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Summary

Eddy covariance, which is the most common micrometeorological flux measurement
method, can estimate ecosystem-scale and fine time-resolution carbon dioxide (CO2)
exchange between the upper vegetation surface and atmosphere. Given no lateral CO2

advection, the sum of eddy covariance measurements and CO2 storage in the underlying
air represents net ecosystem-atmosphere CO2 exchange (NE). Although observation, analy-
sis and prediction of NE are major concerns in terms of terrestrial ecosystem carbon balance,
there are many difficulties in obtaining reasonable observation values. NE observation is
based on fluid dynamics principles and turbulence theory; thus, model computations to
reproduce NE observation should reflect the theory for NE mechanisms and processes. The
Soil-Vegetation-Atmosphere Transfer (SVAT) model is a promising tool for validation of
magnitude and analysis of NE formation.

Keywords Energy, H2O, and CO2 exchange between land and atmosphere • Eddy
covariance measurement • Flux observation • Boundary layer meteorology
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I. Introduction

Energy and materials exchange between the
vegetation canopy and atmosphere can be
directly measured using the basics of fluid
dynamics, called micrometeorological
methods (Moncrieff et al. 2000). In general,
the micrometeorological flux measurement
methods are conducted with installation of
automatic and frequent-sampling sensors
above the canopy. These report temporal
flux variations at intervals of several tens of
minutes and integrate the fluxes over

horizontal length scales between 100 m and
several kilometers.

Eddy covariance typically provides a
direct and sequential estimate of carbon
dioxide (CO2) flux absorbed/released by the
vegetation canopy from/to the atmosphere
with fine temporal resolution. The CO2 flux
referred to here denotes exchange between
the canopy and atmosphere resulting from
the integration of CO2 absorption (leaf pho-
tosynthesis) and evolution (leaf, branch,
stem and root respiration, and soil organic
matter decomposition) within the canopy
(Fig. 10.1). Reliable and reasonable flux

Abbreviations: ABL – Atmospheric boundary layer; Al

– Leaf photosynthesis rate; Alsh – Al for shaded leaves;
Alsl – Al for sunlit leaves; aleaf – Leaf area density; ash –
Shaded leaf area density; asl – Sunlit leaf area density;
ASL – Atmospheric surface layer; bL – Intercept of the
stomatal conductance model (Ball et al. 1987; Collatz
et al. 1991); c – CO2 concentration in the air; CBL –
Convective boundary layer; Cd – Drag coefficient; Ci –
CO2 concentration within the stomatal cavity; cp –
Specific heat of air at constant pressure; Cs – CO2

concentration of air inside the laminar boundary layer
of leaves; CSL – Canopy sub-layer; e – Atmospheric
water vapor pressure; El – Water vapor flux per unit of
leaf area; Elsh – El for shaded leaves; Elsh – El for sunlit
leaves; esat(Tl) – Saturation vapor pressure at leaf tem-
perature (Tl); etk – Turbulent kinetic energy; FA – CO2

flux without soil respiration; Fc – Vertical CO2 flux;
FLUXNET – Global network of flux tower sites; gac –
Boundary conductance for CO2; gah – Boundary con-
ductance for heat; gaw – Boundary layer conductance
for water vapor; gsc – Stomatal conductance for CO2;
gsw – Stomatal conductance for water vapor; GSWP –
Global Soil Wetness Project; gw – Total conductance
for water vapor; hc – Forest canopy height; Hl – Sensi-
ble heat flux per unit of leaf area; Hlsh – Hl for shaded
leaves; Hlsh – Hl for sunlit leaves; hs – Relative humid-
ity of air inside the boundary layer of a leaf; Hsoil –
Sensible heat flux at the soil surface; JC – Ribulose
bisphosphate (RuBP) carboxylase/oxygenase activity;
JE – Rate of RuBP regeneration through electron trans-
port; Jmax – Potential rate of whole-chain electron
transport; Jmax_25 – Jmax at 25

�C; JS – Export rate of
synthesized sucrose; Kt – Eddy turbulent diffusivity; L
– Long-wave radiation at the given height; LAI – Leaf
area index; LE – Latent heat flux; LT – Local time; ma

– Molecular weight of air; me – Molecular weight of

water; mL – Slope of the stomatal conductance model
(Ball et al. 1987; Collatz et al. 1991); NCEP-NCAR –
National Centers for Environmental Prediction –
National Center for Atmospheric Research; Na – Leaf
nitrogen per unit area; NE – Net ecosystem-atmosphere
CO2 exchange; NIR – Near-infrared radiation; p –
Atmospheric pressure; Pb – Probability of no contact
within a canopy layer for beam irradiance; Pd – Proba-
bility of no contact within a canopy layer for diffuse
irradiance; PAR – Photosynthetic active radiation; q –
Specific humidity; Rd – Respiration rate during the day
but in the absence of photorespiration; Rd_25 – Rd at
25 �C; RLab – Absorbed longwave radiation within a
canopy layer; RLabsl – RLab of the sunlit leaves; RLabsh –
RLab of the shaded leaves; Rs – Global solar radiation;
Rsabsl – Total Rs absorbed by sunlit leaves; Rsabsh –
Total Rs absorbed by shaded leaves; Rsab_soil – Total Rs

absorbed by the soil surface; RSL – Roughness
sub-layer; Sb – PAR or NIR at the given height for
beam irradiance; Sc – Source strength for CO2; Sd –
PAR or NIR at the given height for diffuse irradiance;
Sq – Source strength for water vapor; ST – Source
strength for heat; Su – Momentum source; SVAT –
Soil-vegetation-atmosphere transfer; t – Time; T –
Air temperature at a given height; Tl – Leaf tempera-
ture; Tsoil – Soil temperature; u – Wind speed; Vcmax –
Maximum carboxylation rate when RuBP is saturated;
Vcmax_25 – Vcmax at 25

�C; w – Vertical wind speed; z –
Height above the ground; zr – Reference height; εl –
Leaf emissivity; εs – Soil emissivity; η – Leaf trans-
missivity; λ – Latent heat of vaporization of water; λ1 –
Characteristic length scale for turbulent transport; λ4 –
Characteristic length scale for t pressure-scalar gradi-
ent correlation; λEsoil – Latent heat flux at the soil
surface; ξ – Leaf reflectivity; ρa – Air density; σ –
Stefan-Boltzmann constant; Ω – Clumping factor
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estimates can be compared with the ecosys-
tem carbon budget estimated by summation
of carbon flux components, which represents
a valuable tool to clarify carbon flow pro-
cesses in the ecosystem. Further, an appro-
priate period of flux observation reveals
characteristics of diurnal, seasonal, intra-
annual and interannual variations of CO2

flux (i.e. vegetation productivity).
A combination of detailed observation of

atmospheric and ecophysiological variables
and the flux enables investigation of which
factors control ecosystem CO2 exchange.
Furthermore, outputs from global and local
models are independently validated using
eddy covariance flux measured at the top of
the canopy. We emphasize that such models
were parameterized by independently col-
lected ecophysiological measurements and

were driven by observed or generated
meteorological variables, and were not
calibrated or parameterized by canopy-level
flux measurements. After validation, such
models can be used to examine how vegeta-
tion responds to climate change and, in turn,
how functional vegetation changes induced
by that change alter global and local
climates.

In this review, I briefly describe eddy
covariance measurement as the representa-
tive micrometeorological flux measure-
ment method and its theory supporting
measurements, with an explanation of their
practice and limitations. In addition, I intro-
duce the application of the Soil-Vegetation-
Atmosphere Transfer (SVAT) model, which
considers canopy microclimate processes
such as radiation transfer, leaf-scale physiol-
ogy, and turbulence within the canopy.

II. Theory of Measurement

A. Atmospheric Boundary Layer

Vertical profiles of wind speed, air tempera-
ture, and material concentrations vary dras-
tically near the earth surface relative to their
horizontal gradients, because of transport
processes at the boundary of the domain of
the atmosphere (Stull 1988). The atmo-
spheric boundary layer (ABL) can be defined
as the lowest part of the troposphere that is
directly influenced by the earth surface
characteristics (Fig. 10.2). ABL thickness is
variable in time and space, ranging from
a few tens of meters to several kilometers.
All micrometeorological methods should
be applied to the ABL, which can be divided
into layers according to controlling factors
of turbulent transport in each layer. Thus,
examination of each ABL layer character-
istics is useful for considering exchange pro-
cesses between the surface and atmosphere.

Under neutral conditions, the convective
boundary layer (CBL) is influenced by syn-
optic and mesoscale processes, whereas
under unstable conditions, turbulence in the
CBL is convectively driven. The intense

Rh

RecoGPP

Rag Rsoil

Rroot

Litter

NEP GPP Reco

NPP GPP Rag Rroot

−
− −

=
=

Fig. 10.1. Schematic representation of carbon flow in
a forest. Rh, Rroot, Rag, Rsoil and Reco are respiratory
fluxes from soil carbon, root, aboveground biomass,
soil as a whole and ecosystem as a whole. Gross
primary productivity (GPP) denotes carbon absorbed
by the ecosystem as a whole. Thus, net ecosystem
productivity (NEP; shown as GPP � Reco) is ecosys-
tem carbon sequestration, which can be directly
measured by micrometeorological methods. Net pri-
mary productivity (NPP; shown as GPP � Rag �
Rroot) means production (including litter) in the
ecosystem
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turbulence in the CBL tends to mix materials
promptly and uniformly in the vertical (CO2

concentration profile in Fig. 10.2). Such
mixing causes weak vertical gradients of
wind speed and direction and potential tem-
perature. A stable layer at the CBL top is
called the inversion layer or entrainment
zone, which acts as a lid on convection in
the CBL and is where entrainment from the
free atmosphere into the CBL occurs.

There are vertical gradients of variables
such as wind speed and materials concentra-
tion within the bottom 10 % of the ABL,
which is called the atmospheric surface
layer (ASL). The ASL is often referred to
as the “constant flux layer,” because vertical
turbulent fluxes vary by less than 10 % of
their magnitude in this layer. The height of
the ASL bottom is about 3–5 times the rep-
resentative height of the roughness element

(hc in Fig. 10.2; the forest canopy height
here). The layer between heights hc and 3–5
times hc is called the roughness sublayer
(RSL). In the layer beneath the RSL, the
so-called canopy sublayer (CSL), turbulence
is strongly influenced by the roughness ele-
ment (i.e. trees) and reduced by viscosity.
The CO2 concentration profile in the CSL
(Fig. 10.2) reveals the strongest sink of CO2

at the mid-canopy position; a strong source,
caused by soil respiration, is at the soil
surface.

B. Eddy Flux

Fluid motion such as turbulence can trans-
port materials in the atmosphere, resulting in
fluxes. The turbulence is generated by eddies
on various scales in the ABL. At a point
where one observes an eddy flowing in a

CO2 concentration

Canopy Sub-Layer

Roughness Sub-Layer

Atmospheric Surface Layer

Convective Boundary Layer

Entrainment Zone

Free Atmosphere

hc

3~5hc

10~102 m

102~103 m

Fig. 10.2. The atmospheric boundary layer (ABL), consisting of two major layers, the convective boundary layer
(CBL) and atmospheric surface layer (ASL). The remainder of the air in the troposphere is the free atmosphere.
The ASL is subdivided into several sublayers, such as the roughness sublayer (RSL), canopy sublayer (CSL, where
hc is canopy height), and the remainder (referred to as the inertial sublayer). Typical daytime profile of mean CO2

concentration is also shown
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direction, vertical wind speed fluctuates
(Fig. 10.3a). This is the turbulence, which
drives the vertical transport of materials. As
seen in the figure, even though the materials
are transported vertically, the dominant air
parcel flow containing the materials is hori-
zontal. Thus, the vertical flux at a given
measurement height results from integration
of the source/sink distribution of the flux on
vegetation surfaces (Schuepp et al. 1990).
Measurement over an extensive flat area
upwind at a height sufficiently close to the
vegetated surface would minimize the prob-
lem induced by a heterogeneous source/sink
distribution on the surface, which is called
the fetch problem.

Micrometeorological flux measurement
methods were established based on eddy
diffusivities. Thus, for appropriate
measurements, one needs to take them
above the RSL (where diffusivities are
enhanced), so that the effect of heteroge-
neous terrain may not violate the assumption
of a flat extensive area upwind (described
later). However, by doing so, the fetch prob-
lem arises and small gradients of material
concentration complicate flux measurement
using eddy diffusivity theory. I emphasize
that one cannot help in practice conducting
tower-based flux measurement over tall

vegetation (i.e. a forest canopy) within the
RSL. Nonetheless, before commencing full-
scale flux observation, one should consider a
balance between measurement height and
the fetch problem (Lloyd 1995).

Intrinsically, the vertical CO2 flux (Fc:
μmol m�2 s�1) can be expressed as

Fc ¼ ρac� w ð10:1Þ

where ρa, c, and w are air density (mol m�3),
CO2 concentration (μmol mol�1 ¼ ppmv) in
the air, and vertical wind speed (m s�1),
respectively. Both c and w have fine
fluctuations in their nature, and thus it is
expedient to estimate net turbulent material
flux by averaging the flux over a given
period:

Fc ¼ ρawc ¼ ρawc ð10:2Þ

where the overbar denotes time averaging
over a given period. c and w during the
period are expressed by

c ¼ cþ c
0

w ¼ wþ w
0 ð10:3Þ

where the prime denotes a departure from
the temporal averaging operator. The overbar

Eddy

c

z

c’>0

c’<0

w’<0w’>0

w’c’<0

a b

Eddy

Time

V
ertical w

ind speed

Observation Point

Wind direction

Fig. 10.3. (a) An eddy flowing to a given wind direction causes perturbations of vertical wind speed observed at
a given position. (b) Schematic representation of the small eddy mixing process, showing net downward turbulent
CO2 flux. z, c, w, and prime denote height, CO2 concentration, vertical wind speed, and perturbation part,
respectively
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and prime components are called the mean
and turbulent part, respectively. Substituting
Eq. 10.3 for Eq. 10.2 gives

Fc ¼ ρa wþ w0ð Þ cþ c0ð Þ
¼ ρa wcþ w0 cþ wc0 þ w0c0

� �
ð10:4Þ

Assuming a flat extensive and heterogeneous
terrain upwind and/or measurements above

the RSL, one can make w ¼ 0 and w0 ¼ 0 to
obtain

Fc ¼ ρaw
0c0 ð10:5Þ

Application of Eq. 10.5 to the flux esti-
mate is called the eddy covariance method,
and requires fast response and high-
frequency sampling sensors such as a super-
sonic anemometer and closed-path or open-
path analyzers. To understand the meaning
of instantaneous product w0c0 and net flux

w0c0 , it is instructive to examine a small
idealized eddy near the vegetation surface
during daylight hours (Fig. 10.3b). Average
CO2 concentration usually decreases toward
the surface because of active absorption of
CO2 from the vegetation, i.e., photosynthe-
sis. Assuming that the eddy is a swirling
motion, some air parcels are mixed upward
(positive w0) and some mixed downward
(negative w0). The upward (w0 > 0) and
downward (w0 < 0) moving air parcels
make the CO2 concentration lower (c0 < 0)
or higher (c0 > 0) than their surroundings,
respectively. In both cases, the instantaneous
product w0c0 is negative, indicating that both
the upward and downward moving air
parcels contribute negatively to the flux

w0c0. Thus, the average eddy CO2 flux w0c0

is negative for this small eddy mixing
process.

In practice, Fc cannot be obtained from

simple calculation such as w0c0 , because
there are some cases in which we cannot
assumew ¼ 0. For example, complex terrain
and vegetation structure (Kaimal and
Finnigan 1994; Lee 1998; Lee et al. 2004)
and changes of dry air density (Webb

et al. 1980; Leuning 2007) cause nonzero w
effects, and draw attention to the need to
consider corrections of the measured flux.
Hereafter in this chapter for simplicity, the

notation w0c0 will be used for Fc.

C. Above-Canopy Flux, Storage Flux,
and Net Ecosystem Exchange

Since micrometeorological methods are
based on fluid mechanics, one should begin
with its fundamentals, i.e. an equation for
scalar conservation (Baldocchi et al. 2000):

∂ρac
∂t

¼ �
∂ ρaw

0c0
� �

∂z
þ Sc t; zð Þ ð10:6Þ

where t is time (s), z is height (m) above the
ground, and Sc is the source term
(μmol m�3 s�1) from mass absorption/
release (i.e. net photosynthesis). Here, no
lateral advection of CO2 out of the sampling
area is assumed. As delimited by the canopy
height hc, integrating Eq. 10.6 from the
ground to reference height zr gives

Z zr

0

ρa
∂c
∂t

dz ¼ �ρa w0c0 zrð Þ � w0c0
0ð Þ

� �

þ
Z hc

0

Sc t; zð Þdz
ð10:7Þ

where w0c0 zrð Þ and w0c0
0ð Þ are observed CO2

fluxes at height zr, called the above-canopy
flux, and ground surface (i.e. soil respira-
tion), respectively. The balance between the
vertical integration of net photosynthesis and
soil respiration is called net ecosystem CO2

exchange NE, and is given by

ρaw
0c0

0ð Þ þ
Z hc

0

Sc t; zð Þdz ¼ NE

¼ ρaw
0c0 zrð Þ þ

Z zr

0

ρa
∂c
∂t

dz ð10:8Þ

Equation 10.8 suggests that NE can be
estimated from observation of the above-
canopy flux (first term on right side of
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Eq. 10.8) using the eddy covariance system
on the canopy top and within-canopy storage
flux (second term on right side of Eq. 10.8).
The latter term is determined by quantifying
the rate of change of CO2 concentration in the
air column within the canopy (Fig. 10.4a).

Observation in a Bornean tropical rain-
forest showed diurnal variations in the above-
canopy flux, storage flux, and their sum,
i.e. NE (Fig. 10.4b). Most of the nocturnal-
respired CO2 at the rainforest site was stored
within the canopy until morning, and was
reabsorbed into the canopy through photosyn-
thesis around 0800–1000 local time (LT). NE

represents a diurnal cycle of vegetation activ-
ity, and thus I address the physiological inter-
pretation of NE in relation to environmental
factors, using the SVAT model.

III. Modeling

A. Soil-Vegetation-Atmosphere Transfer
(SVAT) Model

Vegetation affects the within-canopy micro-
climate by intercepting radiation, attenuating
wind, and distributing sources/sinks of
materials and energy at each position within
the canopy. These source/sink distributions
and canopy turbulence form scalar

distributions (air temperature, humidity, and
CO2 concentration) and above-canopy fluxes
such as heat, H2O, and CO2. These scalar
distributions in turn influence the within-
canopy microclimate and scalar source/sink
strength.

In reality, vegetation canopy fluxes form as
a result of the aforementioned within-canopy
processes (cf. Chap. 9, Hikosaka et al. 2016b).
Therefore, I focus on a one-dimensional (ver-
tical-only) multilayer SVAT model (Kumagai
et al. 2006) that attempts to faithfully repro-
duce the formation process of eddy flux
described in the previous part of this chapter.
The model explicitly considers three major
within-canopy processes: (1) radiative trans-
fer and leaf-scale energy conservation;
(2) leaf-scale ecophysiological status for sto-
matal opening and carbon assimilation; and
(3) turbulent diffusion of materials (Baldocchi
1992). Detailed description of the turbulent
transport process enables the SVAT model to
reproduce the eddy flux measurements. For
model computation, the canopy is divided
into layers and all equations describing the
within-canopy processes (1–3) are solved for
each layer. The model used here was
parameterized with independently collected
ecophysiological measurements and was not
calibrated or parameterized with canopy-level
flux measurements.

10

0

-10

-20
60 12 18 0

Time (hours)

Net ecosystem exchange

Storage flux

Above-canopy f lux

C
O

2 
fl

ux
 (
mm
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-1
)
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z

a b

Fig. 10.4. (a) Representation of above-canopy flux and storage flux induced by change in vertical CO2

concentration (c) profile. (b) Diurnal variations in above-canopy flux, storage flux, and net ecosystem exchange,
observed in a Bornean tropical rainforest
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1. Radiative Transfer and Energy Balance
at Both Leaf and Soil-Surface Levels

When considering leaf-scale energy balance
(cf. Chap. 2, Gutschick 2016) together with
photosynthesis in a forest canopy, radiative
transfer through the canopy (cf. Chap. 1,
Goudriaan 2016) must be determined.
Then, direct beam and diffuse irradiance
must be considered separately, owing to
their different attenuation in the canopy.
The probability of no contact within a can-
opy layer for beam irradiance (Pb) must be
formulated for describing direct irradiance
transfer within the canopy. This formulation
includes leaf area density (aleaf in m2 m�3),
the beam extinction function of solar eleva-
tion, and leaf angle distribution within a
given layer. When considering the effect of
clumped foliage and crowns, we should
incorporate a clumping factor (Ω) in the Pb

equation by replacing aleaf with Ωaleaf (see
Kumagai et al. 2013). The probability of no
contact within a canopy layer for diffuse
irradiance (Pd) is calculated by integrating
Pb over the solid angles of the sky
hemisphere.

Both direct and diffuse solar radiation can
be further separated into photosynthetic
active radiation (PAR) and near-infrared
radiation (NIR), according to their different
absorptions by leaves. Fortunately, approxi-
mately half the global solar radiation (Rs: W
m�2) over the canopy is in the form of PAR,
while the other half is in the form of NIR.
This enables estimates of Rs penetration
inside the canopy. The absorbed PAR or
NIR within a canopy layer between
z (height above ground) and z + Δz, ΔS
(W m�2), is defined as

ΔSb ¼ 1� η� ξð Þ 1� Pbð ÞSb zþ Δzð Þ ð10:9Þ

ΔS#d ¼ 1� η� ξð Þ 1� Pdð ÞS#d zþ Δzð Þ ð10:10Þ

ΔS"d ¼ 1� η� ξð Þ 1� Pdð ÞS"d zð Þ ð10:11Þ

where η and ξ are leaf transmissivity and
reflectivity, respectively, for PAR or NIR.
S is PAR or NIR at the given height

(W m�2). Subscripts b and d denote direct
beam and diffuse irradiation, respectively,
and superscript arrows indicate the direction
of the irradiation. Although it appears that
Eqs. 10.9, 10.10, and 10.11 are simple
formulations of the two-stream model, Pb

and Pd are complex functions of aleaf, leaf
angle distribution and Ω within a given can-
opy layer and solar geometric direction.
Therefore, this shortwave radiative transfer
model can be considered a semi-3D model
(see Kumagai et al. 2006). Total absorbed
solar radiation within the canopy layer is
then calculated as the sum of absorbed PAR
and NIR, both of which are calculated by
Eqs. 10.9, 10.10 and 10.11. Sunlit leaves
receive the beam and upward and downward
diffuse radiation, while shaded leaves
receive only upward and downward diffuse
radiation. Therefore, irradiance absorption
and energy balance must be computed sepa-
rately for sunlit and shaded leaves.

The absorbed long-wave radiation within
a canopy layer between z and z + Δz, RLab

(W m�2), is defined as

RLab ¼ 1� Pdð ÞL" zð Þ þ 1� Pdð ÞL# zþ Δzð Þ
ð10:12Þ

Here, L is long-wave radiation at the given
height (W m�2), calculated using leaf tem-
perature (Tl in K) and the theory for diffuse
irradiance transfer within the canopy layer
between z and z + Δz (Kumagai et al. 2006).

Energy balance at the soil surface for
computing soil temperature (Tsoil in K) is
expressed by

Rsab soil þ L# 0ð Þ � εsσTsoil
4 ¼ λEsoil þ Hsoil

ð10:13Þ

where Rsab_soil is the total Rs absorbed by the
soil surface (W m�2), εs is soil emissivity, σ
is the Stefan-Boltzmann constant
(5.67 � 10�8 W m�2 K�4), and λEsoil and
Hsoil are latent (W m�2) and sensible
(W m�2) heat fluxes at the soil surface,
respectively. λEsoil and Hsoil are functions of
Tsoil, as described by the products of
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transport conductance and concentration dif-
ference. In addition, soil-surface moisture
availability was used for λEsoil conductance.
For full computations describing λEsoil and
Hsoil, a more complicated soil physics
describing soil heat and water motion is
needed (Campbell and Norman 1998).

The energy balance on sunlit and shaded
leaf surfaces within a canopy layer between
z and z + Δz is expressed by

Rsabsl þ RLabsl

� 2 1� Pdð ÞεlσTlsl
4asl=aleaf

¼ λElslaslΔzþ HlslaslΔz ð10:14Þ

Rsabsh þ RLabsh

� 2 1� Pdð ÞεlσTlsh
4ash=aleaf

¼ λElshashΔzþ HlshashΔz ð10:15Þ

Here, Rsabsl and Rsabsh are total Rs absorbed
by sunlit and shaded leaves, respectively
(W m�2), expressed per unit of ground
area. RLabsl and RLabsh are RLab of the sunlit
and shaded leaves (W m�2) within a canopy
layer between z and z + Δz, respectively,
expressed per unit of ground area. εl is leaf
emissivity, and subscripts sl and sh denote
sunlit and shaded leaves, respectively. asl and
ash are sunlit and shaded leaf area densities
(m2 m�3) within a given layer, respectively. λ
is the latent heat of vaporization of water
(J kg�1), and El andHl respectively represent
water vapor (kg m�2 s�1) and sensible heat
(W m�2) fluxes expressed per unit of leaf
area. These are described in the next section.
The energy balance Eqs. 10.14 and 10.15 are
critical for computation of Tl, which is
required for assessing leaf physiological
activity as follows.

2. Leaf-Level Physiological Functions

Leaf-level scalar source strengths, i.e., leaf
sensible heat (Hl in Wm�2), transpiration (El

in kg m�2 s�1) and photosynthesis rate (Al in
μmol m�2 s�1), are derived from physiologi-
cal controls using

Hl ¼ 2mac pgah Tl � Tð Þ ð10:16Þ

El ¼ megw
esat Tlð Þ � e½ �

p
ð10:17Þ

Al ¼ gac c� Csð Þ ð10:18Þ
¼ gsc Cs � Cið Þ ð10:19Þ

where ma and me are the molecular weights
of air and water (kg mol�1), respectively,
cp is the specific heat of air at constant pres-
sure (J kg�1 K�1), and gah, gac and gw are
boundary conductances for heat and CO2

and total conductance for water vapor
(mol m�2 s�1), respectively. T is air temper-
ature (K) at a given height, and esat(Tl) and
e are saturation vapor pressure at leaf tem-
perature (Tl) and atmospheric water vapor
pressure (Pa), respectively. p is atmospheric
pressure (Pa), and Cs, c and Ci are CO2

concentrations (μmol mol�1) of air inside
and outside the laminar boundary layer of
leaves and within the stomatal cavity, respec-
tively. gw is the sum of the reciprocals of the
stomatal (gsw, mol m�2 s�1) and boundary
layer (gaw, mol m�2 s�1) conductances for
water vapor. Campbell and Norman (1998)
gave typical formulations of boundary
conductances.

As described by Ball et al. (1987) and
Collatz et al. (1991), gsc is stomatal conduc-
tance for CO2 (mol m�2 s�1) and is linked to
Al, the relative humidity of air inside the
boundary layer of a leaf (hs), and Cs:

gsc ¼ mL
Alhs
Cs

þ bL ð10:20Þ

where mL and bL are the slope and intercept,
respectively. These were obtained by linear
regression of data from leaf-level gas
exchange measurements. gsw was obtained
from gsw ¼ 1.6 gsc, where 1.6 is the ratio of
diffusivities of water and CO2 in air (von
Caemmerer and Farquhar 1981).

Al was computed using the biochemical
model of Farquhar et al. (1980) and Collatz
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et al. (1991) as a minimum value of the gross
rate of photosynthesis, limited by the rate of
ribulose bisphosphate (RuBP) regeneration
through electron transport (JE in μmol
m�2 s�1), RuBP carboxylase/oxygenase
(Rubisco) activity (JC in μmol m�2 s�1),
and the export rate of synthesized sucrose
(JS in μmol m�2 s�1), as

Al ¼ min JE; JC; JSf g � Rd ð10:21Þ

Here, Rd is the respiration rate
(μmol m�2 s�1) during the day but in the
absence of photorespiration. The formula-
tions and parameterizations of JE, JC, JS and
Rd as a function of PAR absorbed by the leaf,
CO2 concentration within the stomatal cavity,
and leaf temperature (Tl) are given in Chap. 3
(Hikosaka et al. 2016a) of this volume. In
those formulations, the maximum carboxyla-
tion rate when RuBP is saturated (Vcmax in
μmol m�2 s�1), the potential rate of whole-
chain electron transport (Jmax in μmol
m�2 s�1), and Rd are critical sub-functions,
which are expressed as nonlinear functions of
Tl and values at 25

�C (Vcmax_25, Jmax_25, and
Rd_25, respectively). Practically, both Jmax_25

and Rd_25 are related to Vcmax_25. Hence,
Vcmax_25 is the key parameter in the leaf pho-
tosynthesis model.

The aforementioned model calculates Al

for both sunlit and shaded leaves. The Al

calculated in Eq. 10.21 is coupled with gsc
using Eq. 10.20. Hence, determination of Al

requires Cs, Ci, hs and Tl, which result from
e, c and Tusing Eqs. 10.16, 10.17, 10.18, and
10.19. Thus, all three scalar (e, c and T)
transport equations and Eqs. 10.16, 10.17,
10.18, and 10.19 must be simultaneously
considered, as described in the following.

3. Scalar Transport

Scalar continuity is obtained assuming steady-
state planar homogeneity (cf. Eq. 10.6):

dφ

dt
¼ 0 ¼ � dw0φ0

dz
þ Sφ t; zð Þ ð10:22Þ

where φ is a variable such as T, specific

humidity (q in kg kg�1) or c, and w0φ0 is
the vertical turbulent flux. Sφ is a source
(or sink) term for φ, attributable to mass
release (or uptake) by the ensemble of leaves
within the averaging plane, given by

ST ¼ 1

maρac p
Hlslasl þ Hlshashð Þ ð10:23Þ

Sq ¼ 1

maρa
Elslasl þ Elshashð Þ ð10:24Þ

Sc ¼ � 1

ρa
Alslasl þ Alshashð Þ ð10:25Þ

where ST, Sq, and Sc are source strengths
for heat (K s�1), water vapor (kg kg�1 s�1),
and CO2 concentration (μmol mol�1 s�1),
respectively.

To compute φ, Sφ and w0φ0 , use of a
turbulent diffusion model is required and
two main approaches have been adopted,
Lagrangian and Eulerian models (see Katul
and Albertson 1999). In the Lagrangian
dispersion model, scalar concentration
differences between arbitrary and reference
heights were computed by summing the
contributions of scalar diffusion to or from
various canopy heights, expressed by a dis-
persion matrix calculated using the random
walk algorithm (see Baldocchi 1992;
Baldocchi and Meyers 1998). The Lagrang-
ian approach has been successfully used to
compute the interdependence between scalar
sources and concentrations and resultant
fluxes (e.g. Raupach 1988; Baldocchi 1992;
Lai et al. 2000).

With regard to the Eulerian approach, the
closure approximation is required to prevent
an increase in the order of the turbulent flux
term. Assuming that the turbulent Schmidt
number for scalar is unity, one can apply a
first-order turbulent closure scheme (see
Kumagai et al. 2013):

w0φ0 ¼ �Kt
dφ

dz
ð10:26Þ
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where Kt is eddy turbulent diffusivity
(m2 s�1). In general, the first-order closure
principles fail in countergradient flows but
are applicable when the production term is
balanced by the dissipation term in the scalar
flux budget, with minimal contributions
from gradients in the turbulent flux transport
terms (see Manzoni et al. 2011).

Both Lagrangian and higher-order
Eulerian approaches can be formulated to
account for the existence of countergradient
flow (see Katul and Albertson 1999). Here,
assuming steady-state planar homogeneity
and high Reynolds number and Peclet num-
ber flow, and applying temporal and horizon-
tal averaging, the turbulent vertical flux
equation for φ with a second-order closure
scheme is (see Katul and Albertson 1999):

0 ¼ �w02 dφ

dz
þ 2

d

dz
etkλ1

dw0φ0

dz

 !
� e

3λ4
w0φ0

ð10:27Þ

where etk is a turbulent kinetic energy, and λ1
and λ4 are characteristic length scales for
turbulent transport and pressure-scalar gra-
dient correlation, respectively (see Watanabe
1993).

To solve Eqs. 10.22, 10.23, 10.24, 10.25,
10.26 or 10.22, 10.23, 10.24, 10.25, and
10.27, velocity statistics within the canopy
must be computed. For the first-closure
model, we have only to substitute u (wind
speed in m s�1) for φ in Eqs. 10.22 and 10.26
and use a momentum source Su ¼ Cd aleaf
u2, where Cd is the drag coefficient (see
Kumagai et al. 2013). For the second-order
closure model for turbulent vertical fluxes,
the second-order closure model for canopy
turbulence formulated by Wilson and Shaw
(1977) is generally applied. Then, boundary
conditions can be specified in accord with
Katul and Albertson (1999), and the closure
constants in Wilson and Shaw (1977),
Watanabe (1993) and Katul and Albertson
(1999) can be used. To solve the second-
order closure model, the numerical scheme
described in Katul and Albertson (1998,
1999) is applicable.

B. Model Applications

Again, the SVAT model introduced here is
parameterized by independently collected
data of ecophysiological traits such as
Vcmax_25 and mL and of canopy structure
such as aleaf spatial variation, and is not
calibrated or parameterized by canopy-level
flux measurements. Model outputs are inde-
pendently validated using the NE

measurements. After validation, the model
can be used to examine how the energy and
material fluxes over the forest ecosystems
are generated, e.g. how the canopy structure
and physiological traits impact CO2

exchange between the canopy and atmo-
sphere, shown by the following.

It is first necessary to validate the model
by examining how sensitive the flux
calculations are to micrometeorological
factors. Examples of comparisons between
modeled and measured NE in a Bornean
tropical rainforest (Kumagai and Kume
2012) are shown under four typical meteoro-
logical conditions. These are a rainfall event
at noon (Fig. 10.5a, e), rainfall event from
midnight to early morning and cloud during
daylight hours (Fig. 10.5b, f), cloudy with
little rainfall (Fig. 10.5c, g), and midnight
rainfall and clear sky during daylight hours
(Fig. 10.5d, h). There were two types of
abrupt declines of NE and solar radiation
(Rs) at noon on 6 September with rainfall
(Fig. 10.5a, e) and 11 September without
rainfall (Fig. 10.5c and g). The model accu-
rately reproduced measured NE for the entire
available data period, including periods of
the four aforementioned meteorological
conditions. Regression statistics for com-
parisons between measured and modeled
values during daylight hours had a slope of
0.79, intercept of –0.80 μmol m�2 s�1, R2

of 0.62, and a root mean square error of
6.95 μmol m�2 s�1 (Kumagai et al. 2006).

Measurements of horizontal variation of
leaf area index (LAI) at the tropical
rainforest site revealed values from 4.8 to
6.8 m2 m�2, with a mean of 6.2 m2 m�2.
Cumulative LAI data measured downwards
from the canopy top at 57 observation points
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along four vertical lines showed a strong
linear relationship between z and cumulative
LAI (R2 ¼ 0.82). A straight line
representing this linear relationship,
connecting two points (z, cumulative
LAI) ¼ (0, LAI) and (h, 0), can be generated
by integrating constant vertical distributions
of leaf area density. Hence, Kumagai
et al. (2006) assumed that LAI varied hori-
zontally at the site between 4.8 and
6.8 m2 m�2, and that at each horizontal posi-
tion, leaf area density was vertically constant
from the canopy top to forest floor. Because
in describing variation of leaf-level physio-
logical parameters we had only to present the
one-dimensional vertical variation (Kumagai
et al. 2006), how the flux calculations
respond to changes in vertical distributions
of leaf area density should also be examined.
Thus, Kumagai et al. conducted four numer-
ical experiments with consideration of the
results of leaf area density. In Case 1, a
mean observed LAI of 6.2 m2 m�2, along
with constant leaf area density of
0.123 m2 m�3 from the canopy top to forest
floor, was used in the SVAT model. Cases
2 and 3 assumed LAIs of 6.8 and 4.8 m2 m�2

(the maximum and minimum observed

LAIs), along with constant leaf area
densities of 0.136 and 0.096 m2 m�3, respec-
tively. In most SVAT models, the leaf area
density distribution is arbitrarily assumed as
a single vertical profile, because a tower is
generally used to obtain measurements
(however, Kumagai et al. used a canopy
crane, which enabled them to obtain a 3D
canopy structure). To examine the effect of
arbitrarily determined vertical distributions
of leaf area density on flux calculations, we
also constructed Case 4, assuming a vertical
distribution of leaf area density as a single
vertical observation line, the LAI of which
was 4.8 m2 m�2.

In the study of Kumagai et al. (2006), all
cases recreated the canonical form of
measured NE throughout all photosynthesis
periods, implying that efforts to measure the
detailed leaf area density distribution within
the canopy do not always improve the pre-
dictive accuracy of the model. Reproducing
both spatial and temporal patterns of the
mean concentration field, a state variable
influenced by combined source variation
and turbulent transport mechanics, is one of
the strengths of a multilayer SVAT model
(Lai et al. 2000). However, although the
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model calculations of NE clearly reproduced
the measurements, those of the scalar profiles
inside the canopy did not match the measured
values. This implies that a simpler description
of velocity statistics that modulate turbulent
transport, like those proposed by Baldocchi
and Meyers (1998), might be adequate.

At different levels in the canopy, absorbed
radiation altered by changes in the vertical
distribution of leaf area density mainly
drives variations of physiological sources
and sinks. Thus, Kumagai et al. (2006) com-
pared CO2 source strength distributions
estimated with Cases 1–4. Figure 10.6a–d

shows contour maps of these distributions
as a function of time of day and height.
In contrast to the calculated NE, there were
pronounced discrepancies between the
estimated source strength distributions.
Among Cases 1–3 (Fig. 10.6a–c, respec-
tively), those with higher LAI had greater
CO2 uptake in the upper canopy layers, but
less uptake in the lower canopy. In contrast,
in Case 4 (Fig. 10.6d), CO2 uptake was high
at heights of about 50 and 30 m, where leaf
area densities were also high.

Figure 10.6e compares profiles of average
CO2 flux without soil respiration (FA) around
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noon (1100–1300 LT) modeled from Cases
1–4, described as a function of cumulative
LAIs measured downward from the canopy
top. FA denotes CO2 flux in each canopy
layer, expressed per unit area of ground.
Therefore, FA at cumulative LAI ¼ 0 is
equal to the above-canopy flux without soil
respiration, and decreases with increasing
cumulative LAI. The cumulative LAI is not
necessarily related to canopy height. In con-
trast to the source strength distributions,
there were no large differences between
flux profiles of each case. This figure reveals
that in Cases 1 and 2, which had high
LAI, CO2 uptake by leaves in the lower
canopy layers contributed little to FA because
of the small contribution of JE (see
Eq. 10.21) in the lower canopy. Therefore,
despite the varying distributions of leaf area
density, a greater part of the above-canopy
flux was generated by a constant cumulative
LAI integrated from the canopy top,
~4.8 m2 m�2. Hence, the above-canopy flux
appears robust to changes of leaf area den-
sity distributions, and in all cases the results
were almost identical.

Given the strong vertical gradients of leaf
photosynthetic capacity in tropical forest
canopies, it is instructive to investigate the
impacts of these vertical gradients on the
CO2 flux. This might be of use in framing
a strategy for measuring leaf-level physio-
logical parameters, because it is relatively
difficult to access some positions within
the canopy. Leaf nitrogen per unit area
(Na in g m�2) is a key physiological para-
meter in the SVAT model (see Niinements
and Tenhunen 1997; Wilson et al. 2001;
Kumagai et al. 2006). At the study site,
average Na across species in height classes
0–5 m (30 individuals) and 40–55 m
(10 individuals) were 0.68 (�0.25 standard
deviation) and 1.41 (�0.14) g m�2, respec-
tively. Using the vertical distribution of leaf
area density in Case 1, Kumagai et al.
constructed two further numerical experi-
ments, Cases 5A and B, which had constant
vertical distributions of Na (0.68 and
1.41 g m�2, respectively). That is, Cases
5A and B assumed that Na measured in the

lower and upper canopies, respectively, was
distributed evenly throughout, and evaluated
CO2 flux variation caused by these two “end-
members” of vertical distribution with the
assumption that the entire profile represents
the Na in either the lower or upper canopy.
Figure 10.7a compares NE modeled from
Cases 1, 5A and 5B, bin-averaged by time
of day. Although NE in Case 5A was about
half that in Case 1, that in Case 5B was
nearly the same as in Case 1. This result
also suggests that the Na distributed through
the canopy in Case 5B had no photosynthetic
capacity in the lower canopy layers.

Distinct peaks of the diurnal precipitation
cycle at specific times of the day at various
locations in the Southeast Asian tropics have
been found (Kumagai and Kume 2012).
Because exchanges between forest canopy
and atmosphere such as assimilation and
evapotranspiration are driven mainly by
solar radiation, their activities might be
influenced by diurnal precipitation timing
via the effects of weak incident solar radia-
tion, low vapor-pressure deficit, and leaf
wetness. Therefore, Kumagai and Kume
investigated potential changes of NE caused
by alteration of diurnal rainfall regime. NE

was computed by the SVATmodel with input
of a 30-min interval rainfall time series. This
series was constructed using rainfall statis-
tics of observation site data (at Lambir) and
published data of long-term diurnal precipi-
tation cycles (at Bintulu and Kuching) in
Borneo (Fig. 10.7b). For these computations,
the authors replaced only rainfall temporal
patterns (including rainfall amount) of
Lambir with those of Bintulu and Kuching,
and retained relationships between rainfall
intensity and other environmental factors
(such as Rs) as at Lambir. The highest rain-
fall peak in the diurnal rainfall cycle at
Lambir resulted in the lowest NE around
1300–1400 LT at the three sites, but the
difference was very slight. There were also
differences in NE variability among those
sites (e.g. at 1030 and 1500 LT), but these
were very slight (Fig. 10.7b). As a result,
there was little or no difference in the full-
year NE among the sites (Fig. 10.7b). This
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confirms that the diurnal rainfall cycle does
not significantly affect the diurnal cycle of
incident radiative energy in the studied trop-
ical rainforest region. This is because the
contribution of rainfall duration to the total
duration is small, and productivity of the
tropical rainforest ecosystem may be some-
what conservative in terms of its similarity
across that region. This is because of the

combined effects of NE light response satu-
ration at relatively low light intensity and
constant cloud cover (Kumagai and Kume
2012).

Finally, to show the impact of canopy
structure on atmosphere-canopy exchange,
simulations of ecosystem CO2 (NE) and
latent heat (LE) fluxes at a Cambodian rub-
ber plantation site were conducted with
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varying canopy clumping factors (Ω) and
constant LAI (Kumagai et al. 2013). A
decrease in Ω from 1.0 to 0.8 had little effect
on either NE and LE flux, but reducing Ω to
less than 0.6 changed them appreciably
(Fig. 10.8a, c). With decreasing Ω, fluctua-
tions of NE and LE fluxes at timescales
shorter than the diurnal cycle became
smaller and larger, respectively. In particular,
LE flux tended to be depressed in the morn-
ing and rose in the afternoon (Fig. 10.8c).
Figure 10.8b, d show that decreases in source
strengths at their peaks in accord with
decreases in Ω reduced NE and LE fluxes.
With decreasing Ω, source strengths in the
upper canopy declined, while those in the

lower canopy slightly increased. This implies
that a Ω decrease enables light to penetrate
deeper into the canopy. However, in the pres-
ent study, strong source strengths in the
upper canopy controlled the ecosystem
fluxes because of dense foliage there
(Fig. 10.8b, d).

IV. Future Research Directions

Prediction of carbon sequestration by vege-
tation under an increased atmospheric CO2

environment and concomitant modifications
to global climate are among the most impor-
tant issues surrounding global climate
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change, because global terrestrial ecosystem
CO2 absorption may impact local and global
climate via direct atmospheric CO2 concen-
tration change. Also, vegetation covers a
major part of the land surface and promotes
latent heat exchange via transpiration. How
the available energy is partitioned between
sensible and latent heat fluxes at the air-land
interface is critical for the evolution of local
and global climate.

There are various relationships between
global climatic factors and terrestrial eco-
system CO2 dynamics. The climatic zone
mainly determines vegetation type and
thereby regional limitations on vegetation
material exchange. The micrometeorological
factors alter leaf-scale material exchange
through environmental control of assimila-
tion/respiration and stomatal aperture. Fur-
thermore, extreme and drastic climatic shifts
induce rapid and large-scale shifts in eco-
system structure and function, such as tree
mortality and die-offs. This results in drastic
changes in carbon, water and energy
exchange between atmosphere and vegeta-
tion surfaces.

Again, our main concern is to gain the
ability to predict global ecosystem carbon
sequestration under climate change. Toward
this objective, large-scale and long-term
assessments of relationships between net
ecosystem exchange (NE) / net primary
productivity and environmental factors are
urgently needed. First of all, global
investigations of NE characteristics could be
done using tower eddy covariance and mete-
orological data from the FLUXNET data
archive (http://www.fluxnet.ornl.gov/). Also
needed are an improved network of
observations (e.g. a global network of vege-
tation inventories), which would be useful to
clarify relationships between NE and vegeta-
tion dynamics, and for validation of eddy
flux data (see Chap. 12, Ohtsuka et al. 2016).

Combination of the SVAT model and
the aforementioned network datasets would
be a promising tool to generalize NE

characteristics of each vegetation type at
global scale. Global and temporal patterns
of environmental factors would permit

straightforward construction of a global car-
bon balance map. Examples of such patterns
could be basic climatic variables on a global
0.25� latitude-longitude resolution grid from
the National Centers for Environmental Pre-
diction – National Center for Atmospheric
Research (NCEP-NCAR) reanalysis
(cf. Kistler et al. 2001) and soil moisture
outputs from the second Global Soil Wetness
Project (GSWP-2) (cf. Dirmeyer et al. 2006).
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