.0190
1569 39.0 40.1 3.34 322 81.7 0.138 19.1 0.48 0.47 313 0.0289
1886 38.1 40.1 2.84 301 23.3 0.150 23.4 0.43 0.41 289 0.0333
1683 37.7 39.4 2.62 310 36.9 0.115 18.4 0.40 0.39 301 0.0238
Index = Hs

S
Table 4. Survey Data, Big Blue Stem
Op=1.43 mol m2s-1
STOMRAT =1
Q Ta T e, Ca (05 Os A Ha Hg Cs Index*

1767 35.9 37.8 2.11 335 84.5 0.115 16.6 0.36 0.35 327 0.0176
719 345 34.2 2.06 312 104 0.113 13.7 0.38 0.41 305 0.0183

122 38.5 37.7 2.56 344 200 0.033 29 0.38 0.40 343 0.0034
2200 37.0 40.2 2.77 332 55 0.143 22.8 0.44 0.40 321 0.0285
1049 40.5 39.5 2.44 334 81 0.139 20.0 0.32 0.37 324 0.0230
457 395 39.2 2.56 336 103 0.081 11.0 0.36 0.38 331 0.0127
1301 35.6 36.6 3.18 311 107 0.190 22.3 0.55 0.55 300 0.0406
1866 38.6 40.1 3.12 330 85.2 0.164 22.9 0.46 0.46 319 0.0323
1739 384 40.1 3.40 331 101 0.157 20.6 0.50 0.50 321 0.0311
1562 38.2 39.2 3.59 331 136 0.213 234 0.54 0.54 320 0.0396
1648 34.1 36.0 291 314 115 0.295 33.2 0.54 0.54 298 0.0597
1966 34.4 36.7 3.17 320 112 0.253 29.9 0.58 0.58 306 0.0540
2101 36.1 38.8 3.03 320 66.6 0.182 26.6 0.51 0.51 307 0.0407
2057 375 39.7 2.96 311 81.9 0.197 25.6 0.46 0.46 298 0.0381
1838 371 38.4 2.50 350 104 0.164 229 0.40 0.40 339 0.0272
1804 37.7 38.5 2.47 358 110 0.176 24.7 0.38 0.38 346  0.0285
1762 39.6 39.9 2.46 346 100 0.171 23.7 0.34 0.34 334 0.0264
1746 40.5 40.6 2.55 346 100 0.166 22.9 0.34 0.34 335 0.0254
Index AR
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Table 5. Switch Grass A-Cj
and Light Measurements

Op = 1.43 mol m2 s-1

STOMRAT =1
Q Ta T €a Ca G Js A

1840 36.8 37.3 289 314 90 0.251 32.0
1827 36.9 37.3 289 287 72 0.248 304
1812 37.0 374 289 259 60 0.244 280
1792 37.0 374 2.89 232 53 0.244 251
1854 38.0 38.3 2.81 437 154 (0.222 357
1853 38.1 384 281 408 136 0.220 34.2
964 38.2 36.9 2.83 342 119 (0.223 282
942 38.3 37.0 2.81 315 103 0.224 27.0
939 38.3 37.0 279 287 84 0.219 254
951 38.3 37.0 277 260 67 0.219 24.2
947 38.2 37.0 276 460 224 0.221 283
335 36.1 356 2.39 334 163 0.065 6.3
335 36.1 356 2.39 301 130 0.066 6.3
129 36.0 355 250 327 212 0.037 2.4
129 36.0 355 250 307 192 0.037 2.4

11

Table 6. Big Blue Stem A-C;
and Light Measurements

Op=1.43 molm2sl

STOMRAT =1
Q Ta T e; Ca Ci Js A

2200 37.0 40.2 277 332 55 0.143 228
1917 370 390 276 308 58 0.145 210
1912 370 388 273 283 56 0.148 193
1910 37.0 387 272 259 52 0.151 180
1920 37.0 388 272 236 47 0.154 16.7
1934 37.1 388 275 212 43 0.159 154
1951 38.2 394 270 441 162 0.178 27.3
1949 38.1 394 269 416 135 0.174 27.2
1049 405 395 244 334 81 0.139 200
1041 404 394 242 310 75 0.139 18.7
1045 40.2 39.1 241 286 71 0.142 17.6
1011 399 388 239 263 67 0.147 165
1058 39.8 388 239 240 60 0.149 155
1069 396 386 241 217 53 0.155 144
1082 39.0 37.9 247 478 216 0.172 238
457 395 39.2 256 336 103 0.081 11.0
453 394 39.1 259 314 90 0.085 11.1
459 392 388 259 292 80 0.091 11.2
458 39.1 386 262 269 76 0100 11.1
455 39.1 385 262 247 70 0.111 11.4
454 39.0 383 260 224 64 0.118 10.9
456 39.0 38.2 258 202 64 0.134 106
453 38.9 38.1 262 180 56 0.142 10.0
452 38.7 37.8 262 158 52 0.154 9.3
466 38.2 37.4 254 444 250 0.155 154
464 38.0 375 263 375 161 0.114 13.9
122 385 37.7 256 344 200 0.033 2.9
122 385 37.7 256 324 180 0.033 2.9




e

Compute the slopes (b;) and intercepts (b,) of the Ball-Berry index functions for the two sets of survey data (Tables 3
and 4).

by b,
Switch Grass 4.05 0.026
Big Blue Stem 417 0.037
Figure 1. Survey data, Switch Grass Figure 2. Survey data, Big Blue Stem
0.37 0.3
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Index Index

Determine slope (&), intercept (ay), and A, for the A-C; curve at each light level (Tables5 and 6). The above-ambient
C,dataare used only for A g

Switch Grass Big Blue Stem
Q a a Amax Q a1 a Amax
1840 0.176 16.8 35.7 2200 0.41 -2.4 27.3
964 0.078 18.9 28.3 1049 0.20 3.4 23.8
335 0 6.3 6.3 457 0.028 8.7 15.4
129 0 2.4 2.4 122 0 2.9 29

E———————————————————

Assuming neutral stability (= 0), and acanopy openness parameter m of 2.5, compute wind speed u and boundary layer
conductance at each layer height inthe canopy. Wind iscomputed from Equations C-7, C-11, and C-12, and | eaf boundary
conductance from Equation C-10.

Height Remarks u(mstl) Ox
0.60 Top of canopy 0.545 —
0.45 Layer 1 0.206 0.57
0.22 Layer 2 0.082 0.36
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e

Adjust the light curve measurements (Equations 3 - 14).

Adjusting Switch grasslight curve to canopy conditions:

Target g, = 0.57 mol m-2 s-1 Chamber Data - Switch Grass
Target Tz 360 QT T e G % A a a  Aw
Target e, = 2.8 kPa 1840 36.8 373  2.89 90 0.251 320 0.176 168 38.1
b, = 4.05 964 38.2 36.9 2.83 119 0.223 28.2 0.078 18.9 28.3
b, = 0.026 335 361 356 239 163 0.065 6.30 0 6.30 6.30
Upag = 0.8 129 360 355 250 212  0.037 240 0 240 240
anr=0.1
.=0.9
Adjusted to Canopy

Qa Js Ci A

1325 0.309 110 35.7

694 0.228 110 27.5

241 0.064 177 6.30

93 0.040 233 2.40

Adjusting Big Blue Stem light curve to canopy conditions:

Target g, = 0.36 mol m-2 s-1 Chamber Data - Big Blue Stem
Target C, = 340 ppm
Target T:Z 36 °Cpp Q Ta Ti €a Ci Os A a; ap Amax
Target e, = 2.8 kPa 2200 37.0 40.2 2.77 55 0.143 22.8 0.410 -2.4 27.0
b, =4.17 1049 40.5 395 2.44 81 0.139 20.0 0.200 34 23.8
b, = 0.037 457 395 39.2 2.56 103 0.081 11.0 0.028 8.7 154
apag = 0.8 122 385 37.7 2.56 200 0.033 2.90 0 2.9 2.90
ONIR = 0.1
.=09
Adjusted to Canopy
Qa Os Ci A
1584 .281 133 27.3
755 .239 135 23.8
329 132 153 13.0
88 .055 250 2.9

13




B

Fit the light response curve (Equation 15) parameters using the light curve adjusted to canopy conditions.

Big Blue Stem Switch Grass
Qa Aadj Qa Aadj
1584 27.3 1325 35.7
755 23.8 694 275
329 13.0 241 6.3
88 2.9 93 2.4
o Asat p AO
Switch Grass 0.043 39.9 3.32 -0.91
Big Blue Stem 0.043 28.6 332 -091

Figure 3.

40

Light curve adjusted to canopy conditions
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e

Compute slope (c¢4) and intercept (c,) of adjusted g as afunction of adjusted A:

Cq Co
Switch Grass 0.00800 0.0165
Big Blue Stem 0.00924 0.0220

e

Use the layer model (Eg. 18 - 29) to compute total canopy conductance and photosynthetic rate:

0=37.5°
Qror = 1700 pmol m2 s1
Qoirr = 250
Qgeam = 1450
LAYERI F Fi Agi Jei Fsun,i Qsuni  Asunii Osuni  Fshadei Qshade,; Ashadei Jshade,i
1 1.4 1.40 30.9 0.270 0.92 1104 30.8 0.263 0.48 177 5.2 0.058
2 2.8 1.40 11.0 0.132 0.38 1005 24.3 0.247 1.02 77 1.8 0.038

Ac=41.9 pmol m-2 s-1
dc = 0.403 mol m-2 s-1

14



Sicp o M —

Use aerodynamic conductance (Eg. C-1 thru C-8) to compute canopy transpiration rate:

Ja I Ec 1 u
(molm2sl1)  (Wm2) (mol m2 s°1) (W m-2) Te v, g,
Initial Conditions 0.580 401 9.08 x 10-3 0 36 0 0
Final Conditions 0.770 408 9.24 x 10-3 42 36.9 -0.579 -0.579

e

Compare computed and assumed canopy temperature. Weassumed 36 °C, and computed 36.9. Thiswill not affect our light
response curves, so we don't need to iterate.

e

Compute canopy efficiencies:

100 = 0.45%

A 10 o x10°®

e 9.31x10°

c

O Acg00- 2 100- 20%

Q; 1430

As a comparison, we calculate canopy fluxes based on
unadjusted chamber data:

Adjusted to  Raw chamber
canopy data % change
Ac 41.9 37.0 12
Jec 0.403 0.305 24
Ec (W m2) 408 380 7

15



APPENDIX A
Calculation of Sun Zenith Angle

Thesun zenith angle (6) isusually calculated from latitude
(A), sundeclination (d), local longitude(L ), timedifference
(hours) from GMT (D, earlier > 0, later < 0), date and local
time (t,c), andisgiven by

cos(6) =sin(A)sin(d) + cos(/\)cos(c‘i)cos[0.2618(tSurl —12)] [A-1]

wheretg,, issolar timein decimal hoursbetween 0 and 24,
and 0.2618 converts solar time in hours to hour angle in
radians. The solar time can be calculated from local time
t)oc (decimal hours), the local longitude (degrees), D, and
Equation of Time (EoT-hours and fractions of hours):

L
ten = tioc TEOT +D BT [A-2]

The solar declination and Equation of Time are given by
(Blackadar, A.K., personal communication)

Sn(3) = sanQ&MBsan(S)

(57.30 [A-3]
4564 5" _ 4y57.30)(v)
EoT = cos(9) [A-4]
60
where
(~79.828 +0.9856Y)
S= +V -
57.296 [A-5]
V = 0.03348 sin(M) + 0.02093 sin(2M) [A-6]
_-1+0.9856Y
~ 57.296 [A-7]
Y = (year - 1977) 365 + DOY + 28124 [A-8]

where DOY represents cumulative day-of-year beginning
with January 1. In addition to Equation A-8, one day must
beaddedtoY for eachleap year between 1977 and theyear
of interest; thereforethree additional dayswould haveto be
added if theyear of interestis1990. Leap yearsareevenly
divisibleby 4, unlessthey areevenly divisible by 400, such
as the year 2000 (not aleap year).

All angles in the above equation development are in units
of radians unless otherwise stated.
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APPENDIX B
Calculating Extinction
Coefficient From LAI-2000
Measurements

Contact values (¢;) are measured at thefiveviewing angles
of the LAI-2000 and the extinction coefficient (K;) can be
calculated for each of these viewing angles from

C.
K. = it -
= [B-1]
where Fisthe LAI-2000's LAI estimate. |If the extinction
coefficientisnot known, usually itissetto 0.5 at al angles,
which correspondsto the spherical leaf angle distribution.

NOTE: The C2000 program (version 2.14 or later) will
compute extinction coefficients, as well as the slope and
intercept of extinction coefficient as a function of angle.



APPENDIX C
Calculation of Aerodynamic Conductance and Leaf Boundary
Layer Resistance

The aerodynamic conductance g, (mol m2s?) betweenthe
canopy and the height of the wind speed measurement is
given by

0.16u, p

U z-dO L (z-dO g
dng, Br¥mEing g ¥

9a =
(C-1]

where z isthe height of the wind speed measurement u,, p
isthe mole density of air, d isthe displacement height (d =
0.63 H, where H is the height of the canopy) and z, isthe
roughness|ength for momentum (z, = 0.13 H) and z, isthe
roughness length for heat [(z,,= z,/5)(Verma, 1989)]. The
diabatic profile correction factor for momentum () is
given by (Kanemasu et a., 1979)

Yn=-5¢& 0<&<1l [C-2]
IN(Wy) = 0.032 + 0.4481 In(-€) - 0.132[In(-€)]? 0<-€<2 [C-
3]

and the diabatic correction factor for heat (Y;,) is given by
Pp=-5¢ 0<g<1 [C-4]

In(yr) = 0.598 + 0.39 In(-€) - 0.09[In(-E)]2 0<-E<2 [C-
5]

where

0.4gU(L+0.07/B) (- d)
pC,Tud

&= [C-6]

and g isthe gravitational constant (9.8 ms?), Bistheratio
of sensibleto latent heat fluxes known asthe Bowen ratio,
u- isthe friction velocity given by

04u,

in=z- @m

o, W [C-7]

and U isthe sensible heat flux calculated from the energy
balance equation

U=R,-G-E, [C-8]
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The diabatic corrections to the log wind and temperature
profile equationsinvolve considerable calcul ation; in fact,
several iterations are required because the diabatic correc-
tion factors (Y, and Y;,) depend onthe heat flux (U), which
isnot knownuntil thediabatic correctionfactorsareknown.
If these diabatic correction factors are ignored, errors of a
factor of two or more can occur in aerodynamic conduc-
tance.

Canopy temperature is then estimated from

R,-G-E

.
¢ CinYa

=Tt [C-9]

Theboundary layer conductance of a“representative’ leaf
(including convection from only one side of aleaf and in
units of mol m2 s in the canopy can be estimated from a
typical leaf size and “representative” wind speed using

—

u
=022 |— -
62022, [C-10]

where D is the leaf dimension in meters (for example
diameter or width) and uisthewind speed in meters/second
in the canopy (Grace, 1981). Eg. [C-7] cannot be used to
evaluate thewind speed in the canopy, but it can be used to
estimate the wind speed at the top of the canopy H:

y _u*0 E(H d)0 " C
H704B'E 7, EPL mE [C-11]

The equation of Thom (1971) can be used to estimate the
wind speed with height z within the canopy using asingle
empirical coefficient m:

where m may be about 1.5 for more open canopies such as
corn and 2.5 for more dense canopies of wheat.

[C-12]



APPENDIX D

Symbol List

9
9
9s
Or

gr

tQ\

X

Q

ITITTIT®

[

slope and intercept of near-ambient A-C;
relation
leaf assimilation rate (umol CO, m2 s?)
canopy CO, assimilation rate (umol CO, m2
ground areas?)
maximum photosynthetic rate (umol m2 s
assimilation rate in the dark (umol m2 s1)
slope and intercept of g; vs A HJC,

Bowen ration (E/U)
slope and intercept of A vsgg
contact value (LAI-2000) for it angle
CO, mole fraction of ambient air (umol mol-1)
intercellular CO, mole fraction (umol mol-1)
mole specific heat of air (029 Jmol1 K1)
scattering of PAR by leaves for the nh layer
leaf surface CO, concentration (umol mol-1)
canopy displacement height (m)
difference (hours) between local time and
GMT. D>0 means west longitude, D<0
means east longitude
vapor pressure (kPa)
vapor pressure above canopy (kPa)
saturation vapor pressure (kPa) at temperature
T (°C)
leaf transpiration (mol m2 s1)
canopy transpiration rate (mol H,O m2
ground areas?)
equation of time (decimal hours)
canopy light use efficiency (%)
stomatal correction factor for g,

leaf areaindex for canopy (m? leaf area/m?
ground area)
sunlit leaf areaindex
gravitational constant (9.8 m s?)
canopy aerodynamic conductance for H,O
(mol m2s%
one-sided leaf boundary layer conductance for
H,0 in achamber (mol m2s%)
total canopy stomatal conductance for H,O
(mol m2 ground areas™)

leaf stomatal conductance for H,O (mol m2 s
1

)
total (stomatal + boundary layer) leaf conduc-
tance for H,O (mol m? s?)
total (stomatal + boundary layer) leaf conduc-
tance for CO, (mol CO, m?s?)

boundary layer conductance of H,O for aleaf
(one-sided) (mol m? s?)

boundary layer conductance of CO, for aleaf
(one-sided) (mol CO, m? s?)
soil heat flux (W m2)
canopy height (m)
ambient humidity fraction [e/e((T,)]

leaf surface humidity fraction

stomatal ratio

canopy extinction coefficient

longitude (degrees)

latent heat of water (044200 J molY)

used in calculation of EOT

light curvefit parameter

atmospheric pressure (kPa)

absorbed quanta (umol m? s1)

incident sky diffuse PAR (umol m2 s1)
direct beam PAR (umol m?2s?)

PAR intercepted by the canopy (umol m? s?)
average incident PAR on shaded |eaves (umol
m?2s?h

total (beam + diffuse) incident PAR at top of
canopy (umol m? s?)

universal gas constant (8.314 Jmolt K1)
leaf level net radiation (W m?)

net radiation, al wavelengths, of canopy

(W m?)

slope of saturation vapor pressure curve (kPa
K1)

used in calculation of EOT

local time (decimal hours)

solar time (decimal hours)

air temperature (°C)

air temperature above canopy (°C)

mean canopy temperature (°C)

leaf temperature (°C)

wind speed above canopy (m s?)

friction velocity (m s1)

wind speed at top of canopy (m s?)

wind speed (m s) at height z above the
canopy

sensible heat flux for canopy (W m2)

used in calculation of EOT

used in calculation of EOT

height above canopy (m)

canopy roughness length (m) for momentum
canopy roughness length (m) for heat

leaf absorptivity in NIR

leaf absorptivity in PAR

solar declination (degrees)
photochemical efficiency at low light
psychrometric constant (0.066 kPa K1)
latitude (degrees)

solar zenith angle (degrees)

mole density of air (037.9 mol m)
diabatic profile correction factor for heat
diabatic profile correction factor for momen-
tum

canopy transpiration efficiency (%)
canopy light-use efficiency

chamber transmittance
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