Chapter 4

Forest canopies as sour ces and sinks of atmospheric
trace gases (methodsfor scaling up, contributions of
different ecosystems)

Scaling up to the ecosytem level

1. INTRODUCTION

The exchanges of solar energy, carbon dioxide, water vgpor and trace
gases between aforest and the amosphere are among the most
fundamental processesto be quantified when studying the
physologica and ecologica functioning of aforest and the chemistry
and dimate of its overlying amosphere. A forest mugt atain energy
to sugtain the work thet is needed to assmilate carbon dioxide, for
biosynthes's, to evaporate water, and to trangport nutrients from the
s0il to the plant. Concurrently, these activities require flows of
substrate materid, which are obtained from the atmosphere and soil.

The mgor trace gases that are exchanged between forests and the
amosphere are associated with chemicd dementsthat are the
principle condituents of organic matter. The Redfidd retio identifies
these mgjor dements and thelr relative importance to one
another¥ for every unit of phogphorusin living organic metter, there
are 80 units of carbon and 15 units of nitrogen. Reduced and oxidized
forms of these dements, and micronutrients such as sulfur, condtitute
the bulk of trace gasesthat are evolved or assmilated by forests.
Carbon dioxide, oxygen, ammonia, nitric oxide, sulfur dioxide, ozone
and carbon monoxide are anong the most notable trace gas
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compounds that are taken up by forests. Biologica processes that
cause the biogphere to be a sink for these trace gases respectively
indude carbon assmilation and respiration, ammonification,
nitrification and denitrification and pollutant depogtion. Ozoneis
included in this group of gases because its presence in the a@amosphere
is linked to the biogenic emission of nitric oxide and voldile organic
hydrocarbons.

In converse, water vapor, carbon dioxide, oxygen, isoprene, and
monoterpenes are among the most common gaseous compounds thet
are emitted by plants. The emission of these gasesis linked,
respectively, to trangpiration and evaporation, respiration,

asamilation, and voldtilization.

The rates at which trace gases are transferred between forests and the
amosphere depend upon a complex interplay among physiologicd,
ecologica, biochemica, chemica and edaphic factors and
meteorologica conditions. Information on fluxes of trace gases
between the biosphere and atmosphere is needed a a variety of time
and space scaes by mode s that predict ecosystem carbon water and
nutrient balances, weether and climate and tropospheric chemidry.
Thetime scale of processes that are associated with the transfer of
trace gases between forests and the atmosphere can range from the
hour and day to season, year and decade. The range of gxtid
information thet is needed by a forest-scade modd spans the
dimendon of needles and leaves to height and breadth of tree crowns
and their placement across a landscape. How to modd the processes
that govern trace gas fluxes throughout the spectrum of bidlogicaly
relevant time and space scales remains a challenge to forest ecologists,
biometeorol ogists and biogeochemists (see Ragtetter, 1996).

The god of this chepter isto discuss the integration and scaing of
information on trace gas fluxes fram the leaf and soil to the canopy
and landscape scales. Specific topics to be covered in this chapter
include the theory of trace gas exchange, modd design and
complexity and tempora and spatid factors affecting modd
parameterization and implementation.
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2. THEORY AND CONCEPTS

Any modd of trace gas fluxesin the natural environment sarts with
the same fundamentd principle, the conservation of mass. This
equation satesthat the time rate of change of agas molar density
(moles per unit volume, r ) equals the difference between the molar
flux in and out of the volume plus the rate of chemicd
production/degtruction plus the rate of biologica consumption or
production. Thetime averaged equation for the conservation of mass
a apoint in space exposed to turbulent flow is expressed, using tensor
notation, as.

drc(x, y,Z,t) - ﬂr_c +qﬂr_0 +r_ﬂ:

dt it ™ a
-%+58(tixi)+sch(tlxi)

The space, x and velodity, u; variables are incremented from 1 to 3.
For the space dimensions, this corresponds to the longitudind (x),
laterd (y) and verticd (2) dimensions. For the velocity vectors, this
incrementing corresponds with u, v and w, the longitudind, laterd and
veticd veocity vectors. The biologica source/sink term is denoted
as S and the production or destruction of atrace gas by chemica
reactionsis denoted by Scn. The overbar represents time averaging.

2.1 Evaluating the Conservation Equation

21.1 Turbulence Closure Schemes for Computing Scalar Fields

The conservation budget equation for ascdar cannot be solved reedily
because it does not form a closed st of equations and unknowns. The
equation defining the time rate of changein r . contains an additiona
unknown, the covariance between vertica velocity (w) and scaar
concentration fluctuations (W@ _'). To solve Equation 1,
micrometeorologists use closure schemes to obtain an equd st of
equations and unknowns.
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Zero order closureisthe smplest scheme used. It does not treet the
prognogtic equation for r ¢ directly. Instead, this closure scheme
specifies the scdar fidlds in time and space. This approach is often
adopted by ecosystem and ecophysiologicd modds, which assume
that temperature and humidity are congtant within and above
vegetation.

Firdt order closure, called ‘K-theory’, is the next level of complexity.
Thisdosure leve represents the flux covariance as the product of the
scaar concentration gradient and a turbulent diffusivity (K):

F.@=wi_ =-K e @
)z

‘K-theory’ is an appropriate concept in the surface boundary layer.
On the other hand, it often fails to represent turbulent transfer ingde
forest canopies and within the roughness sublayer, where turbulent
transport is dominated by large scale and intermittent eddies and
turbulent diffusion is dominated by the digtinct properties of ‘near
field' diffuson (Raupach, 1988). Near vegetative sources and sinks
turbulent diffuson is linearly related to the time period thet fluid
parcels have traveled (Raupach, 1988). Only after along travel
digance is the time-independent, ‘far-fidd' limit of turbulent diffuson
reached, the process that K-theory represents.

Higher-order dosure models have been proposed as a means of
arcumventing the inherent limitation of first order closure models
(Meyersand Paw U, 1987). Higher order closure models rely on
budget equations for mean horizontal wind velocity (u) and higher
order moments, such as the scala-ve ocity covariance, tangentid

momentum stress (wdu¢) and the turbulent kinetic energy components

(uug v/ G wawe). The goped of ahigher order dosure modd
incdudes its mechanidtic bad's and its ability to Smulate counter-
gradient transport. Unfortunately, the budget equations for the second
order momentsindude additiond unknowns of the third order (eg,
wovtid, wevee). Deriving additiond budget equations for third order
moments introduces more unknowns, congisting of the next order
moment, and so on. Hence, an equd set of equaions and unknowns
can only be obtained through parameterizing the highest order
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moment with an ‘effective’ eddy exchange coefficient (Meyers and
Paw U, 1987).

The Lagrangian framework circumvents the dosure problem aling
Eulerian modds. The Lagrangian gpproach andyzes the consarvation
eguation by following parcds of fluid as they move with the wind,
much like the trgectory of a neutraly-buoyant balloon. Thereby,
Lagrangian models are able to explicitly differentiate between near
and far fidd diffuson (Raupach, 1988). Lagrangian modeds, however,
suffer from their own unique dosure problem.  The probability

densty function for the diffusion of fluid parcds depends only on the
properties of the turbulent wind field, which must be prescribed or
computed with a higher order turbulence dosure modd.

2.1.2 Quantifying Trace Gas Source-Sink Strengths

Functiona relaionships thet quantify trace gas sources and sinks rates
generaly depend upon numerous micrometeorologica and eco
physiologicd varigbles. To assess these functions, we must introduce
micrometeorologicad modules that compute leaf and soil energy
exchange, turbulent diffusion, scdar concentration profiles and
radiative transfer through the canopy. Environmenta variables,
computed with the micrometeorologicad module, in turn, can be used
to drive physologica modules that may compute leef photosynthes's,
somata conductance, transpiration and lesf, bole and soil/root
respiration, gaseous deposition and emission rates.  Products from a
micrometeorologica module are dso needed to drive dgorithms that
compute trace gas fluxes from the sail.

3. MODEL DESIGN AND PARAMETERIZATION
ISSUES

Forests may betal or short, dlosed or open, and consist of shrubs or
trees. The gpatid didribution of leaves can be random a dumped

and their shape can benesdle-shaped or broad and planar.  How much
complexity to incorporate into a system of equations that quantifies
trace gas fluxes between aforest and the atmosphere is akey issueto
be consdered when designing amode to quantify source/sink
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srengths. The complexity of the sand's physognomy will dictate, in
part, how complex the structure of atrace gas modd needsto be. A
smplified verson of Equetion 1, for example, can be used for the
Stuation of horizontaly homogeneousforestson levd terrain. Full
expangon of Equation 1 is needed to evauate fluxes over forests thet
congst of patches of isolated trees on hill dopes. In the following
sub-sections we discuss agorithmsfor computing source/sink
srengths and issues rdating to the parameterization d these
dgorithms

31 Modd Design Attributes. Scaling or Integrating
Trace GasFluxesfrom L eaf to Canopy Dimensons

A hierarchy of modd agorithms exists for computing trace gas fluxes.
The amplest modelstreet the canopy asasingle layer, and are
denoted ‘big-leaf” modds This concept is followed, in order of
increesing complexity, by dud-source modds, one-dimensond mullti-
layer modds and three-dimensond cube, dlipsoid or shell modds

311 Big-L eaf Modéels

Threetypesof ‘big-lesf’ trace gas models can be identified. The
smples ‘big-leaf” mode employs a series of multiplicative functions
to abase flux rate.

F. = Seee Xf (@) *F (D) Xf (C)..... (3

wherea, b, ¢ represent governing variables such aslight (1),
temperature (T), humidity (g) and soil moisture (). The isoprene
emisson modd of Lamb et d. (1993) isa prime example of this
modd type. Technicdly Equation 3isascading modd, rather than
integrative modd (Jarvis, 1995). The apped of Equdion 3isits
dependence on alimited number of variablesthat have alinear
dependence upon one ancther. A perceived weakness of a
multiplicative, ‘big-leaf” modd revolves around its dependence upon
parameters that do not relate to measurable physologica or physica
quantities. Such modds must be tuned againgt stand-levd, eddy flux
measurements. On the other hand, this method has practicd apped
for gap filling data records and for condructing long term sums of
trace gas fluxes, as driven by meteorologica varidbles.
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A second version of a'big-leaf* modd borrowsits heritage from an
electrical ardog; current flow (mass or energy flux dengity) is equa
to the ratio between a potentid and the sum of the resistances to the
flow.

Fc:& (4
Rt Rt R

This gpproach is popular for computing gaseous depodition over

forests (Meyers and Ba docchi, 1988) and canopy photosynthess and
evgporation (Amthor, 1994; dePury and Farquhar, 1997). Inthis case,
Caisthe concentration of scaar in the atmosphere over the vegetation
and Cyisan ‘internd’ concentration. The mgor resstances are
atributed to aerodynamics of the amosphere (Ry), diffusion through
quas-laminar boundary layers (R,) and resstances imposed by the
vegetation and soil (R;). The canopy resistance (R) is afunction of the
canopy stomatdl resistance (Reom), the canopy cuticle r esistance (Reuticig),
and the soil resistance (Rwil). In turn, these plant and soil resstances are
affected by leaf area, somatd physiology, soil pH, and the presence and
chemidry of liquid drops and films. The somatd, leaf surface (cuticle)
and soil resstances act in pardld.

A third type of a‘big leaf’ modd isan andytica one. Itisderived by
integrating environmentally-dependent, lesf-level functions for trace
gas fluxes with respect to leef area (L):

= Z UUORIOR Q) N E

0

The Smple Biosphere (SIB) modd of Sdlerset d. (1986) isan
example of thismodd dlass. A disadvantage of thismodd classis
that compromising assumptions on the behavior of T, | and g with L
may be needed to assemble a system of equiations that can be
integated andyticaly.

Big-leaf’ modd s are susceptible to criticiams from
micrometeorologists on three principles.  Firg, they rely on K-theory,
which isinvaid within canopies (Raupach and Finnigan, 1988).
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Second, many ‘big-lesf” modes do not account for the impacts that
environmental and physiologica gradients have on the scaing of
photosynthess, somata conductance, transpiration and the |esf
energy bdance. And third, many parameters required by ‘big leaf’
models cannot be defined by mean leef properties (Leuning et dl.,
1995 de Pury and Farquhar, 1997).

In practice, a*big-lesf modd’ is most susceptible to fallure when
atempting to compute hour by hour fluxes of clumps of trees or
isolated trees, asin savannawoodlands. Mode performance is
improved when 'dua source or ‘two-layer' modds are gpplied to such
complex drcumstances 'Dud source’ models are able to account for
differentia fluxes associated with sunlit and shade leaves (Meyersand
Badocchi, 1998; dePury and Farquhar, 1997) or amixture of herb and
shrub (Huntingford et d, 1995). Two layer' modds are ableto
account for strong differences in mass and energy exchange that occur
the vegetation and highly exposad Soil, asis experienced over sparse
woodlands and savannas (Huntingford et d., 1995).

3.1.2 Multi-Layer Modes

A mult-layered modd is an ided means for computing trace ges
fluxes to or from verticaly inhomogeneous foress. The multi-layer
modd scheme s derived from Equetion 1 by assuming Steedy Sate
condtions, horizontal homogeneity and no chemicd reections. This
assumptions yidds an equdity between the change, with height, of the
vertica turbulent flux and the diffusive source/sink strength, $(c,2):

Fc.2) _
o xd 6

In practice, the net forest-atmosphere flux is computed by integrating

Equation 6 with respect to height.  The diffusive source drength is
typicdly expressed in the form of a resstance-andog rdationship:

(c@-c) @

S62)= -1 82—
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wherea(z) isthe lesf areadengty, (¢(2) - ¢;) isthe concentration
difference between ar outsde the laminar boundary layer of leaves
and thear within the somata cavity, ric is the boundary layer
resstance to molecular diffuson, rsisthe somata resstanceand r 4
isar dendty. Normdly, Equation 7 is evauated by treating and
weighting the sunlit and shaded portions of the canopy layer
separately (Norman, 1979). This activity requires the application of a
radiaive transfer modd.

Chemicd reections are important when the time scae of the reections
are shorter than the turbulence time scale that determines the resdence
time of aparcd of ar (Gao et d., 1993). Inthiscase Eq. 7 is
expanded to include chemica production and destruction (S):

F(c) _ S
9z
Inthe smplest circumdiance, Sy, is parameterized usng chemica

kinetics, where the rate of reection is proportiond to the local
concentration:

6(C, 2+ S,(c,2) @8

Sh =-kd2) ©

Theintroduction of chemidlry into a canopy trace gas exchange model
increases the need to compute scaar profiles accurately. Thisis
because errors atributed to the parameterization of turbulence and
scdar profiles will trandate directly into errors in the evauation of
chemicd kinetics: The other issue associated with the evauation of
Equation 9 involves what suite of chemica compounds to condder.
Photochemicd modds tend to involve hundreds of reactions, which
can be reduced to a suite of 20 to 40 key reections (Gao et d., 1993).

Three-dimensiond ‘cubed’ or ‘shel’ modds (Wang and Jarvis, 1990)
treets trace gas fluxes to and from heteorogeneous and open stands
modt redidicdly. In practice the goproach isbe very difficult to
parameterize and implement with fiddity.
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3.2 Modd Parameterization |ssues

In ecologica sciences, the philosophy dictated by Ocam's razor is

often invoked as a guiding principle for designing amodd. In other
words, the smplest of competing theoriesis preferred to explain a
phenomenon. One obvious question thet is often raised, when

modeling trace gas fluxes, is: do we need to worry about the attributes
of every speciesin aforest or can we parameterize the sysem asa
functiond unit? In many cases, aswith CO,, energy and water vapor
exchange, functiond attributes of the forest sand (e.g. leaf areaindex,
canopy conductance) are more important than the unique attributes of
each species and treein astand (Vdentini et d., 1999). On the other
hand, if we dedire to predict hydrocarbon emissons from aforest we
must know its species compogition and their spatid didtribution
(Bddocchi et d., 1999).

Some modd smplification can be achieved by redtricting the gpan of
time and space scdes that are conddered. Based on hierarchy theory,
one generdly usesinformation from adjacent time and space scales to
designand implementamodd (ONEeill, 1989). Typicdly, the
mechanics and the dynamics of the operationd-scaleis described & the
smallest and fadest scales. For the case of aforest, this corresponds to
the scale of leaves and how they respond to second by second variations
in light and wind. Informetion at the operationak scale, i.e. thefore, is
obtained by integrating reductionis-scale inf ormetion in both time and
gpace. For our case, thiswould correspond to hourly averages of stand-
scdefluxes. The Sate varidbles that drive the operational- scale are
imposed from the higher or macrescale. In this case, a canopy-scae
trace gas flux node would use weather and lesf areainformetion as
externd inputs, rather than predicting the weather and forest growth.

Asamodd is gpplied for longer time-periods, ather information on the
gructura and nutrient Satus of the plant canopy will be reeded. Many
trace gas modd parameters, for example, vary sgnificantly over the
course of the year, as leaves age and resources change. Y et often this
tempord dynamicsisignored.

Lesf areaindex isaprominent characteristic that experiences greet
varighility over ayear (Figure 1). Deciduous broad-leaved forests, for
ingtance, are leafless and dormant during the winter. In spring, they
experience argpid expangon of leaves and atain full-leaf within a
month. The date of leef initiation & a given Ste can vary by 20 days
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on ayear to year bass and over amonth adong a north-south
latitudina gradient. Evergreen tropica and conifer forests exhibit
seasond vaiaionsin leaf area, too, though the changes are less
dramétic. Over longer time cales, leaf areaand leaf area profiles will
be affected by disturbance higtory of the stand (Parker, 1995; Hurtt et
d., 1998). Physologica and structurd characteridtics thet govern
trace gas fluxes will depend on whether aforest isin the invading,
aggrading or old growth stages.

Leaf Area Index
o B N W M 1 O N

50 100 150 200 250 300 350
Day of year

Figure 1. Seasonal variation of leaf area index of a temperate, broadleaved deciduous forest
growing near Oak Ridge, TN, USA.
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Figure 2. Seasonal variation of the maximum carboxylation velocity (Vemax), @ measure of
photoysnthetic capacity, of atemperate broadleaved deciduous forest.

Photosynthetic capacity is another modd parameter that will vary over
the course of the growing season (Figure 2). Photosynthetic capecity
increasesin harmony with leaf expangon, during the spring.
Exposure to frogt, in the spring or fal will diminish it, as will

subjection to drought and soil moigture deficits, during the growing
Season. Seasond variation of photosynthetic capacity is attributed to
changesin the amount and fraction of leaf nitrogen thet is dlocated to
rubisco. For instance, leaf nitrogen is re mobilized into the sem of
trees before senescence and leaf abscisson.  Maximum stometd
conductance experiences a similar seasond pattern as photosynthesis
snce these two variables are wdl-correl ated with one another.

| soprene emission, on the other hand, is nat initiated until the period
when maximd is achieved.

The spdtid variaion of certain mode parameters can be pronounced
within a forest. Measurements on leaf nitrogen content and
photosynthetic capacity, for example, vary by afactor of three
between the top and bottom of aforest canopy (Ellsworth and Reich,
1993; Harley and Badocchi, 1995). This adgptation of leavesto sun
and shade causes the variation of photosynthetic capacity to be as
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great aswhat can be experienced across the globe, between tropica
and bored forest biomes (Schulze et d., 1994).

33 Validation and verification

Due to the multiplicity of time and space scales and processes that are
asociated with modeling trace gas fluxes, modd testing isa
necessary, but nontrivid, exercise. In practice, no will trace gas
exchange modd will passthe fasfication criteria, which has been
advocated by Popper (1959). For example, Radetter (1996) shows
that the Farquhar photosynthesis model, akey component of a coupled
trace gas modd, is capable of estimating photosynthes's responses to
light and CO2 correctly on hour to day time-scales. But the mode
fallsto mimic seesond and multi-yeer time-scales responses to COg,
as plants acclimate or down-regulate. To correctly vaidate a canopy-
scae trace gas modd, the time and space scae of the modd and
validation data must match. It isunfair to test amoded for conditions
it was nat intended for using (Rastetter, 1996).

Datafrom anetwork of long term eddy flux measurements sites
(FLUXNET, http:/Mmmww-eosdisornl.gov/FLUXNET) is now available
totest ahierarchy of trace gas flux models across a spectrum of forest
types, on time scades from hoursto years. In Figure 3, we show an
example of a comparison between mode caculaions and
measurements of carbon dioxide and water vapor exchange over a
broad- eaved deciduous forest for the duration of ayear. Overdl, the
agreement between measurement and theory is good, as much of the
dataover lap. How wdl amodd should agree with dataiis amatter of
debate. A 1 nmol m? s* difference between calculated and messured
carbon flux dengties fals within expected measurement and modding
erors. Y, ahias of this magnitude can cause annua sums of net
carbon exchange to differ by 400 g C m®. Thereisaso theissue
relaing to the accuracy of the test data, as eddy flux data suffer from
bias errors a night and over complex terrain (Badocchi and Meyers,
1998).
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Figure 3. A comparison between measured and caculated fluxes of net ecosystem CO,
exchange (NEE) and latent heat flux demsities (LE). The calculations were derived from the
CANOAK mode (Baldocchi et al., 1999). The measurements were derived from the eddy
covariance method. The data are from a temperate broadleaved deciduous forest growing

_near Oak Ridge, TN.

4. CONCLUSIONS

We, as acommunity, possess a hierarchy of modds for evauating
trace gas fluxes to and from forest canopies. The theory has matured

enough that these modds can smulate trace gas fluxes with

reasonable fiddlity, under ided conditions. Into the future, we need to
meake use of network of long-term flux measurement Sitesto vaidate a
hierarchy of modds over heterogeneous forests and over long time
scdes. To implement such models correctly, we will need better
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information on the seasond and spatid variation of canopy modd
scaing parameters i.e. lesf areaindex, photosynthetic cagpecity etc.

If we expect to modd how trace gas fluxes of aforest will respond to
future environmentd perturbations, we will need to consider how a
forest responds to disturbance (eg. fire, insects) and how new genetic
materid isableto invade the land and dter the genetic compaosition,
and the functiondity of the stand (see Hurtt et d., 1998). Inthe
future, forest trace gas flux modds should evolve toward a system that
links micrometeorologicd, soil, ecophysiologica, ecosysem,
amaospheric chemistry and biogeochemica cyding modds. A canopy
micrometeorology modd is needed to assess the light, temperature,
humidity, CO,, wind speed and the scdar trace gas environment
within and above vegetation, which drives physologica functions
described above. The soil modd will be needed to compute
informetion on soil temperature and moisture and on gas diffusion.
The ecosystemn and biogeochemica mode s will be needed to predict
changesin lesf areaindex, canopy height, stand species composition
and photosynthetic cgpacity of the sand. The chemigtry modules are
needed to compute rates of chemicad reactions that are occurring
within aforest and in its surface boundary layer. The most capable
modd s will need to be able to Smulate trace gas fluxes of open
forests, growing on complex terrain that are subject to water deficits.
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