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Part 1: Consider the Energy Balance
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High‐throughput phenotyping is a promising methodology
for screening large numbers of plants for drought tolerance,
disease resistance, etc. It relies heavily on use of remote
sensors (hyperspectral visible and near‐infrared, thermal
infrared) to monitor differences in reflectivity and
temperature among phenotypes that are exposed
(presumably) to the same environmental conditions.
While differences may be detected, relating these
differences to something of significance within plants is
challenging because the physical environment in which
plants grown is the primary driver of the amount of energy
absorbed by plants, plant temperature, and water use.
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Applying results from greenhouse studies to field conditions
is problematic because environmental conditions are far
different than in the field, and plants growing in pots
experience root zone water conditions that are different than
in the field.
Interpreting results from screening trials without an
understanding of the mechanisms of plant‐environment
interaction can lead to improper experimental designs and
measurements, and misinterpretation of results.
We will illustrate this in the context of plant water use, and
water stress.

Plant water use is controlled by available energy, and by how
much of the available energy is used to evaporate water at cell
wall – air interfaces.
The amount of available energy consumed by evaporation is
affected by the amount of plant available water in the soil.
Because of feed‐back mechanisms, available energy and
available water are interdependent!
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Energy Balance (Conservation of Energy)
Energy In = Energy Out + Energy Stored, or
Energy In – Energy Out – Energy Stored = 0
Plants store only a very small fraction of the energy
provided by the sun (either in chemical bonds or heat), so
in most cases, storage can be ignored.

Energy Balance (Conservation of Energy)
The energy balance shows that energy plants gain from the
environment (e.g. sunlight) is balanced by energy that
plants lose to the environment.
How is this balance achieved?
Plant temperature changes until gains equal losses.
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We describe energy exchange using flux density,
which is the amount of energy (joules, J) per second
received or lost by 1 square meter of surface area.

Energy Flux Density
Energy Flux (J s‐1, W)

Area (m2)

Energy Flux Density = Flux/Area
Units: W m‐2 (J s‐1 m‐2)
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Everything emits electromagnetic radiation as a function
of the fourth power of the absolute surface temperature
(⁰K), so that the total amount of radiant energy (R) emitted
by an object is
Wm

∙

∙

Wavelength of emission is inversely proportional to
temperature so that hot objects emit radiation at shorter
wavelengths than cool objects. The sun emits short
wavelength radiation (~half of it’s emission is visible light)
while plants and soils emit long wavelength (thermal)
radiation.

Infrared thermometers
measure longwave radiation
emitted by objects and
convert the measurement to
an approximation of surface
temperature.
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Leaves reflect, transmit, and absorb electromagnetic radiation
from the sun. Energy balance and photosynthesis are controlled by
the amount of radiation absorbed. Remote sensors measure
reflected solar radiation (e.g. NDVI, PRI) or emitted thermal
radiation.

Fractions of radiation reflected (reflectivity), transmitted
(transmissivity), and absorbed (absorptivity) vary with
wavelength, due mainly to pigments and leaf structure.
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Amounts of radiation reflected, transmitted and absorbed
are also function of the amount incident, which is
wavelength dependent, and affected by illumination
geometry.

The flux density of solar
radiation incident on a
surface depends on the
angle of the solar beam with
respect to the surface. The
more perpendicular the
surface is to the beam, the
higher is the flux density of
incident radiation.
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Energy Balance of a Leaf
0
where Rn is net radiation, LvE is latent heat flux
(energy contained in water vapor that diffuses
from the leaf to the air), H is sensible heat (heat
that is transported between the leaf and the air),
and S is energy stored in chemical bonds. S is
usually ignored because it is small (<5% of Rn)
compared to the other components.
The energy balance links the plant to its
environment.

Sign Convention
Energy gain is + , energy loss is ‐.

+

‐

Leaf

+

‐
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0

Net Radiation
Leaves receive shortwave radiation from the sun
(direct‐beam) and sky (solar radiation scattered by
particles in the atmosphere), and longwave radiation
emitted by the atmosphere, as well as shortwave
radiation from their surroundings (reflected and
transmitted), and longwave radiation emitted by their
surroundings.
Leaves emit longwave radiation.
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Net radiation is the sum of all short and longwave
radiation absorbed by the leaf, minus the longwave
radiation emitted by the leaf,

Net radiation is positive (energy gain) during the
daytime, and negative (energy loss) at night.

A large portion of Rn is consumed by evaporation
(latent heat flux, LvE) when plants have access to
available water in the soil, and most of the
remainder is lost as heat (sensible heat flux, H) to
the atmosphere. In arid areas, such as the High
Plains of Texas, plants can gain energy from the air
when their leaf temperature is cooler than the air
temperature.
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If available water in the soil is low, less energy is
used in evaporation so more energy is lost as
sensible heat to the atmosphere.

0

Latent Heat Flux
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,

=

,

Transpiration

where ,
(g m‐3) is the water vapor concentration in the
leaf interior, , (g m‐3) is the water vapor concentration in
the air surrounding the leaf, is stomatal resistance (s m‐1),
is boundary layer resistance, and (J g‐1) is latent heat of
vaporization (energy content of the water vapor). At 20 ,
the energy content of 1 g of water vapor is ~2450 J. Boundary
layer resistance is affected by wind speed and leaf size.
Relative humidity is irrelevant!
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Water vapor concentration in the leaf is related to
leaf temperature.
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0

Sensible Heat Flux

where Cv (J m‐3 K‐1). The product of Cv and T
is the heat concentration of the air.
When Tleaf < Tair, H adds to the available
energy for evaporation.
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Canopy – Air Temperature (C)
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Maximum stress

Minimum stress

Vapor Pressure Deficit (kPa)

Wind

Plants that are upwind of a given plot
influence environmental conditions in the
plot, especially if upwind plants are taller
than plants in the plot. Environmental
conditions are also affected by row
direction.
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How much variation is there in leaf temperature?

What is a “representative”
leaf temperature?
How many IRT
measurements are
required?
Where should the IRT be
pointed?
What does an IRT measure‐
ment mean in the context of
plant stress?
Taghvaeian et al., 2013
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It is essential to know the field of view of an infrared
thermometer!

How is the energy balance linked to available water in the soil?
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Water moves from the soil, into the root, and through the xylem
to the leaf in response to differences in the potential energy of
the water. Water flows from soil to leaf as long as the water
potential in the leaf is lower than that in the soil.

What creates the gradient in water potential?
Evaporation at cell wall‐air interfaces, which is driven by
the energy balance.
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Evaporation lowers the water potential, creating tension on
the water column which “pulls” water to the leaf. Tension
increases as water is lost from the cells.

Water is held in the soil by capillary and adsorptive forces.
As the soil dries, the remaining water is held in smaller and
smaller pores, lowering the water potential and making it
more and more difficult for plants to extract the water.
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Water deficits trigger stomatal closure which affects
the energy balance because latent heat flux
(transpiration) is reduced, resulting in increases in leaf
temperature.
Stomatal closure can occur even under well‐watered
conditions when high rates transpiration result in
excessive loss of water from cells.
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