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1. Introduction

An accurate quantification of energy and carbon
fluxes is of great importance for a wide range of
ecological, agricultural, and meteorological applica-
tions. To name a few, the modeling of atmosphere-
land exchange processes at a range of spatial and
temporal scales can improve our understanding of
ecosystem functioning, is important in the context of
climate change for the establishment of regional and
global carbon budgets, and have utility in water re-
source management and a variety of forecasting ap-
plications such as yield forecasting and numerical
weather prediction.

Plant physiological research carried out in the
1980s and early 1990s provided new insights into the
biochemical mechanisms controlling CO, assimila-
tion of leaves and how stomata responds to environ-
mental and physiological factors (e.g. Farquhar et al.,
1980; Ball et al., 1987; Collatz et al., 1991). Stomata
simultaneously regulate the conflicting demands of
allowing CO, assimilation by leaves and minimizing
the water loss from the leaves to the environment, and
stomatal conductance has been recognized as a key
for assessing carbon and latent heat exchange be-
tween vegetated surfaces and the atmosphere. The
predictive power of biophysical models has been
significantly enhanced by coupling fluxes of carbon
dioxide and water vapor using semi-empirical models
of stomatal functioning (e.g. Wang & Leuning, 1998;
Anderson et al., 2000; Kelloméki and Wang, 2000;
Sellers et al., 1996; Zhan & Kustas, 2001; Baldocchi
& Wilson, 2001; Anderson et al., 2008).

Biophysical models intended for routine applica-
tions at larger scales should be capable of realistically
simulating the response of canopy-scale CO, and
energy fluxes to environmental and physiological
forcings but should also remain computationally
inexpensive and be sufficiently simple to be effec-
tively parameterized over larger scales.

Two contrasting modeling strategies are cur-
rently used widely to quantify canopy-scale exchange
processes of carbon and water vapor at local, regional
and global scales. ‘Bottom-up’ models of land-
atmosphere carbon and energy exchange are based on
detailed mechanistic descriptions of leaf-level photo-
synthetic processes scaled to the canopy whereas
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‘top-down’ scaling approaches neglect the behavior
of individual leaves and consider the canopy response
to its environment in bulk. ‘Bottom-up’ models of
coupled carbon-water vapor exchange rely on the
specification of an appropriate leaf-to-canopy scaling
framework. Big-leaf models, that treat the canopy as
a single leaf have been used extensively in land-
surface parameterizations for use in climate models
(e.g. Sellers et al.,1996; Dickinson et al., 1998) but
have been shown to overestimate canopy photosyn-
thesis by up to 50% at some instants (De Pury &
Farquhar, 1997). Multi-layer integration schemes
(e.g. Leuning et al., 1995; Baldocchi et al., 2002)
consider multiple layers with many different leaf
angle classes and numerically integrate fluxes for
each leaf class and layer to derive total canopy fluxes.
The complexity and high computational demand is an
evident drawback of the multi-layer approach. The
two-leaf concept represents a simplified canopy inte-
gration scheme that largely overcomes the limitations
of ’big-leaf” models as it considers the highly non-
linear response of leaf photosynthesis to the level of
irradiance and distinctly different light environments
of sunlit and shaded leaves (De Pury & Farquhar,
1997; Wang & Leuning, 1998). *Bottom-up’ (scaled-
leaf) models generally require the specification of
many species-dependent leaf-scale parameters but
have proven effective in reproducing observed fluxes
at a range of scales (Leuning et al., 1998; Houborg &
Soegaard, 2004; Zhan & Kustas, 2001; Dai et al.,
2004).

"Top-down’ models are generally less complex
as they are constrained by some empirical relation-
ship developed at the stand level and thus implicitly
incorporate scaling effects. The light-use-efficiency
(LUE), defined as the ratio between net CO, assimila-
tion rate and absorbed photosynthetically active ra-
diation (APAR) is a fundamental quantity used by a
suite of simple biophysical models (e.g. Ruimy et al.,
1994; Prince & Goward, 1995) that assume conserva-
tion of LUE within major vegetation groups when
plants are unstressed. Models constrained by LUE
generally require the specification of only few tun-
able parameters.

The objective of this study is to compare a sim-
ple analytical light-use efficiency (LUE)-based model
of canopy resistance with a mechanistic model of
leaf-level photosynthesis — stomatal response that
employs a ’two-leaf” scaling strategy. For the purpose
of inter-comparisons both canopy sub-models have
been embedded in the Atmosphere-Land Exchange
(ALEX) surface energy balance model, which is a



simplified version of a detailed soil-plant-atmosphere
model Cupid, specifically developed for operational
applications. The ability of the two canopy sub-
models to reproduce observed patterns in energy and
carbon fluxes across time scales of hours, days, sea-
sons and years is effectively evaluated for a variety of
natural and agricultural ecosystems. Comparisons are
done using several years of field data compiled from
AmeriFlux sites across the U.S.

2. CANOPY-SCALE MODEL OF ATMOS-
PHERE LAND EXCHANGE (ALEX)

At the core of the prognostic canopy-scale model
of atmosphere-land exchange (ALEX) is a two-layer
(soil and vegetation) land surface representation cou-
pling conditions inside the canopy to fluxes from the
soil, plants, and atmosphere. The ALEX model is
described in detail in Anderson et al. (2000) and is
only briefly summarized here. The conceptual struc-
ture of the ALEX model is given in Fig. 1 where the
directions of fluxes are those typical for daytime
conditions. The latent heat flux at the measurement
reference height (LE) represents water vapor evapora-
tion from the insides of leaf stomates (LE.) and the
soil surface (LEy), H is sensible heat transferred from
the canopy air space (the subscript ’ac’ designates
conditions within the canopy air space) due to sensi-
ble heat convection or conduction from leaf (H,) and
soil surface (H), and A is the net ecosystem CO,
exchange which incorporates the assimilation of CO,
inside plant leaves through the stomates (A.) and
respiratory loss of CO, from soil and roots (A,) and
from leaf foliage. In ALEX these fluxes are regulated
by series-parallel resistance networks that allow both
soil and canopy components of the system to modify
the in-canopy air temperature and vapor pressure. R,
is the aerodynamic resistance to turbulent transport
between the canopy air space and measurement refer-
ence height, R, is the resistance of the quasi-laminar
sub-layer that forms around a leaf (the leaf boundary
layer), R, is the stomatal resistance to water vapor
diffusion, and Ry, is the aerodynamic resistance of
the boundary layer between the soil surface and the
canopy air space.

For the purpose of this study two alternative sub-
models for estimating canopy fluxes of water and
carbon were embedded in ALEX. The two sub-
models share the ALEX two-layer land surface repre-
sentation (Fig. 1) but differ distinctly in the way the
photosynthesis-stomatal response is described. The
’bottom-up’ (scaled-leaf) canopy sub-model is con-
structed from mechanistic representations of leaf-
level photosynthetic processes scaled to the canopy
level, whereas the *top-down’ scaling approach of the
light-use-efficiency (LUE)-based sub-model consid-
ers the canopy response to its environment in bulk,
neglecting the behavior of individual leaves. In both
canopy sub-models, stomatal closure in response to
water stress is simulated through incorporation of an

empirical stress function (Norman, 1979; Campbell &
Norman, 1998) that relates depletion of the fraction
of plant available water in the root zone to reductions
in transpiration/assimilation due to stomatal closure.
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Fig. 1. Transport resistance networks used in the ALEX
model to estimate fluxes of (a) sensible and soil heating,
(b) latent heating and (c) assimilated carbon. The
subscripts "a’, ‘ac’, 'b’, and i’ refer, respectively, to
conditions above the canopy, within the canopy air
space, within the boundary layer at the leaf surface, and
inside sub-stomatal cavities. The 1.6 and 1.37 resistance
multipliers account for the difference in diffusivity
between CO, and water vapor.



The two canopy sub-models are detailed in the next
two sections.

In ALEX, the soil heat flux (G) and soil evapora-
tion rate is predicted by a multi-layered numerical
soil model that serves as the lower boundary to
ALEX. This soil transport module is a generalization
of algorithms from Campbell (1985), adapted to a soil
structure with layered hydraulic and thermal proper-
ties. Profiles of soil temperature (T,) and water con-
tent with depth are updated by solving systems of
second-order, time-dependent differential equations
using a Newton-Raphson finite-difference solution
technique.

2.1. Scaled-leaf canopy sub-model (’bottom-up’)

In the scaled-leaf model, canopy photosynthesis
is modeled by applying mechanistic equations of
photosynthesis-stomatal response defined at the leaf
scale, and by separating leaves into sunlit and shaded
fractions to facilitate scaling from leaf to canopy. The
model employs the biochemical equations of leaf
photosynthesis by Farquhar, Collatz and collaborators
(Farquhar et al., 1980; Collatz et al., 1991; Collatz et
al., 1992), and couples CO, assimilation and stomatal
conductance using a semi-empirical model of
stomatal functioning (Ball et al., 1987). The equations
of the coupled CO, assimilation, stomatal conduc-
tance and latent heat flux models are summarized in
Table 1A.

Within this integrated model, leaf-level photo-
synthesis for C; and C, photosynthetic pathways is
estimated as the minimum of the Rubisco-limited rate
of ribulose bisphosphate (RuBP) carboxylation (Eq.
A?2), the electron transport limited (light-limited) rate
of RuBP regeneration (Eq. A3), and the Carbon com-
pound export limited (C;) or PEP-carboxylase limited
(C,y) rate (Eq. A4) minus dark respiration, i.e. leaf
respiration (R;). The rate of CO, assimilation for Cs
and C, plants is solved from nested quadratics (Eq.
A6) to allow for a gradual transition and co-limitation
between the three capacities.

The strong non-linear variation of photosynthetic
model parameters with temperature is described by an
Arrhenius function (Eq. A10). A de-activation func-
tion (Eq. A11) was incorporated in the temperature
response functions for the maximum Rubisco capac-
ity (V) and the Potential rate of electron transport
(/) to simulate a drop in activity at extreme tempera-
tures. V,, and J, was reduced from their potential
values when soil water is limiting by multiplication
with the fraction of available water (faw ) as photo-
synthetic capacity has been shown to decrease in
response to soil water deficits (Wilson et al., 2001).
The system of equations describing leaf photosynthe-
sis and stomatal conductance (Eq. A1 — A10) are
solved separately for C; and C, vegetation using cu-
bic analytical solutions (Baldocchi, 1994; Collatz et
al., 1992) to avoid the tendency of iterative solutions
techniques to arrive at chaotic solutions under spe-

cific extreme conditions (Baldocchi, 1994). The re-
sultant stomatal conductance is then used as input to
the latent heat flux equation (Eq. A11).

Total canopy photosynthesis and transpiration
are calculated as the sum of contributions from sunlit
and shaded canopy fractions. This ’two-leaf’ scaling
strategy is generally assumed more reliable than ’big-
leaf” models that treat the canopy as a single leaf, due
to the highly non-linear response of leaf photosynthe-
sis to the level of irradiance and distinctly different
light environments of sunlit and shaded leaves (De
Pury & Farquar, 1997; Wang & Leuning, 1998). The
leaf to canopy scaling principles adopted here assume
that 1) the maximum Rubisco capacity is linearly
related to leaf nitrogen and that nitrogen allocation
decline exponentially from the top of the canopy (De
Pury & Farquhar, Wang & Leuning, 1998), and 2) the
vertical profile of the potential rate of electron trans-
port parallels that of light (Wang & Leuning, 1998).
The leaf to canopy scaling equations were modified
to consider the clumping effect (Eq. A13 — A17). The
partitioning of absorbed photosynthetically active
radiation (APAR) into sunlit and shaded canopy frac-
tions is done according to De Pury & Farquhar (1997)
by considering direct-beam, diffuse and scattered
beam irradiance. The partitioning of the canopy net-
radiation into sunlit and shaded canopy fractions
follows Zhan & Kustas (2001).

2.2. LUE-based sub-model (’top-down”)

The equations describing the light-use-efficiency
(LUE)-based sub-model are given in Anderson et al.
(2000) and summarized in Table 1B to facilitate a
direct comparison with the ’scaled-leaf” sub-model.
Nominal stand-level measurements of LUE (f,) and
nominal estimates of the ratio of intercellular to am-
bient CO, concentration (y,) replace the mechanistic
leaf-level photosynthetic equations (Eq. A1 — AS).
Since CO, assimilation scaling effects are implicitly
incorporated into the measurement of f3, , the leaf to
canopy scaling equations (Eq. A14 — A18) are also
avoided. This modeling paradigm exploits the con-
servative quality of canopy LUE that is observed over
a seasonal to annual timescales within broad vegeta-
tion categories under unstressed environmental condi-
tion. Deviations of the canopy LUE from this nomi-
nal value on shorter timescales is accommodated by
diagnosing an effective LUE (f) that responds line-
arly to changes in the ratio of intercellular to ambient
CO, concentration (y=C/C,) (Eq. B7) and the frac-
tion of diffuse radiation (Eq. B8). The model para-
digm assumes that under optimal conditions the can-
opy will tend to operate near 5, with a nominal value
of v (y,). An increase in the stomatal resistance in
response to e.g. a desiccating environment will de-
crease the average C; and move the canopy toward a
lower value of LUE. CO, assimilation is linked to
canopy stomatal conductance using the approach of
Ball et al. (1987) (Eq. B4) and the canopy stomatal



Table 1. List of flux tower sites, vegetation and soil types and climatic conditions

Site [1}] Latitude Study period Landcover Soil type Precip Mean T,
Longitude class [mm] 1"Cl]
g::é:’““ AG :’ :03§02§?Nw 35‘303[)‘"‘2“00 g  Grassland Sandy loam 356 15.9
Fort Peck FP TE‘;J g;EENW ?;SE];_%;E;](}} Grassland Clay loam 218 17.0
Ei:::i“'i” GC ;; ;; W :‘21:‘]'[;')__(;(‘}:] s ~ Grassland  Siltloam 636 223
Bondville BV :g ?g ii T\i :‘;SEB_";E:] s  Cropland Silt loam 415 206
BlackHills  BH [ 00N g‘;a) 006 oS Clayloam 388 13.2
Wty EUEN s Db e m g

resistance is derived using a second-order analytical
expression (see Eq. 11 in Anderson et al., 2000) semi-
constrained by S, and vy, averaged over broad vegeta-
tion categories. The modeled canopy stomatal resis-
tance responds to changes in soil moisture availability
and varying environmental conditions in humidity,
temperature (ambient and leaf), wind speed, CO,
concentration, and direct beam vs. diffuse light com-
position. The fraction of available water (faw) is
multiplied with the stomatal slope factor (m) as ex-
perimental evidence suggests decreasing m as soil
water deficits develop.

3. FLUX TOWER DATASETS

Eddy-covariance based measurements of surface
heat, water and carbon dioxide fluxes were obtained
from 7 NOAA GEWEX (Global Energy and Water
Cycle Experiment) air SURFace eXchange (SURFX)
sites  (http://www.atdd.noaa.gov/gewex.htm) repre-
senting diverse land vegetation environments (Table
1). These sites are also included in the AmeriFlux
network (http://public.ornl.gov/ameriflux/) and the
measurements and instrumentation follow the
AmeriFlux protocol (Baldocchi, 2003). Net ecosys-
tem CO, exchange is the sum of the CO, flux densi-
ties measured by the eddy covariance systems and a
CO, storage term that accounts for CO, stored in the
layer of air below the eddy covariance system. This
storage may be significant for forest ecosystems es-
pecially at night when the atmosphere is stable and
winds are weak (Wofsy et al., 1993). CO, flux densi-
ties not corrected for storage may show spikes in CO,
assimilation shortly after sunrise when convective
turbulence resumes and CO, is vented from the can-
opy into the turbulent boundary layer. The CO, flux
densities presented in this paper have not been cor-
rected for storage but are assumed representative of
the net rate of ecosystem exchange. Carbon gained by
the ecosystem is treated as a positive flux. All other
flux densities (mass and energy fluxes) are defined as
positive away from the surface. Strict accep-
tance/reject criteria were applied to the flux meas-

urements and the flux records used to validate the
models were not gap-filled.

A correction was applied to the soil heat flux
data measured at a depth of 2 ¢cm to account for heat
storage that occurs in the layer between the soil sur-
face and the heat flux plate. The corrections were
done as described in Mayocchi & Bristow (1995) and
consider the time rate of change in soil temperature
above the plate and the volumetric heat capacity that
varies as a function of soil bulk density, soil texture,
organic matter content and soil water content.

Sensible and latent heat fluxes measured by eddy
covariance are typically less than the difference be-
tween net radiation and soil heat fluxes, and this lack
of closure of the surface energy balance has been
shown to be on the order of 10 — 30 % of measured
net radiation (e.g. Twine et al., 2000; Anderson et al.,
2000). In this study, closure among energy flux com-
ponents was enforced by modifying the observed
sensible and latent heat fluxes such that they summed
to the available energy yet retained the observed
Bowen ratio, as this has been found to be the pre-
ferred method of energy balance closure (Twine et
al., 2000).

Ancillary observations of incoming solar radia-
tion, longwave incoming radiation, relative humidity,
air temperature, atmospheric pressure, precipitation
and leaf area index were used as input to the ALEX
model. At each site, seasonally distributed LAI data
are being deduced as an exponential function of
NDVI estimated continuously using 30-min solar
radiation and photosynthetically active radiation data
(Wilson & Meyers, 2007).

Descriptive landcover classes were assigned to
each flux tower site based on the University of Mary-
land (UMD) 1-km global landcover product (Hansen
et al., 2000). Site details are given below and in Table
L.

3.1. Grasslands

Measurements from three climatologically dis-
tinct grassland sites were used (Table 1). The Audu-



bon Research Ranch (AG) is a non-grazed desert
grassland site located in the plateaus of southwestern
Arizona. The tower is located at an elevation of ap-
proximately 985 m and is surrounded with scattered
short grasses and shrubs. The major dominant Cj
shrub is creosote bush (Larrea tridentate) and grasses
are dominated by Bouteloua species (C4). Mean air
temperatures during the study period (2003 — 2006)
ranged from a January minimum of 2 °C to a June
maximum of 33 °C, and average annual rainfall was
365 mm most of which occurred during the summer
(July to September) monsoon season. The area is
dominated by soils of the White horse series (grav-
elly/sandy loam) with a significant fraction of rocks
(~35 %).

Fort Peck (FP) is a northern plain grassland site
in northeastern Montana. The tower is located ap-
proximately 634 m above sea level and is character-
ized by a mixture of perennial grasses with C; (e.g.
Agropyron  dasystachyrum (Hook.) Scrib and
Pascopyron smithii Rydb) and C, (e.g. Bouteloua
gracilis (H.B.K.) Lag) photosynthetic pathways
(Gilmanov et al., 2005). The average precipitation
during the growing season that normally runs from
May to September was 218 mm (2003 — 2006). The
soil has been classified as clay loam.

The Goodwin Creek (GC) experimental water-
shed is located in northwestern Mississippi and is
characterized as temperate wetted grassland. The
average precipitation during the April to October
study period (2003 — 2006) totaled 636 mm and the
average air temperature was 22 °C (Table 1). The
flux tower is situated at an elevation of 105 m on
well-drained soils with silt loam textures and is sur-
rounded by a mixture of C; short grasses (e.g.
Panicum virgatum L. - switch grass), C, grasses (e.g.
Bouteloua gracilis (H.B.K.) Lag), scattered trees and
shrubs (salix spp.). It is a grazed site where the grow-
ing season typically runs from March to October.

3.2. Cropland

Data from cropland were acquired from two ad-
joining flux tower sites, separated by a north-south
distance of ~ 400 m, located on a farm south of
Champaign in eastern Illinois. The south tower, de-
noted as BV, has been under no-till management
since 1986 whereas the north tower, denoted as BP,
began operation in late 2003. Crop production rotates
yearly between corn (Zea maize, C;) and soybean
(Glycine max, Cs). The soils are silt loam. The fields
surrounding these stations received around 415 mm
of precipitation on average during the 2003 — 2006
growing seasons (Table 1).

3.3. Evergreen needle-leaf forest
Model validations and intercomparisons were

also performed using measurements acquired during
the freeze-free season (May — October) at the Black

Hills (BH) experimental forest site located in western
South Dakota 1715 m above sea level. The flux tower
was established in 2001 by the Institute for Atmos-
pheric Studies of the South Dakota School of Mines
and Technology (SDSM&T). The vegetation around
the tower is dominated by ~17 m tall Ponderosa Pine
(Pinus ponderosa) (99 %) and the forest floor is
completely covered with a thick (~ 10 cm) layer of
dead plant materials. The soil has been classified as
clay loam. The climate is temperate and the site re-
ceived an average precipitation total of 388 mm dur-
ing the period of interest for this study (Table 1).

3.4. Deciduous broadleaf forest

The Walker Branch (WB) flux tower is located
on the United States Department of Energy reserva-
tion near Oak Ridge in the ridge and valley province
of eastern Tennessee. The site is 335 m above sea
level and is classified as an Eastern, mixed-species,
broad-leaved deciduous forest. Oak (Quercus alba L.,
Q. Prinus L.), hickory (Carya ovata (Mill.) K. Koch),
maple (Acer rubrum L., A. Saccharum), tulip poplar
(Liriodendrom tulipifera L.), black gum (Nyssa sylva-
tica Marsh) and loblolly pine (Pinus taeda L.) domi-
nate the forest canopy surrounding the flux tower
(Baldocchi & Wilson, 2001). Leaf emergence typi-
cally occurs between day of year (doy) 90 and 110
and autumnal senescence begins around doy 280. The
average rainfall during this period for the years 2003
— 2006 was 708 mm. The predominant soils are clas-
sified as silty-clay loam and the forest floor is cov-
ered by a ~10 cm thick residue layer throughout the
year. Hourly measurements of soil surface CO,
fluxes, used for validating the applied soil respiration
model (section 4.5), were obtained from chamber
measurements at the base of the Chestnut Ridge flux
tower located 5 km south west of the Walker Branch
Flux tower. The chamber is attached to a LI-COR LI-
6400 gas analyzer system and has been operating
continuously since 2006.

4. MODEL SETUP

A complete list of soil, leaf and canopy parame-
ter values used in the ALEX simulations are given in
Table 2. The parameters are listed for each of the
vegetation environments associated with the flux
tower sites and were determined based on generalized
data reported in the ecological literature. The parame-
terizations are intended to be representative for broad
categories of vegetation environments as ALEX and
its associated applications (see Anderson et al., 2003
for an overview) are intended for regional to conti-
nental-scale flux modeling.

4.1. Shared model parameters



Table 2. A complete list of soil, leaf and canopy parameter values used in the ALEX simulations

Parameter 1D Units AG FP GC BV BP BH WB
Shared canopy parameters
Ambient CO, concentration C, umol mol! 360 360 360 360 360 360 360
Leaf area index L mm’ 02-11 0.1-47 01-38 01-51 01-61 05-42 05-75
Fraction of green vegetation fe 1.0 1.0 1.0 01-10 01-1.0 1.0 0.1-1.0
Canopy height he m 0.2 0.1-04 0.1-04 0-3.0 0-0.9 24 25
Clumping factor at nadir Q 0.7 1.0 1.0 0.9 1.0 0.5 0.90
Ratio of canopy width to height D 1.0 1.0 1.0 1.0 1.0 3.5 1.0
Surface roughness Zn m 0.16A, 0.05h, 0.05hA, 0.1h, 0.14,. 0.14, 0.1A,
Displacement height d m 0.44h, 0.67h, 0.67h, 0.67h, 0.67h, 0.67h, 0.67h,
Average leaf size s m 0.02 0.02 0.02 0.2 0.03 0.05 0.10
Ball & Berry slope m 11.0 9.5 9.5 3.5 9.5 9.5 9.5
Ball & Berry offset b pumol m? s 0.01x10°  0.01x10°  0.01x10° 0.04x10° 0.01x10° 0.01x10° 0.01x10°
Minimum RH in Ball & Berry RH, i 0.6 0.1 0.1 0.1 0.1 0.1 0.1
Stomatal distribution correction factor'  f, 2 2 2 2 2 2 1
Fraction of plants with C; pathway fe3 0.6 0.9 0.6 0.0 1.0 1.0 1.0
Leaf absorptivity (vis) (live) a,y 0.82 0.82 0.82 0.83 0.83 0.89 0.86
Leaf absorptivity (nir) (live) a, 0.28 0.28 0.28 0.35 0.35 0.6 0.37
Leaf absorptivity (vis) (dead) gy 0.42 0.42 0.42 0.49 0.49 0.84 0.84
Leaf absorptivity (nir) (dead) Qlan 0.04 0.04 0.04 0.13 0.13 0.61 0.61
Rooting depth d, m 2.0 2.0 2.0 2.0 2.0 2.0 2.0
Max interception Wime: mm 0.15 0.15 0.15 0.15 0.15 0.15 0.15
Max fraction of wetted leaf area et max 0.2 0.2 0.2 0.2 0.2 0.2 0.2
LUE module
Nominal LUE P mol mol”  0.02/0.03 0.013/0.03 0.013/0.03 0.040 0.024 0.014 0.022
Nominal C/C, fraction Vn mol mol!  0.7/0.5 0.7/0.5 0.7/0.5 0.5 0.7 0.7 0.7
Cy/C, at B=0 %0 mol mol’  0.2/0.0 0.2/0.0 0.2/0.0 0.0 0.2 0.2 0.2
Scaled-leaf module
Maximum Rubisco capacity v, umolm?s’ 122/20 63/20 63/20 30 95 42 53
Leaf respiration R” umolm?s’ 0.0151,” 0.015¥,” 0.015/,” 0.025V,” 0.0151,” 0.015V,” 0.0157,”
Nitrogen extinction coefficient k, 0.7 0.7 0.7 0.7 0.7 0.5 0.5
Quantum yield for electron transport o3 mol mol”!  0.37 0.37 0.37 0.37 0.37 0.37
C4 quantum yield for CO, uptake N mol mol”  0.062 0.062
Initial slope of photosynthetic CO, k mol m?s™! 20><103 V,’ 20><103 V,’
Potential rate of electron transport J.2 umolm?st 1917  19v,”  19¥,7 19v,”  19v,7  19v,7  191,7
Curvature factor 0; 0.7 0.7 0.7 0.7 0.7 0.7 0.7
Oxygen partial pressure o mmol mol” 205 205 205 205 205 205 205
Michaelis-Menten constant for CO, K7 pmolmol’ 404.9 404.9 404.9 404.9 404.9 404.9 404.9
Michaelis-Menten constant for O, K,” mmol mol' 278.4 278.4 278.4 278.4 278.4 278.4 278.4
CO, compensation point * I™”  umol mol" 42.75 42.75 42.75 42.75 42.75 4275 42.75
Energy of activation for K.” Hy  Kimol' 7943 79.43 79.43 79.43 79.43 79.43 79.43
Energy of activation for K,” H,, KJmol 36.38 36.38 36.38 36.38 36.38 36.38 36.38
Energy of activation for "> H.,; Kimol' 3783 37.83 37.83 37.83 37.83 37.83 37.83
Energy of activation for J,” H.,s KJmol’ 50.00 50.00 50.00 50.00 50.00 50.00 50.00
Energy of activation for v, H.s KJ mol! 72.00 72.00 72.00 72.00 72.00 72.00 72.00
Energy of activation for R,” Hy Kimol' 4639 46.39 46.39 46.39 46.39 46.39 46.39
Energy of deactivation for V,,” and J,”> Hy KJ mol 200.0 200.0 200.0 200.0 200.0 200.0 200.0
Entropy term for ¥, ASy  KJmol'C' 0.6416  0.649 0.649 0.649 0.649 0.649 0.649
Entropy term for ./, AS;  KJmol' C' 0.6410 0.646 0.646 0.646 0.646 0.646 0.646
C3 curvature (co-limitation) parameter 03 0.92 0.92 0.92 0.92 0.92 0.92 0.92
C3 curvature (co-limitation) parameter /53 0.99 0.99 0.99 0.99 0.99 0.99 0.99
C4 curvature (co-limitation) parameter 6, 0.83 0.83 0.83 0.83 0.83 0.83 0.83
C4 curvature (co-limitation) parameter ~ f3, 0.93 0.93 0.93 0.93 0.93 0.93 0.93
Soil transport module
Bulk density BD gcm? 1.4 1.32 1.4 1.4 1.4 1.32 1.26
Moisture release parameter by 3.1 52 4.7 4.7 4.7 5.2 6.6
Air entry potential Ve Tkg! -1.5 -2.6 -2.1 -2.1 -2.1 -2.6 -33
Sat. hydraulic conductivity K, kg s m™ 72x10%  6.4x10°  1.9x10*  1.9x10*  1.9x10*  6.4x10°  4.2x10°
Deep soil temperature Tq °C 20 12 21 15 15 13 15
Soil emissivity & 0.96 0.96 0.96 0.96 0.96 0.96 0.96
Soil reflectance (vis) Psv 0.11 0.11 0.11 0.11 0.11 0.08 0.08
Soil reflectance (nir) Psn 0.22 0.22 0.22 0.22 0.22 0.18 0.18
Surface ponding capacity Bpee  Mmm 5.0 5.0 5.0 5.0 5.0 5.0 5.0

Leaf and soil optical (absorptivities, reflectances,
emissivity) properties and nominal leaf sizes were
assigned according to the ALEXI Landcover classifi-
cation system (Anderson et al., 2007) which is based

on the UMD 1-km Global Landcover product (Han-
sen et al., 2000). The morphological properties for the
cropland class were modified to take into account the
distinct differences between corn and soybean culti-



Table 3. Mean and standard deviations among measurements of maximum LUE for major vegetation groups. All LUE
values have been converted to units of mol CO2 mol” from their original units of g NPP per MJ APAR as described in
Anderson et al. (2000). N indicates the number of LUE estimates used to compute the average and standard deviation

Vegetation type Average LUE

Standard dev in LUE

References

C; cropland (soybean) 3 0.024 0.001
C; cropland (corn) 6 0.040 0.002
Temperate evergreen needleleat 18 0.014 0.003
Temperate deciduous g8 0.020 0.006
Temperate grasses 3 0.013 0.003
C, grasses 1 0.030 0.000
Desert shrubs 1 0.020 0.000

Gower et al. (1999)
Gower et al. (1999)

Gower et al. (1999),Ruimy et al. (1994),Runyon et al. (1994)
Gower et al. (1999), Ruimy et al. (1994)
Ruimy et al. (1994), Kim & Verma (1990)
Anderson et al. (2008)
Gutschick (1996)

vars. Surface roughness (Z,,) and displacement height
(d) were calculated as landcover dependent fractions
of the canopy height (4.) (Massman, 1997) that is
scaled linearly with the fraction of vegetation cover
between a seasonal minimum and maximum value
(Anderson et al., 2007). Forests have been found to
exhibit a clumped stature and nadir clumping index
() values reported in Gower et al. (1999) and Ku-
charik et al. (1999) for several forest ecosystems were
adopted here. The vegetation heterogeneity at the
desert grassland site, characterized by a mixture of
grasses and scattered shrubs, was treated by assigning
a nadir clumping factor of 0.7. Q was assumed to be
0.9 for the C4 cropland class (Anderson et al., 2007)
whereas randomly distributed leaves were assumed
for C; cropland and the FP and GC grassland sites (Q
= 1.0). The ratio between canopy height and nominal
clump width, D, is required as input to model the
dependence of the clumping index on zenith angle
(Kucharik et al., 1999). The leaf area index (L) record
from each site (section 3) represents green L. At the
agricultural and deciduous forest sites, that experi-
enced significant degrees of senescence late in the
season, the fraction of green vegetation (f,) was cal-
culated as green L divided by the average L during
the leaf maturity period.

The slope and offset of the Ball & Berry stomatal
conductance model have been found to be fairly con-
strained parameters within C; and C, functional cate-
gories for ample soil moisture conditions (e.g. Ball et
al., 1987; Leuning, 1990; Collatz et al., 1991). Values
between 9 - 10 for the stomatal slope (m) are gener-
ally assumed representative for C; vegetation in the
mid-latitudes and plants with C; photosynthetic
physiology are typically assigned a value between 3 -
4 (Sellers et al., 1996; Collatz et al., 2002; Kosugi et
al., 2003). The steeper stomatal slope (m = 11) that
was assigned to the desert grassland site is in accor-

dance with findings reported in Zhan & Kustas
(2001) and Gutschick (1996).

A parameter describing the relative distribution
of leaves with C; and C4 pathways (f.;) was intro-
duced to allow mixed C; and C, canopies to be simu-
lated. This was achieved by cycling through the LUE
or scaled-leaf canopy subroutine twice using canopy
parameters specific to each physiological type in each
run. Total canopy estimates were then derived by
weighing C; and Cs-specific CO, and energy fluxes,
stomatal conductances and canopy temperatures with
the relative distribution of each component within the
canopy.

In the soil transport module, soil hydraulic and
thermal properties were derived from tabular values
in Campbell & Norman (1998) based on the assigned
soil texture class (Table 1). A single-layered soil
structure with uniform hydraulic and thermal proper-
ties was assumed for simplicity. A 10 cm thick resid-
ual litter layer was simulated at the forested sites by
adding a soil layer with hydraulic and thermal proper-
ties characteristic of organic material (Lawrence &
Slater, 2008). The deep soil temperature (7,) was
estimated for each flux tower site as the average of
the observed 100 cm soil temperature during the
growing season. The soil moisture profile was initial-
ized with observations made at the flux tower sites.

4.2. LUE-based canopy sub-model

The nominal LUE (5,) is a key input to the LUE-
based canopy sub-model and should represent condi-
tions when the environment does not constrain photo-
synthesis (i.e. unfavorable temperatures, drought, and
high vapor pressure deficits) as these limiting factors
are explicitly treated by the model (section 2.2 and
Table 1B). Table 3 recapitulates mean values and
standard deviations of maximum LUE measurements
reported in the literature for different vegetation

Table 4. Vegetation specific V,,>* data based on estimates compiled in various studies. N indicates the number of V>

estimates used to compute the average and standard deviation.

Vegetation classes N Average V,,”  Standard dev in V,,” Reference

Cscropland (soybean) 7 95 38 Wullschleger (1993), Kattge & Knorr (2007)
C, cropland (comn) 1 30 0 Massad et al. (2007)

Temperate evergreen needle-leaf’ 18 49 30 Wullschleger (1993), Kattge & Knorr (2007)
Temperate deciduous 34 54 28 Wullschleger (1993), Kattge & Knorr (2007)
Temperate grasses 1263 14 Wullschleger (1993), Katige & Knorr (2007)
C, grasses 1 20 0 Chen et al. (1994), Kubien & Sage (2004)
Desert shrubs 3 122 28 Wullschleger (1993), Kattge & Knorr (2007)




groups, converted into units of mol CO, (mol APAR)
"as described by Anderson et al. (2000). These LUE
values are based on annual or seasonal biomass ac-
cumulation from sites and time periods where cli-
matic factors did not constrain photosynthesis (e.g.
fertilized, irrigated, cultivated, highly productive
sites), and represent here the aboveground and
belowground net primary productivity (i.e. CO, up-
take less autotrophic respiration) per mole PAR pho-
tons absorbed by the vegetation. The values have
been standardized as suggested by Gower et al.
(1999). As it was difficult to find literature values of
P for C4 grassland, this vegetation group was arbi-
trarily assigned a value of 0.03 according to Ander-
son et al. (2008).

Nominal C/C, (y,) fractions have been deter-
mined through numerical experimentation with the
Cupid model (Anderson et al., 2000) and reflect the
distinctly different ratio of intercellular to ambient
CO, concentration characteristic of canopies with Cs
and C, photosynthetic physiology (Wong et al., 1979;
Baldocchi, 1994).

4.3. Scaled-leaf canopy sub-model

The scaled-leaf module requires the setting of
many adjustable parameters and it can be a consider-
able challenge to assign representative vegetation-
specific parameter values. The maximum catalytic
capacity of Rubisco at a temperature of 25°C (V)
and the potential rate of electron transport (J,,””) are
critical parameters in this canopy sub-model and they
have to be specified for different species as species
differ to a considerable extent in their biochemical
capacity to assimilate CO, (Wullschleger, 1993).
Vegetation specific data on v, for C, vegetation
were derived based on estimates compiled in Wull-
schleger (1993) for 109 species representing several
broad plant categories and in Kattge & Knorr (2007)
for 36 species covering broadleaved trees and shrubs,
needle-leaved coniferous trees and grasses, and on
estimates in Dreyer et al. (2001) for temperature
deciduous trees. The average and standard deviation
of the compiled data for vegetation groups of rele-
vance in this study are listed in Table 4. Values in
Woullschleger (1993) are provided at variable leaf
temperatures and were corrected to a common refer-
ence temperature of 25°C using a peaked Arrhenius
temperature response function (Eq. A14). Very little
information is available in the literature on the setting
of V% for C4 grasses and C,4 crops. For corn we use a
value of 30 umol m? s in accordance with leaf gas
exchange measurements on maize reported in Massad
et al. (2007) and Crafts-Brandner & Salvucci (2002).
C,4 grasses were assigned a value of 20 umol m-2 s-1
in accordance with Chen et al. (1994) and Kubien &
Sage (2004). The electron transport rate (J,,”), leaf
respiration (R;) and the initial slope of photosynthetic
CO, response (k) are all modeled as a function of
¥V, assuming that they co-vary with leaf nitrogen

(e.g. Collatz et al., 1991; Collatz et al., 1992; Wull-
schleger, 1993). The relationship between V,,” and
J,,”? has been widely investigated and these two com-
ponent processes have been shown to be tightly cou-
pled with reported J,”/V,” ratios of e.g. 1.67
(Medlyn et al., 2002), 1.89 (Kattge & Knorr, 2007),
2.0 (Leuning, 2002) and 2.1 (Wohlfahrt et al., 1999).
An arithmetic mean of these estimates was used here
for all vegetation classes as the cause of the variation
(e.g. species-specific differences, environmental
conditions) is currently not clear. R, is assumed to
equal 0.015 times V,,,25 for C; plants and 0.025 times
V.2 for C4 plants (Sellers et al., 1996). The nitrogen
extinction coefficient (K,) was fixed to 0.5 for the
forest classes (Kellomaki & Wang, 2000) and to 0.7
for the remaining vegetation classes (De Pury &
Farquhar, 1997) to simulate a slower rate of decrease
of nitrogen concentration within forest canopies.

Ehleringer & Pearcy (1983) found the quantum
yield for CO, uptake, o', to be similar for a wide
range of monocot and dicot C; species with a repre-
sentative average value of approximately 0.06 at a
reference temperature of 25 °C. o’ was converted into
the quantum yield of electron transport (as) following
von Caemmerer & Farquhar (1981), using a=4a'
(CH2I)/(C—T7) and fixing C; to 280 pmol mol™.
The resultant quantum yield (o3 = 0.367) was adopted
for all simulations (Table 2). Ehleringer & Pearcy
(1983) reported a larger systematic variability in the
quantum yield for CO, uptake among C, species (o),
and in accordance with their findings we set oy to
0.067 and 0.062 mol mol for C, grasses and maize,
respectively. The value of the curvature parameter, 6;,
that acts to smooth the transition between J, and
APAR (Eq. A4), has been taken to be 0.7 (De Pury &
Farquhar, 1997). The fitted values for the parameters
0;, 0,4, psand B, which control the degree of co-
limitation between C; and C, photosynthetic rate
limitations (Eq. A6) are from Collatz et al. (1991) and
Collatz et al. (1992).

The Michaelis-Menten coefficients of Rubisco
activity for CO, (KC”) and O, (Ko”), respectively,
and the CO, compensation point in the absence of
dark respiration (I"?’) are thought to be intrinsic
properties of the Rubisco enzyme. While expected to
remain similar among higher plants (von Caemmerer
et al., 1994) values reported in the literature at a ref-
erence temperature of 25 °C vary considerably. The
values used here were determined from leaf gas ex-
change measurements on tobacco (Bernacchi et al.,
2001) and are similar to values reported by Farquhar
et al. (1980). The photosynthetic rate constants de-
fined at a reference temperature of 25 °C ( | )
were adjusted with leaf temperature using energies of
activation (E,) and deactivation (H,) derived as the
average of gas exchange data compiled from 36 plant
species (Kattge & Knorr, 2007). Activation energies
for K., K,”and I'"* were adopted from Bernacchi et
al. (2001).



4.4. Seasonal variations in photosynthetic efficiency

Considering temporal trends or physiological
changes in V.~ has been shown to be important for
determining the seasonality and magnitude of the net
CO, assimilation rate for deciduous broad-leaved
trees (Wilson & Baldocchi, 2000; Kosugi et al., 2003;
Xu & Baldocchi, 2003). These studies generally re-
ported 1) a rapid increase in V,,”> during leaf expan-
sion and development, 2) maximum values of V,,”
during the early stages of leaf maturity, and 3) a fairly
rapid decrease in ¥,,”during leaf senescence irrespec-
tive of species type. Flux tower studies also suggest
that LUE changes with time in the growing season for
deciduous forest and agricultural sites and that a
decline in LUE towards the end of the growing sea-
son is associated with a decrease in foliar nitrogen
concentration (Turner et al., 2003). Leaf nitrogen and
chlorophyll content are significantly correlated with
LUE (Gitelson et al., 2006) and V,” (Nijs et al.,
1995) and recently Houborg et al. (2008) reported
seasonal trends in leaf chlorophyll for a corn field
that resembles the trends in photosynthetic capacity
observed by Wilson & Baldocchi (2000) and Kosugi
et al. (2003) for various species in a temperate de-
ciduous forest stand. During model testing we also
ran the models with seasonally changed V,,”” and j,
data for the agricultural and deciduous forest sites.
For this purpose, V,,~ and S, were assumed to scale
linearly with green leaf area index (Lxf,) from a
minimum (Vm,,,,,-,,zj, Pumin) during leaf emergence or
complete senescence to a maximum (Vm,max” s Bamax)
at peak green leaf area index (L)

L
V0=V S )
L oax ' '
Lxf
ﬂn (t) = IBn,min + L—g( n,max ﬂn,min ) (2)

max
4.5. Respiration corrections

The CO, fluxes or net ecosystem exchange rates
(if the CO, fluxes have been corrected for storage)
measured at the flux tower sites incorporate respira-
tory contributions from leaves (R;), stems/bole (R})
and soil/roots (Ry). R, and R, are implicitly factored
into the net CO, uptakes calculated by the LUE-based
canopy sub-model as the nominal LUE values are
based on estimates of aboveground and belowground
net primary productivity. In the leaf-scaled sub-
model, leaf growth and maintenance respiration are
accounted for by the temperature dependent dark
respiration rate (Eq. A13) but there is no correction
for bole respiration that can be an important compo-
nent of total autotrophic respiration in forests (Am-
thor, 1989). Bole respiration at the two forested sites
(BH and WB) was computed using the equation (e.g.
Edwards & Hanson, 1996):
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Fig. 2. Comparison of predicted and measured soil surface CO,
fluxes at the Chesnut Ridge deciduous forest site. Estimates
were based on the empirical soil respiration model developed by
Norman et al. (1992) that takes into consideration the effect of
root density, soil temperature and soil humidity (see insert).

R, = R[l]OQl(g,,—IO)/IO 3)

where R, is the bole respiration rate at 10 °C, Q, is
the relative increase in respiration rate for a 10°C
increase in temperature, and 7}, is the bole tempera-
ture. R,’” at WB was fixed to 0.43 pmol m? s’ ac-
cording to Baldocchi (1997) and Edwards & Hanson
(1996) and this value was also assumed representa-
tive for the ponderosa pine site (BH) (Ryan et al.,
1995). The temperature sensitivity of R, was modeled
using a Q;y value of 2 (Amthor, 1989) and T, was
approximated as the average of the 10 cm soil tem-
perature and air temperature.

The bulk of total ecosystem respiration originates
from belowground autotrophic (i.e. roots) and hetero-
trophic (i.e. microbial) respiration. In order to com-
pare the estimated canopy CO, uptakes with the flux
measurements, this soil respiration component (up-
ward flux positive by convention), must be added to
the net ecosystem exchange rate measurements. The
empirical soil respiration model developed by Nor-
man et al. (1992) in a tall-grass prairie in Kansas has
demonstrated effectiveness in reproducing observed
soil respiration fluxes in grassland, prairie and agri-
cultural ecosystems (Wagai et al., 1998; Anderson et
al., 2008) with root-mean-square deviations on the
order of 1 pmol m? s™. The model includes the effect
of soil temperature (7} ;9) and volumetric soil mois-
ture content (W;9) near the surface (10 cm) and the
density of roots in the form of a surrogate variable,
the leaf area index (L), as described by

Ry = (a+bx L)W, exp(0.069(T, ;o —25)) (4)

where a and b are site-specific regression constants
given as 0.135 and 0.054, respectively for the tall-
grass prairie site in Kansas (Norman et al., 1992). The
applicability of Eq. 4 for reproducing forest floor CO,
respiration fluxes was tested using hourly chamber
measurements from the base of the Chestnut Ridge
flux tower located in deciduous forest in proximity to



Table 5. Quantitative measures of the overall performance of the LUE-based (lue) and scaled-leaf (mec) versions of ALEX in estimat-
ing half-hourly and daily integrated carbon and latent heat fluxes. The statistics are representative of daytime hours with vegetation on

the ground (APAR > 10 pmol m?s™).

Flux  Vegetation Half-hourly validation statistics Daily integrated validation statistics
N 0 RMSD MBE R N 0 RMSD MBE R

lue mec  lue mec lue mec lue mec  lue mec lue  mec

A.  Soybean 6545 153 54 64 1.1 0.8 082 072 |251 313 65 76 23 1.6 0.89 0.82
Corn 7161 19.1 85 93 42 49 0.84 082 |274 370 125 142 88 102 0.89 085
Grassland (AG) 18210 22 24 27 08 08 063 068 |785 3.8 34 37 13 1.4 0.80 0.82
Grassland (FP) 10355 51 29 30 04 03 041 044 367 113 38 46 07 07 066 0.6]
Grassland (GC) 12640 13.1 40 47 -11 -0.5 068 056 |530 247 56 56 -2.1 -1.0 0.68 0.67
Conifer 10295 57 32 35 06 0.6 044 033 |388 121 41 45 1.1 1.0 040 034
Deciduous forest 7622 140 9.1 90 37 0.8 061 045 |309 266 107 99 4.1 1.5 0.78 0.81

LE  Soybean 7591 183 39 56 10 7 085 087 |288 85 1.8 14 05 03 081 089
Corn 7980 174 56 56 -3 7 086 086 |304 7.8 1.6 1.7 -0.1 04 087 085
Grassland (AG) 20776 62 34 41 6 16 077 072 |897 25 08 1.1 02 07 089 082
Grassland (FP) 12451 91 50 48 15 13 072 071 |[446 5.6 1.7 1.7 08 07 077 081
Grassland (GC) 13651 167 45 53 8 -5 0.87 0.82 |550 74 1.3 14 03 -03 083 080
Conifer 10630 111 58 60 -20 -12 065 059 |[404 52 1.7 16 -1.0 -06 069 0.66
Deciduous forest 8037 181 80 83 3 23 079 073 |321 80 22 21 1.2 09 078 0.80

N is the number of observations, O is the mean of the observations, RMSD is the root-mean-square difference between model estimates
and measurements, MBE is the mean bias error (if negative the model underestimates measurements), and R’ is the coefficient of
determination. O, RMSD and MBE have units of umol m? s (A.) and W m-2 (LE) at the half-hourly time scale, and units of g C m?

the Walker Branch flux tower. Fig. 2 shows a com-
parison of predicted and measured soil surface CO,
fluxes averaged over 12 hour intervals (6 am. - 6
p-m., 6 p.m. — 6 a.m.). Model fitting yielded values of
0.061 and 0.022 for the a and b regression coeffi-
cients, respectively, which corresponds to a ~45%
reduction of the original parameter values. The re-
calibrated model generally captures fluctuations
caused by variations in soil temperature and soil
moisture (see insert in Fig. 2) with a root-mean-
square difference (RMSD) of only 0.53 pmol m™ s™!
for the year 2006. Model predictions also compared
well with observations made during 2007 (RMSD =
0.85 pmol m™? s™). The refitted model was also ap-
plied to the BH dataset assuming similarity in the
magnitudes of soil respiration at some reference soil
temperature and soil moisture content for these two
forest ecosystems, while Eq. 4 with the original coef-
ficients was used for the grassland and agricultural
sites.

5. Model validation and intercomparisons
5.1. Carbon and latent heat fluxes

The LUE-based and scaled-leaf versions of
ALEX were run using meteorological forcing and
leaf area index data acquired at half-hourly intervals
at each of the seven flux tower sites (Table 1). The
full set of model parameterizations is listed in Table 2
and seasonally fixed values of 5, and V.. were used
for these simulations. The overall agreement between
net carbon assimilation and evapotranspiration fluxes
simulated by ALEX and eddy covariance measure-
ments is quantified in Table 5. The model perform-
ances are assessed using the root-mean-square differ-
ence (RMSD), mean-bias-error (MBE), and coeffi-
cient of determination (R?) statistical descriptors and

represent the average performance over the entire
period of flux simulations. The flux comparisons
have been restricted to daytime hours with vegetation
on the ground (APAR) > 10 pumol m™? s™) to facilitate
an effective inter-comparisons of the two canopy sub-
models (ALEX simulations at nighttime do currently
not differ between the two versions). Both canopy
sub-models do reasonably well at reproducing the
observed magnitudes and variances of carbon and
water vapor exchange on half-hourly and daily time-
scales considering the simplicity of the ALEX model-
ing framework and the generality of the model
parameterizations. Half-hourly carbon flux simula-
tions by the LUE-based sub-model account for 82 -

Table 6. Coefficient of determinations (R?) of the LUE (lue)
and scaled-leaf (mec) based versions of ALEX in estimating
hourly carbon and latent heat fluxes when the flux data have
been sorted by hour and averaged for 10-day periods. The
statistics are representative of daytime hours with vegetation
on the ground (APAR > 10 pmol m?s™).

Flux Vegetation R
lue mec
A, Sovybean 0.90 0.87
Corn 0.89 0.88
Grassland (AG) 0,73 0.71
Grassland (FP) 0.56 0.55
Grassland (GC) 0.81 0.75
Conifer 0.70 049
Deciduous forest 0.54 044
LE Sovbean 0.88 091
Corn 093 093
Grassland (AG) 0.90 0.85
Grassland (FP) 0.80 0.78
Grassland (GC) 091 089
Conifer 0.80 0.75
Deciduous forest 0.86 0.82
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84 %, 41 — 68 %, and 44 — 61 % of the variance in
measurements from agricultural, grassland, and forest
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Fig. 3. These figures demonstrate the ability of the scaled-leaf and LUE-based models to reproduce temporal (diurnal,

seasonal and inter-annual) patterns and magnitudes of CO, exchange over periods of 3 — 4 years at each flux tower site.

Fraction of available water (faw)

sites (Table 5). While carbon flux simulations by the
scaled-leaf model are comparable in accuracy, the
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flux validation generally yielded slightly lower R
values and slightly higher RMSDs. Both models tend
to overestimate carbon fluxes at the soybean (MBE =
0.8 — 1.1 pmol m™ s™), corn (MBE = 4.2 — 4.9 pmol
m? s and deciduous forest sites (MBE = 0.8 — 3.7
pmol m™ s™). The agreement (i.e. R?) between model
calculations and measurements improve markedly
when comparing daily integrated carbon flux data
(Table 5). Kelloméki and Wang (2000) and Anderson
et al. (2000) also saw an improvement in the coeffi-
cient of determination when averaging hourly flux
data between sunrise and sunset. The fact that CO,
fluxes were not corrected for storage possibly amplify
discrepancies between observed and modeled flux
quantities at the half-hourly time scale and may ex-
plain the significant change in R? from 0.45 to 0.81 at
the deciduous forest site reported for daily integrated
fluxes generated by the scaled-leaf model (Table 5).
The correlation between measurements and estimates
remains poor for the ponderosa pine site in Black
Hills. Law et al. (2000) and Anderson et al. (2000)
also reported low R” values for evergreen needle-leaf
forest.

For the purpose of model testing, it has been ar-
gued that eddy-flux measurements of carbon and
water should be averaged by time to reduce random
errors in the measurements and the natural variability
that is associated with individual periods (Moncrieff
et al., 1996; Baldocchi and Wilson, 2001). Sorting the
fluxes by hour and averaging them over 10 day peri-
ods improve the R? statistics of the carbon and latent
heat flux simulations significantly for most sites (Ta-
ble 6). The carbon flux R? remains low for the grass-
land (FP) and deciduous forest sites but noteworthy is
the improved performance of the latent heat flux
simulations for all sites (Table 6) where linear regres-
sion now Yyields coefficient of determinations ranging
from 0.80 to 0.93 (LUE-based simulations). Overall
the LUE-based model simulations are seen to account
for more of the variance in the measurements than the
scaled-leaf model simulations.

5.2. Temporal variations in carbon fluxes

The statistics reported in Table 5 and 6 may hide
seasonal and interannual variations in the agreement
between model simulations and eddy covariance
measurements. Fig. 3 demonstrates the ability of the
two models to reproduce temporal (diurnal, seasonal
and interannual) patterns and magnitudes of net CO,
assimilation (A.) over periods of 3 — 4 years at each
flux tower site. For illustrative purposes, each diurnal
segment represents flux data averaged by hour (day-
time only) over 10-day intervals. The year long re-
cords at the desert grassland site were averaged over
20-day intervals. Since the data have not been gap-
filled the flux records are not complete for all years.
The time evolution of the modeled fraction of avail-
able water (faw) is over-plotted to illustrate periods
with soil-water-limited CO, assimilation rates.

The biases at the corn and soybean sites reported
in Table 5 are the result of overestimations early in
the season during leaf expansion (~doy 130 - 180),
toward the end of the leaf maturity stage and during
leaf senescence (~doy 220 ) (Fig. 3). For Cs crop-
land the discrepancy between modeled and measured
fluxes early in the season is largest for the LUE-based
model while the opposite is true for C4 cropland. Both
models are generally successful in reproducing the
magnitude of A, during the leaf maturity stage. Al-
though not as unequivocal overestimations early in
the growing season can also be identified in the 2003
and 2006 flux record at the deciduous forest site. The
seasonal trends in A, for the corn, soybean and de-
ciduous forest sites may be the result of seasonal
dynamics in photosynthetic efficiency that has been
show to vary over the course of a season as leaves
expand, age and senescence (Wilson et al., 2000;
Kosugi et al., 2003; Xu & Baldocchi, 2003). Model
runs with seasonally changed V,,”’ and f, are pre-
sented and discussed in section 5.4. The observed
biases early in the season could also be related to
seasonal variations in leaf respiration. Leaf respira-
tion at 25°C is modeled as a constant fraction of ¥,,”
and is implicitly incorporated in the estimates of £,
based on seasonal or annual biomass accumulation,
which makes both canopy sub-models unfit to repro-
duce the observed tendency towards peak respiration
rates during leaf development and gradually declining
leaf respiration as leaves mature (Xu & Baldocchi,
2003; Wilson et al., 2001). However, the scaled-leaf
model is expected to reproduce some of the temporal
dynamics of leaf respiration due to the modeled non-
linear dependence on leaf temperature (Eq. A13).

Midday and early afternoon depressions in as-
similation rates modeled by the scaled-leaf model are
particularly pronounced during the 2005 dry spell
(~doy 205 — 225) at the soybean site. Air tempera-
tures were typically around 30°C and winds were
generally very calm (< 2 m s”) which resulted in
modeled sunlit leaf temperatures on the order of 40 -
45°C. At these fairly extreme temperatures the ap-
plied peaked temperature response functions (Eq.
A14) cause deactivation of V,, and J,, at rates deter-
mined by their respective deactivation energies (H,,
Table 2). The kinetic rate constants adopted here
assume an optimum temperature for photosynthesis
(T, of 32°C and a gradual decrease in activity above
this temperature. However the large flux underesti-
mation during this period suggests that 7,,, should be
higher for soybean. In fact Kattge & Knorr (2007)
and Medlyn et al. (2002) reported a T,,, of 41°C for
soybean cultivars. Fig. 4a demonstrates the effect of
the deactivation term in the generalized temperature
response function on A, for selected flux records
averaged by hour over 10-day periods. Hourly carbon
fluxes are seen to increase by up to ~12 pmol m? s™
if the deactivation is neglected and V,, and J, are
allowed to keep increasing at the rate determined by
their respective activation energies (see insert for
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normalized temperature response functions with and
without the deactivation function). Significant devia-
tions in flux estimates begin to occur at canopy tem-
peratures (7.) exceeding 25°C as the peaked (deacti-
vation) and regular (no deactivation) Arrhenius func-
tions diverge. The magnitude of the flux divergences
is positively correlated with 7. (Fig. 4b) but also
depends on the environmental controls and leaf area
index in particular. The very high canopy tempera-
tures modeled at the soybean, grassland (GC) and
deciduous forest sites are probably the result of a 7,
feedback loop initiated by the gradual deactivation of
photosynthesis at canopy temperatures above 32°C;
The reduced rate of CO, assimilation will cause a
higher stomatal resistance and lead to a decrease in
the latent heat flux and a greater fraction of the avail-
able energy partitioned into sensible heating which
will then increase 7, and thus decrease A, even fur-
ther. The initiation of temperature limitation on pho-
tosynthesis appear to be unfortunate for the soybean,
grassland (GC) and deciduous forest sites as the coef-
ficient of variance (R?) decrease from 0.88, 0.88, and
0.73 (without deactivation) to 0.83, 0.79, and 0.61
(with deactivation), respectively. Whether tempera-
ture limitation of V,, and J,, occur is debated. Kattge
& Knorr (2007) demonstrated a tendency for an ac-

climation response of V,, and J,, to growth tempera-
tures with optimum temperatures of 36 species rang-
ing from 20 to 50°C. Dreyer et al. (2001) reported the
temperature optima of seven temperate tree species to
range between 35.9 and above 45°C whereas Bernac-
chi et al. (2001) found that the addition of a deactiva-
tion term was unnecessary at temperatures < 40°C.
Clearly the temperature dependency of Rubisco ki-
netic properties is the matter of considerable uncer-
tainty. The use of species-specific temperature accli-
mation response functions may be critical for a suc-
cessful implementation of the scaled-leaf model.

Photosynthesis may also be inhibited by low
temperatures. At the northerly needle-leaf forest site
in Black Hills, Montana air temperatures occasionally
dropped below 5°C in the beginning of the 2005 flux
record (Fig. 3). As a consequence CO, fluxes simu-
lated by the scaled-leaf model became co-limited by
the carbon compound export limited transport rate
(4;) (Eq. AS5) which resulted in significant underesti-
mation of A.. The LUE-based model estimates on the
other hand provided an excellent fit with measure-
ments during this period. Low temperature inhibition
was also in effect during 2006 (< doy 135 and > doy
275) but here the scaled-leaf model simulations cor-
responded well with measurement while the LUE-
based model estimates were positively biased.

Both canopy models do a reasonable job at cap-
turing seasonal and year-to-year variations in A, at
the three grassland sites (Fig. 3). At the desert grass-
land site vegetation growth is impaired by soil water
deficits (faw < 1) throughout much of the year but
respond rapidly to rainfall events during the late
summer monsoon season. The flux underestimation
in 2005 and overestimation in 2006 during peak vege-
tative growth could be related to uncertainties in the
estimation of leaf area index (L) that presumably
reached maximum values of 1.1 and 3.1, respectively.
The time-series of L were deduced using empirical
exponential functions between L and tower-derived
NDVI (Wilson & Meyers, 2007). The derived values
of L were not verified against field measurements for
the grassland sites and a value of 3.1 appear high for
this environment as Wilson & Meyers (2007) list a
maximum L of 0.6 for the Audubon desert grassland
site based on data from 2002 - 2005. Also the L val-
ues are essentially point measurements and may not
be spatially representative of the flux tower footprint
(source area) at all times. Spatial heterogeneity in L in
the immediate vicinity of the flux towers at the grass-
land sites could provide partial explanations for the
periodic fairly significant discrepancies between flux
simulations and measurements. Differences in flux
footprint may also play a significant role at the ever-
green needle-leaf forest site in Black Hills as this site
is quite heterogeneous and characterized by large
open spaces (Wilson & Meyers, 2007).

Uncertainties related to the estimation of faw
could be another significant source for biased flux
simulations. While simulated soil water stress at the

13



Fort Peck grassland site during 2003, 2005 and 2006 fairly ample soil moisture conditions (faw ~ 0.95)
reduce A, to provide reasonable agreements with the causing the carbon fluxes to be overestimated by 31%
eddy flux data, faw simulations during 2004 indicate =~ on average. The site received a similar amount of
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Fig. 5. These figures demonstrate the ability of the scaled-leaf and LUE-based models to reproduce temporal (diurnal,
seasonal and inter-annual) patterns and magnitudes of latent heat exchange over periods of 3 — 4 years at each flux
tower site.
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precipitation (~200 mm) during the May — September
growing season in all 4 years. However, the initial
soil moisture profile used as input to the soil transport
module in 2004 was characterized by comparatively
higher soil moisture contents due to a rainfall event
just prior to the start of the simulations. Conse-
quently, the soil transport module modeled a too slow
depletion of soil moisture from the root zone (not
shown). The estimation of faw depends heavily on the
setting of the wilting point and field capacity soil
moisture content which are linked to soil type. In the
current model setup only a single soil layer with gen-
eralized hydraulic and thermal properties is assumed
and the very simplistic treatment of soil processes can
easily cause errors in the estimation of faw and thus
canopy fluxes.

Carbon flux simulations at the deciduous forest
site at Walker Branch diverge considerably from
observations during 2003 and 2005 in particular.
Simulations by the LUE-based and scaled-leaf mod-
els are generally comparable in magnitude and tend to
track each other closely during the morning hours up
till around midday. The afternoon reduction in rates
of CO, assimilation simulated by the scaled-leaf
model is probably related to partial deactivation of V,
and J,, as a result of high temperatures as discussed
above. Measured fluxes are comparatively low during
the 2003 growing season despite it being the wettest
season (~830 mm compared to ~650 during 2004 —
2006) and experiencing relative humidities greater
than 40% throughout the growing season. Variations
in the extent and composition of the upwind source
area (i.e. footprint) of the fluxes measured at the
tower could be a significant source of variance be-
tween measurements and model estimates as the
composition of species viewed by the tower is likely
to change with wind direction and atmospheric stabil-
ity in this mixed forest stand. The distribution of wind
directions did vary between 2003 and 2005. In 2003
winds primarily originated from either north-
northeasterly or south-southwesterly directions while
the wind regime during 2005 was very variable.
While forest species may differ to a considerable
extent in their biochemical capacity to assimilate CO,
from the atmosphere (Wullschleger, 1993), species-
specific differences in photosynthetic efficiency have
been shown to be not so important for determining
the energy budget (Anderson et al., 2008) and the
latent heat fluxes are reasonably reproduced in both
years (Fig. 5). However an adjustment of 3, and 7,,”
may be required to accommodate inter-annual varia-
tions in the species composition viewed by the flux
tower and appear to be critical for modeling year-to-
year carbon fluxes accurately at this site.

5.3. Temporal variations in latent heat fluxes
Fig. 5 demonstrates the ability of the two canopy

sub-models to reproduce temporal patterns and mag-
nitudes of latent heat exchange over the course of
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Fig. 6. Comparison between carbon flux measurements and
simulations based on seasonally changed ¥, and f, data for
corn (a), soybean (b), and deciduous forest (c) sites.

several years. As is also evident from the statistics in
Table 5 and 6, the latent heat fluxes are generally
reproduced with high fidelity. While LE is calculate
using the same formalism (Eq. A11 and Eq. B1) the
input stomatal resistance will reflect changes in A,
that is calculated based on very different equation sets
(Table A1 and Table B1). Additionally, in the scaled-
leaf model the derived LE is the sum of contributions
from sunlit and shaded leaf fractions. Nevertheless,
flux simulations by the two models tend to be highly
inter-correlated. The largest divergences between
simulations by the two models occur early in the
season at the soybean, Fort Peck temperate grassland,
and temperate deciduous forest sites and they gener-
ally correlate with the carbon flux divergences. Inter-
correlation of A, and LE is expected as they are
linked by the stomatal conductance that simultane-
ously regulate the conflicting demands of allowing
CO, assimilation by leaves and minimizing the water
loss from the leaves to the environment. Noteworthy,
is the overall good performance of the latent heat flux
simulations at the deciduous forest site considering
the difficulties associated with reproducing inter-
annual variations in the carbon flux at this site (Fig.
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3). Reduced CO, assimilation rates as a result of
deactivation of V,, and J,, (section 5.2) will initially
decrease LE due to a decrease in stomatal conduc-
tance. However the associated leaf temperature in-
crease (Fig. 4) will increase the vapor pressure deficit
and thereby counterbalance the stomatal conductance
effect (Eq. Al1). The sensitivity analysis in section
5.7 also suggests that uncertainties related to A, esti-
mation generally have an reduced effect on LE.

The occasionally high discrepancies between es-
timated and measured flux quantities early in the
seasons may be related to overestimates of the green
leaf area index prior to leaf emergence (~1.0, ~0.5,
and ~0.2 at the temperate deciduous, soybean, and
Fort Peck grassland sites, respectively) or may reflect
uncertainties related to the estimation of soil evapora-
tion.

The Bowen-ratio corrected latent heat fluxes
were on the order of 10 — 35 % higher than the eddy
flux measurements at the cropland, evergreen needle-
leaf and grassland sites except for Fort Peck where
corrected fluxes were ~10 % less. At the deciduous
forest site a latent heat flux increase of ~65% was
required to sum H and LE to the available energy (R,
— G) while retaining the observed Bowen ratio which
suggests significant energy storage within the forest
stand. The Bowen-corrected fluxes provided the best
fit with measurements at all sites. Residually cor-
rected latent heat fluxes (i.e. LE=R,-H-G) were be-

tween 0 — 40 % larger than the Bowen-ratio corrected
fluxes and resulted in the highest RMSDs between
measured and estimated fluxes at the Black Hills,
Goodwin Creek and Audubon sites (i.e. higher than
when comparing uncorrected eddy flux observations
and model estimates).

5.4. Seasonality in photosynthetic efficiency

Carbon flux simulations based on seasonally
changed V,,”” and B, data are illustrates for soybean,
corn, and deciduous forest sites in Fig. 6. V2> and b
were scaled linearly with green leaf area index using
Eq. 1 and 2, respectively. me,,,l-n% and S, ., were
parameterized as 15 % (corn and forest) and 40 %
(soybean) of maximum V2> and p. during green up,
and set to zero during the late season decline corre-
sponding to fully senescent leaf material (no photo-
synthetic activity). Maximum V,,”’ and /3, correspond
to the values listed in Table 2. Evidently, the fit be-
tween estimates and measurements is significantly
improved at the cropland sites as a result of incorpo-
rating temporally varying 7,”> and B, data (Fig. 6a
and 6b). At the corn site the RMSD of the hourly
simulations during 2003 was reduced from 11.6 to 6.4
pmol m? s for the scaled-leaf model and from 10.5
t0 6.9 pmol m™ s for the LUE-based model while R?
values of ~0.95 were derived when regressing hourly
data averaged over 10-day periods. Regression analy-
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sis based on hourly averaged flux data at the soybean
site yielded R? of 0.91 and 0.97 for the scaled-leaf
and LUE-based models, respectively. Significant
performance improvements were also observed for
the latent heat fluxes (not shown). At the forest site,
the scaled-leaf model was run without the deactiva-
tion term in the temperature response functions for 7,
and J, to facilitate a reasonable fit with the flux
measurements. In this seasonal parameterization, the
optimum phase of photosynthesis occur in June at the
forest site and V), and f, only diverge slightly from
their optimal values during the remainder of the de-
picted flux record due to only moderate variations in
L during this stage of leaf maturity (Fig. 6¢). The flux
record at the forest site is too short to capture the
more rapid decline in photosynthetic capacity during
the period of autumnal senescence reported in a num-
ber of studies (Xu & Baldocchi, 2003; Wilson et al.,
2001;Kosugi et al., 2003). Wilson et al (2001) re-
ported more dynamics in V,, over the growing season
in a deciduous forest stand and included leaf age
specifically as a reducing factor after the spring
maximum in V,. Evidently, some consideration of
temporal changes in V,, and f, is needed to reproduce
the carbon fluxes with high fidelity at these sites. The
simplified seasonal parameterization procedure dem-
onstrated here varies V,, and f, during leaf develop-
ment and senescence where changes in photosyn-
thetic efficiency are most likely to occur and is well
suited to application over large regions as green leaf
area index can be derived with reasonable accuracy
from remote sensing.

5.5. Impact of light environment

CO, assimilation efficiency is known to increase
under more diffuse radiation conditions (e.g. Gu et
al., 2002) as diffuse radiation is more uniformly dis-
tributed over leaves in a canopy causing a smaller
fraction of the leaves to experience light saturation.
This phenomenon is treated very differently by the
two canopy models. The scaled-leaf model responds
to an increase in the fraction of PAR that is diffuse
(fuy) by partitioning a greater fraction of the PAR to
the shaded fraction of leaves in the canopy. Shaded
leaves typically operate in Rubisco limited mode (i.e.
not limited by light) and therefore have larger light-
use efficiencies. In the LUE-based model the re-
sponse to fys is based on simulations by the Cupid
model (Norman & Arkebauer, 1991) that indicated a
nearly linear response of LUE to f (Eq. B8). Fig. 7
illustrates the correspondence between hourly carbon
flux simulations and measurements averaged over the
fraction of diffuse radiation. Each segment represents
the averaged hourly flux response during conditions
throughout the growing seasons where the diffuse
radiation was within the specified interval (e.g. 0 —
0.1, 0.1 — 0.2). In most of the studied cases the
scaled-leaf model reproduces A, well during variable
diffuse lighting conditions. The model underestimates
fluxes at the grassland site around noon when the
radiation above the canopy was mainly direct which
likely reflect high temperature deactivation of 7, and
Jn (section 5.2) as high temperature inhibition of
photosynthesis is most likely to occur when the frac-
tion of PAR absorbed by sunlit leaves is greatest. The
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fraction of PAR absorbed by the shaded fraction of
the canopy increased from ~0.05 to ~0.6 when the
light environment changed from mainly direct
(f27=0.05) to mainly diffuse (f3;=0.95).

The applied modification of f, with changes in
diffuse lighting is seen to be critical for matching flux
simulations with measurements during conditions
when more than 50% of the radiation is diffuse at the
soybean, forest and grassland sites. The modification
of f8, results in increases of up to 5 pmol m™ s™ in
hourly averaged fluxes during mainly diffuse radia-
tion conditions and decreases of up to 8 ymol m™ s
during mainly direct radiation conditions (Fig. 7).
The minimal effect of the §, modification at the corn
site reflects the fact that leaves of C, species saturate
at higher light levels than leaves of C; species and
this tendency is supported by the model results. The
LUE-based model tends to perform slightly better
than the scaled-leaf model during predominantly
direct radiation conditions but still underestimates
measurements at the deciduous forest site. ALEX
uses a fairly simplistic analytical formalism to de-
scribe light interception by canopies (Goudriaan,
1977; Anderson et al., 2000) that not specifically treat
the complexity of light penetration in forest stands
(e.g. penumbral effects) which may result in underes-
timation of absorbed PAR and the fraction of ab-
sorbed PAR distributed on shaded leaves when radia-
tion is primarily direct.

5.6. Intercomparisons of CO, concentration and
light-use efficiency

Time-series of simulated ratios of intercellular to
ambient CO, concentration (Ci/C,) around noon are
shown in Fig. 8a and c¢ for corn and soybean sites.
The C;/C, ratio (y) simulated by the LUE-based model
fluctuates around the nominal value of C/C, (y,) in

response to changes in diffuse radiation conditions,
stomatal conductance and soil water deficits. The
LUE-based modeling paradigm assumes that the
functional dependence of A, on C; becomes linearized
on the canopy level (Anderson et al., 2000) and the
derived y values generally track the dynamics in y
simulated by the scaled-leaf model closely. The de-
rived y values are within the range you would nor-
mally expect for plants with C, and C; photosynthetic
pathways (Wong et al., 1979). Changes in y are di-
rectly reflected in the actual light-use efficiencies
calculated as A/APAR (Fig. 8b and d). The magni-
tude of the change in actual LUE from the seasonally
changed nominal value (f, — the over-plotted black
solid line) is on the order of £0.007 for the corn site
and +0.009 for the soybean site. Evidently, LUE-
based carbon models that don’t take into considera-
tion the C;— LUE response may face serious issues in
tracking day-to-day variations in CO, assimilation
fluxes.

5.7. Sensitivity to variations in adjustable parame-
ters

Discrepancies between model simulations and
observations may also be attributed to the values used
for the adjustable canopy parameters specific to each
canopy sub-model (Table 2). The sensitivity of the
models to variations in key parameters was examined
by linearly regressing nominal run model output with
simulation results obtained using new values of each
parameter, while holding the others unchanged. The
linear relationships were forced through zero inter-
cept and the regression slopes were used to assess the
average respond of the applied changes in parameter
values on the simulation results. Table 7 and 8 pre-
sent carbon and latent heat flux sensitivity results
obtained when the adjustable parameters specific to
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Table 7. Sensitivity of carbon and energy fluxes to variations
in the adjustable parameters specific to each C; canopy sub-
model, expressed as slopes of regressions lines. A slope
greater than unity indicates that sensitivity run simulations
overestimate reference run simulations. The sensitivity results
were generated using the pattern of canopy development and
environmental conditions observed during the 2004 growing
season (May — September) at the Bondville (BV) soybean site.

Deviation in fluxes from refer-

C; cropland
ence
Sensitivity range Ac LE

Parameter (max,mingl i Max Min Max  Min
Scaled-leaf

v, 95+ 40 1.17 075 1.05 091
T2 1.9+0.4 1.04 094 101 098
kn 0.7+03 0.98 1.02 099 1.01
a3 0.37+0.07 1.10 0.89 1.03 097
; 0.7+0.2 1.06 0.95 1.01  0.99
0; 0.9+0.1 1.18 092 1.05 097
LUE-based

B 0.024 + 0.006 1.23 076 1.05 094
Vu 0.7+0.1 0.84 123 096 1.05

each C; and C, canopy sub-model were changed as
indicated. The half-hourly model simulations were

based on model runs encompassing the entire grow-
ing season at the corn and soybean sites and thus
represent a wide range in environmental and
phenological conditions. The sensitivity of carbon
flux simulations to variations in V,” is showed
graphically in Fig. 9a and b for crops with C; and C,
photosynthetic pathways, respectively. Increasing
V2 from 95 to 135 pmol m? s (C3) and 30 to 40
umol m? s (Cy) lead to a 17 % and 11 % rise in A,
respectively, while decreases of 25 % and 17 % are
produced when v, s reduced to 55 and 20 pmol m>
s, respectively. The latent heat flux (LE) is less
sensitive to variations in photosynthetic capacity
(Table 7 and 8) as V,,”’acts indirectly on canopy tran-
spiration through the stomatal conductance. Corre-
spondingly, latent heat fluxes are seen to be signifi-
cantly less sensitive to variations in the photosyn-

Table 8. As in Table 7 but using the pattern of canopy devel-
opment and environmental conditions observed during the
2005 growing season (May — September) at the Bondville
(BV) corn site.

Deviation in fluxes from

C4 cropland reference
Parameter Sensitiv.ity range Ac LE
(max,min) Max Min Max Min
Scaled-leaf
v, 30+ 10 1.11  0.83 1.03 095
7l 20x10° £ 10x10° 1.01 098 1.00  0.99
ki 0.7+0.3 097 1.04 099 1.01
ay 0.062 +0.01 1.08 090 1.02 097
0, 0.9+0.1 1.12 094 1.03 098
P 0.9+0.1 1.03 098 1.01 099
LUE-based
P 0.042 +0.006 1.11  0.89 1.03 0.97
Vn 0.5+0.1 087 1.19 097 1.04

thetic parameters I 2Bk 03, 0,, 03, KV, ag, O,
and S, than are CO2 assimilation rates (Table 7 and
8). The same tendency is evident in the sensitivity
results for the LUE-based model (Table 7 and 8),
which supports other studies (e.g. Anderson et al.,
2008; Leuning et al., 1998) that suggest that the
choice of key photosynthesis model parameters is not
so important for determining energy fluxes accu-
rately.

The quantum yield for electron transport (aj3)
and CO, uptake by C, plants (a,) are critical parame-
ters in the scaled-leaf model as A, is seen to change
with ~10% when a; and a, are varied as shown.
Adopted values for a; typically vary between ap-
proximately 0.18 and 0.40 (Wullschleger, 1993;
Harley et al., 1992; Medlyn et al., 2002; Leuning et
al., 1998, Farquhar et al., 1980) and quantum yield
may also exhibit seasonal patterns of variation (Gil-
manov et al., 2005), which add to the uncertainty in
their parameterization. Reported values of the
J5/V,2 ratio vary widely from around 1.6 to ~3.3
(Medlyn et al., 2002; Kattge & Knorr, 2007; Leuning,
2002; Wohlfahrt et al., 1999; Wilson et al., 2001) and
J,2/V,’has also been show to vary over the growing
season (Wilson et al., 2000). While variability in
J,2/V . Phas been related to differences in plant type
and climate, results remain inconclusive and the use
of a fixed ratio could lead to serious model deficien-
cies for certain species or environments as modest
variations in J,,>/V,.” (£ 0.4) change A, by approxi-
mately 5 % (Table 7). Increasing the C; and C, curva-
ture (co-limitation) parameters (63, 6,) from 0.9 to 1.0
leads to an 18 and 12 % increase in A, respectively,
which makes the issue of the degree of co-limitation
between electron transport (4;) and Rubisco limited
(4,) CO, assimilation equally important to the param-
eterization of ¥,,”. Interestingly, De Pury & Farquhar
(1997) ignored the gradual transition between 4; and
A, completely arguing that co-limitation has little
effect on C; canopy photosynthesis, as only a small
fraction of leaves are near the transition to light satu-
ration at any moment. In C; plants Collatz et al.
(1992) observed a gradual saturation of A, with re-
spect to incident quantum flux which suggested sig-
nificant co-limitation between 4; and 4, and a fitted
curvature parameter significantly less than one.

In the LUE-based model parameterization, un-
certainties are reduced to only two adjustable parame-
ters that appear to be equally influential in modifying
CO, assimilation rates (Fig. 10 and Table 7 and 8).
The respond of A, to the applied variations in nomi-
nal LUE (f,) is approximately linear with characteris-
tic changes of £23% and +11% for C; and C, plants,
respectively while A, is seen to be more sensitive to a
decrease in nominal Ci/C, (y,) than a corresponding
increase in y, (Table 7 and 8). While £, (when repre-
senting maximum light-use-efficiency for unstressed
vegetation) appears to be a fairly conservative quan-
tity within major vegetation classes based on the
compiled estimates listed in Table 3, the tabulated
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Fig. 10. The sensitivity of half-hourly carbon flux simulations by the LUE-based model to variations in nomi-
nal LUE (B,) for crops with C; (a) and C, (b) photosynthetic pathways, respectively. The relative change in %

in response to the applied changes is also shown.

standard deviations were based on a fairly small
number of samples. Additional intra-class variability
in f, may arise as a result of e.g. variability in respi-
ratory behavior (i.e. respiration to assimilation ratio),
stand age and vegetation nutrient status. Also, esti-
mates of f, are associated with several sources of
uncertainty and inconsistencies as discussed in detail
by Gower et al. (1999). However, approximating
realistic S8, and y, values for major vegetation groups
appear as considerably more straightforward than
specifying the large number of tunable leaf-scale
parameters with acceptable accuracy for different
species compositions and environments. Additionally,
the scaled-leaf model is susceptible to errors in the
leaf to canopy scaling assumptions whereas the LUE-
based approach is constrained to the realm of obser-
vation (Jarvis, 1993).

6. CONCLUSION

‘Bottom-up’ (scaled-leaf) and ‘top-down’ (LUE-
based) modeling paradigms for a coupled simulation
of carbon and latent heat exchange were tested in
comparison with eddy covariance measurements over
cropland, grassland and forest ecosystems across the
continental U.S. For the purpose of intercomparisons
both canopy sub-models were embedded in the At-
mosphere-Land Exchange (ALEX) surface energy
balance model. While both schemes exploit the link-
age between CO, assimilation, stomatal conductance
and transpiration, the scaled-leaf model incorporates
detailed mechanistic descriptions of leaf-level proc-
esses and leaf-to-canopy scaling principles whereas
the semi-empirical LUE-based model considers the
canopy response to its environment in bulk using an
analytical expression for stomatal conductance semi-
constrained by stand-level measurements of maxi-
mum canopy LUE.

Both canopy sub-models were able to reproduce
observed magnitudes and variances of carbon and
water vapor exchange on hourly and daily timescales
with acceptable accuracy considering the simplicity
of the ALEX modeling framework and the generality
of the applied model parameterizations. Despite the
simplicity of the LUE-based model it often performed
better than the more detailed scaled-leaf model that
has many species-specific tunable model parameters
that are a considerable challenge to specify with ac-
ceptable accuracy for applications over a variety of
vegetative regimes. The use of a deactivation function
in the temperature response functions for the Rubisco
kinetic properties strongly influenced carbon flux
simulations by the scaled-leaf model and resulted in
large flux underestimations during early afternoon
hours when air temperatures exceeded ~32°C. Corre-
sponding simulations by the LUE-based model, that
currently does not incorporate effects of extreme
temperatures on photosynthetic uptake, were in much
better agreement with measurements. These findings
suggest that the consideration of species-specific
temperature acclimation response functions is critical
for a successful implementation of scaled-leaf model
parameterizations.

The incorporation of seasonal trends in photo-
synthetic efficiency (i.e. V,,” and f,) was needed to
avoid bias in model simulations during leaf expansion
and senescence at agricultural and deciduous forest
sites. The simplistic methodology adopted here scales
maximum Rubisco capacity and nominal LUE line-
arly with green leaf area index and is well suited to
application over large regions as green leaf area index
can be derived with reasonable accuracy from remote
sensing.

Actual light-use efficiencies vary significantly in
response to changing environmental conditions and
the success of LUE-based modeling frameworks rely
on their ability to realistically respond to changes in
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light environment, atmospheric humidity, CO, con-
centration and a desiccating environment. The de-
scribed LUE-based model diagnoses an effective
LUE that responds linearly to changes in the ratio of
intercellular to ambient CO, concentration and the
fraction of diffuse radiation, and the incorporation of
these important environmental responses into the
analytical expression for the stomatal conductance
was shown to be critical for tracking diurnal and day-
to-day variations in CO, assimilation fluxes.
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Table 1A Photosynthesis and stomatal conductance equations of the scaled-leaf canopy sub-model

Equation Definition
Photosynthesis and stomatal conductance equations for sunlit (x=1) and shaded (x=2) canopy fractions
A= min{Aj,x'Av,xv AM}_ Ryx Net rate of CO; assimilation for sunlit and shaded AL

canopy fractions

G-Ik
Vm,x[#] fO}" C3

4,,= G+ K (1+0/K,) Rubisco limited rate of CO, assimilation for sunlit and A2
v, . for Cy shaded canopy fractions
; [ C - } JorC
_ ] —(—) or (3 Light limited rate of CO, assimilation for sunlit and
Ajx = ACix 42T shaded canopy fractions A3
a,APAR, for Cy
agAPAR, +J,, . —\/(aaAPARx + J,M.)Z —40,034APARJ,, . Irradiance dependence of electron transport for sunlit A4
Jy= 20 and shaded canopy fraction
J
{O'SVm . for Cq Carbon compound export limited (Cs), or CO, limited
s x = ' . (C,) rate of photosynthesis for sunlit and shaded A5
kr Cief (top) Jor Gy canopy fractions
OM2 M4, + 4, )+ 4,4, =0 e
2 _ 3 Gross rate of CO, assimilation (4) is solved from
By A(M * A“”‘)Jr Md; . =0 nested quadratics to allow for colimitation between
oM? M4, + 4, )+ 4,4, =0 A;, Ayand A, AG
Jfor Cy

BaA? = A(M + 4, )+ M4, =0

Partial pressure of CO; in the intercellular spaces
C,=Cy,~16R, A, [umol CO, mol™ air]. The multiplier (1.6) is the ratio ~ A7
' " o of diffusivities of CO, and water in air.
Partial pressure of CO; in the leaf boundary layer
Cp=C,—13TRy A, [umol CO, mol™* air]. The multiplier (1.37) is the ratio

of diffusivities of CO, and water vapor in the leaf A8
boundary layer.
1 Jawx 4. . RH) , Stomatal resistance of sunlit and shaded canopy
=b,  tm———— . P A9
ex Cpx fractions [mol m*s™]
R, LE,
Pvb :Mervac’ Cpx = pvbTK,xm . e
A Relative humidity inside the leaf boundary layer for A0
e*(Tx ) —ep sunlit and shaded canopy fractions.
RHb,x =] —"7 O
e* (TK,x)
Latent heat fluxes
LE. = l[e* (Tx ) - eac] Latent heat flux for sunlit and shaded canopy fractions AlL
PR+ Ry wm?
Temperature response functions
T, .—298 Temperature dependence of the initial slope of
kT:k.Z(k, ) P P p AL

photosynthetic CO, response (k)

H,(1 - 298)}

T, )=k
1(1) zsexp{ 20807, .

Temperature dependences of K., K, ,I'xand R; A13
25 25 25 25
kos = {Kc K7 Ik 'Rd,i}' H, ={H,,H,H3,H,g |

1+exp 298AS -H,
10~ kygexp| o (7. 298] 208%
K 298R T J Liex T¢AS —H, Temperature dependences of V,, and J,, that account Al4
P T R for the drop in activity at extreme temperatures
K,x

ks = {VZ;?,J25 } H, = {H,s,Hog) AS = {AS,,AS |

m m,i

Leaf'to canopy scaling functions
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Photosynthetic Rubisco capacity and respiration (at
25°C) of the sunlit canopy fraction
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+kyL }fg Jary

Photosynthetic Rubisco capacity and respiration (at
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272 ,
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S =Im L TV S oS ary l -
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The Ball & Berry offset for sunlit and shaded canopy
fractions
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where
X x=1 for sunlit and x=2 for shaded canopv fraction
A Absorbed nhotosvntheticallv active radiation Tumol m? s
P Atmosbheric pressure at surface [Pal [0.1*umol mol™1
e. Actual vanor pressure in the canopv air space [Pal
en Actual vapor pressure in the leaf boundarv laver [Pal
e* Saturation vapor pressure at leaf temperature [Pal
fa Fraction of available water in the root zone
f. Fraction of areen veaetation
o Drv veaetation fraction
kn Extinction coefficient for direct-beam PAR
ka Extinction coefficient for diffuse PAR
R Leaf boundarv laver resistance for water vapor [s m™1
R. Stomatal resistance for water vanor [m s™]
Tx Leaf temperature [ °K1
0. Absolute humiditv in the leaf boundarv laver [Ka m™®1
D Absolute humiditv in the canopv air space [Ka m™1
R Universal aas constant for water vapor [m? s K]
A Latent heat of evaporation [J Ka™

Al4

Al5

Al6

Al7

Al8




Table B1 CO, assimilation and stomatal conductance equations of the LUE-baed canopy sub-model

n

Equation Definition
Ale* —e,
LE, = % Canopy latent heat flux [W m?] B1
b
e* 1-RH
LE; = 1% Canopy latent heat flux [W m?] B2
C

A = Ci-Cq _ Ca—-Cy Canopy CO, assimilation (respiration not considered here B3

° 16R,+137R, +R, 137R,+R, but it is in Eq. B4!)

fawx A.RH
i = bc +m M
R Ch Bulk canopy stomatal resistance [mol m?s™] B4
b, =bfgy fgL
A, = B(y)APAR Canopy CO, assimilation [umol m?s™] as a function of BS5
LUE and APAR
7=Ci/Ca Ratio of intercellular to ambient CO, concentration B6
(variable)
B Linear function modifying LUE in response to modeled
- _ B7

Blr) p— (r=70) c/es

*_ {ﬁn [1+ 2 0-4(fdif - 0-5)] for Cy The effect of the fraction of diffuse lighting ( fsi) on the B8

where

Bal+2.015(fy —05)]  forc,

nominal LUE value

Tk Re, Ry, Ci, Cs, RHy, b represent bulk canopy values. See Table Al and Table 2 for a description of parameters




