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[11 The Community Land Model version 4 (CLM4) overestimates gross primary
production (GPP) compared with data-driven estimates and other process models. We
use global, spatially gridded GPP and latent heat flux upscaled from the FLUXNET
network of eddy covariance towers to evaluate and improve canopy processes in
CLM4. We investigate differences in GPP and latent heat flux arising from model
parameterizations (termed model structural error) and from uncertainty in the
photosynthetic parameter V. . (termed model parameter uncertainty). Model structural
errors entail radiative transfer, leaf photosynthesis and stomatal conductance, and
canopy scaling of leaf processes. Model structural revisions reduce global GPP

over the period 1982-2004 from 165 Pg C yr ' to 130 Pg C yr ', and global
evapotranspiration decreases from 68,000 km® yr~' to 65,000 km® yr ', within the
uncertainty of FLUXNET-based estimates. Colimitation of photosynthesis is a cause of
the improvements, as are revisions to photosynthetic parameters and their temperature
dependency. Improvements are seen in all regions and seasonally over the course of the
year. Similar improvements occur in latent heat flux. Uncertainty in V. ., produces
effects of comparable magnitude as model structural errors, but of offsetting sign. This
suggests that model structural errors can be compensated by parameter adjustment,

and this may explain the lack of consensus in values for V,. ., used in terrestrial biosphere
models. Our analyses show that despite inherent uncertainties global flux fields empirically

inferred from FLUXNET data are a valuable tool to guide terrestrial biosphere

model development and evaluation.
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1. Introduction

[2] Models of Earth’s land surface, including its terrestrial
ecosystems, for climate simulation have expanded beyond
their hydrometeorological heritage to include biogeochem-
ical cycles (e.g., carbon and nitrogen), land use, and vege-
tation dynamics [Bonan, 2008]. These models, coupled to
their host climate model, are important research tools to
study land-atmosphere interactions, climate feedback from
ecological processes, and land management practices to
mitigate climate change.

[3] The development and evaluation of global terrestrial
biosphere models for climate simulation have long utilized
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eddy covariance tower measurements of energy and carbon
fluxes. Such analyses typically involve model calibration
and evaluation at one or more flux tower sites [Morales
et al., 2005; Friend et al., 2007; Stéckli et al., 2008;
Mercado et al., 2009a; Randerson et al., 2009; Williams
et al., 2009; Zaehle and Friend, 2010; Mahecha et al.,
2010] and leave unresolved model evaluation at larger
regional to continental scales. However, data-oriented
diagnostic techniques to upscale gross primary production
(GPP) and latent heat flux from the FLUXNET network of
tower sites to global 0.5° gridded data products provide a
means to evaluate the models at large scales [Jung et al.,
2009, 2010; Beer et al., 2010; M. Jung et al., Global pat-
terns of land-atmosphere fluxes of carbon dioxide, latent
heat, and sensible heat derived from eddy covariance, satel-
lite, and meteorological observations, submitted to Journal
of Geophysical Research, 2011], notwithstanding potential
errors in the data products. Here, we use the FLUXNET
upscaled GPP and latent heat flux to evaluate and improve
canopy processes in one such model, version 4 of the
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Table 1. Model Simulations

Simulation Description
Model Structural Error
CLM4 control simulation with CLM4
RAD revised two-stream radiative transfer
RAD-PSN RAD and revised leaf photosynthesis
RAD-PSN-KN RAD-PSN and revised canopy scaling
(also denoted CLM4a)
Model Parameter Uncertainty
CLM4a control simulation (same as
KAD_PSN_KN) Vc max 25 ~
VP 25 JD)N)
OPT CLM4a with non-nitrogen-limited
Vc max 25> V< max 25 ~ V:‘Ig‘nax 25 f(D)
KAT CLM4a with Kattge et al. [2009] V. max 25
Vc max 25 — VcKlarfggerSf(D)
DAY CLM4a without day length factor for

Ve max 255 Ve max 25 = prnrmx 25 f(N)

Community Land Model (CLM4) [Oleson et al., 2010;
Lawrence et al., 2011].

[4] CLM4 substantially overestimates carbon uptake dur-
ing GPP compared with data-driven estimates and with other
models, and the model has a particularly high bias in the
tropics [Beer et al., 2010]. We investigate biases in GPP, and
associated errors in latent heat flux, arising from model
parameterizations (termed model structural error) and from
uncertainty in a key model photosynthetic parameter (termed
model parameter uncertainty). Model structural errors entail
radiative transfer, leaf photosynthesis and stomatal conduc-
tance, and canopy scaling of leaf processes. In particular,
the distribution of absorbed photosynthetically active radia-
tion among sunlit and shaded portions of the canopy as
implemented by Thornton and Zimmermann [2007] is the-
oretically incorrect. CLM4 also simulates high rates of leaf
photosynthesis compared with other photosynthesis models,
as demonstrated by Chen et al. [2010]. We show that revi-
sions to the model to correct these errors substantially
improve simulated GPP and latent heat flux compared with
the upscaled FLUXNET data.

[5] Chen et al. [2010] suggested that the impact of model
structural differences can be compensated by parameter
adjustment, particularly the photosynthetic parameter V. .
This leaf-level parameter describes the maximum rate of
carboxylation by the photosynthetic enzyme Rubisco, and
other parameters such as the maximum rate of electron
transport and leaf maintenance respiration scale with V. .«
[Farquhar et al., 1980; Collatz et al., 1991, 1992], but esti-
mates of V. ,.x vary greatly and the range of possible values is
large, even within a plant functional type [Wullschleger, 1993,
Beerling and Quick, 1995; Kattge et al., 2009]. For example,
Kattge et al. [2009] derived V,. . from a literature synthesis,
and those values are much different than the values used in
CLM4. We quantify the effect of this parameter uncertainty
on simulated GPP and latent heat flux and use the upscaled
FLUXNET data to evaluate V. ., parameter estimation.

2. Methods

2.1.

[6] CLM4 continues earlier versions CLM2 [Bonan et al.,
2002] and CLM3 [Oleson et al., 2004; Dickinson et al.,

Model Description
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2006], and it succeeds CLM3.5 [Oleson et al., 2008;
Stockli et al., 2008] with revised hydrology and snow
parameterizations, organic soils, a 50 m deep ground col-
umn, and an updated distribution of plant functional types
[Oleson et al., 2010; Lawrence et al., 2011]. The model
simulates CO, assimilation by the plant canopy (GPP) as
part of its coupled photosynthesis-stomatal conductance
parameterization. Leaf area index for each plant functional
type is specified by a globally gridded monthly data set
derived from satellite data [Lawrence et al., 2011]. CLM4
includes a biogeochemical parameterization of the terrestrial
carbon and nitrogen cycles, in which GPP drives prognostic
leaf area and vegetation and soil carbon pools and in which
the associated nitrogen cycle constrains carbon fluxes. That
version of the model (denoted CLM4CN) has large biases in
leaf area [Lawrence et al., 2011]. Here, we do not utilize the
carbon-nitrogen biogeochemistry and instead use the pre-
scribed satellite-derived monthly leaf area index so that GPP
is unaffected by biases in the CLM4CN biogeochemistry
and prognostic leaf area.

[7] For these simulations, a 57 year (1948-2004) meteo-
rological data set was used to force the model in offline
simulations uncoupled from a climate model, as in the
works of Oleson et al. [2008] and Lawrence et al. [2011].
Land cover was held constant at values for year 2000, but
atmospheric CO, varied as in the historical record. The
spatial resolution of the model is 1.25 degrees in longitude
by 0.9375 degrees in latitude.

2.2. Model Simulations and Test Data

[8] We performed four simulations to document biases
arising from model structural errors (Table 1): CLM4, a
control simulation with CLM4; RAD, a simulation with
revisions to the two-stream radiative transfer parameteriza-
tion to correctly account for sunlit and shaded leaves
(section 2.3); RAD-PSN, as in RAD but with revisions to
the leaf photosynthesis and stomatal conductance formula-
tion (section 2.4); and RAD-PSN-KN, as in RAD-PSN but
with revised canopy scaling to account for exponential
decline in foliage nitrogen concentration with depth in the
canopy (section 2.5). This latter simulation is denoted
CLM4a to distinguish the full model with all parameteri-
zation improvements from CLM4.

[9] We also performed simulations to investigate uncer-
tainty in V.. .. CLM4 uses a potential value V.22, »s (derived
from prescribed, time-invariant foliage nitrogen concentration
as described by Thornton and Zimmermann [2007]), and this
defines the maximum attainable carboxylation rate (adjusted
to 25°C). The realized rate (at 25°C) is obtained after
adjusting for day length and nitrogen limitation. The expres-
Sion V. max 25 = Vhax 25 f(D) provides the potential car-
boxylation rate in the absence of nitrogen limitation, after
reduction for day length using the function D) = (D/
Dmax)z, where D is day length and D, is maximum day
length. Seasonal changes in photosynthetic capacity have
been observed in trees [e.g., Niinemets et al., 1999; Wilson
et al., 2000; Xu and Baldocchi, 2003], and the CLM4
parameterization assigns this variability to day length
[Oleson et al., 2010].

[10] When the carbon-nitrogen biogeochemistry is active,
the amount of nitrogen required to support the potential
growth is diagnosed, and GPP is reduced if nitrogen
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Table 2. Values for V%%, »s (umol m 2 s71)
CLM4

Plant Functional Type VP 25 VP o 25 f(N) Kattge et al. [2009] VXatee
Needleleaf evergreen tree, temperate 61 55 62
Needleleaf evergreen tree, boreal 54 42 62
Needleleaf deciduous tree, boreal 57 29 39
Broadleaf evergreen tree, tropical 72 66 41*
Broadleaf evergreen tree, temperate 72 51 61
Broadleaf deciduous tree, tropical 52 36 41*
Broadleaf deciduous tree, temperate 52 30 58
Broadleaf deciduous tree, boreal 52 40 58
Broadleaf evergreen shrub, temperate 72 36 62
Broadleaf deciduous shrub, temperate 52 30 54
Broadleaf deciduous shrub, boreal 52 19 54
C; grass, arctic 52 21 78
C; grass 52 26 78
C, grass 52 25 78°
Crop 57 31 101

Katige et al. [2009] report a low value of 29 pmol m 2 s .

®Not reported by Kattge et al. [2009] and assigned a value for Cs grass, as in CLM4.

availability is insufficient to sustain the potential biomass
increment. Without carbon-nitrogen biogeochemistry (as in
our CLM4 simulations reported here), the same formulation
is used but VL.« »s is reduced by a prescribed nitrogen
factor so that V, payx 25 = Vi 25f(D)f(N) is the realized
value. This ensures that leaf photosynthetic rates (and GPP)
are adjusted for nitrogen availability. The term f{V) is scaled
between zero and one to represent nitrogen constraints on
photosynthesis, varies among plant functional types, and is
derived from a CLM4CN simulation [Bonan and Levis,
2010].

[11] We performed three simulations (Table 1) to quantify
the effects of uncertainty in the CLM4 values of V. ,ax 25, as
represented by the terms V.., »s, V), and AD). The first
simulation examined the term f{NV). The inferred nitrogen
limitation factors f{V) yield lower values for V, . o5 com-
pared with V2. »s (Table 2), yet both estimates are within
the range of published values obtained from synthesis studies
[Wullschleger, 1993]. Therefore, we performed a CLM4a
simulation using the maximum values obtained with f{N) = 1
(denoted OPT). The second simulation used the Kattge et al.
[2009] estimates of V. nax 25- Kattge et al. [2009] derived
V. max 25 based on a synthesis of photosynthetic measure-
ments extrapolated to natural vegetation using observed
foliage nitrogen content (Table 2), and we evaluated their
performance in CLM4a (denoted KAT). In the third simula-
tion, we removed the CLM4 day length factor so that V. .« 25
does not vary through the year (denoted DAY).

[12] We compared model simulations with observation-
ally based GPP and latent heat flux derived from the
FLUXNET network of eddy covariance towers. The global
FLUXNET upscaling uses data-oriented diagnostic models
trained with the eddy covariance flux data to provide
empirically derived, spatially gridded fluxes. For this study,
the global FLUXNET upscaling utilized the model tree
ensembles (MTE) approach, described by Jung et al. [2009,
also submitted manuscript, 2011] and applied to GPP and
latent heat flux [Beer et al., 2010; Jung et al., 2010, also
submitted manuscript, 2011]. The upscaling relies on
remotely sensed estimates of the fraction of absorbed pho-
tosynthetically active radiation (fAPAR), climate, and land
cover data. The FLUXNET-MTE upscaling provides

monthly fluxes at 0.5° spatial resolution. We regridded the
data to the CLM4 grid, excluding FLUXNET-MTE grid
cells with no data (typically desert and barren land cover).
We analyzed the 23 year period 1982-2004.

2.3. Radiative Transfer

[13] CLM4, and its predecessors, utilizes the two-stream
approximation [Sellers et al., 1996a] to calculate radiative
transfer and surface albedo for direct beam and diffuse
radiation and for visible (<0.7 pm) and near-infrared
(>0.7 pm) wave bands. In CLM4, absorbed photosyn-
thetically active radiation (the visible wave band) is par-
titioned to sunlit and shaded leaves for photosynthesis
[Thornton and Zimmermann, 2007]. Dai et al. [2004]
developed a sunlit and shaded leaf canopy parameteriza-
tion for the Common Land Model (CoLM) with analytical
solutions to the two-stream approximation (Appendix A).
CLM4 does not use this solution and instead diagnoses
the radiation absorbed by sunlit and shaded leaves from the
total radiation absorbed by the canopy.

[14] Thornton and Zimmermann [2007] describe the
sunlit and shaded leaf parameterization, and Oleson et al.
[2010] provide the numerical implementation. The direct
beam radiation absorbed by the canopy is partitioned into
unscattered direct beam and scattered direct beam. Sunlit
leaves receive all the unscattered direct beam radiation
absorbed by the canopy and additionally a fraction of the
total diffuse radiation (scattered direct beam radiation and
atmospheric diffuse radiation) absorbed by the canopy.
Shaded leaves receive only diffuse radiation. The diffuse
radiation absorbed by the canopy is apportioned to sunlit
and shaded leaves in relation to the sunlit and shaded
fractions of the canopy.

[15] The CLM4 diagnosis of sunlit and shaded leaf radi-
ation differs markedly from the analytical solution of Dai
et al. [2004] (Figure 1). The two parameterizations are
similar in their absorption of direct beam photosynthetically
active radiation, but not for diffuse radiation. CLM4 appor-
tions the total canopy absorption of diffuse radiation to sunlit
and shaded leaves based on the sunlit and shaded fractions of
the canopy. The amount of diffuse radiation absorbed by
sunlit leaves declines with leaf area index >~2 m? m?
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because the sunlit fraction of the canopy declines; and sim-
ilarly the amount absorbed by shaded leaves increases. The
Dai et al. [2004] two-stream solution shows near constant
absorption for leaf area index greater than ~6 m> m 2, and
sunlit leaves absorb more diffuse radiation than do shaded
leaves.

[16] For comparison, we also considered the multilayer
radiative transfer theory of Goudriaan [1977] and
Goudriaan and van Laar [1994], implemented in plant
canopy models [e.g., de Pury and Farquhar, 1997; Wang
and Leuning, 1998] and in the CABLE land surface
model [Kowalczyk et al., 2006]; and the multilayer approach
of Norman [1979], implemented in the CANOAK plant
canopy model [Baldocchi and Wilson, 2001; Baldocchi
et al., 2002]. These parameterizations behave similar to
the Dai et al. [2004] two-stream solution, though the exact
partitioning of radiation between sunlit and shaded leaves
varies somewhat among the three approaches (Figure 1).

2.4. Leaf Photosynthesis and Stomatal Conductance

[17] CLM4, and its predecessors, utilizes a coupled leaf
photosynthesis and stomatal conductance model that is a
variant of the Ball-Berry stomatal conductance model [Ball
et al., 1987; Collatz et al., 1991], the Farquhar et al. [1980]
C; photosynthesis model as implemented by Collatz et al.
[1991], and the Collatz et al. [1992] C4 photosynthesis
model. Bonan [1995] described this parameterization, and
the numerical implementation in CLM4 [Oleson et al.,
2010] is unchanged from earlier versions of the model
[Bonan, 1996; Oleson et al., 2004].

[18] We updated the photosynthesis-conductance param-
eterization based on literature synthesis and to account for
theoretical advances since its original implementation, and
we denote the new formulation PSN (Appendix B). In par-
ticular, CLM4 has higher rates of leaf photosynthesis than a
variant of the Farquhar/Ball-Berry/Collatz model used in
CoLM [Chen et al., 2010]. This is related in part to colimi-
tation of photosynthesis in CoLM, used also in the C; and C4
models of Collatz et al. [1991, 1992] and implemented in the
Simple Biosphere model (SiB) [Sellers et al., 1996a, 1996b].
Moreover, the temperature kinetics of Rubisco derived from
experimental studies [Bernacchi et al., 2001, 2003; Leuning,
2002] is quite different than that implemented in CLM4 and
models such as CoLM and SiB. Key parameterization
changes introduced in PSN include: colimitation among
Rubisco-, light-, and export-limited rates; revised photo-
synthetic parameters for Rubisco kinetics and their temper-
ature responses; electron transport rate for light-limited
photosynthesis with a maximum rate Jy,,x; exported-limited
photosynthesis based on the rate of triose phosphate utili-
zation; and C,4 photosynthesis similar to Collatz et al. [1992]
and SiB [Sellers et al., 1996a, 1996D].

[19] The C; leaf photosynthetic rates are lower for PSN
than for CLM4 (Figure 2). This is related in part to the
introduction of colimitation in PSN, noted also in a com-
parison between the CLM4 and CoLM parameterizations
[Chen et al., 2010]. Photosynthetic rates are higher without
colimitation (compare PSN with colimitation and PSN*
without colimitation). The new parameter values for
Rubisco kinetics (K., K, and I'x) further reduce photosyn-
thetic rates (compare CLM4 and PSN*, both without coli-
mitation). Additionally, the electron transport rate used in
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PSN adds curvature to the light response curve compared
with the linear function used in CLM4. In the CO, response
curve, the reduced export-limited rate used in PSN compared
with CLM4 lowers the photosynthetic rate at high CO,
concentration. The temperature functions lower the optimum
temperature for PSN by 5-6°C compared with CLM4.

[20] Colimitation similarly reduces leaf photosynthetic
rates in C,4 plants (Figure 2). The CO, response curves differ
because of the higher CO,-limited rate (w,) for C4 photo-
synthesis used in PSN compared with CLM4. This causes
photosynthesis to saturate at lower CO, concentration. It
also affects the vapor pressure deficit response, because the
rate of photosynthesis is not limited by w, at the ambient
CO, concentration used in the simulations (379 ppmv) and
thus does not depend on intercellular CO, (¢;). Conse-
quently, even though stomata close with greater vapor
pressure deficit, photosynthesis is insensitive to vapor pres-
sure deficit. In contrast, the photosynthetic rate is limited by
w, (and thus depends on ¢;) at the ambient CO, in CLM4 and
decreases with higher vapor pressure deficit as stomata close.
The temperature optimum is shifted about 2°C warmer in
PSN compared with CLM4.

[21] Chen et al. [2010] previously compared the CLM4
and CoLM photosynthesis-stomatal conductance models.
For reference, we compared our results with similar simu-
lations using the CoLM parameterization (Figure 2). The C;
light and CO, response curves for PSN are similar to CoLM.
The PSN temperature response has an optimal temperature
about 3°C lower than CoLM. The vapor pressure deficit
responses are similar, except when PSN limits the response
at high vapor pressure deficit. The CoLM C, parameteri-
zation produces much lower photosynthetic rates than PSN.
CoLM limits the electron transport rate to a value less than
Jmax/4, used for both C; and C, plants. When this limitation
is removed (CoLM*), the CoLM photosynthetic rates for
C4 plants are similar to PSN.

2.5. Canopy Integration

[22] Sellers et al. [1992] introduced canopy scaling of leaf
photosynthesis and stomatal conductance based on gradients
of foliage nitrogen in the canopy, and Sellers et al. [1996a,
1996b] implemented this parameterization in SiB. The
photosynthetic parameter V, ..« varies with leaf nitrogen
concentration. The original theory postulated that plants
optimally allocate resources to maximize carbon gain such
that area-based leaf nitrogen is distributed through the
canopy in relation to the time-mean profile of photosyn-
thetically active radiation, but it is now recognized that the
nitrogen gradient is shallower than the light gradient
[Hollinger, 1996; Carswell et al., 2000; Meir et al., 2002;
Niinemets, 2007; Lloyd et al., 2010].

[23] Many plant canopy models [e.g., de Pury and
Farquhar, 1997; Wang and Leuning, 1998] and terrestrial
components of climate models including CoLM [Dai et al.,
2004; Chen et al., 2010], GISS [Friend and Kiang, 2005],
CABLE [Kowalczyk et al., 2006], and O-CN [Zaehle and
Friend, 2010] now parameterize canopy scaling using con-
cepts of sunlit and shaded leaves in combination with an
exponential profile of foliage nitrogen (defined by the decay
coefficient K,,). The canopy is divided into sunlit and shaded
fractions, and the photosynthesis-conductance parameteri-
zation is solved using canopy-integrated parameters derived
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Figure 2. Simulated leaf gross photosynthetic rates for C; and C, plants. (a and b) Response to absorbed
photosynthetically active radiation. (c and d) Response to ambient CO, concentration. (e and f) Response
to leaf temperature. (g and h) Response to vapor pressure deficit. Shown are the CLM4 solution; the PSN
parameterization used in this study; and the PSN parameterization without colimitation (PSN*). As a ref-
erence, we show results for CoOLM [Chen et al., 2010] with its documented parameterization (CoLM) and
with revised electron transport (CoLM*). Reference values are ¢, =379 pmol mol'; 0;,=0.209 mol mol ;

P, = 1013.25 hPa; ¢ = 2000 pmol photon m?s

LT » = 25°C; air temperature is 25°C and relative

humidity is 100%; and g, =5 cm's . In these simulations, ¥, max 25 =40 pmol m % s~' (C5) and 33 pmol
m 2 s ! (Cy4), which are representative values used in CLM4 [Oleson et al., 2010].

from leaf-level parameters. Canopy values for V, .« 25 are
found by integrating leaf nitrogen concentration over the
sunlit and shaded fractions of the canopy (Appendix C).
Other parameters scale similarly.

[24] Values for K,, vary among models, but are generally
shallower than the light extinction coefficient. Friend and
Kiang [2005] reported K, = 0.11 for the GISS model,

derived from Amazonia rain forest data [Carswell et al.,
2000] and used also in O-CN [Zaehle and Friend, 2010].
Alton et al. [2007] used K,, = 0.15, inferred from measure-
ments in a variety of forests, in simulations of boreal nee-
dleleaf forest, temperate broadleaf forest, and Amazonian
rain forest with JULES. Mercado et al. [2006] derived K,, =
0.18 for Amazonian rain forest [Carswell et al., 2000], and
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Figure 3. Canopy profiles of V, .« (at 25°C) in relation to
cumulative leaf area index. (a) Shown are observed profiles
for V. max and J.x from Niinemets and Tenhunen [1997]
obtained for sugar maple (Acer saccharum). Also shown
are profiles for CLM4 and profiles for K, equal to 0.11 used
in O-CN [Zaehle and Friend, 2010], 0.15 used in JULES
[Alton et al., 2007], and 0.5 used in CoLM [Dai et al.,
2004]. Thin lines show profiles using derived values of
K,, for 16 temperate broadleaf forests, ranging from 0.10 to
0.43 [Lloyd et al., 2010]. There are two overlapping values
each of 0.11 and 0.17. (b) Shown are V. .. profiles for
tropical broadleaf evergreen tree for CLM4 and profiles for
K, equal to 0.11 used in O-CN [Zaehle and Friend, 2010],
0.18 used in JULES [Mercado et al., 2006], and 0.5 used in
CoLM [Dai et al., 2004]. Thin lines show profiles using
values of K|, derived from tropical forest observations equal
to 0.11 [Friend and Kiang, 2005], 0.15 [Lloyd et al., 2010],
and 0.18 [Mercado et al., 2006].

Mercado et al. [2009a] used values of 0.16-0.25 (mean,
0.20) for five rain forest sites in the Brazilian Amazon
(L. Mercado, personal communication, 2010). Larger values
have been used in some models. CoLM uses K,, = 0.5 for
Ve max scaling and 0.72 for J,.x scaling [Dai et al., 2004].

[25] CLM4 uses a comparable scaling approach, but the
canopy gradient in foliage nitrogen is specified through a
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linear decrease in foliage mass per unit leaf area M, (g C
m %), or an increase in specific leaf area SLA (m> g'1 O),
with greater cumulative leaf area from the canopy top
[Thornton and Zimmermann, 2007]. The gradient is speci-
fied such that M, decreases twofold from canopy top to
canopy bottom with a leaf area index of 8 m> m2. Mass-
based foliage nitrogen concentration N,, (g N g C) is
constant with canopy depth, but area-based foliage nitrogen
N, (g N m?) decreases because M, decreases with depth
(N, = N,, M,). Canopy values for V. .« 25 are found by
integrating M, over the sunlit and shaded fractions of the
canopy to obtain sunlit and shaded N, from which V. .. 25
is obtained (Appendix C).

[26] While canopy scaling based on gradients of M,, or
conversely SLA4, may be a useful conceptual framework, its
implementation in CLM4 has several limitations. Observa-
tional studies find that M, decreases exponentially with
greater depth in forest canopies [Niinemets and Tenhunen,
1997; Meir et al, 2002; Lloyd et al., 2010]. Indeed,
CLM4 has a shallower gradient in V. .« than seen in
observations or used in other models (Figure 3). The CLM4
profile of V. ,,.x compares favorably with data of Niinemets
and Tenhunen [1997] for broadleaf deciduous tree at low
leaf area, but declines too gradually at high leaf area. In
contrast, an exponential profile with K, = 0.11 [Friend and
Kiang, 2005; Zaehle and Friend, 2010] more closely mat-
ches the observations. K,, = 0.15 [Alton et al., 2007] pro-
duces a sharper decline, and K,, = 0.50 [Dai et al., 2004]
yields a steep decline. Lloyd et al.’s [2010] estimates of K|,
for 16 temperate broadleaf forests range from 0.10 to 0.43
(mean, 0.20; median, 0.18), all yielding a steeper gradient
than in CLM4. The CLM4 profile of V. .« for tropical
broadleaf evergreen tree is similarly shallower than profiles
derived for Amazonian rain forest (K,, = 0.11 [Friend and
Kiang, 2005]; K, = 0.15 [Lloyd et al., 2010]; K,, = 0.18
[Mercado et al., 2006]). Large values of V. . at high leaf
area may contribute to the model’s high GPP bias.

[27] The M, scaling in CLM4 is limited only to trees;
shrubs, grasses, and crops have no canopy scaling. Canopy
gradients of N, related to the M, profile are commonly
observed in forests [Ellsworth and Reich, 1993; Hollinger,
1996; Carswell et al., 2000; Meir et al., 2002; Niinemets,
2007; Lloyd et al., 2010]. Canopy nitrogen gradients have
been observed in grasslands [Schimel et al., 1991; Anten
et al., 1998] and other herbaceous plant assemblages
[Hirose and Werger, 1987; Hirose et al., 1988] and also in
agricultural crops [Evans, 1993; Dreccer et al., 2000;
Drouet and Bonhomme, 2004; Gastal and Lemaire, 2002].
An empirical exponential nitrogen profile allows for gra-
dients in photosynthetic capacity in vegetation where gra-
dients in leaf morphology may not be valid.

[28] As an alternative to the CLM4 canopy scaling, we
implemented scaling based on an exponential profile of
N, with K, =0.11, as in GISS [Friend and Kiang, 2005] and
O-CN [Zaehle and Friend, 2010]. Our implicit assumption is
that this gradient arises from an exponential profile of M, in
trees, but the gradient is unrelated to M, for other vegetation.

3. Results

[20] CLM4 simulates global GPP equal to 165 Pg C yr '
over the period 1982-2004 (Table 3). For comparison, the
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Table 3. Global GPP and Evapotranspiration From Model Simulations®

Simulation

GPP (Pg C yr ) ET (10° km® yr ")

Observationally Based Estimates

FLUXNET-MTE, 1982-2004 (this study)

117 -

FLUXNET-MTE, 1982-2008 [Jung et al., 2010, also submitted manuscript, 119+ 6 65+3
2011]
FLUXNET-diagnostic model ensemble mean, 1998-2005 [Beer et al., 2010] 123 £ 8 -
Model Structural Error
CLM4 165 68
RAD 155 67
RAD-PSN 132 65
RAD-PSN-KN 130 65
Model Parameter Uncertainty
CLM4a 130 65
OPT 161 67
KAT 164 67
DAY 142 66

“ET, evapotranspiration.

FLUXNET-MTE GPP used in this study is 117 Pg C yr '
over the same period. Jung et al. (submitted manuscript,
2011) estimated GPP to be 119 + 6 Pg C yr ' for the period
1982-2008 in their analysis using FLUXNET-MTE, and
Beer et al. [2010] estimated GPP to be 123 + 8 Pg C yr '
from an ensemble mean of FLUXNET diagnostic models
for the period 1998-2005 (95% confidence interval, 102—
135 Pg C yr '). The corrected canopy radiation parameter-
ization (RAD) reduces GPP by 10 Pg C yr ', and the
updated photosynthesis-stomatal conductance formulation
decreases GPP by an additional 23 Pg C yr ' (compare
RAD-PSN with RAD). The revised canopy scaling has
minor effect on GPP (2 Pg C yr ' decrease, compare RAD-
PSN-KN with RAD-PSN).

[30] The various values for V. .« »5 change global GPP
by a similar magnitude as model structural errors, but with
offsetting sign (Table 3). The CLM4 maximum values
(OPT) increase GPP by 31 Pg C yr ' compared with
CLM4a, and the Kattge et al. [2009] values (KAT) increase
GPP by 34 Pg C yr '. Removal of the day length formu-
lation (DAY) increases GPP by 12 Pg C yr .

[31] CLM4 overestimates annual GPP compared with
FLUXNET-MTE in the tropics and throughout the extra-
tropics (Figures 4 and 5a). Simulated GPP is larger than
5000 g C m > yr ' throughout regions of tropical rain forest
and is approximately 25% greater than FLUXNET-MTE in
the midlatitudes (30—60°N). GPP decreases in the RAD
simulation, and the RAD-PSN simulation best matches
FLUXNET-MTE, especially in the extratropics, though
tropical GPP is overestimated. The revised canopy scaling
formulation has minor effect (Figures 5a and 6a).

[32] Table 4 shows simulated biome GPP, and this can be
compared to Luyssaert et al.’s [2007] biome synthesis.
CLM4 overestimates tropical evergreen forest GPP (5144 g
C m 2 yr ') compared with observationally based estimates
of 3551 £ 160 g C m 2 yr ' [Luyssaert et al., 2007]. Model
revisions reduce GPP to 3654 g C m 2 yr '. Temperate
forest GPP (2096 g C m 2 yr ') is high compared to esti-
mates of 1228 + 286 (semiarid evergreen), 1375 £ 56
(humid deciduous), and 1762 £+ 56 (humid evergreen) g C
m 2 yr ' [Luyssaert et al., 2007], but the revised model
(1680 g C m 2 yr ') is more consistent with these estimates.

Luyssaert et al.’s [2007] GPP for evergreen boreal forest
varies from 773 £ 35 (semiarid) to 973 + 83 (humid) g C
m 2 yr !, and increases to 1201 £23 g Cm 2 yr ! for boreal
deciduous forest. Boreal forest GPP simulated by the revised
model (1029 g C m 2 yr ') is more consistent with these
estimates than is CLM4 (1184 g C m 2 yr ). The corrected
canopy radiation (RAD) reduces GPP in all biomes, and the
updated photosynthesis-conductance (RAD-PSN) produces
larger additional decrease in GPP (except for boreal forest
and grass).

[33] V. max 25 parameter uncertainty has substantial effect
on annual GPP (Figures 5b and 6b—6d). The Kattge et al.
[2009] V. max 25 for tropical broadleaf evergreen trees is
lower than that for CLM4 (41 versus 66 pumol m > s ',
Table 2), and GPP decreases by >500 ¢ C m 2 yr '
throughout tropical rain forests. Elsewhere, the Kattge et al.
[2009] V. max 25 is larger than CLM4 and GPP increases, in
many regions by more than 500 g C m 2 yr '. This is
especially prominent in regions of high crop abundance and
also grasses (V. max 25 increases by a factor of three for crops
and grasses). However, the increased GPP in tropical
savanna is likely a spurious result of our chosen value for C,4
plants (Table 2). The KAT simulation improves annual GPP
compared with CLM4a in the tropics, but overestimates
GPP in the extratropics. With the exception of tropical trees,
the CLM4 non-nitrogen-limited V. ..x 25 is comparable
to Kattge et al. [2009] (compare VX42¢ o with VPl 25,
Table 2) and GPP in the OPT simulation similarly increases
compared with CLM4a, though not as much as in the KAT
simulation. The effect of day length is smaller in magnitude
and is most prominent in middle and high latitudes.

[34] Biome analysis (Table 4) similarly shows that the
KAT simulation decreases annual GPP in tropical evergreen
forest, but increases GPP elsewhere, especially in crop and
tundra. The GPP is comparable to the OPT simulation, with
the previously noted exception for tropical evergreen trees.
The effect of day length is largest in middle and high lati-
tude biomes.

[35] CLM4 replicates the annual cycle of GPP in arctic,
midlatitude, and tropical regions, but is biased high
(Figure 7). CLM4a has a similar annual cycle and has
reduced mean bias error and root mean square error. The
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Figure 4. Annual GPP for (a) FLUXNET-MTE and for simulations (b) CLM4, (c) RAD, and (d)

RAD-PSN.

effect of day length on V., ,.x 25 decreases GPP (compare
CLM4a with day length and DAY without day length), and
this improves the simulated annual cycle in arctic and mid-
latitude regions. In these regions, the primary effect of day
length is to suppress GPP at the end of the growing season.

[36] CLM4 simulates global evapotranspiration equal to
68,000 km® yr ' over the period 1982-2004 (Table 3). For
comparison, the FLUXNET-MTE evapotranspiration is
65,000 + 3,000 km® yr ' [Jung et al., 2010]. The corrected
canopy radiation parameterization (RAD) reduces evapo-
transpiration by 1,000 km® yr', and the updated photo-
synthesis-stomatal conductance (RAD-PSN) decreases
evapotranspiration by an additional 2,000 km® yr '. The
revised canopy scaling has negligible effect on evapotrans-
piration. The various values for V. .« »5 change global
evapotranspiration by a similar magnitude as model struc-
tural errors, but with offsetting sign.

[37] CLM4 overestimates annual latent heat flux com-
pared with FLUXNET-MTE in the tropics, but under-
estimates latent heat flux in high latitudes (Figures 8 and 9).
CLM4a produces a better simulation in the tropics with
reduced latent heat flux. The Kattge et al. [2009] values for
V. max 25 decrease annual latent heat flux in the tropics and
increase latent heat flux in middle and high latitudes.

[38] CLM4a has little effect on monthly latent heat flux
compared with CLM4 in arctic regions, but elsewhere
reduces latent heat flux during the growing season, improves
the simulation, and reduces the root mean square error
(Figure 10). The KAT simulation increases growing season

latent heat flux in arctic and midlatitude regions compared
with CLM4a, but decreases latent heat flux in the Amazon.

4. Discussion

[39] Model structural revisions to CLM4 reduce global
GPP over the period 1982-2004 from 165 Pg C yr ' to
130 Pg C yr ', close to FLUXNET-derived estimates
(Table 3). Global annual evapotranspiration decreases from
68,000 km®> yr ' to 65,000 km® yr', consistent with
FLUXNET estimates. Most of the reduction comes from the
updated photosynthesis-stomatal conductance formulation;
corrections to canopy radiation have lesser effect; and
changes to canopy scaling have minor effect. Improvements
to annual GPP are seen in all regions (Figures 4 and 5a) and
also in monthly regional fluxes (Figure 7). Associated
changes in stomatal conductance produce similar improve-
ments in annual evapotranspiration (Table 3), annual latent
heat flux (Figures 8 and 9), and monthly regional latent heat
flux (Figure 10). The concomitant improvement in simu-
lated latent heat flux demonstrates the interdependency
between photosynthesis and transpiration via stomatal con-
ductance, and it shows the critical importance of ecophysi-
ology and biogeochemistry for surface physics.

[40] Differences between the improved CLM4 and
FLUXNET-MTE may be caused by differences in the
meteorological forcing and land cover classification.
Moreover, the FLUXNET-MTE estimates are statistical
estimates with associated uncertainties and subject to other
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Figure 5. Zonal average annual GPP for (a) model structural error and (b) model parameter uncertainty
in comparison with FLUXNET-MTE. Figure 5a shows model structural error for simulations CLM4,
RAD, RAD-PSN, and CLM4a (RAD-PSN-KN). Figure 5b shows model parameter uncertainty for simu-
lations KAT, OPT, and DAY in comparison with CLM4a.

errors, €.g., in the underlying eddy covariance data [Aubinet
et al., 2000; Lasslop et al., 2010], in global fAPAR
retrievals, or through missing factors or predictors in the
model tree ensembles (MTE) approach. Such effects have
been partly evaluated by Beer et al. [2010] from the data-
driven modeling perspective and are globally likely below
10 Pg C yr ', but full uncertainties may be larger and may
vary regionally and by season. Nevertheless, it is very likely
that the differences between the FLUXNET-MTE estimates
and CLM4 simulations exceed this uncertainty and are
mainly caused by model structural errors.

[41] Our analyses show that CLM4 biases in GPP arise
from model parameterization errors common to both its

prescribed, satellite-derived leaf area index and its carbon-
nitrogen biogeochemistry with prognostic leaf area. Though
not considered here, our results have important implications
for simulations of the terrestrial carbon cycle and carbon
cycle-climate feedback with carbon-nitrogen biogeochem-
istry (CLM4CN). The CLM4CN carbon—nitm%en biogeo-
chemistry simulates leaf area index of 12 m? m > or more in
many regions of the world [Lawrence et al., 2011]. Our
results suggest that this high leaf area may arise in part from
too much photosynthetically active radiation absorbed by
shaded leaves at high leaf area (Figure 1) and too high
values for V. .« at high leaf area (Figure 3).
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Figure 6. Annual GPP difference for simulations (a) CLM4a (RAD-PSN-KN) compared with
RAD-PSN and for (b) KAT, (c) OPT, and (d) DAY compared with CLM4a.

[42] The CLM4 parameterization of radiation absorption
by sunlit and shaded leaves is inconsistent with theory
(Figure 1). It allows too much absorption of diffuse radiation
by shaded leaves, which contributes to the model’s high
GPP bias, particularly in canopies with high leaf area index.
The partitioning of solar radiation between direct beam and
diffuse components is an important part of the global carbon
cycle and its sensitivity to aerosol forcing [Mercado et al.,
2009b]. Our results suggest that CLM4 is overly sensitive to
diffuse radiation because of the theoretically incorrect radia-
tive transfer parameterization for sunlit and shaded leaves.

[43] The sensitivity of terrestrial carbon storage to higher
atmospheric CO, concentration (the CO, fertilization response,

or concentration-carbon feedback) is an important model
metric that differs greatly among coupled carbon cycle-
climate models [Friedlingstein et al., 2006]. CLM4 has
a higher sensitivity of leaf photosynthesis to CO, con-
centration than does the revised CLM4a, both for C5 and
C4 plants (Figures 2¢ and 2d). Carbon cycle simulations
with CLM4CN therefore overestimate the concentration-
carbon feedback compared with the revised photosynthesis
parameterization.

[44] Parameter estimation uncertainty for V. .« produces
effects of comparable magnitude as model structural errors,
but of offsetting sign (Table 3). This suggests that model
structural errors can be compensated by parameter adjust-

Table 4. Annual GPP (g C m 2 yr ') by Biome From Model Simulations

Simulation Tropical Evergreen Forest Temperate Forest Boreal Forest Grass Crop Tundra
Model Structural Error®
CLM4 5,144 2,096 1,184 491 482 185
RAD 4,688 (-9) 1,866 (—11) 1,059 (-11) 490 (0) 477 (-1) 183 (-1)
RAD-PSN 3,634 (—29) 1,684 (—20) 1,028 (-13) 483 (-2) 354 (=27) 160 (—14)
RAD-PSN-KN 3,654 (-29) 1,680 (—20) 1,029 (-13) 472 (—4) 340 (-30) 150 (-19)
Model Parameter Uncertainty®

CLM4a 3,654 1,680 1,029 472 340 150
OPT 3,902 (7) 2,066 (23) 1,265 (23) 598 (27) 541 (59) 315 (110)
KAT 2,936 (—20) 2,150 (28) 1,376 (34) 663 (40) 788 (132) 348 (132)
DAY 3,728 (2) 1,971 (17) 1,239 (20) 497 (5) 409 (20) 188 (25)

“Numbers in parentheses are the percentage deviation from CLM4.
®Numbers in parentheses are the percentage deviation from CLM4a.
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Figure 8. Annual latent heat flux for (a) FLUXNET-MTE and for simulations (b) CLM4, (c) CLM4a,

and (d) KAT.

ment, and this may explain the lack of consensus in values
for V. nax used in terrestrial biosphere models. A particular
quandary is that Kattge et al. [2009] derived their V., gax
estimates from a synthesis of photosynthesis studies that
they extrapolated to natural vegetation using observed
foliage nitrogen concentration. Those parameter values
worked well to simulate GPP with the JSBACH vegetation
model coupled to the ECHAMS climate model [Kattge
et al., 2009], but degrade GPP (Figures 5b and 6b) and
latent heat flux (Figures 9 and 10) in our simulations forced
with historical meteorology. It is likely that biases in
meteorological forcing and the simulated hydrologic cycle
influence the assessment of appropriate V.. .« values. Until
differences among models are resolved, we infer that V. .«
remains poorly constrained and is likely a model-dependent
parameter.

[45] The substantial differences in GPP between the
optimal and nitrogen-limited V, .« (compare OPT and
CLM4a, Table 3 and Figures 5b and 6¢) demonstrate the
need to properly represent nitrogen’s effect on V. pax.
Kattge et al. [2009] derived their V, ,.x using extant foliage
nitrogen concentrations reported in field studies, but the
similarity with CLM4’s optimal V, .« without nitrogen
limitation (compare KAT and OPT, Table 3 and Figure 5b,
6b, and 6¢) suggests a key conceptual disparity in how
nitrogen is used in CLM4 to constrain GPP. The relation-
ship of V. nax to leaf nitrogen concentration is critical to
representing the effect of nitrogen availability on GPP, but
the CLM4 prescribed, time-invariant V.. .« precludes leaf

nitrogen concentration as a predictor of V. . in relation to
nitrogen availability. Models that link V. .« with nitrogen
availability through prognostic leaf nitrogen concentration
retain a fundamental feedback between GPP and nitrogen
[e.g., Zaehle and Friend, 2010]. Furthermore, the CLM4
use of optimal V. ..« to calculate GPP, with subsequent
reduction in GPP if nitrogen limits productivity, precludes

120777 T T T T 7T
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100 - ——CLM4a ]
—KAT

[o]
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60 |
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Figure 9. As in Figure 8, but zonal average.
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comparison of model V. . with field and laboratory
estimates.

[46] Our results suggest a necessary refinement to V. .«
parameter estimation for terrestrial biosphere models. The
CLM4 day length parameterization suppresses GPP in
middle and high latitudes, particularly at the end of the
growing season, and this improves the simulated annual
cycle (Figure 7). Decreased V. .« over the course of the
growing season has been observed in many forests [Dang
et al., 1998; Niinemets et al., 1999; Wilson et al., 2000;
Xu and Baldocchi, 2003; Grassi et al., 2005; Wang et al.,
2008; Ow et al., 2010], and modeling studies show sea-
sonal trends in carbon fluxes are explained best with tem-
porally varying V. max [Wilson et al., 2001; Kosugi et al.,
2003; Wang et al., 2003, 2009a, 2009b]. However,
whether this is related to day length as implemented in
CLM4 or whether the day length parameterization con-
founds seasonal changes related to temperature acclimation,
soil water stress, or other factors is unclear.

5. Conclusions

[47] Our analyses show that global flux fields empirically
inferred from FLUXNET data are a valuable tool to guide
terrestrial biosphere model development and evaluation
despite the inherent uncertainties in their upscaling. Revi-
sions to CLM4 reduce global GPP over the period 1982—
2004 from 165 Pg C yr ' to 130 Pg C yr ' and global
evapotranspiration decreases from 68,000 km® yr' to
65,000 km®> yr ', both close to FLUXNET-derived esti-
mates. Improvements are seen in all regions and seasonally
over the course of the year. Similar improvements occur in
latent heat flux through associated changes in stomatal
conductance. The updated photosynthesis-stomatal con-
ductance formulation produces the largest effect on GPP
and latent heat flux. Colimitation of photosynthesis is a
cause of the improvements, as are revisions to photosyn-
thetic parameters and their temperature dependency. Cor-
rections to canopy radiation have lesser effect, and changes
to canopy scaling have minor effect. These results have
important implications for simulations of the terrestrial
carbon cycle, its feedback with climate change, and its
sensitivity to aerosols (through diffuse radiation), and they
suggest further needed revisions to the model’s carbon-
nitrogen biogeochemistry.

[48] Uncertainty in the photosynthetic parameter V. .«
produces effects of comparable magnitude as model struc-
tural errors, but of offsetting sign. This suggests that model
structural errors can be compensated by parameter adjust-
ment, which may explain the lack of consensus in values for
V. max Used in terrestrial biosphere models. Dependence on
model formulation precludes reliable model intercomparison
and parameter refinement. We infer that the photosynthetic
parameter V. .« remains poorly constrained by observa-
tional data and is likely a model-dependent parameter, while
ecosystem-level flux observations can be regarded as a
model-independent constraint.

Appendix A: Radiative Transfer

[49] Dai et al. [2004] provide an analytical solution to the
two-stream approximation for sunlit and shaded leaves, and
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readers are referred to that paper for the theoretical devel-
opment of these equations. Here, we give their numerical
solution. The solution to these equations that follows is from
the Common Land Model described by Dai et al. [2004],
and utilizes the CLM4 two-stream solution described by
Oleson et al. [2010] to give fluxes per unit incident direct
beam and diffuse flux. Our notation uses that of Oleson
et al. [2010], with the subscript A denoting wave band
(visible or near-infrared) and the superscript p denoting
direct beam fluxes.

[s0] For a canopy with vegetation area index L' = L + §
(L, leaf area index; S, stem area index), the solar radiation

absorbed by sunlit leaves /5, » (per unit ground area) is

)

7;5:’1,[\ = / {Ip A (x) + [Iis A (x) + D () foun (x) Jx. (A1)
0

Here, 1), 5 (x) is direct beam radiation that is absorbed; /5 A
(%) is direct beam that is scattered and absorbed as diffuse
radiation; ;o (x) is diffuse radiation that is absorbed; and

Son(x) = &5

is the sunlit fraction at a depth in the canopy with cumula-
tive vegetation area index x, with K, the direct beam
extinction coefficient. The solar radiation absorbed by
shaded leaves 74, o (per unit ground area) is

(A2)

.
By = [ {lha®) + a1~} (A3)
0

The direct beam radiation at depth x that is absorbed (per
unit leaf area) is

IpA(X) = Sam 1} (1 —wp)Kpe ©* (A4)
where S,,,, |4 is the incident direct beam radiation above

the canopy and w, is the leaf scattering coefficient. The
scattered direct beam radiation absorbed (per unit leaf area) is

G EL)

p (AS)

I A (X) = Sam 1y |:UJAKhe

where I 14 and I |4 are the two-stream upward and down-
ward scattered fluxes for direct beam. The diffuse radiation
absorbed (per unit leaf area) is

d([ TA -1 lA):| (A6)

Ild,A(x) = Satm lA |: dx

where S, |a is the incident diffuse radiation above the
canopy and / 15 and / |, are the two-stream upward and
downward fluxes for diffuse radiation.

[51] The solution to these equations follows Oleson et al.
[2010, equations (3.1)—(3.47)] and parameters 1, sy, S, 7, A,
and & ,—h; o, with fluxes defined per unit incident direct beam
or diffuse radiation above the canopy. The absorption of
direct beam radiation by sunlit leaves (per unit ground area) is

) 1
Topr = (1—wp)|1 -5 =@ +a) (A7)
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Table B1. Equations for the Coupled Photosynthesis-Stomatal Conductance Model

Definition PSN CLM4
Stomatal conductance g = mg /Algmhs +b B, g = m&/‘ﬁhs +b
Net photosynthesis A, = ;1 - (Rd ) -

. Ow; We 4 wj)wi +wew; =0 o _

Gross photosynthesis Ored? — (ws + WA + wiw, = 0 A = min (W, w;, we)
Leaf surface CO, partial pressure C=c,— L 4A Poim Cy=Cq— %A Peim
Intercellular CO, partial pressure ¢ = IF"A,, Pom ¢ =cs— %A Pom
Leaf surface humidity hy = L:[T] g: ;g (e:[[ same

]
7]
Cs : eg > 0.25¢x [T}
]

Cy : g > 0.40ex[T,

and for shaded leaves,

-1

s

Ixha,A :Ti _Ixun,A (AS)
with
_ h1 1 -85 52851 1 —Sz/Sl
al_;{sz}+h2{Kl,+h}+h3{Kb—h (49)
h4 1 — 8 S2851 1 —Sz/Sl
== —. Al
“ a[sz}J“hS[Kh h:|+h6|:Kh—/’l (A10)

Here, I is the direct beam radiation absorbed by the canopy,
from Oleson et al. [2010, equation (4.1)]. For diffuse radia-
tion, the absorbed radiation (per unit ground area) for sunlit
leaves is

- 1-—
]sun,A = l: _WA:| (al + a2) (All)
I
and for shaded leaves,
jsha,A = iA - 7sun,A (Alz)
with
5281 1 7S2/Sl
=h h Al3
= R
8281 1 —Sz/Sl
=h h . Al4
9|:Kb+h:|+10|:Kb—h:| (A14)

Here, I is the diffuse radiation absorbed by the canopy, from
Oleson et al. [2010, equation (4.2)].

[52] The absorbed photosynthetically active (visible wave
band) radiation averaged over the sunlit canopy (per unit
leaf area) is

L
sun — Satm I\un visSatm ws) 7T L C Lon (Al5
QS < sun,vis"al lVlS + 4 J’ |:L + S:|/ ° ( )

and the absorbed radiation for the average shaded leaf (per
unit leaf area) is

=l " - L
stxha = <IihayiSSatm l{)i.\' +I.\‘haAv11\‘Sutm J,w‘s) |:m:| /Lxha (A16)

with L, and Lg,, the sunlit and shaded leaf area index,
respectively. The term L/(L + S) is the fraction of the canopy
represented by leaf area. The sunlit leaf area index is

11— ekl
vun /ﬂun -

Ky

(A17)

and the shaded leaf area index is Ly, = L — Lg,,,.

Appendix B: Leaf Photosynthesis and Stomatal
Conductance

[s3] Table BI1 lists the equations used in the coupled
photosynthesis-conductance model. We use the Ball-Berry
stomatal conductance model [Ball et al., 1987; Collatz et al.,
1991] as implemented in SiB [Sellers et al., 1996a, 1996b].
This differs from CLM4 in its use of net photosynthesis 4,,
(after accounting for dark respiration) instead of gross
photosynthesis 4. The CLM4 use of A4 rather than 4, for
stomatal conductance, leaf surface CO, and intercellular
CO;, calculations is theoretically incorrect. Additionally, soil
water influences stomatal conductance directly by multi-
plying the minimum conductance by the CLM4 soil water
stress function 3, and also indirectly through 4,, in the C;
and C, photosynthesis models [Sellers et al., 1996a, 1996b].
We use colimitation as described by Collatz et al. [1991,
1992] and implemented in SiB [Sellers et al., 1996a,
1996b]. Values are O, = 0.98 and ©,, = 0.95 for C3 plants;
and ©, = 0.80 and ©;, = 0.95 for C, plants In contrast,
CLM4 uses the Farquhar et al. [1980] minimum limiting
rate. In calculating leaf surface humidity, we retain the
CLM4 lower limit to canopy air vapor pressure to prevent
numerical instability at low humidity.

[s4] Table B2 lists equations in the C; photosynthesis
model. The Rubisco-limited assimilation rate w,. and light-
limited assimilation rate w; are from the Farquhar et al.
[1980] model. Light-limited assimilation depends on the
electron transport rate J, while CLM4 uses the Collatz et al.
[1991] and SiB [Sellers et al., 1996a, 1996b] dependence on
quantum yleld (e = 0.06 mol CO, mol ™" photon). Subse-
quent versions of the Farquhar et al. [1980] model intro-
duced a third rate w, limited by the capacity to export or
utilize the products of photosynthesis [Harley and Sharkey,
1991; Harley et al., 1992; von Caemmerer, 2000]. We use
the Harley et al. [1992] formulation, in contrast to the
Collatz et al. [1991] approximation used in SiB [Sellers
et al., 1996a, 1996b] and CLM4. Soil water stress is
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Table B2. Equations for the C; Photosynthesis Model
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Definition PSN CLM4
Rubisco-limited assimilation Vi <c,—r* same
We = GiR(I70i/K,)
. L. e J ¢~y R
Light-limited assimilation w; =4 w;=¢€ (4.6@)[m]

Export-limited
assimilation rate
Electron transport rate

Light absorbed
by photosystem II

Maximum carboxylation rate

Maximum electron

transport rate
Triose phosphate utilization
Leaf dark respiration
Michaelis-Menten constant, CO,

J 4(c,+21"*)

w, = 3TPU
OpsitJ* — (Ipsit + Jmax )
+[PS11Jmax =0
Ipsy = 0.5(1 — f)(4.69)
sunlitleaf : ¢ = Py
shaded leaf : ¢ = qj;;,q
V(‘ max Vc max 25.f(Tv)fH (Tv)ﬁt
Jmax = Jmax 25 f(Tv)fH (Tv)

TPU = TPU,s AT,)fu (T))
Ry = Rans AT (T,)5:
Kc = K(‘ZS .f(Tv)

sunlit leaf : ¢ = ¢y
shaded leaf : ¢ = Pgpa
We = 0.5 Vc max

Vc max Vc max 25 f(Tv)fH (Tv)ﬂr

Kc = KL‘25 f(Tv)
K, = Kops fT)
Ts=

Michaelis-Menten constant, O, K, = K5 AT,)
CO, compensation point [s = Dups AT)) 0.53:0.210;
/(1) =
Temperature function ox AH, 1 298.15 AT,) = Q2981910
P 1298 15Rs, T,
. _ oo () fall) =
High temperature inhibition fu (T) =

1+exp

ASTy—AH,
RgasTy

- AST, — AH\ 7!
€X] B
P Rew T

applied to V. nax and Ry, as in SiB [Sellers et al., 1996a,
1996b].

[s5] The electron transport rate J is related to absorbed
photosynthetically active radiation, but the equation varies
among models. We use a common form from von
Caemmerer [2000], used also in the plant canopy models
of de Pury and Farquhar [1997], Wittig et al. [2005], and
Mercado et al. [2009a]. The photosynthetically active radi-
ation varies between sunlit leaves (¢s,,) and shaded leaves
(¢sna)- For photosynthesis, radiation units are converted from
W m 2 to zmol photon m 2 s~' assuming 4.6 pmol J™'.

[s6] CLM4 uses the Collatz et al. [1991] and Sellers et al.
[1996a, 1996b] Q¢ temperature functions for photosyn-
thetic parameters. We use the Arrhenius function and the
Bernacchi et al. [2001, 2003] estimates for activation energy
AH, (Harley et al. [1992] provide AH,, for TPU). Thermal
breakdown of metabolic processes is included by multi-
plying V. max and Jax by a high temperature stress function
[Leuning, 2002], which we similarly apply to 7PU and R,.

[57] Table B3 lists parameter values for C; plants. Values
for m and b are from Sellers et al. [1996a, 1996b]. CLM4
has a lower value for b, and m varies for needleleaf trees.
K., K,, and T'x at 25°C are from Bernacchi et al. [2001].
Jmax Vvaries with V. ... in near constant proportion across
plant species [Wullschleger, 1993], and we use Jyax 25 =
197V, max 25- Similarly, we use TPU,5 = 0.06 Jp.x 25, also
from Wullschleger [1993]. We use the Collatz et al. [1991]
and SiB [Sellers et al., 1996a, 1996b] expression for R s.

[s8] Collatz et al. [1992] give corresponding equations for
C,4 plants, implemented in SiB [Sellers et al., 1996a, 1996b].
The CLM4 C, photosynthesis model does not use these

equations, and we update the model for these equations
(Table B4). Values of m =4 and b = 40000 zimol H,O m *s ™
are from SiB [Sellers et al., 1996a, 1996b]. Correspondin
values in CLM4 are m = 5 and b = 2000 pimol H,O m *s .
We use quantum yield € = 0.05 mol mol ™" [Sellers et al.,
1996a, 1996b], in contrast to € = 0.04 in CLM4. The tem-
perature functions for V. .« and R; are from SiB [Sellers
et al, 1996a, 1996b], as is Rps. In contrast, CLM4 does
not distinguish the temperature dependence of V.. ., between
C5 and Cy plants. Soil water stress is applied to V.. . and Ry
similar to C; plants. Sellers et al. [1996a, 1996b] use k., =
20000 V. nax (at 25°C) to calculate CO,-limited assimilation
and adjust this for temperature with a Q; function. In contrast,
CLM4 uses k. = 4000 V, max and &, follows the environmental
response of V. jax.

[s59] The maximum rate of carboxylation varies with
foliage nitrogen [Thornton and Zimmermann, 2007; Oleson
et al., 2010]:

v (N M) FrnrFngagos (B1)

¢ max25 —

where N,, M, is the area-based leaf nitrogen (g N [leaf] m 2
[leaf]) specified from mass-based leaf nitrogen N, (g N
[leaf] g C [leaf]) and foliage mass per unit leaf area M,
(g C [leaf] m ™2 [leaf]; the inverse of specific leaf area); Fynz
is the fraction of leaf nitrogen in Rubisco (g N [Rubisco]
g ' N [leaf]); Fygr = 7.16 is the mass ratio of Rubisco
to nitrogen in Rubisco (g Rubisco g ' N [Rubisco]); and
agas = 60 is the specific activity of Rubisco at 25°C (umol
CO, g{l Rubisco s '). The realized value for V. jax 25 is
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Table B3. Parameter Values for the C; Photosynthesis Model
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PSN
Parameter Value (25°C) Temperature Dependence CLM4
9 m=79
" ) m = 6(needleleaf tree)
b 10,000 pzmol H,0 m™2 7" - b =2,000 gmol H,O m > s~"
Ve max Ve max 25 = Vmax 25 AIDYN) AH, = 65,330 J mol”! O10=24
AH,; = 149,250 J mol ! AH,; = 220,000 J mol !
AS =485 Jmol ' K! AS =710 J mol ' K!
Jmax Jmax 25 = 197V< max 25 A[_la = 43=54O J morl -
AH,; = 152,040 J mol !
AS =495 J mol ' K!
TPU TPUys = 0.06Jmmax 25 AH, = 53,100 J mol ™’ -
AH,; = 150,650 J mol ™!
AS =490 J mol ' K!
Ry Rups = 0.015V, ax 25 AH, = 46,390 J mol -
AH, = 150,650 J mol !
AS =490 J mol ' K!
K. K5 =404.9 pmol mol™! (41 Pa at 1,013.25 hPa) AH, = 79,430 T mol ™’ K5 =30 Pa
Q10 =21
K, K5 = 278.4 mmol mol ™' (28,209 Pa at 1,013.25 hPa) AH, = 36,380 J mol ™’ K5 = 30,000 Pa
Oip=12
s Taps = 42.75 pmol mol ™' (4.3 Pa at 1,013.25 hPa) AH, =37,830 J mol! Tsps = 2.2 Pa (at 1,013.25 hPa)
Opsir 0.7 - -
f 0.15 - -
0 0.98 - -
Oie 0.95 - -

calculated from V, %%, ,s after adjustment for day length
and nitrogen.

Appendix C: Canopy Integration

[60] Thornton and Zimmermann [2007] describe the
CLM4 canopy integration parameterization, and Oleson
et al. [2010] provide details of the numerical implementa-

Table B4. Equations for the C, Photosynthesis Model

tion. The leaf photosynthesis-conductance parameterization
is solved separately for sunlit and shaded leaves using
appropriate Rubisco carboxylation rates (V 2.y 25 (sun) and
V& ax 25 (sha), averaged for sunlit and shaded leaves,
respectively) and absorbed photosynthetically active radia-
tion (¢g,, and ¢g,) to calculate sunlit and shaded gross

photosynthetic rates (4, and Ay,;,). Leaf temperature is not

Definition PSN CLM4
Rubisco-limited assimilation We = Ve max . L same
Light-limited assimilation w; = € (4.6¢) iur(lihtdlleaff.é 1¢S“” same
CO,-limited assimilation We = ke c,~/P5,,mS adedleaf : ¢ = Poua same
(Ty—298.15)/10
. . = 10
Maximum carboxylation rate (T,—298.15)/10 Ve max = Ve max 25 [ T 18,
V. max — max =0 y—
cma: ¢ max 25 |:fH(Tv) L(Tv) :|/Bt fH (Tv) =1+ exp (ASIQ‘“TAVH(/

(L) = 1+ explsi (T, — 52)]

010 =2.4; AH, = 220,000 J mol ';

fi(T,) =1 +expss(s4 — T0)]

O10=2;51=03K";5,=31315K;

AS =710 T mol ' K!;

VC max 25 a8 for C3 plants

s535=02K" 54 =288.15K;

Initial slope CO, response curve

Leaf dark respiration

V(‘ max 25 a8 for C3 plants

=k - Q(I{)» — 298.15)/10
QIO = 25 ke25 = 201000 V(: max 25

(Ty—298.15)/10
= 10
Rd Rd25 {]‘FCXP[Ss(Tv*Ss)]}ﬂt

Oi=2s5=13K"
s¢ = 328.15K;

Rd25 =0.025 V(‘ max 25

ke = 4,000 Ve max
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distinguished between sunlit and shaded leaves. Canopy
photosynthesis is A, Lgun T Ashalsha-

[61] In CLM4, V. %! ,s is calculated for sunlit and
shaded leaves from (B1) using the average specific leaf area
(inverse of M,) for sunlit and shaded leaves (M,' equals
SLA,, for sunlit leaves and SLA;,, for shaded leaves). This
canopy scaling keeps mass-based leaf nitrogen concentra-
tion N,, constant with depth in the canopy, but allows SLA to
increase (M, decreases) with greater cumulative leaf area
index in the canopy so that V.22 »s decreases with canopy
depth. Specific leaf area increases linearly with greater
cumulative leaf area index x (m* m?) as

SLA(x) = SLAy + SLA,x (C1)
where SLA, is the specific leaf area at the top of the
canopy and SLA4,, is the slope coefficient. The average
specific leaf area for sunlit leaves in a canopy with leaf
area index L is

/ SLA (X)]{;-un (x) dx
0

SLA.YuVI = -
/ Sun (x) dx
0
 SLA,, + SLA(K) — [SLAw(KyL + 1) + SLAoK)e X*
B K}ELsun
(€2)
and for shaded leaves,
L
/SLA(x)[l — foun(x)] dx
SL—Asha oy
(C3)

/L[l — Joun(x)) dx
0

_ SLAGL + 0.5SLAwL* — SLAsunLsun
Lspa .

In this study, we calculate V. 2%, »s for sunlit and shaded
leaves using an exponential profile to area-based leaf nitro-
gen N,. V. %L 55 at cumulative leaf area index x from the
canopy top scales directly with N,, which decreases expo-
nentially with greater cumulative leaf area, so that

Vopt

¢ max25

(x) _ Vopt

¢ max25 (O)eiK"x' (C4)
Vo« 25 (0) is defined at the top of the canopy from (B1)
using M, at the top of the canopy (1/SLAy), and K,, is the
decay coefficient for nitrogen. The canopy integrated value

for sunlit and shaded leaves is

L
chixlax 25 (sun) = / chl;tmx 25 (X) sun (x) dx
0 (Cs)
1
K, + Ky

_ Vopl

¢ max25

(0) [1 _ o (KitKi)L
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L
Vs 18) = [ Vs (011 fan)
0

1
s = ] L 1]

n

1
K, + Kb} (C6)

and the average value for the sunlit and shaded leaves is

—5opt

chmax 25 (Sun) = V:przax 25 (sun) /LSU" (C7)
7Zplt‘nax 25 (Sha) = V:pntlax 25 (Sha) /LSha' (CS)

Photosynthetic parameters Jy.x 25, TPUss, keps, and Rpps
scale similarly. We use K,, = 0.11, derived by Friend and
Kiang [2005] for the GISS model and used also in O-CN
[Zaehle and Friend, 2010].

Notation

specific activity of Rubisco at 25°C (umol CO,
g ' Rubisco s ).
A leallf gross photosynthesis rate (umol CO, m™>
s ).
A, leaf net photosynthesis rate (umol CO, m % s ).
b minimum conductance for Ball-Berry model (-
mol H,O m % s7").
¢, atmospheric CO, partial pressure (Pa).
¢; intercellular CO, partial pressure (Pa).
¢, CO, partial pressure at leaf surface (Pa).
D day length (s).
maximum day length (s).
e, vapor pressure of air (Pa).
e, vapor pressure at leaf surface (Pa).
saturation vapor pressure at temperature 7, (Pa).
f fraction of PAR absorbed by nonphotosynthetic
materials.
fsun sunlit fraction of canopy.
AD) day length factor for V., ax.
AIN) nitrogen factor for V, pax-
F;nr fraction of leaf nitrogen in Rubisco (g N [Rubis-
co] g ' N [leaf]).
mass ratio of Rubisco to nitrogen in Rubisco (g
Rubisco g ' N [Rubisco]).
2 lezllf boundary layer conductance (umol H,O m™*
s ).
g, leaf stomatal conductance (umol H,O m ™2 s7").
h Oleson et al. [2010, equation (3.25)].
hy — hyo Oleson et al. [2010, equations (3.38)—(3.47)].
hg leaf surface humidity (fraction).
I 1, upward scattered flux per unit diffuse flux
[Oleson et al., 2010, equation (3.18)].
upward scattered flux per unit direct beam flux
[Oleson et al., 2010, equation (3.17)].
downward scattered flux per unit diffuse flux
[Oleson et al., 2010, equation (3.20)].
downward scattered flux per unit direct beam flux
[Oleson et al., 2010, equation (3.19)].

AaRr2s

FNR

114
Il

1
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Patm

Oio
Ry

Raps
R

gas
§1, $2

S
Satm lA

Satm l«x
SLA

SLA
SLA,

BONAN ET AL.: COMMUNITY LAND MODEL CANOPY PROCESSES

diffuse radiation absorbed by the canopy per unit
diffuse flux.

direct beam radiation absorbed by the canopy per
unit direct beam flux.

diffuse radiation absorbed by shaded leaves per
unit diffuse flux.

direct beam radiation absorbed by shaded leaves
per unit direct beam flux.

total solar radiation absorbed by shaded leaves
(W m™? [ground]).

diffuse radiation absorbed by sunlit leaves per
unit diffuse flux.

direct beam radiation absorbed by sunlit leaves
per unit direct beam flux.

total solar radiation absorbed by sunlit leaves
(W m? [ground)).

leaf absorbed direct beam radiation (W m 2
[leaf]).

leaf absorbed scattered direct beam radiation

(W m? [leaf]).

leaf absorbed diffuse radiation (W m™? [leaf]).
photosynthetically active radiation absorbed by
PS II (umol photon m 2 s ).

electron transport rate (umol electron m 2 s ').
maximum electron transport rate (pmol electron
mZsh.

Jmax at 25°C.

iniltial slope of C4 CO, response curve (pmol m >
s ).

k. at 25°C.

direct beam extinction coefficient [Oleson et al.,
2010, equation (4.8)].

. Michaelis-Menten constant for CO, (Pa).

K, at 25°C.

foliage nitrogen decay coefficient.
Michaelis-Menten constant for O, (Pa).

K, at 25°C.

vegetation area index, L + S (m* m?).

leaf area index (m* m?).

shaded leaf area index (m? m ).

sunlit leaf area index (m* m?).

slope of Ball-Berry model.

leaf mass per unit area (g C [leaf] m 2 [leaf]).
area-based leaf nitrogen (g N [leaf] m > [leaf]).
mass-based leaf nitrogen (g N [leaf] g ' C [leaf]).
intercellular O, partial pressure (Pa).
atmospheric pressure (Pa).

Q10 temperature parameter.

leaf “dark,” or “day,” respiration rate (umol CO,
m2sh.

R, at 25°C.

gas constant (8.314 J K~' mol™").

Oleson et al. [2010, equations (3.30) and (3.31)].
stem area index (m* m?).

incident diffuse radiation above the canopy

(W m? [ground]).

incident direct beam radiation above the canopy
(W m > [ground]).

specific leaf area (m? [leaf] g ' C [leaf]).
average SLA for sunlit or shaded leaves.

SLA at the top of the canopy.

G02014

SLA,,
T,
TPU
TPU,s

VC max

SLA linear slope coefficient.

leaf temperature (K).

triose phosphate utilization rate (umol m > s ).

TPU at 25°C.

mellximum Rubisco carboxylation rate (smol m 2

s ).

V. max at 25°C.

potential V. . 25, Without day length factor D)

and nitrogen factor f{NV).

average V, %% s for sunlit or shaded leaves.

lebisco—limited assimilation rate (umol CO, m 2

s ).

. export-limited (C;) or CO,-limited (C,) assimi-
lation rate (umol CO, m s

; intermediate colimited assimilation rate (umol
CO,m2s™h.

w; liglht—limited assimilation rate (umol CO, m™

s ).
x curglulative leaf area index from canopy top (m?
m °).
B; CLM4 soil water stress [Oleson et al., 2010,
I

Vc matx 25
op
Vc max 25

77 opt
Vc max 25

2

equation (8.17)].
CO, compensation point in the absence of non-
photorespiratory respiration (Pa).
I« at 25°C.
activation energy (J mol ).
AH,; deactivation energy (J mol ).
AS entropy term (J K~ ' mol™).

¢ quantum yield (mol CO, mol™' photon).
¢ curvature factor for photosynthesis colimitation.
e curvature factor for photosynthesis colimitation.
Opsy curvature factor for electron transport.

o Oleson et al. [2010, equation (3.4)].

o Oleson et al. [2010, equation (3.26)].

¢ average absorbed PAR for sunlit ¢, or
shaded ¢, leaf (W m 2 [leaf]).
leaf scattering coefficient [Oleson et al., 2010,
equation (3.5)].
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