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Summary

An initial review of diverse studies from leaf to globe clarifies the importance of accurate
modeling of leaf temperature. The body of the discussion here then shows that the tools
for modeling exist at diverse levels of process detail. Modelers are able to assemble a
workable toolkit from the whole set of such tools. I present explicit equations for leaves
in isolation and in canopies. Toward enabling comprehensive process-based modeling,
I discuss energy-balance modeling in the forward direction for prediction of photosyn-
thesis, transpiration, and other measures, including collateral effects such as leaf damage
from excess temperatures. Included here are several useful mathematical solution
methods for highly-coupled processes, such as energy balance, photosynthesis, stomatal
control, and scalar transport. I review inverse modeling to estimate evapotranspiration
and plant water stress from measured leaf temperatures. Quantitative arguments indicate
the range and limits of validity of various approximations, such as ignoring lateral heat

Symbols: A — Leaf photosynthetic rate per area
[pmolm™?s™']; 4, — Light-limited 4 [umol m s~ '];
Agqr — Light-saturated 4 [pmol m2 s ank -
Absorptance of leaves in the NIR [-]; apsr — Absorp-
tance of leaves in the PAR [-]; bzz — Residual stomatal
conductance in Ball-Berry equation [mol m2s” 1]; b,
bg, byr — Derivative of energy-balance terms with
respect to temperature [W m > K ']; B — Sum of the
derivatives of the energy-balance terms [W m > K™'J;
C,, C,, C; C,— Partial pressure of CO, in ambient air,
at the chloroplast, in the leaf interior (substomatal
cavities), at the leaf surface beneath the boundary
layer [Pa]; Cp,, — (Molar) heat capacity of air
[J mol™! K™'7; Cp, — Leaf heat capacity per unit area
[J m™2 K™']; d — Zero-plane displacement height in a
canopy [m]; dje,r— Characteristic linear dimension of a
leaf for heat transfer (m); E}.,— Leaf transpiration rate
[mol m2 sfl]; e, €;, e, — Partial pressure of water
vapor in ambient air, in the leaf interior (substomatal
chamber), at the leaf surface beneath the boundary
layer [Pa]; ey, — Saturated water vapor pressure [Pa];
Enir, Epar, Erir — Energy flux density in the NIR,
PAR, TIR [W m ?]; ET — Evapotranspiration rate
[various units, including mm d™!; G - Soil heat flux
density [W m 2]; g, — Canopy aerodynamic conduc-
tance for heat [preferred as mol m2s']; 2, g5 —
Leaf boundary-layer conductance for water vapor, CO,
[mol m~2 s~ ']; g, — Boundary-layer conductance for
heat [preferred as mol m2s7]; s> &5 — Combined
boundary-layer and stomatal conductance of leaves for
water vapor, CO, [mol m™2 s™']; g, g, — Stomatal
conductance for water vapor, CO, [mol m? s_l]; h—
Canopy height [m]; s — Relative humidity at the leaf
surface, beneath the boundary layer [-]; H — Sensible
heat flux density (leaf or canopy) [W m~2]; k — von
Karman’s constant [-]; Kco — Effective Michaelis con-
stant for CO, binding to Rubisco [Pa]; Ky, K,,, Kco, —
Eddy diffusivity for heat, water vapor CO, [m? s™'];

LE — Latent heat flux density [W m’z]; mpp— Slope in
the Ball-Berry equation for stomatal conductance [-];
P, — Total air pressure [Pa]; NIR — Near-infrared radi-
ation (700-2500 nm); PAR — Photosynthetically active
radiation (400-700 nm); PPFD — Photosynthetic pho-
ton flux density [mol m~2 s™']; O — Generic heat flux
density [W m~7]; 0., Oy — Flux density of heat loss
from convection, transpiration [W m~2]; Q;’W, Ofir —
Flux density of energy gain from shortwave, TIR
absorption [W m™2]; Orr — Flux density of energy
loss from TIR emission [W m 2]; R, — Dark respira-
tion rate per leaf area [umol m™> s™']; R, — Net radia-
tion flux density [W m™2]; T — Temperature [°C or K,
as appropriate]; 7; — Air temperature [°C or K, as
appropriate]; T, — Leaf temperature [°C]; Tinean —
Mean temperature to which dark respiration acclimates
[°C]; TIR — Thermal infared radiation (2.5-15 pm,
long-wave radiation); u — Wind speed [m s~ ']; us —
Friction velocity [m s'; Ve max — Maximal carboxyl-
ation capacity per leaf area [pmol m > s™']; z— Height
above the soil [m]; zy, z,, — Roughness lengths for heat
transport, momentum [m]; A7 — Shift in leaf tempera-
ture as transient [°C or K]; 6 — Small nominal change
in incoming shortwave solar energy flux density
[W m™?]; I'* — Compensation partial pressure of
CO, in photosynthesis without dark respiration [Pa];
€, Egye — Thermal emissivity of leaf, sky [-]; ¢ —
Atmospheric stability measure [-]; 8§ — Transition
parameter between light-limited and light-saturated
photosynthetic rates [-]; A — Latent heat of vaporization
of water [preferred as J mol~']; p — Molar density of
air [mol m™]; ¢ — Stefan-Boltzmann constant
[W m™2 K™*]; ¢ — Initial quantum yield of photosyn-
thesis [mol CO, (mol photons)~']; Wieqr — Leaf water
potential [MPa]; wy, w,, — Atmospheric stability
corrections for heat, momentum transfer [-]
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conduction in the leaf lamina or, on certain time-scales, transients in leaf temperature.
Overall, the review emphasizes the importance of including the energy balance in models
and provides suggestions for making practical error estimates of process-model
inaccuracies and process incompleteness. The current limitations compel the develop-

ment of improved models.

Keywords Temperature * Energy balance ¢ Leaves « Modeling ¢ Radiation * Convection ¢
Stomatal conductance * Transpiration ¢ Canopies * Transients ¢ Turbulent transport * Inverse

modeling

l. Introduction: Why Leaf Energy
Balance is Important to Model

Leaves cover approximately half of the land
surface of the Earth at any one time (Myneni
et al. 2002). They are correspondingly critical
surfaces on land for the exchange of radiation
and momentum and for scalar fluxes of heat,
water vapor, CO,, and other atmospheric
constituents.  Transpiration from leaves
accounts for approximately half of total water
emission from land surfaces (Lawrence et al.
2006), with simple evaporation (or sublima-
tion of ice, snow) from soil accounting for the
remainder. Leaves are key determinants of the
carbon and water cycles and of climatic pro-
cesses. Additionally, their trace gas emissions
of terpenes and other volatile “secondary”
metabolic compounds are important in atmo-
spheric chemistry (e.g., Réisdnen et al. 2009)
and in contributing condensation nuclei for the
formation of clouds (Kavouras et al. 1998;
Hartz et al. 2005). The emission of both iso-
prene and terpenes is heavily dependent upon
leaf temperature (Pefiuelas and Llusia 2003;
Monson et al. 2012; Grote et al. 2013).

Leaf energy balance (total or gross energy
balance) determines leaf temperature. In turn,
leaf temperature conditions affect numerous
physiological processes as well as climatic
processes. Physiologically, leaf temperature
sets the activation of biochemical processes,
particularly photosynthesis and respiration
(Chap. 3, Hikosaka et al. 2016a), as one sees
incorporated in all current models of leaf
photosynthesis, largely based on the seminal
model of Farquhar et al. (1980). By extension,
leaf temperature can also generate deactiva-
tion, directly via enzyme deactivation, com-
monly at high temperatures but also at low

temperatures, particularly for C; plants,
whose PEP carboxylase enzyme deactivates
or even falls apart reversibly at low
temperatures (Kleczkowski and Edwards
1991; Sage and Kubien 2007). Temperature
extremes also may generate photoinhibition
of photosynthetic quantum yields or capacity
over short to long duration (Ball et al. 2002;
Demmig-Adams and Adams 2006), when
high fluxes of absorbed photosynthetic photon
flux density, or PPFD, cannot be driven pro-
ductively into photosynthetic photochemistry
nor dumped by radiationless relaxation of the
xanthophyll pigments. Leaf temperature also
acts with genetic programs in determining
plant development; the empirical degree-day
model has been verified at scales ranging from
molecular to whole plant (Granier et al. 2000).
At the level of the plant, leaf temperature is
also an important factor in the propagation of
plant diseases, particularly fungal diseases
(Schuepp 1993; Harvell et al. 2002).

Leaf energy balance includes the
exchanges of sensible and latent heat with
the air as well as radiative processes.
Exchanges of sensible and latent heat with
the atmosphere by leaves and soil (or other
non-leafy surfaces) are the principal energy
inputs to the atmosphere over land, balanced
in the long term by thermal infra-red (TIR)
emissions to space (Hartmann 1994). On
diverse spatial scales, these exchanges gen-
erate convective air flows — free convection
on single leaves (see Campbell and Norman
1998), up to mesoscale flows that may lead
to cloud formation (Anthes 1984; Segal
et al. 1988), and on to larger scales, ultimately
global. Physiology re-enters the formulation
of heat exchanges at leaves: photosynthesis,
itself temperature-dependent, is tightly
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coupled to leaf stomatal conductance, g, as
expressed in many empirical models of
g, (Ball et al. 1987; Dewar 2002; Leuning
1995). In turn, conductance is a factor in leaf
transpiration (latent heat exchange) thereby
affecting leaf temperature which ultimately
couples back to photosynthesis. The need for
coupled models of leaf energy balance, sto-
matal conductance, photosynthesis, and phys-
ical transport of heat and gases is apparent, as
will be covered below. It may be surprising
that, until 1986 (Verstracte and Dickinson
1986), climate models (general circulation
models, or GCMs) did not consider leafed
area on the globe as physiologically dynamic,
rather they set a simple, uniform physical
boundary condition for vegetated area. Now,
the attention to the physiology of vegetated
surfaces in GCMs is intense, and the role of
vegetation in controlling temperature is well-
recognized (e.g., Sellers et al. 1997).

An accurate knowledge of leaf tempera-
ture, whether by measurement or modeling
or both, is necessary for comprehension and
prediction of climate, including climate
change. From a paleoclimatic perspective,
understanding the relation of leaf tempera-
ture to climate is necessary to infer
paleoclimate from tree rings. This is particu-
larly true in attemptinég to use the stable
isotopic composition (*°C, 2H, '®0) to infer
climatic conditions — e.g., estimating past
water stress via the relations among the
13C/12C ratio, the leaf’s ratio of internal to
external CO, partial pressures, water-use
efficiency, and water stress (Barbour 2007).

The radiative portion of leaf energy bal-
ance merits attention on its own, for its
effects on neighboring leaves and non-foliar
surfaces that intercept scattered radiation
from leaves and for total radiative intercep-
tion on land (Chap. 1, Goudriaan 2016). Var-
iably according to optical properties and
orientation, leaves absorb and reflect at all
major radiation wavebands: photosyntheti-
cally active (PAR, 400—700 nm), near infra-
red (NIR, 700200 nm) and thermal infrared
(TIR, 2.5-15 pm) radiations. Leaves also
strongly absorb ultraviolet (UV) radiation,
but it is a minor energy component. They
also emit much TIR, as do all bodies. The
transfers of radiation to and from leaves
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generate much of the complexity in models
of leaf energy balance within canopies, given
the vectorial rather than scalar nature of the
propagation of radiation. Regarding the
large-scale radiative balances, the deficit in
absorption, or albedo, sets the overall avail-
ability of solar energy in the climate system.
Recently the effect of leaf presence on
regional albedo has received considerable
attention in the discussion of climate (Hales
et al. 2004) and of global warming (for a
review see Bonan 2008). Afforestation at
high latitudes is estimated to have a net
warming effect, due to reduced surface
albedo despite the ability of forests to take
up CO, as a greenhouse gas (Bonan 2008).

All the process studies and modeling are an
intellectual challenge in their own right and
they also have much practical application.
Understanding the components of leaf energy
balance is needed in modeling crop produc-
tivity, whether for on-farm management or
predictions of market conditions or famine
warnings; in ecological studies of net primary
production; in estimating water balance of
landscapes, whether for irrigation manage-
ment or predicting surface water balance for
human use or ecosystem status; and, of
course, in the climate modeling. Furthermore,
inverse modeling of leaf temperature is also
an important exercise (Box 2.1).

This review of the processes of energy bal-
ance and their consequences has diverse goals.
It may impart to researchers with theoretical
backgrounds but who are nonspecialists in
biophysical modeling an appreciation of the
various levels of phenomena. For researchers
dealing with the biophysical phenomena but
more focused on experimental approaches
than a body of theory, it may aid in developing
quantitative studies with the full power and
accuracy of biophysical theory. For specialists
attuned to biophysical theory, it may offer a
more comprehensive view, such as by bringing
attention to less-appreciated but important
links of phenomena. One example is the
importance of sky thermal infrared intercep-
tion as a distinct energy input. Another exam-
ple is providing justification for neglecting
photosynthetic and thermal energy storage
on most scales of space and time. Finally, for
advanced students of botany, physiology,
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physics, and other disciplines who are in their
early careers, this review is offered to give
context to reading of the extensive literature
related to leaf energy balance, and, one hopes,
to generate fruitful research ideas.

Box 2.1 Inferring Water Stress and Water
Use from Leaf Temperature

Measured leaf temperature can be used to
infer water stress on plants, as in the classic
crop water stress index of Idso et al. (1981)
and in the numerous rectifications (Jackson
et al. 1988) and extensions (Fuchs 1990),
including in remote sensing (Kogan 1997).
In related fashion, measured surface (leaf,
soil) temperature can be used in estimating
evapotranspiration (E7), a mass flux
of water, a critical indicator of both plant
productivity and surface water balance.
One of the simpler effective models for
this is the Surface Energy Balance Land
(SEBAL) model, used in remote sensing
(Bastiaanssen et al. 1998). The net radiative
energy input, R, to the surface as an energy
flux density is estimated from measured
reflected fluxes and additional information
(the solar constant, estimated atmospheric
absorption, angle of solar illumination). The
temperature difference from leaves to air is
estimated from surface radiative tempera-
ture, invoking a calibration using hot
(ET = 0) and cold (ET as maximal, sensible
heat flux H = 0) extreme parts of the scene.
Along with estimates of surface roughness,
hence, of conductance for sensible heat, this
allows for the estimation of H. Finally, one
estimates latent heat energy flux density,
A E, as a residual, A E=R, — G — H.
Here, E is the evapotranspiration rate writ-
ten as a single-letter symbol, G is the flux
into the soil, estimated empirically. More
sophisticated  process  modeling  is
incorporated into allied inverse models that
resolve leaf and soil temperatures
(Li et al. 2009; Timmermans et al. 2007).
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Il. Calculations of Leaf Energy
Balance: Basic Processes
in the Steady State

A. Energy Balance Equation in the Steady
State

1. Chief Components of Leaf
Energy Balance

A useful place to begin is the calculation of
the steady state, under constant radiation
and atmospheric conditions and leaf orien-
tation. I may write the energy-balance equa-
tion on a per-area basis (W m™?) as the sum
of radiative inputs minus outputs and of
transfers of latent and sensible heat to the
air:

0= Qg+ Opg — O — O — 0. — O,
(2.1)

Here, Oy is the energy flux density in leaf-
absorbed shortwave radiation, arriving
directly from the sun or scattered from
other leaves, soil, etc.; Q7 is the energy
flux density in absorbed thermal infrared
radiation, which 1is contributed almost
exclusively by atmospheric or “sky” radia-
tion by water molecules combined with
thermal emissions from leaves, soil, etc. —
direct flux from the sun is negligible; O,-
is the energy flux density in the TIR emitted
by the leaves, acting nearly as classic
blackbodies; Qj-= AE is the flux density
of latent heat, formulated as the flux den-
sity of water vapor from the leaf, E,
multiplied by the latent heat of evaporation,
A; Q. is the convective loss of heat to the air
through the leaf boundary layer, and this
may be positive or negative; and Qg is the
storage term, composed of thermal storage
during transient heating (or, with a negative
sign, cooling) plus chemical energy storage
in photosynthesis (less respiration). Fig-
ure 2.1 presents a simple geometric sketch
of the fluxes.
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Fig. 2.1. Elements of energy balance of a flat-bladed leaf (not a needle or cladode), viewed edge-on. By
convention, the top is the adaxial surface, though wind may invert a leaf. All the elements occur at each unit
of surface area. Elements of net shortwave energy gain (Q;’W): (a) shortwave radiation incident on nominal top or
adaxial surface (UV, PAR, NIR); the illumination geometry must be known to compute this; it may include
radiation reflected from other vegetative or soil surfaces (the leaf can twist in the wind to face the soil in part);
(b) reflected shortwave radiation incident on the adaxial surface, computed from the sum of reflectivities in each
band multiplied by the flux density in the band, plus transmitted shortwave radiation incident from abaxial
surface; (c) shortwave radiation incident on the nominal bottom or abaxial surface; generally this is only radiation
reflected from other surfaces; (d) reflected shortwave radiation from abaxial surface, plus transmitted shortwave
radiation incident from the adaxial surface. Elements of net gain of thermal infrared (TIR) energy (Q;,R): (e) TIR
incident on adaxial surface; a combination of sky emission and emission from terrestrial surfaces, weighted by
associated fractional hemispherical views; () TIR radiation reflected from adaxial surface; typically only about
4 % of incident flux density; note that transmission of TIR radiation is negligible; (g), (%) corresponding fluxes
from the abaxial surface. Elements of TIR loss (Q;,R) (), (j) emission of TIR radiation by the adaxial and abxial
surfaces, respectively, at the blackbody rate multiplied by the thermal emissivity; magnitudes of (7) and () are
essentially equal because thermal gradients in leaves tend to be very small except on thick cladodes. Elements of
sensible heat loss (QE—): (k) loss from adaxial surface; (/) loss from abaxial surface, which may differ in
magnitude from adaxial rate because the boundary-layer conductances differ between sides. Elements of latent
heat loss (QL,-): (m) loss from adaxial surface; (n) loss from abaxial surface; again, magnitudes generally differ
because of differences in boundary-layer conductances. Transport loss (not cited in text): (o) transport in xylem
flow; typically very small; conduction along petiole is even smaller. Storage (QS—): (p) thermal as heat gain,
photosynthetic as chemical enthalpy gain

2. Role of Energy Flows in Transient Heating, —observed, approximately 40 pmol CO,
Photosynthesis, and Respiration m~2 s, which are about twice the highest
rates of most crops and about 4 to 8 times the

The last term in the energy balance considered
is energy storage, which is given with a nega-
tive sign because it subtracts from the energy at
the leaf surface. Thermal storage occurs during
transients. A sudden sunfleck heats the leaf
mass, or a sudden shading cools the leaf
mass. Thermal transients are discussed in
Sect. IV.B. Photosynthetic carbon fixation
(and nitrate reduction) represents chemical
energy storage. This is typically small and
often neglected in energy balance calculations.
Consider the highest rates of photosynthesis

rates of common non-crop trees. The rate
expressed as moles of glucose production is
1/6 that of CO, fixation, or about 6.7 pmol glu
m 2 s~ ', The heat (enthalpy) of formation of
glucose under standard conditions is about
2805 kJ mol ', to be moderately adjusted for
the nonstandard conditions in the leaf (e.g., the
partial pressures of CO, and O, are not 1 atm).
Then, the rate of enthalpy storage is the rate of
glucose formation, multiplied by the enthalpy
stored per mole of glucose. The rate is then
approximately 6.7 x 10 °mol glum %s™' *
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2.8 x 10° T mol ™' glu, or 17 W m 2. This
magnitude is to be contrasted with other
energy flux densities, which in photosynthetic
conditions are each typically several hundred
watts per square meter. We may make similar
arguments about the leaf respiration rate,
which is typically a small fraction of the pho-
tosynthetic rate, often 8-10 % at most
temperatures after leaves acclimate (Atkin
et al. 2005; Wythers et al. 2005), with the
bulk of respiration occurring in heterotrophic
tissues of the plant or in soil organisms.

B. Defining the Individual Terms
of the Energy Balance Equation

To use the original steady-state equation, we
must resolve the individual terms, using
driving variables such as solar radiation,
leaf (essentially fixed) parameters such as
shortwave absorptivities, boundary
conditions such as atmospheric conditions,
and temperature as a state variable. We can
use the formula for the average T of a whole
leaf or solve the equation segment-wise
using the finite element method (Chelle
2005).

1. Shortwave Energy Input
Shortwave energy absorption is given as:

Odw = aparEpar + anirEnir (2.2)
Here, the a’s are absorptivities in the two
wavebands (and we can consider resolving
wavebands more finely) and the E’s are
energy flux densities in those wavebands,
projected onto the leaf lamina normally.
The absorptivities need to be measured, as
they depend upon nutritional state (the dif-
ference between pale and dark leaves in ap,p
may be between 0.7 and 0.85 or higher), leaf
hairiness and waxiness, and, to some extent,
the angle of illumination. The lower side of
the leaf typically has a lower PAR absorptiv-
ity. Absorptivity in the NIR is low, near 0.35,
as indicated in numerous studies. More gen-
erally, absorption for radiation at any wave-
length varies with the angle of incidence on
the leaf. For diffuse radiation such as
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skylight that comes from many directions, a
more comprehensive treatment is needed
both in theory and in field measurement for
accurate estimation of the absorbed fraction
of radiation. One uses the concept of the
bidirectional reflectance distribution func-
tion (BRDF; Schaepman-Strub et al. 2006;
Chelle 2006; Chap. 11, Disney 2016). The
BRDF describes the partitioning of radiation
incident from one direction into reflected
(and transmitted) radiation in all directions.
Integration of the BRDF over all outgoing
directions yields a fraction less than unity.
This deficit is the absorbed fraction. This
level of detail is not often demanded in sim-
ple calculations.

The values of Epy and Ey;p are composed
of the direct solar energy flux densities and
the scattered energy flux densities. Consider-
able complexity attends the calculation of
the scattered radiation, as will be discussed
in the section on leaves in canopies, but some
useful simplifications are available. In some
modeling efforts, the values of the solar
energy fluxes will be given directly in energy
units, as W m 2. In other efforts, we may
have available the quantum flux densities, in
mol m~2 for the PAR, with the conversion
that 1 mol of photons has roughly 220 kJ of
energy. However, for precise conversion, one
needs the spectrum of solar energy (Ross and
Sulev 2000). It is unusual to have NIR
energy flux density quoted in moles, and
often it is not given; one must use the rela-
tion that the PAR and NIR energy flux
densities in sunlight are nearly identical,
with some finer approximations being avail-
able, particularly to correct for shifts caused
by cloudiness, aerosols, etc. (Escobedo
et al. 2009).

2. Thermal Infrared Input
Continuing, we may formulate the TIR input

in terms of the energy flux density in the TIR
band as

Q;IR = SETIR (23)

Here, € is the thermal absorptivity of the
leaf, which equals its emissivity, by the
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physical principle of microscopic revers-
ibility. The absorptivity is commonly very
closely to 0.96, because it is dominated by
the water content. Very waxy leaves may
have modestly lower values. The incident
TIR energy flux density, Er has, as
noted, contributions from the sky and from
terrestrial sources. Sky TIR, as we may call
it, can be measured directly, with multiband
radiometers. However, these are expensive
and not used in most situations calling for
modeling of leaf performance. Conse-
quently, we usually need to use approximate
equations that estimate E7;z from ground-
level weather variables, the air temperature
and humidity. The TIR flux is continuously
absorbed and emitted at all levels of
the atmosphere. Accurate prediction
requires a radiative transport model, and
a knowledge of the distribution of the con-
tent of water (the by-far dominant
TIR-active molecule) at all levels. For a
standard atmospheric profile of temperature
and water vapor content (not always
the case!), the TIR emission of water
molecules at all levels is prescribed, as is
the transport of this TIR radiation with
transmission, absorption, and reemission
occurring at all levels. The transport equa-
tion can be solved, as it often is for satellite
meteorology (Zhang et al. 2004) but more
commonly a plant modeler will use an
empirical relation, such as that of Brutsaert
(1984):

Eqir = ESky,FﬁCGTihs,sky (24)
with ¢ as the Stefan-Boltzmann constant,
Tips,siy (K) as the temperature of the air at

screen height, and the effective emissivity of
the sky as

e 0.143
Esky,eff = 1.72 (W) (25)

air,obs

where e,;,. (kPa) is the partial pressure of
water vapor in the air at screen height. For
air masses of low relative humidity, the
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effective sky temperature (representing the
sky as a black body at this effective
temperature),

1
Erir\*
Teﬁ,sky = (T

can be many tens of degrees below air tem-
perature, and the “deficit” in Ezj; relative
to the value it would take at an effective
emissivity of unity can exceed 150 W m 2.
The coldness of the sky in such conditions
must be taken into account in accurate
models of leaf energy balance. Note that
clouds have high emissivities, near 1.00
(Hartmann 1994; Houghton 1977) and
emit effectively at the temperature of their
bases, which is Tat screen height minus the
lapse, which is likely to be simply the dry
adiabatic lapse rate (ca. 10 K km™')
multiplied by the cloud base height above
ground level. For partly cloudy skies one
must use both the clear sky and cloud
values of Er;z with weighting by fraction
of sky coverage.

The contribution of terrestrial radiation
sources to the TIR flux is complicated in
plant canopies, as it is for shortwave radia-
tion. The emissivity (equal to TIR absorptiv-
ity) of leaves is high, approximately 0.96,
and most soils are similarly high, about
0.95, although low-iron sands may have
emissivities of 0.90. The reflectivity 1 — &,
is then low. There is very little reflected TIR
inside canopies. As a result, one may esti-
mate TIR fluxes from surrounding leaves,
branches, soil, etc. as being their black
body radiant flux densities at their body or
kinetic temperatures. One then weights the
contribution from all these surfaces in the
proportion of solid angle each source
subtends at the leaf in question. In a simple
case, a layered canopy, one may with decent
accuracy weight the flux density from each
layer by the penetration probability of
hemispherically uniform radiation from
each layer to the layer of the leaf under
consideration.

(2.6)
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3. Thermal Infra-Red Losses

The TIR energy loss from the leaf surface,
Oqyr-» 1s rather simply formulated as

Orig = zgaTihs,lmf (2.7)
where T}, (K) is the leaf temperature. The
factor of two originates from the leaf having
two sides that are effectively at the same
temperature, at least in the case of thin
leaves. Very thick leaves, and the thick
phyllodes of succulent plants, merit a formu-
lation that accounts for their geometry and
the T gradients around their periphery.

4. Latent Heat Loss

The latent heat loss by transpiration, AL}y, is
readily expressed for leaves in the common
condition of not having surface water, snow,
or ice. In this case, water loss occurs from
the leaf interior (water vapor partial pressure
e;) through the stomata and the leaf boundary
layer to ambient air outside the boundary
layer (water vapor partial pressure e,).
Using modern molar units for conductances
(Ball 1987), we may write

Eleqf = gbs (28)

or, more accurately to account for mass flow
as well as diffusion (Farquhar and Sharkey
1982),

€ —€q

= 2.9
gbsPa _HTLJ“ ( )

Eleaf

where water vapor partial pressures and air
pressure are in Pa and g, is the total conduc-
tance of stomata and the boundary-layer act-
ing as series resistances:

g = 1/(1/g;+1/8)

= 8,8,/ (8 + &) (2.10)

Here, g, and g, are the conductances of the
boundary layer and of stomata for water
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vapor (moderately different from their
conductances for heat or for CO,; Ball
1987).

The values of ¢, and P, are typically
obtained from weather data. The value of ¢;
is commonly taken equal the saturated water
vapor partial pressure at leaf 7, e, (T), and is
thus, a function of leaf 7 only. There are
many useful analytical approximations for
es(T) such as that from Murray (1967),
here giving the result in units of Pascals:

17.269T
esat(T) = 61083Xp (m) (21 1)

For internal consistency, I note that there is
generally a small correction for leaf water
potential (w.q9). This corrections given as
saf(nexp(l//le‘af VW/(RT)) with V as the
molar volume of water (18 x 10~ m3 mol ).
For moderately low water potential of
—1 MPa, this factor is about 1 — 1.8/2500,
which is essentially negligible.

In conditions of modest wind speed, the
leaf boundary layer is commonly laminar,
and we can use a formula for leaves of
uncomplicated shape (e.g., Campbell and
Norman 1998):

8y = a\/ u/dlmf

where a &~ 0.147 mol m 2 s~ "2 for a single
side of a leaf and u (m s~ ) is wind speed at
the leaf location, and dj..y is a characteristic
leaf dimension, transverse to the wind direc-
tion. For highly indented or irregular leaves
the reader is referred to Gurevitch and
Schuepp (1990). For leaves having stomata
on both leaf sides, and with unequal distri-
bution of stomatal conductance (g,) for leaf
lower and upper side (LI-COR Biosciences
2004) (Parkinson 1985):

(2.12)

(14K)*

yasy (2.13)

8p = 8h, 1

with K being the ratio of g, on the two sides
of the leaf, and g, being the one-sided
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boundary-layer conductance. I note that this
equation refers to calculation of water vapor
and CO, transfer conductance from ambient
air to leaf intercellular air space (Egs. 2.8
and 2.9) not for calculation of transfer con-
ductance for heat exchange.

For high wind speeds, the boundary layer
can become mixed laminar-turbulent, and
the leaf dimensions can change from leaf
rolling (Alben et al. 2002; Jarvis and
McNaughton 1986 — see p. 42). Leaf
fluttering can alter g, and can occur at low
wind speeds, as in the iconic quaking aspen,
Populus tremuloides (Roden and Pearcy
1993). At very low wind speeds, convection
undergoes a transition from forced convec-
tion by external wind toward free convection
driven by thermal gradients in the air. At the
free-convection limit, we have

1
Tleaf - Tair 4

with @ = 0.05 mol m™# s™'K ™% There are
formulas for intermediate cases (Kreith
1965; Schuepp 1993). While anything
approaching free convection is rare under
weather conditions in which photosynthesis
occurs at a significant rate, the time intervals
in which free convection occurs can be
important for photosynthesis at other times
of day. Ball et al. (2002) give a classic exam-
ple from snow gum (Eucalyptus pauciflora)
seedlings in an Australian forest clearing in
wintertime. Pre-dawn and immediately post-
dawn, u is near zero, giving a very low value
of g, and thus of convective heat transfer
rate, O -. Radiative energy balance becomes
critical; leaf T drops about 2—4 °C below air
T. Leaves freeze, but the damage to photo-
synthetic capacity arises almost exclusively
from photoinhibition, in turn caused by very
low T and high solar irradiance on leaves.
To continue, we must also know the value
of stomatal conductance, g, in order to com-
pute latent heat flux density from the leaf. A
simple solution of the energy balance equa-
tion is possible if this is a known, fixed value.

(2.14)
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5. Convective Heat Exchange

Finally, I the basic formula for the convec-
tive heat-loss rate is:

QE = gb,hCP,air (Tleaf - Tair‘) (215)
where g, is the boundary-layer conduc-
tance for heat (about 0.92 that for water
vapor; Campbell and Norman 1998) in
usual molar units and Cg,, is the molar heat
capacity for air. Of course, the flux density

can be negative under advective conditions
when the air is hotter than the leaves.

6. Solving the Leaf Energy Balance Equation

Once we have all the terms in the energy-
balance equation, we have a form in which
all quantities are fixed other than leaf 7, and
one may apply any of the iterative schemes
to find the steady-state temperature. No pre-
cise analytic solution is possible because the
equation is transcendental in 7: the TIR
emission from the leaf, Q;-, is quartic in
T, the convective loss, O, is linear in 7, and
the latent heat loss is approximately expo-
nential in 7. An iterative solution is almost
always affordable (Box 2.2). In addition,
various approximate solutions have been
proposed that in general provide a good
approximation of leaf temperature (Paw
1987; Greek et al. 1989), and under certain
assumptions leaf energy balance can be cal-
culated using a quadratic analytical solution
(Baldocchi 1994).

Box 2.2 Iterative Solution of the Leaf
Energy Balance Equation

One can guess the value of 7 and then use
the Newton-Raphson method of root-
finding. Expressing the energy-balance
equation as f(7) = 0, we assume that, at
any T, f(T) is nearly linear in 7 in some
small neighborhood, or AT +dT) = f
(T) + f(T) dT. If f(T) at the estimated T is
nonzero, we can posit that there is a d7 that

(continued)
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Box 2.2 (continued)

makes f(T + dT) = 0, or dT = —f(D)/f (T).
This will give an improved value, which we
may then improve in the next iteration until
S(T) is sufficiently small, say 1 W m 2 or
less. The values of f{7) and f'(T) can easily
be computed numerically using the very
accurate analytic formulas for the partial
pressure of water vapor, which generates a
corresponding analytic formula for the
derivative with respect to 7. For example,
if we use Eq. (2.12) above, the derivative of
esat(T) 1S egy itself, multiplied by the factor
(17.269%237.2)/(237.2 + T)*. At 25°, this
factor is 0.060; that is, saturated water
vapor pressure rises 6 % per degree Cel-
sius. In the iterations for 7 using the
Newton-Raphson method, it may be neces-
sary to hobble the increments, d7, to per-
haps 3-5 °C to avoid overshoots and
oscillations.

An inherently stable alternative method
of solving the transcendental equation for
T is a binary search (Burden and Faires
1985), one of several such numerical root-
finding methods (McCalla 1967). For a
monotonic function such as energy balance
with only one real root, the process is
straightforward. A binary search for the
root of an equation f(7) = 0 begins with
the evaluation of f{7) at two endpoints that
are estimated to contain a root. Consider a
notional case in which at the lower limit,
Ty, f(T) is positive, and at the upper limit,
T}, it is negative. One then knows that the
root lies between these points. One then
evaluates f(7) at the midpoint, which we
may call 7,. Suppose that f(7,) shows up
as a negative value, indicating that the root
lies between T, and 75. One then makes T,
the new upper limit in the search. The
search continues, with evaluation at 73,
which, with f(T5) < 0, clearly becomes
the new lower limit, and so on. Binary
searches are rapid, halving the uncertainty
each iteration or by 1/2" in n iterations. An
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initial search interval of 10 °C drops to
<0.1 °C in 8 iterations. The modest disad-
vantage of a binary search is that it requires
significantly more lines of code that a sim-
ple Newton-Raphson iteration, especially
when one includes adaptive expansion of
the search limits if the initial endpoints do
not encompass a root (e.g., f(7) is positive
at both points, or negative at both points).

C. Leaves in Artificial Environments:
Growth Chambers, Greenhouses,
and Warming Experiments

Similarly to sunlight, the terms in the energy
balance equations are the same for leaves in
any other situation, and they may be
measured by the same or equivalent means,
e.g., PAR meters, anemometers, etc. There is
one change that is often overlooked when
artificial illumination is used, the change in
TIR input to the leaves. The sun emits negli-
gible TIR in comparison to its shortwave
(SW) radiation in the PAR and NIR. In con-
trast, growth lamps emit even more TIR than
SW radiation — about 3-fold more for fluo-
rescent lamps, and 20-fold more for incan-
descent lamps, which no modern system
uses, except when perhaps supplementing
gas-discharge or fluorescent lamps by far-
red light. One must account for the increased
TIR in modeling plant growth in a growth
chamber or artificially illuminated green-
house, unless the TIR has been filtered out.
This filtering can be achieved with a water-
filled plenum between the lamps and the
plants (Gutschick et al. 1988). In addition,
as the energy decreases with the square of
distance from the light sources, energy
gradients within vegetation are much greater
in artificial growth conditions than in outside
where the energy source distance effect is
negligible, at least for PAR and NIR (Chelle
et al. 2007; Delepoulle et al. 2009;
Niinemets and Keenan 2012). Furthermore,
even outdoors, modelling plant energy bal-
ance in artificial environments such as cities
is complicated due to shading effects and
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different optical and heat
characteristics of buildings.

The copious emission of TIR by lamps is
used to effect in outdoor warming
experiments (e.g., Kimball 2005). The
effect, however, is not equivalent to the
warming of air under climate change. Put
most simply, the topmost leaves warm the
most and lower leaves less so, because the
interception of TIR by leaves above a loca-
tion depletes the TIR flux density and the
energy density is also reduced by distance
from TIR source (depending in the geometry
of used TIR source). To put it another way,
the flux of TIR is vectorial, not equivalent to
a uniform change in scalar air temperature.
The degree of unrealism is not readily
assessed. While upper leaves contribute
most to photosynthesis, respiration, and tran-
spiration, there is an extra gradient in leaf
temperature through the depth of canopy,
over and above the one that develops natu-
rally from differential interception of SW
radiation and other effects. This may affect
development and fruiting.

capacitance

D. Detection of Leaf Temperature
and of Energy-Balance Components

Although difficult, validation of modeled
leaf energy balance and leaf temperature is
a necessary pursuit. Models predict the
kinetic temperatures of leaves. These
temperatures can be measured by contact
methods such as thermocouples. Sampling
many leaves, at various canopy locations
and leaf angular orientations, can easily
become impractical. I may relate an amusing
anecdote from Marilyn Ball of the Australian
National University. Decades ago, the
renowned modeler lan Cowan decided to do
a field experiment, in which he added a very
large number of sensors, including
thermocouples, to a plant. The results were
confusing, until it was realized that Cowan
had accidentally kicked the plant at its base
and severed its stem; only the sensor wires
alone were holding the plant up. Even in
experiments unconfounded by damage, the
presence of a large number of sensors and
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their stiff or weighty wiring can add artifacts
to the results.

The common alternative to contact mea-
surement is measuring the TIR emission by
the leaves. The most affordable instruments,
simple infrared “guns” or infrared
thermocouples, do not image the area being
viewed; rather, they average a finite solid
angle. Their view into a canopy depends
upon the orientation of the sensor, the canopy
structure (esp. as row crops), and the position
of the sun. Kimes et al. (1981) and many others
(e.g., Lagouarde et al. 1995; Smith et al. 1997;
Kustas et al. 2007) have analyzed this chal-
lenge, without a simple answer, because the
question is not simple: does one want the aver-
age leaf T or that of a specific canopy stratum?
Does one want the average leaf T weighted by
area, or by transpiration rate, or by photosyn-
thetic rate? A step toward resolving the prob-
lem is using imaging TIR cameras that provide
a spatial distribution of leaf temperatures.
However, they are quite costly, typically US$
10 K or more. Some informative results have
come forth, including use of thermal imagery
to infer the spatial distribution of stomatal
conductance (Fig. 2.2; Jones et al. 2002;
Leinonen et al. 2006).

For large-scale sensing, such as from
satellites, imaging of leaves is impossible.
This results in significant problems and
inaccuracies in the interpretation of surface
(canopy) T for inference of stand transpira-
tion rates, by methods that are discussed in
Sect. VI. Many satellite sensors such as
MODIS cover wide areas at semi-oblique
angles. The spread in view angles incurs the
problem of radiative 7 varying with view
angle, noted at the beginning of this para-
graph. Satellite remote sensing faces an
additional problem, that of distortion of the
TIR signal by absorption and emission of
TIR in the atmosphere between the satellite
and the plant. A great deal of work has gone
into deriving accurate models that extract the
TIR signal at the surface. The claim for
MODIS TIR data is that the inferred surface
temperatures are accurate within a standard
deviation on the order of 1 °C (Wan
et al. 2004).
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Fig. 2.2. Optical (a) and thermal imagery (b) of a grapevine canopy in midday, showing a wide range of leaf
temperatures arising primarily from varied interception of solar shortwave radiation at varied leaf angular
orientations. Arrows point to reference leaves that are wet and cool (W) and dry and hot (D). Histograms of
temperature derived from thermal imagery are presented for the complete scene (¢) and for leaves only (d), i.e.,
excluding hot soil and “cold” sky. Minimally modified from Fig. 2.1 of Fuentes et al. (2005) — converted to
grayscale, with addition of more obvious arrows for reference leaves in panel (b); lower end of temperature scale
for panel (b) corrected to +16.2 °C from —16.2 °C; used with permission

E. Meeting the Challenges of Measurement
and Theory

Using the concepts of energy balance is
clearly fraught with a number of challenges.
Some arise from limitations of data. One
challenge that is rife, especially for studies
over large areas or multispecies assemblages
is, Can one measure enough parameters such
as optical absorptivities, stomatal control
parameters, or photosynthetic capacities to
predict energy balance and the processes

linked to it? One lead here is that there are
often rather robust approximations suitable
for initial studies. For example, in stomatal
control modeled with the Ball-Berry formula
(Ball et al. 1987), the slope parameter is
close to 10 for most species that have the
C; photosynthetic pathway (Gutschick and
Simmoneau 2002).

Other challenges arise from conceptual
complexity and attendant mathematical
complexity. Conceptual complexity is not,
however, conceptual uncertainty;
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biophysical and physiological theory is well
developed. Admittedly, one often needs to
develop simplifications to reduce complex-
ity. One may simplify the description of radi-
ative transport within a plant canopy,
perhaps using two-stream models of upward-
and downward-propagating radiation (Liang
and Strahler 1993; extensions by Gutschick
and Wiegel 1984; Dai and Sun 2006). One
must be aware that the approximation must
be tested and that its accuracy is likely to
vary with canopy structure, such as leaf
angle distribution. Mathematical complexity
succumbs to mathematical abilities, which
might be effectively “contracted out” to
collaborators or else dug out of the literature.
Even the coupled nonlinear processes of
energy balance, photosynthesis, stomatal
control, and scalar transport in leaves
became tractable long ago, as in the work
of Collatz et al. (1991; see also Sect. III.C
here). Computational complexity, that is,
generating a computer program to handle
the math and to run at an affordable rate, is
often only weakly related to mathematical
complexity. A very large number of
equations that are inherently linear or well
approximated by linearization can be han-
dled readily by linear algebra, even with
very many variables. On the other hand,
problems that are simply formulated mathe-
matically, such as the classic traveling sales-
man problem or the box-packing problem
(engaging popular account by Graham
1978) have no algorithms short of trying
every possible choice. Powerful approxima-
tion methods do exist for these, including
simulated annealing (Kirkpatrick
et al. 1983; Gershenfeld 1999) and genetic
algorithms (Gershenfeld 1999). Raw com-
puting power has ceased to be the limiting
factor for most problems in the field of biol-
ogy, certainly not being problematic for
energy balance.

Experimental measurement and the
design of experiments pose some persistent
problems. Estimating transpiration from
fields or landscapes (or its reduction, as a
measure of stress) by remote sensing relies
on measuring thermal radiation from the
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surfaces, primarily. Radiation moves as a
vector, in straight lines, but actual kinetic
temperature that conditions the transpiration
rates of leaves is a scalar. Its spatial distribu-
tion is sampled with different weightings as
the view angles of the radiation sensor
change, as noted above. One gain on the
problem is recognition that one must be
clear about which spatially integrated tem-
perature one wants. Is it weighted by canopy
scalar transport capacity, for calculating sen-
sible heat flux? Is it weighted by, primarily,
stomatal conductance for calculating canopy
transpiration? One might develop empirical
relations between radiative temperature (per-
haps over several view angles) and the fluxes
one wishes to measure. One must be aware
that these measures will be fairly specific to
the canopy physical structure, for one. One
might also add in models of photosynthesis
and stomatal conductance to get a more gen-
eral method. Good problems for future
research await being addressed.

lll. Physiological Feedbacks Affecting
Leaf Energy Balance

In a free-running model of a plant canopy,
which predicts all fluxes from plant
parameters and driving variables, one must
model the stomatal conductance of any given
leaf from biochemical and physical pro-
cesses, which depend upon leaf temperature.
In effect, we must solve simultaneously the
equations for energy balance, photosynthetic
rate, stomatal conductance, and CO, trans-
port, all but one (transport) being nonlinear.

A. Dependence of Stomatal Conductance
on Environmental Drivers

Stomatal conductance to water vapor, g is
tightly linked to very temperature-dependent
photosynthetic rate itself, as expressed in
various useful empirical formulas. 1 use
here the seminal formula of Ball
et al. (1987), which has been modified (see
esp. Leuning 1995 and Dewar 2002), but
often found as accurate as the modified
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versions (e.g., Gutschick and Simmoneau
2002; Chap. 3 Hikosaka et al. 2016a):

Ak, +b
= m _—
8 BB C, BB

(2.16)

Here, m and b are empirical constants, with
surprisingly low variation among well-
watered plants (Ball et al. 1987; Collatz
et al. 1991; Gutschick 2007), 4 is the net
photosynthetic rate, and %, is the relative
humidity and C, the CO, mixing ratio, both
at the leaf surface, beneath the boundary
layer. The values of mpp and bpp are sensi-
tive to water stress (Gutschick and
Simmoneau 2002). The formula for A4, is
simply ey/e;, with ¢, defined as the saturated
water vapor pressure at the leaf surface. We
can solve for e; considering that in the
steady-state the leaf transpiration rate,

(2.17)

e

8b
We need to determine 4 as a function of
temperature in a way that is consistent with

transport through the combined conductance
of CO,, g,,, which uses the expressions

relating conductances for CO, to
conductances for water vapor,
g, =0.72g,, g, =0.62g, (2.18)

B. Biochemical Limitations of Photosynthesis

Photosynthesis has both light-limited
regimes (4 = A;;) and light-saturated
regimes (4 = A,,;), with a good approxima-
tion for any light level being (Johnson and
Thornley 1984; Farquhar et al. 1980)

VA® — (Ars 4+ As)A + AprAgy =0 (2.19)

Here, A is the gross rate of CO, fixation,
excluding respiratory losses, @ is a transition
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parameter; at @ = I, A shows a completely
sharp transition between regimes; typical
values seen in studies to date cluster around
0.8 (variation discussed by Jones et al. 2014).
The net rate of CO, fixation is the gross rate
debited for “dark™ respiration, R;. More or
less complex models of dark respiration
exist. A simple one is that it acclimates as a
fairly constant fraction of net photosynthesis
at the mean temperature of the photoperiod
in the preceding week or two (7},04,; S€€
Sect. I above; Wythers et al. 2005), varying
with the diurnal temperature cycle as a sim-
ple exponential activation such as exp[0.07
(T B Tmean)]~

The biochemical expressions for 4;; and
Agq have been elegantly simplified in the
work of Farquhar et al. (1980, with later
elaborations). For C; plants, we have
commonly

(€~ 1)

Asa - V(,‘,max
' (Ci — Kco)

(2.20)

where V.max 1S the maximal ribulose
1,5-bisphosphate carboxylation capacity, I'*
is a hypothetical compensation partial pres-
sure without dark respiration, but accounting
for photochemical carbon oxidation or “pho-
torespiration”, and Kco is an effective
Michaelis constant for enzymatic binding
of CO, to the rate-limiting Rubisco enzyme,
and C; is the CO, partial pressure inside the
leaf; accuracy is gained by using C,, the
partial pressure at the carboxylating enzyme,
Rubisco, in the chloroplasts (Niinemets
et al. 2009). C, is lower than C; due to a
significant CO, diffusion resistance in the
gas, liquid and lipid phases from substomatal
cavities to chloroplasts. Ve max, I'* and Kco
are functions of temperature, and I "*and Ko
are functions of the partial pressure of oxy-
gen. This form applies when CO, fixation by
Rubisco enzyme is the limiting factor. In
some conditions, electron transport or tri-
ose-phosphate transport may be limiting
(Farquhar et al. 1980; Wullschleger 1993).
Similarly, we have the light-limited rate as
an “initial quantum yield,” ¢, multiplied by
the photosynthetic quantum flux density, /;,
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which may be expressed either as incident or
absorbed light:

ALL = ¢IL = ¢0 ((gl—:;l?)

(2.21)
Here, ¢ is the quantum yield at saturating
CO, levels. As an example, we may consider
the completely light-saturated case. We
equate the biochemical and transport
formulations for net photosynthesis, A4, to
obtain

(C;—T17) , (Ca+C))
A=Vemn 0 —Ry=gy———"
MG —Keo) ¢ SPT Pa
(2.22)

Here, C, is the partial pressure of CO, in
ambient air. We can multiply both sides by
(C; + Kco) to obtain a quadratic equation in
C;, which can be solved explicitly. One can
then insert the value of C; into either equa-
tion to obtain the value of A. Note that a
more accurate form for the transport relation
requires consideration of mass flow
(Farquhar and Sharkey 1982),

_(Ca—C) CitC,
N P, 2P,

A

Engr  (223)

which creates a modest complication in
the solution. The correction to 4 due to
mass flow is on the order of 5 % for a meso-
phytic C; plant with relatively high
transpiration rate.

In the more general case, one can use the
Johnson-Thornley expression for 4, express-
ing both A4;; and A4,,, in terms of C; (— just
algebra; needs no reference). One gets a quar-
tic equation in C;, which can be solved by a
binary or golden-ratio search (http://en.
wikipedia.org/wiki/Bisection_method).

C. Solving a Combined Stomata-
Photosynthesis Model

With these methods to estimate A, we are
ready to get a consistent solution for

Vincent P. Gutschick

photosynthetic rate, stomatal conductance,
energy balance, and CO, transport. An ana-
lytic solution is available that however
requires definition of a few additional
constraints (Baldocchi 1994). In my own
work, I find an effective algorithm to be:

+ Set up a range of g, over which to do a binary
search

* At any given estimate of g, leaf energy bal-
ance is set, and so is T

* The value of T sets the values of the biochem-
ical parameters V. max I'* and Kco

* The value of C; can be solved, as just noted,
and thus we can obtain the value of 4. We also
obtain the value of C; = C,-AP,/ g;,

* The function whose root is to be sought uses
the Ball-Berry equation, or similar equation
of one’s choice. One composes flg;) = g
—(mppAhy/Cs + bpp), and seeks for the root

f(gs) = 0.

The binary search is relatively rapid com-
putationally and stable. One needs reason-
able estimates of the search interval in g,
and programming that allows expansion of
the range if no root is evident in the initial
range. This whole method has been
programmed and is available from the author
as a standalone program in Fortran 90 source
code or as a Windows executable. I have also
used inverse modeling in a larger model of
climate change impacts in which the above
model is at the core. The exercise may be of
interest to modelers (Gutschick 2007). The
inverse model inferred plant physiological
parameters  from  final  performance
measures, such as photosynthesis, transpira-
tion, and nitrogen-use efficiency. I then
projected (variable) changes in the physiol-
ogy to do forward modeling of new values of
final plant performance measures. A whole-
plant model of these coupled processes,
including water transport and water poten-
tial, has been constructed (Tuzet et al. 2003).
Fig. 2.4 presents a flowchart of the
calculations presented to this point.
Gutschick and Sheng (2013) present more
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Fig 2.3. Geometry of radial heat flux in a round leaf. (a) Slant view of leaf. Azimuthal symmetry of temperature
and heat flux is assumed. Flux J,. crosses the area given by the perimeter at radius » multiplied by depth
(thickness) 7. Flux J,., 4, crosses the area at radius » + dr. (b) Notional temperature gradient treated in the text is a
parabolic function of radius r, peaking at the center at temperature 7 = T, + A in the center and fallingto 7' = T,

at the edge

complete computational details from their
study using a model that also treats leaves
within the environment set by a complete
canopy (see Sect. I'V, below).

The strong coupling of the various pro-
cesses is evident in simulations using varied
values of environmental driving variables such
as air temperature and of plant parameters such
as photosynthetic capacity, V. max. Evolution-
ary selection pressure is also implied in the
form of the stomatal control program. The
Ball-Berry form tends to preserve water-use
efficiency by coupling changes in the various
processes (Gutschick 2007).

Schemes for predicting the coupled
behavior of energy balance, photosynthesis,
and transport, such as the one just described,
certainly are complex. One might hope
for an equation that expresses any flux such
as A directly in terms of the driving variables
(PAR and NIR flux densities; wind speed;
air temperature, relative humidity, and CO,
partial pressure) and plant parameters
(optical properties, photosynthetic
parameters, stomatal control parameters,
and leaf dimension). This equation would
have to be derived by a high-dimensional
fitting of data, such as by nonlinear least
squares. Although such an equation could
be potentially derived, it seems wholly
impractical.

D. Advanced Problems

There are several extensions of the tech-
nique outlined in Sect. III.C. Foremost, the
enzyme-kinetic form for C4 plants differs
from that for C; plants used here in the
example. The C,; formulas have been
developed, including variants that account
for CO, leakage out of the bundle-sheath
cells (Jenkins 1997; von Caemmerer and
Furbank 2003). Collatz et al. (1991) used
these in providing a solution of the com-
bined equations of photosynthesis, stoma-
tal conductance (with the Ball-Berry
model), energy balance, and CO, trans-
port. Note also that the value of C; is
affected by mass transport of water vapor
that opposes the inflow of CO,; corrected
expressions are given by Farquhar and
Sharkey (1982).

Greater complications arise from the
presence of liquid water, ice, or snow on
the leaf surface. The least complicated case
may be that of dewfall on a leaf with essen-
tially closed stomata. In this case, water
vapor flows from air to the leaf surface,
releasing the heat of condensation, of mag-
nitude A times the rate of water condensa-
tion on surface. Dewfall will not occur
during times when leaves have even modest
sunlight interception, but the load of dew
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must be evaporated during the latter times.
Energy balance is clearly affected by
this extra source of water vapor flux away
from the leaf. Photosynthesis is also
affected by water droplets or films blocking
stomata on the upper leaf surface (Hanba
et al. 2004). The formulation of dewfall
rate as a function of atmospheric
conditions, TIR radiative balance, and leaf
orientation is beyond the scope of this
chapter. Similarly, I leave the discussion
of the melting, dripping, and sublimation
of ice and snow from leaves to more
specialized publications (e.g., Gelfan
et al. 2004; Ni-Meister and Gao 2011).
This is not to imply that snow and ice
dynamics on leaves are relatively unimpor-
tant. The vast regions of boreal forest,
tundra, and other ice-prone areas are
important in climate and the carbon and
water cycles on spatial scales from region
to globe.

IV. Transients in Energy Balance
and in Processes Dependent
on Temperature

A. Independence of Different Leaf Regions

We may omit conduction of heat through
the petiole or even between different
regions of the leaf lamina. The argument is
based on a consideration of numerical
magnitudes. Consider a leaf of the type
that may develop a large gradient in temper-
ature laterally, such as a wide leaf in strong
sunlight at low airflow (low boundary-layer
conductance, g;). A sunflower leaf is a good
example (Guilioni et al. 2000). For simplic-
ity, consider the 7 gradient to be (admittedly
crudely) radial on a circular leaf, which has
a thickness 7 (Fig. 2.3). An annulus lying
between r and » + dr has a cross sectional
area across the thickness of 4 = 2arz. The
net flow of heat, J, between heat moving in
at radius » and heat moving out at radius
r+dris
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or
J =A(r)ka 3 |

oT
+A( -+ dr)k |

02T

— Akth W (224)

This is the heat input into the annulus (a ring)
having a surface area 2zr dr, such that the
heat flux density, O, per unit area of the
annulus is the expression above divided by
this area, or, using 4 = 2zrr again,

o’T
0 = tky, 57 (2.25)
For a leaf thickness of 200 pm with a qua-
dratic gradient in T covering, say, 8 °C over a
final radius R, the second partial derivative is
—16 K/R*. Using the thermal conductivity as
that of water, about 0.6 W m~' K~ !, we
estimate Q as 0.53 W m 2 This is wholly
negligible compared to all other terms in the
energy balance. A conclusion we may draw
is that energy balance may be considered
independently for various segments of a
leaf that have developed different boundary
layer thicknesses (from differences in dis-
tance from the leaf leading edge in the
wind) or are displayed at different angles to
sunlight. The differences can be important
for the temperature-dependent processes of
leaf or floral initiation (ibid.).

B. Dynamics in Leaf Temperature After
Changes in Energy Balance Components

1. Time-Dependent Changes in Temperature
After Modifications in Radiation Input

Leaves flutter in the wind, sunflecks come
and go. Consequently, the terms in the
energy-balance equation shift, as does leaf
temperature and the 7-dependent processes
in the leaf such as photosynthesis. In many
cases, it is appropriate to average the leaf
performance among the varying conditions,
weighting performance contributions by the
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Fig. 2.4. Flowchart for fully mechanistic calculation of energy balance and accompanying fluxes, for an isolated
leaf in fully specified environmental conditions. Entries in large boldface text are fixed environmental conditions
in assumed steady state, as well as fixed physiological, optical, and structural properties of a leaf blade. All other
quantities are results of calculations. Shaded quantities are repeated from other locations in the diagram rather
than using long arrows from other locations that add complexity. Notation generally follows that in the text, with
some added detail, such as expanded subscripts to distinguish contributions of direct and diffuse energy flux
densities in the PAR and NIR wavebands (compare simpler notation in Eq. 2.2 in the text). Solid arrows indicate
forward calculations using equations given in the text or related publications. Dashed arrows indicate feedback of
results for iterative correction of quantities at the arrow heads with new input values. With all environmental
conditions and parameters being set, the origin of iterations is setting the stomatal conductance, g, leading to
estimation of evaporative heat loss, Q-. This allows, in turn, estimation of leaf temperature (77.,rhere, for clarity;
denoted 7; in text). After leaf temperature estimates have converged, the photosynthetic rate is computed
iteratively by adjusting leaf internal CO, partial pressure, C;, so that the rate computed from transport through
stomatal and boundary-layer resistances (4 in equation on right near bottom) equals the rate computed from
enzyme kinetics (Aenzymaric» as in Egs. 2.20, 2.21, 2.22, and 2.23 in text). The value of g; is then compared to the
value required for consistency with the stomatal control model, here given as the Ball-Berry form (Ball
et al. 1987; Eq. 2.16 in text). A difference greater than a chosen tolerance incurs iteration with a new value of
gs, chosen effectively with a binary search method
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Table 2.1. Representative flux densities, W m 2. Qq- from photosynthesis, except (#h) = thermal

Condition Qdw Ofir Orig- Op- 0.~ Os-
Crop, full sun; warm, dry 550 800 900 400 50 5-18
Crop, night; warm, dry 0 700 800 ~0 —100 —0.5t0 —2
Needle leaf; lower sun, cool 200 650 700 100 50 0-2
Desert evergreen; low sun, winter 150 650 700 50 50 0-3
Crop, sunfleck; warm, dry 550 800 850 100 0 400 (th)
— 900 — 400 — 50 —0

fraction of time spent in each condition.
There are, however, cases in which transient
behavior is very important. Both
measurements and models have been made
on understory plants that see infrequent
sunflecks of short duration (Chazdon and
Pearcy 1991; Pearcy et al. 1997). The plant
must accomplish its photosynthetic carbon
gain in these sunflecks with rapid
adjustments of stomatal conductance and of
the activation state of Rubisco. The latter
phenomena merit discussion in other venues
and in other chapters in this book. Here, we
may consider the transient behavior in leaf
energy balance and temperature. The
energy-balance equation modified for time-
dependent behavior must account for the net
rate of heat gain, J,

— Q, = Cp.o(dT/di)
(2.26)

Osw + Orir — Orir — Or

Here, Cp,, is the heat capacity of the leaf per
unit area, which is simply the heat capacity
per unit leaf fresh mass multiplied by the
fresh mass per unit leaf area. If the leaf is
20 % dry matter, its heat capacity per mass is
0.8 times the heat capacity of water, about
4200 J kg=' K7', plus 0.2 times the heat
capacity of dry matter, 1000 J kg~' K.
This yields a heat capacity per mass of
3560 J kg~ ' K. Per area, the heat capacity
is the value per mass multiplied by the mass
per area. In Table 2.1, to be explained
shortly, one example is a thin leaf, 0.2 mm
thick, with 0.2 kg of fresh mass per square
meter. The heat capacity per area, Cp,, is
then 712 J kg~' m 2. Now consider a leaf
in which the terms in Eq. 2.1 shift from an
initial steady state. A very common case is a
change in a direct energy input, as a change

in shortwave energy input (change in sun-
light amount). Let the change in Qg be by
an amount 6. Let the original values of the
energy terms be denoted with an additional
subscript “0” (e.g., Ogw, ) and their
derivatives with respect to temperature be
denoted by appropriately  subscripted
quantities b;. For example, (d/dT)Q-= b,
which we can evaluate from Eq. 2.8 as
Agps(des,/dT)/P,. Let AT be the change in
temperature from the original steady value,
T:Ty. Eq. 2.26 above becomes

dT

Cp.a i Osw.o + 8+ Oro — Qriroo

— brrAT — QEO — bgAT

— Qo — bAT (2.27)

= (Qdw.o + OQtiro — Qririo — Q.0 — Ceo)

+6— (brg + be + b.)AT
=6 — BAT

(2.28)

Here, B,. is the sum of the derivatives,
brig + bg + b.. 1 ignore here the higher-
order terms in A7'with the second derivatives
of the terms with respect to temperature; this
is acceptable for a first estimate. The sum of
the terms in the first parentheses is clearly
zero, representing the initial steady state.
We can rewrite this once more, using
(d/dt)AT = (d/df)T, so that, dividing by Cp,,,
it has the form

dAT
——=d — B'AT

= (2.29)

with @’ = 6/Cp,and B’ = B,,./Cp,. Thisis a
simple relaxation equation with the readily-
verified solution
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!

AT:%(1—5#Q (2.30)

That is, the asymptotic shift in temperature is
a'/B', with a characteristic relaxation time 7,
=1/B’, as the time for the response to reach
half its final value. We may make a quick
estimate of this time. Table 2.1 presents
examples for a thin leaf, 200 pm thick, with
a fresh mass per area of 0.2 kg m 2, and a
thick cactus phyllode, 20 mm thick. Let the
sudden change in absorbed shortwave load-
ing, 6, be 200 W m 2. The estimation of
B and then of B’ is lengthy; Table 2.1
presents the numerical values of all the
terms in the equations, for the environmental
conditions specified in the header. The relax-
ation time is 1/B’ = 18.4 s, quite short for
the thin leaves that have very little thermal
inertia. The transients in thick phyllodes are
correspondingly slower, over 0.7 h. The cal-
culation for phyllodes involves more signifi-
cant approximations. Their curved surfaces
present different angles to incident radiation
at different locations. The transport of heat
laterally is also more effective than in thin
leaves. Accurate calculation of their energy
balance requires explicit accounting of space
and time, using a partial differential equa-
tion. With complex geometry, one must use
finite elements.

2. Changes in Temperature After
Modifications in Convective Heat Exchange

We can do a similar exercise to estimate the
transient response to a change in wind
speed. This does not change an energy
input directly; rather, it changes the value
of gy, a parameter, not a driving variable
such as Q. All the temperature derivatives
of energy terms appear, as in the case
presented in the preceding section. The
driving term, 9, has a new form, which we
see when we formulate the equation for
relaxation with a bit more algebra. Letting
gy — g;, = gp0 + Ag,, and noting that the
leaf temperature changes by an amount AT,
we may write
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e (gh,o + Agb) (TO + AT — Tair)
Cp
= 8p,0(To — Tair) + 85, 0AT
+ Agb(TO — Tafr) =+ AgbAT
= gb,O(TO - Tair)
+ Ag,(To — Tair) + gb,OAT
(2.31)

The first term when grouped with the initial
values of the radiative and latent heat terms,
makes a sum of zero, because these values
are from the initial steady state. The new
driving term is Agy(7y-T,,.), which we may
denote as J, as in the previous case. There is
a new temperature derivative of the O - term,
which is b, = Cpgy,; it includes the contribu-
tion of Ag,. Let us consider the same initial
steady state, with the perturbation being a
doubling of g, as the wind increases, chang-
ing Cpg, from 16.7 to 33.4 W m 2. The new
8 term is then —16.7 Wm > K ™' x 3K =
—50 W m~? (negative; the leaf is cooled).
The new B, term is the same as the value
calculated for the case of a change in solar
irradiance, except that the contribution of b,
is twice as large. The new value of B, is
then 629 W m 2 K~ '. The asymptotic
change in leaf T is AT = 6/B,; = —50/
62.9 K = —0.8 K. The relaxation time is
somewhat shorter, since B,,., has increased
in magnitude by a factor 62.9/46.1 = 1.36;
now this time is 18.4 s/1.36 = 13.5 s.

3. Importance of Temperature Transients
for Photosynthesis

The change in temperature with a change in
energy-balance terms occurs on a time scale
that is short relative to response times of
(most) stomata, which are on the order of
(sometimes many) minutes (Grantz and
Zeiger 1986; Way and Pearcy 2012). On the
other hand, it is long with respect to some
photosynthetic biochemical responses such
as changes in ribulose-1,5-bisphosphate
pool size (Pearcy et al. 1997). Although
such changes are somewhat buffered by
existing metabolite pool sizes, they can still
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alter photosynthesis in fluctuating environ-
ments such as during lightflecks intervened
by significant periods in darkness (Pearcy
1988). However, such changes are not
included in the steady-state Farquhar et al.
(1980) photosynthesis model considered
here (Egs. 2.21 and 2.22). A model that
accounts for transients have been advanced
by Pearcy et al. (1997).

Changes in the activation of Rubisco
enzyme by Rubisco activase are also gener-
ally relatively slow (Pearcy et al. 1997 for
representative kinetic constants). Perhaps
most plants that experience significant
excursions in leaf temperature have two dif-
ferent Rubisco activases, one for low 7T and
one for high 7, such as has been found in
maize (Zea mays) (Salvucci and Crafts-
Brandner 2004). These change slowly in
dominance in the cell, via changes in gene
expression over time scales closer to tens
of minutes or an hour. This means that a
modeler must use the short-term responses
of photosynthesis to T, not the long-term
responses that include changes in activase
expression.

V. Leaves in Canopies
A. General Principles

The principal changes from isolated leaves to
leaves in canopies are in radiation intercep-
tion (shortwave and TIR, both), wind speed,
and air temperature and water vapor content.
These variations are directly related to the
3-D architecture of leaf (and stem) placement
within the canopy (Chap. 8, Evers 2016).
There are also correlated changes in leaf
properties, such as gradients in leaf photo-
synthetic capacity with mean light level
that varies throughout a canopy (Chap. 4,
Niinemets 2016) The net effect of the micro-
environmental and physiological variations
throughout the canopy is an added level of
complexity in computing whole-canopy pho-
tosynthesis (Chap. 9, Hikosaka et al. 2016b).
The measurement of whole-canopy photo-
synthesis, such as by eddy covariance
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(Chap. 10, Kumagai 2016) tests the accuracy
of modeling of whole-canopy fluxes of CO,,
water vapor, and sensible heat.

The changes in radiation interception are
discussed in the preceding chapter (Chap. 1,
Goudriaan 2016). I note that the changes in
TIR flux densities are important to model
correctly  (topmost leaves see  as
downwelling TIR the relatively “cold”
sky-radiated TIR, while leaves deeper in the
canopy see more of the “warm” TIR from
other leaves, stems, and soil). The changes in
wind speed, #, can be modeled with a variety
of models, some of them simple (Baldocchi
et al. 1983; Goudriaan 1977 ), commonly as
negative exponentials, for the attenuation of
u with depth in the canopy expressed as leaf
area index (useful only in horizontally
uniform layered canopies):

u(z) = u(h)e®Gm=1 (2.32)

where /4 is the top of the canopy, z is the
height and the coefficient a can be related
to canopy leaf area index, height, and mean
leaf spacing (Goudriaan 1977; formulas
reported in Campbell and Norman 1998;
see also Cescatti and Marcolla 2004).

Atmospheric conditions — air temperature
and partial pressures of water vapor and of
CO, — vary by position within the canopy. In
a simple layered canopy, one may average out
some variations and regard these scalar
variables as functions of a single dimension,
depth (Chelle 2005). Basically, the transport
ofthese scalar quantities between layers (and,
of course, right to the top of the canopy) is
against eddy-diffusive resistances through-
out the canopy. There is also an effective
resistance of a whole-canopy boundary layer
above the canopy, to the height at which one
is interested in modeling or measuring fluxes.
As a result, the canopy humidifies and heats
(or cools) its air under common conditions.
This changes the leaf microenvironments
(local air 7, etc.), at all levels, in turn, chang-
ing the leaf fluxes in a feedback loop. Models
of the effects have no analytical solutions, so
that iterative solutions are needed.
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B. Modelling Turbulent Transport
and Canopy Profiles of Environmental
Drivers

The formulation of the transport resistances
for heat and water vapor (and momentum)
within and above a plant canopy can be com-
plex. Consider first the transport within
the canopy. For laterally uniform canopies
that can effectively be regarded as layered,
one can resolve layers of finite thickness
(finite elements). One attributes to each
layer a set of microenvironmental conditions
of air temperature, humidity, and CO, partial
pressure. Each layer then represents a
source of the scalar quantities — heat, water
vapor, and CO, (negative for leaves doing
net photosynthesis). Between layers there
are resistances, formulated as the recipro-
cals of eddy diffusivities (Denmead 1964;
Denmead and Bradley 1987). Eddy
diffusivities are the analog of molecular
diffusivities, and they arise from bulk air
movement in eddies moving in the air (see
Campbell and Norman 1998 for an extensive
discussion). There are some simple
approximations, such as that the eddy
diffusivities of the scalars are all equal to
each other, Ky = K, = Kco, = K(z), with
z = height above the soil, and that K(z) =
constant x u(z). Wind speed at the top of the
canopy, z = A, is impractical to measure, so
that one uses wind speed at a reference
height above the canopy and then
extrapolates it to the top of the canopy,
using the standard wind profile

u(z) = wln (Zz_md>

Here, u« is a friction velocity (effectively a
fitting constant), d ~ 0.65 4 is the so-called
zero plane displacement (an effective depth
within the canopy of a drag sink, at which u
— 0), and z,, = 0.1 h is the canopy rough-
ness length. These quantities actually vary
with wind speed, because wind distorts the
canopies, but the effect is generally consid-
ered rather too complex to factor in.

(2.33)
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To use this so-called K-theory of transport
(Wilson et al. 2003), one relates the concen-
tration of each scalar at a given canopy layer
to the concentration of that scalar in the
layer below, plus the source strength of the
layer below multiplied by the transport resis-
tance between the two layers. The boundary
conditions (the magnitudes of the scalars)
are only given at the top of the canopy,
from measurements at, perhaps, a weather
station. One ends up with a series of simul-
taneous quasi-linear equations. I use the
qualifier “quasi” because the sources at one
layer affect the microenvironment at the next
layer and change its source strength in a
nonlinear fashion — that is, transpiration by
leaves in any environment is not a linear
function of temperature, nor of humidity or
CO, partial pressure. Iterative solutions are
merited.

One can also consider the canopy micro-
environment and the canopy resistances as
bulked — the microenvironment is uniform
inside the canopy, and the canopy resistances
to scalar transport are calculated by
integrating the eddy diffusivity from the
zero-plane displacement height to any cho-
sen reference height, z. The development of
the equations is somewhat lengthy, so that I
refer to reader to Campbell and Norman
(1998). Part of the complexity is that turbu-
lent transport is enhanced if the canopy is
liberating sensible heat (H > 0) and it is
suppressed if the canopy is absorbing sensi-
ble heat (H < 0). The stability corrections
to transport have been formulated using
similarity theory, with the following result
for the canopy aerodynamic conductance
for sensible heat at height z above the
canopy (z > h):

K pu(z)

8an = [m (;d) + wm} [1n (‘7") + IIIH}

Here, k£ = 0.41 is unitless von Karman’s
constant, p is the molar density of air
(mol m >, when we want g, in molar
units), zy = 0.2z, is the roughness length

(2.34)
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for heat transport, and the y values correct
for transport under stable or unstable
conditions. Air is stable when it does not
spontaneously rise (and by turbulence carry
sensible heat upward, H >0); the rate of
temperature decrease with height must be
less than the rate that would occur by free
expansion of air without heat exchange to
neighboring air, the adiabatic lapse rate,
about 0.098 K per meter (Chapter 4 in
Campbell and Norman 1998). The stability
correction factors depend upon whether the
surface is undergoing net heating or cooling.
With net heating (H > 0) , air parcels near
the ground become less dense, making them
rise by turbulent transport. The atmosphere
is then unstable. With net cooling (H < 0),
the atmosphere becomes increasingly
stratified, or stable. The factors y,, and yy
have been calculated, partly by theory and
partly empirically, as follows:

W, =wy=06In(1+E&) in stable conditions (H < 0)

(2.35)

1

v, = —2In [w}
w,, = 0.6 yy in unstable conditions (H > 0)
(2.36)

Here, the stability parameter is
kgzH

t=2= & (2.37)

L PCP,mTairui

and Cp,, is the molar heat capacity of air,
g (m s ) is the acceleration due to gravity,
and T,;(K) is the air temperature. Because
H is involved in the calculation of the resis-
tance (or conductance) for its own generation
by the canopy, the solution is iterative,
although convergence is not generally prob-
lematic. A simpler approximation to the full
method above is to use g,;; = Cu, where the
constant C'is a function of leaf area index and
its vertical distribution (Sellers et al. 1996).
The calculation here applies to reasonably
dense, homogeneous canopies. In sparse or
non-homogeneous canopies, the theory is
only partially developed and partially
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satisfactory (e.g., Kustas et al. 1994). Even
for laterally homogeneous canopies, the the-
ory above applies where the profiles of the
scalars are well equilibrated with the surface.
If a parcel of air crosses to an area with
different vegetation, equilibration to the
“new” fluxes from vegetation occurs at a
distance (“fetch”) that is about 100 times
the height above the canopy at which one is
measuring the scalar values in the air. At the
leading edge of such a change in canopy
type, the phenomenon of advection occurs
(Klaassen 1992; Raupach 1991; Lee
et al. 2004). For example, at the edge of a
crop canopy in an arid environment, the
incoming air at the leading edge is hot and
dry, driving sensible heat influx into the
canopy and commonly, higher transpiration
than occurs further into the crop along the
fetch distance. This is a topic whose quanti-
tative treatment is beyond the scope of this
chapter.

This relatively simple K-theory (Wilson
etal. 2003) works well in the forward modeling
of heat, water vapor, and CO, as they diffuse
out of the canopy. More sophisticated
Lagrangian  theories  (Raupach  1989;
McNaughton and van den Hurk 1995) give
very similar results in the forward direction
of modeling from leaf or stratum to fluxes,
although they give very different results when
used in inverse modeling to infer source
strengths of heat, water vapor, and CO, at
different canopy layers (Raupach 1987;
Warland and Thurtell 2000).

Other canopy phenomena affect the leaf
microenvironments, including  cold-air
drainage along topographic gradients
(Goulden et al. 2006) and sub-canopy blow-
through of air beneath the leaf area masses in
forests, near the ground where bare trunks
are found (Staebler and Fitzjarrald 2004;
Vicker et al. 2012). Finally, I note that soil
emits fluxes of the scalars, also altering leaf
microenvironments. The incorporation of
these diverse phenomena into canopy
models is an extensive enterprise that is not
yet well-covered in the literature. The final
pattern of leaf temperature by canopy loca-
tion and leaf orientation contributes to
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patterns of leaf and floral development, pos-
ing a further important topic for modelers.

In canopies, rain and snow (and dust) get
deposited and then redistributed in fairly
complex patterns (e.g., Crockford and
Richardson 2000), affecting leaf and
whole-canopy energy balance as well as
photosynthesis and other physiological pro-
cesses. Modeling the pattern of leaf wetness
or snow cover involves a suite of
process submodels, for the mechanics of
hydrometeor impacts, leaf mechanical
responses, and surface flows, including
redistribution driven by wind events. The
topic is important for boreal forests and
rainforests, and I refer interested readers to
Gusev and Nasonova (2003) and Niu and
Yang (2004).

Figure 2.5 outlines the calculation of
energy balance for leaves within a canopy,
incorporating the considerations given
above, as well as inclusion of the effects
of water balance and attendant water stress.
Notation for the additional factors involv-
ing water is explained in the figure caption.
Gutschick and Sheng (2013) present full
details for computing radiation penetration
statistics from structural information on a
canopy composed of a set of trees
described by crown positions, sizes,
orientations, and foliage density. Other
methods are effective for canopies of dif-
ferent structure, such as grasses. Gutschick
and Sheng (2013) used simple and possibly
novel descriptions of radiation scattered
from other leaves and soil to leaves of
interest. More accurate radiative-transfer
calculations use scattering amplitudes
between volume elements (e.g., Sinoquet
et al. 2001) or even the individual leaf
area elements (e.g., Chelle and Andrieu
1998). The level of computational effort
that is merited depends upon the phenom-
ena one wishes to characterize. Simpler
methods may suffice for estimation of
whole-canopy fluxes for, say, landscape
water balance. More detailed methods
enable the resolution of microclimates on
individual leaves (“phylloclimate”), for
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studies such as fungal development on
leaves (Chelle 2005).

VI. Outlook: Estimation of Large-Scale
Fluxes using Leaf Temperature

Leaf temperature enters in a big way in
understanding current climate, as well as in
predicting future climate. Satellites measure
surface temperatures and other variables that
can be used to estimate heat fluxes. Atmo-
spheric circulation is driven by the patterns
of sensible heat flux, H, and, via conversion
of embodied energy to sensible heat as
clouds condense, by the latent heat flux,
LE. Consequently, estimates of H and LE
from satellite measurements inform weather
prediction. They also test regional and global
climate models, which need verification for
their reliability in predicting future climate.
Two recent reviews of wide scope on these
topics are by Shuttleworth (2007) and by
Wang and Dickinson (2012).

Over the land, as opposed to oceans and
other bodies of water, leaves cover half the
surface area (Myneni et al. 2002), so that
knowing leaf temperature is critical. The
leaf-to-air temperature difference can be
used to compute the sensible heat flux den-
sity, H (or, for single leaves, Q.-), when
combined with a knowledge of the bound-
ary-layer conductance. This is readily seen in
Eq. 2.16. We may combine the calculation
(estimation) of H with estimation of the radi-
ative part of the energy balance in order to
estimate latent heat flux, thus, transpiration.
Using the more common notation of energy
flux densities (W m2) over scales larger
than single leaves, AE = Q- and H = Q. -,
we have AE = (sum of the radiative terms, or
net radiation) — H. We then obtain an esti-
mate of AE as a residual in the energy-
balance equation. When applying this to a
canopy viewed as a single layer, such as
viewed by satellite, we must resolve as well
the term for conduction of heat into the
underlying soil, G. We may write AE = R,



48 Vincent P. Gutschick

Canopy structure
Positions /orientations all leaves
(deterministic or statistical)

Solar angles

Penetration probabilities

to individual leaf location
Leaf area

!' index
Immediate  Long-term average

at location

Eorpr Enipr Qrig? Scaling of photosynthetic

on indivic%aavej/ CW\\

Modified calculation of T, A, E, etc. at leaf

) > N A A gb,mod
, I ‘1’ | : Alfat
I Summatlon of quer, leaf to canody leaves

| E,roe : Atree l Htrw T

I o
| .| d, £LUu

e.o o

I alr* {I Ca* alr f
| e'air Ca’
|
I RLD root spacing
| 7 ky

| SOI| water T Rso,, stem

| \tOCk wSOI/ root wleaf
|
\

= Reduced g,

Stomatal stress
reduced mg, e.g.)

response parameters

Fig. 2.5. Flowchart for a representative calculation of energy balance and accompanying fluxes of leaves in a
canopy. Commonly, the task is calculation of energy balance and fluxes from a representative sample of all leaves
on a tree (or other canopy components) in order to compose whole-canopy flux estimates. For a given leaf in the
representative sample, the presence of other leaves, stems, and soil affects the propagation of PAR, NIR, and TIR
radiation to this leaf. Canopy structure can be described in full for use of a complete radiative transport model, or
else statistically using a common turbid medium model (e.g., Gutschick and Sheng 2013). Leaf physiological
parameters vary with canopy position; scaling of photosynthetic capacity (mex2 ) often scales with longer-
term average PAR irradiance on a leaf (Niinemets 2007), which is computable from radiative transport models
run with weather data over a prior time interval. Whole-canopy fluxes (perhaps scaled from individual tree fluxes



2 Leaf Energy Balance

— H—- G. All the terms, R,,, H, and G may be
modeled or may be measured.

The estimation of the radiant fluxes is
considered (perhaps with an excess of opti-
mism) as generally accurate. Shortwave
energy flux densities are estimated as
downwelling SW (using the solar constant
1367 W m 2, with slight variations
depending on solar activity) minus the
reflected radiation sensed at the satellite.
The reflected radiation, of course, arises not
only from the surface (canopy and soil) but
also from aerosols in the atmosphere. To
correct the surface-intercepted radiation for
scattering and absorption by aerosols, their
content in the atmosphere aerosols must be
measured. This is done at very few locations,
so that empirical relations are used else-
where, involving multiple SW wavebands.
See, for example, Bastiaanssen et al.
(1998). The accounting for varied angles of
illumination angles on tilted surfaces is also
complex, but possible (Mariotto et al. 2011).

The calculation of H requires that we
know the quantity 7j.,rT,;~ Much effort has
gone into getting independent, accurate
measurements of both temperatures. The air
temperature may be taken from ground
measurements, or, where these are unavail-
able, from profiles of air temperature derived
by inverse modeling of the TIR fluxes from
different  atmospheric  layers  (Strow
et al. 2003; King et al. 2003; mathematical
background in Twomey 1977; Glasko 1988).

«
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Sensing of several different TIR wavebands
must be used, each being differentially sen-
sitive to the different temperatures in the
layers of the atmosphere. The calculations
rely upon small differences in radiative
properties of air (really, its water vapor con-
tent) at different temperatures, so that the
extraction of 7, as a function of height in
the atmosphere is very sensitive to small
errors. It is termed as ill-conditioned in
mathematics. Nonetheless, accurate radia-
tive transfer physical theory and mathemati-
cal methods such as constrained linear
inversion (Twomey 1977) now appear to pro-
vide T, near the surface with a root-mean
square error cited as slightly below 1 °C
(Coll et al. 2009). Before one gets overly
optimistic, it is worth noting that an error of
1 °C can lead to notable errors in calculation
of H over surfaces with high aerodynamic
conductances, gz, such as tall forests. With
Zar =3 mol m % s~! in modest wind, the
error is g,;; multiplied by the heat capacity of
air, 29 J mol~' K™! and by the temperature
error, or 87 W m 2. This is of the order of
H itself in many conditions.

The sensing of leaf temperature itself
involves the methods and challenges
discussed in the previous Sects. I1.D and II.
E. A satellite with a wide field of view, say,
nearly a radian as with the polar orbiting
satellites, will image different parts of the
scene at significantly different view angles.
This yields different offsets between

«<

Fig. 2.5. (continued) and tree density) alter the in-cano;
above the canopy (water vapor and CO, contents e,

y environment from that of free air conditions measured
and C,° and air temperature Tairo). Calculation of the

in-canopy values (e,;, C, T,;,) is iterative. A simple average environment can be calculated from the above-
canopy values and the summed canopy fluxes (here, E,,.. as latent heat flux density, 4,,.. as photosynthetic CO,
flux density, and H,,.. as sensible heat flux density) convolved with the aerodynamic conductance of the canopy,
g, (cf. Eq. 2.34 in text). The arrow labeled (S) notes application of the stability corrections (Eqgs. 2.33, 2.34, 2.35,
and 2.36 in text). Dashed arrows indicate propagation of the new computed values for iterative improvement. At
bottom is the calculation of soil water fluxes. Mass balance allows calculation of soil water content, hence,
hydraulic conductivity k;, and water potential y,;. In turn, k;, combined with knowledge of root-length density
(RLD) and root radius enables calculation of soil-to-root hydraulic conductance, Ry,;. Then, the product £, .R;,is
allows calculation of root water potential, y,,,,. Whole-tree flux E,., multiplied by stem hydraulic resistance,
Rgiem, allows calculation of leaf water potential, ., In several usable models of stomatal responses to water
stress, both ., and y,,rare used along with fixed parameters to calculate a multiplicative factor (<1) applied to
conductance, g. This factor (dashed arrow from bottom right) is applied in a new iteration of calculating values
of g, and all leaf fluxes
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radiative and kinetic temperatures in differ-
ent parts of the scene. Variations in view
angle also lead to varying corrections for
aerosol interference, which can be accounted
with some care. A larger problem is that both
soil and vegetation are visible at many
locations on Earth. Satellites cannot resolve
single plants, so that the radiative tempera-
ture recorded in a scene element, a pixel, is
essentially an algebraic average of the radia-
tive temperatures of the soil and the vegeta-
tion (Box 2.3). Problematically, the sensible
heat flux is not related simply to any average
temperature nor to any average aerodynamic
resistance through which soil and vegetation
generate sensible heat flux (Box 2.4). It is
imperative, then, to find a remedy for this
mixing of temperatures. One straightforward
method (French et al. 2003) of modest accu-
racy is to set vegetation temperature equal to
air temperature. Then, one solves for soil
temperature from the equation relating aver-
age radiative temperature to soil and air
temperatures and the fractions of soil and
vegetation in view (Box 2.3). This approxi-
mation does not allow for accurate flux
determination when the vegetation is
stressed, having reduced transpiration and
(unknown) higher temperature.

Box 2.3 Radiative Temperatures Add in a
Nonlinear Fashion

The soil and vegetation radiative
temperatures combine almost but not
quite linearly as an average radiative tem-
perature. The satellite sensor records an
energy flux density that it interprets as
originating from a blackbody at a uniform
radiative temperature, Tz at a rate per unit
area equal to aTeﬁ‘l, where o is the Stefan-
Boltzmann constant. Ignoring the compli-
cation of TIR emissivities differing slightly
from unity, we may formulate the energy
flux density as coming from two sources,
one at a temperature 7., that occupies a
fraction f,., of the view and another at a
temperature Ty,; occupying a fraction f;,;
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= [ — fyeq- Factoring out ¢ in all the terms,
we write

fteg veg + fSOllTS()ll

Here, we must use the absolute or Kelvin

temperature. We may write Ty = Tyeq +

AT. Expanding T, il » We have T:feg 4T§L ”
AT+ higher order terms (%4.0.t.). Taking
the fourth root of both sides and using the
power series representation that
(a+b)" = a"(1+ nla/b] + n(n-1)[a/b)/
2+ ...), we have, by a series of algebraic
steps,
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The omitted correction terms are tedious to
display but have some significance. As a
numerical example, consider a the vegeta-
tion fractionis 0.3, 7,15 35 °C = 298.2 K,
and T,,; is 30 °C hotter, as in a hot desert
at midday. The linear approximation
yields T, = 0.3*35 + 0.7%65 = 56 °C.
The accurate formula yields 7, = 330.0 K
= 56.8 °C. The error is of a similar magni-
tude to the error in air temperature and
adds to that error as a statistically indepen-
dent source. As a more reassuring numeri-
cal example, appropriate to temperate
farmland with nearly complete canopy clo-
sure, take fye, = 0.8, Ty = 28°, and Ty
= 37 °C. The linear approximation yields
29.8 °C, while the accurate formula yields
a very similar 29.9 °C.

(1/4
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Box 2.4 Difficulties in Separating Fluxes
from Soil and from Vegetation

Vegetation and soil contribute essentially
independent fluxes of sensible heat, but
through quite different aerodynamic
conductances. Again using f,., and f;,;; as
fractional coverages of the land, we may
write

H= fvegH"eg + fsoilHSDl'l

Here, H, ., is the sensible heat flux density
(W m™2) over pure vegetation-covered
areas, and H,,; is that for soil. Each of the
two components of H can be written
in terms of the molar heat capacity of air,
Cpm, the aerodynamic conductance above
that surface (g, Or gi), and the
temperatures as

H= CP,m [fveggveg (Tveg - Tair)
+fsuilgmil(TS0i1 - Tair)]

We would like to get an expression that
uses average temperature, Ty = fieglveg +
Js0itTsoi- This would require that there is a
single value of g, but we can’t set g,,;; equal
t0 gyeq, a8 it is often an order of magnitude
smaller. We might attempt to define a mean
conductance, g.; evaluating the error
terms this introduces:

H = CP,mge]f |:fveg (Tveg - Tair)
+ fsoi[(Tsoil - Tair)
aF CP,m |:fveg (gveg — ggff> X

(Tveg - Tair) + fsoi/ (gsail - geff) X
(Tsoil - Tair)]

The first line above takes a desirable form,
as CpuZeplTor — Tuir/- The second line
introduces the separate temperatures of
soil and vegetation, which we could not
estimate from one measurement. The
two-source approximation introduced as
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in the work of French et al. (2003) sets 7,
equal to 7,,. This allows a solution but
makes the contribution from vegetation
inaccurate.

One longstanding approach is to eliminate
surface temperature in the estimation of AE.
One can combine Eq. 2.1 for energy balance
with Egs. 2.2, 2.3, 2.7 and 2.15, with extra
assumptions about the stomatal and aerody-
namic resistances. One obtains the Penman-
Monteith equation (Penman 1948; Monteith
1964). To avoid presenting a slew of alterna-
tive notation that is more familiar to
meteorologists, 1 offer a summary. One
rearranges Eq. 2.1 and coalesces some
terms, as done four paragraphs above,
writing AE=R,—-H-G. All the
components of R,, are measurable. The aero-
dynamic resistance and G are also measur-
able, though one must know the height of the
vegetation to estimate g,z. One also needs
the windspeed, commonly by interpolating
values from the nearest ground weather
stations. The whole land surface is treated
as uniform, as a “big leaf.” One writes AE as
a linear function of temperature, making a
linear approximation for the dependence of
water vapor partial pressure upon tempera-
ture. Critically, the stomatal conductance
(used as its inverse, resistance) is set at a
fixed, estimated value, acting as a conduc-
tance for the whole canopy of vegetation.
The result is a linear equation for surface
temperature. This temperature is plugged
back into the equation for AE, which can
then expressed in terms of net radiation R,
the canopy and aerodynamic resistances, air
temperature (for the vapor pressure deficit),
and the initial value of water vapor partial
pressure at air temperature and its derivative
with respect to temperature. The Penman-
Monteith equation is used widely in satellite
remote sensing, but it has serious limitations.
First, soil and vegetation are treated as hav-
ing the same properties. Applying the equa-
tion over sparse vegetation requires elaborate
and rather inaccurate corrections. The
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literature on corrections is quite extensive.
Second, it assumes that we have an accurate
estimate of stomatal conductance per leaf
area. One also needs measurements of leaf
area index to scale this up to a whole-canopy
conductance, roughly multiplying by sunlit
leaf area that varies with solar angle, leaf
area index, and leaf angle distribution. How-
ever, plant species vary dramatically in sto-
matal conductance, even under uniform
sunlit conditions. Crop species average
about threefold higher conductance than
wild species (Kelliher et al. 1995). Empirical
formulas can be developed for different
types of vegetation, as a first correction.
Conductance for any given species or geno-
type is not constant. It varies with photosyn-
thetic rate, thus, with temperature, humidity,
light level, etc., as discussed in Sect. IIL.A.
Tellingly, conductance varies with stress,
either water stress or nutrient stress. Detec-
tion of stress is one major goal of remote
sensing, but the Penman-Monteith approach
cannot be used for this.

An alternative method has been devised
(Bastiaanssen et al. 1998), in which the leaf-
to-air temperature difference, Tjoor — Ty 18
directly estimated from a calibration scheme.
One finds the hottest and coldest pixels in a
remotely-sensed scene and identifies these,
respectively, as surfaces with AE = 0 and
AE = AE ., the latter having H = 0. The
assumption is made, with good justification,
that 7;-T, is linearly related to the radiative
temperature alone. Several problems remain.
We need an estimate of gy, at the canopy
scale, often formulated (Sect. V.B) in terms
of surface roughness height, which is a
somewhat uncertain small fraction of the
height of the vegetation (Rowntree 1988).
Vegetation height and leaf area index are
the dominant determinants of roughness
or of g, It is of some help that leaf area
index can be estimated with some accuracy
from various spectral indices such as the
normalized difference vegetation index
(Baret and Guyot 1991; Huete et al. 2002;
see also Huang et al. 2007). There are
numerous improvements on it, as well. How-
ever, the only reliable way to estimate
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vegetation height in a satellite scene is from
a knowledge of the plant species in each
pixel and their degree of development.
There are no useful species identifiers deriv-
able from measurements of surface
reflectivity at different wavelengths, despite
early optimism (http://ntrs.nasa.gov/archive/
nasa/casi.ntrs.nasa.gov/NTRS-PDF/198100
20973_1981020973.pdf). This problem is
nearly insuperable in many areas of the
globe. The estimates are possible in smaller
regions with intensive surveys abetted by
ground-based studies; a fine example is
provided by the Carnegie Airborne Observa-
tory (Asner et al. 2007). A problem shared
with Penman-Monteith is that soil and vege-
tation contributions to fluxes are mixed.
Additional problems arise from variation in
the angle of illumination over portions of the
surface with different slope. Some effective
modifications have been offered (Mariotto
et al. 2011).

One more problem is intriguing. Over
smaller areas of tens to hundreds of meters
(sometimes resolved with high-resolution
imagery), is that the fluxes H and LE are
spatially non-uniform, even for surfaces uni-
formly covered with vegetation and uni-
formly lit by the sun. The phenomenon of
symmetry breaking is the origin: heated air
must rise, just at water heated from below in
a pot must rise, but neither fluid can rise as
an intact layers. Plumes form at regular or
irregular locations, with air sinking in other
areas. This structure of Bénard cells
(Rayleigh-Bénard convection, see http://
en.wikipedia.org/wiki/Rayleigh-Bénard_con
vection) is readily observed in cooking pots
and has been observed on vegetated areas
(Cooper et al. 2000; see also Albertson
et al. 2001). This means that the differences
among pixels at any one time, as in a satellite
“snapshot” do not necessarily indicate
differences in fluxes on time scales longer
than fractions of an hour, after which plume
sites shift.

Finally, the interest in estimating AE is
heavily in daily-total AE, not instantaneous
AE at the time of satellite overpass. Various
schemes are used to interpolate LE to all
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other times of day, often assuming that
the evaporative fraction, AE/(AE + H), 1is
constant over the daylight hours (Rowntree
1988). This is moderately crude, as
evidenced in ground-base measurements
using eddy covariance (Nichols and Cuenca
1993). Modeling of the canopy fluxes could
be very helpful in this effort.

VIl. Encouragement

Leaf temperature, both in measurement and
in theory, involves a wealth of phenomena.
It is also a useful variable in many areas of
research, extending from photosynthetic
physiology to climate change. The problems
cited in this chapter are certainly rather
numerous but must be viewed as
opportunities for research. Collaborations
among researchers in plant physiology, bio-
physics, remote sensing, agronomy, and
other fields can surely advance the solutions.
Individual researchers can also increase the
prospects for progress by mastering fields
divergent from their original career experi-
ence. It may be little known that Graham
Farquhar, who has opened wide areas of
research in stable isotopic methods, photo-
synthetic biochemistry, and more began his
career as a nuclear physicist. Some of my
own contributions derive some novelty from
having begun as a chemical physicist,
moving into — perhaps intruding on — fields
of plant physiology, ecology, radiative trans-
fer, ecology, and the like. At sufficient
intervals, boldness and much work are
rewarding.
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