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Abstract
Chlorophyll is the main light-harvesting pigment in leaves, facilitating photosynthesis and
indicating the supply of nitrogen for photosynthetic enzymes. In this study, we explore the

feasibility of integrating leaf chlorophyll content (Chlieaf) into a Terrestrial Biosphere Model
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(TBM), as a proxy for the leaf maximum carboxylation rate at 25°C (V22,), for the purpose of
improving carbon and water flux estimation. Measurements of Chlieaf and V322, were made in
a deciduous forest stand at the Borden Forest Research Station in southern Ontario, Canada,
where carbon and water fluxes were measured by the eddy covariance method. The use of
Chlieat-based V23, in the TBM significantly reduces the bias of estimated gross primary
productivity (GPP) and evapotranspiration (ET) and improves the temporal correlations
between the simulated and the measured fluxes, relative to the commonly employed cases of
using specified constant V23, leaf area index (LAI)-based V322, or specific leaf area (SLA)-
based V23,. The biggest improvements are found in spring and fall, when the mean absolute
errors (MAEs) between modelled and measured GPP are reduced from between 2.2-3.2 to 1.8
g C m-2 d-1 in spring and from between 2.1-2.8 to 1.8 g C m-2 d-1 in fall. The MAEs in ET
estimates are reduced from 0.7-0.8 mm d-1 to 0.6 mm d-1 in spring, but no significant
improvement is noted in autumn. A two-leaf upscaling scheme is used to account for the uneven
distribution of incoming solar radiation inside canopies and the associated physiological
differences between leaves. We found that modelled V23, in sunlit leaves is 34% larger than
in the shaded leaves of the same Chliear, which echoes previous physiological studies on light
acclimation of plants. This study represents the first case of the incorporation of chlorophyll as
a proxy for V23, in a two-leaf TBM at a forest stand and demonstrates the efficacy of using
chlorophyll to constrain V22, and reduce the uncertainties in GPP and ET simulations.

Keywords: chlorophyll; photosynthesis; terrestrial biosphere model; evapotranspiration; two-

leaf scheme



45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

1. Introduction

Predicting gross primary productivity (GPP) and evapotranspiration (ET) has posed a challenge
for accurately quantifying the global terrestrial carbon, water and energy budgets in the context
of climate change (Jung et al., 2010; Schaefer et al., 2012). State-of-the-art terrestrial biosphere
models (TBMs) have been developed to quantify carbon and water fluxes by describing
physical and physiological processes in the soil-vegetation-atmosphere continuum. Model
validation and inter-model comparisons have suggested that TBMs are particularly sensitive to
the parameterization of leaf photosynthetic capacity (Kattge et al., 2009). Since leaf
photosynthetic parameters can only be measured directly at the leaf level (Wilson et al., 2000;
Xu and Baldocchi, 2003), using labour-intensive instruments, their limited availability in both
space and time has hindered progress in improving GPP and ET estimates by TBMs.
Consequently, finding a reliable and easily measurable proxy for leaf photosynthetic

parameters across large spatial scales is paramount for the modelling community.

Most TBMs simulate photosynthesis using an enzyme-kinetic model developed by Farquhar
(Farquhar et al., 1980). Two key parameters are used to represent the leaf photosynthetic
capacity: the maximum carboxylation capacity (V23,) and the maximum electron transport

capacity (J2%,) at 25°C. V23, refers to the kinetic properties of the enzyme ribulose 1,5-

bisphosphate carboxylase/oxygenase (Rubisco) within the Calvin-Benson cycle. 23, is
related to the intrinsic properties of the thylakoid membrane, which corresponds to the

availability of the cytochrome b6f complex (Cty f) (Hikosaka and Terashima, 1995) to transport

electrons in order to produce chemical energy transfers such as ATP and NADPH. ATP and
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NADPH are then used to drive the Calvin-Benson Cycle by reducing Rubisco into ribulose
bisphosphate (RuBP). On average about two electrons are needed to reduce one unit of Rubisco,
implying a constant ratio between ]2>, and V23.. Frequently, V2>, and ]2>, are each
prescribed as a constant value for a given plant functional type (PFT) based on limited
measurements (Medlyn et al., 1999; Wullschleger, 1993). Owing to the fact that Rubisco and
Cty f are both rich in nitrogen, some studies derived V322, and ]2, from a global
compilation of nitrogen traits in plants, assuming a linear relationship between Rubisco and
leaf nitrogen content per unit area (Narca) (Kattge et al., 2009; Walker et al., 2014). However,
accurately represented temporal and spatial variations in both V23, and ]25, are still elusive
as a robust observational methodology to quantify the dynamics of Narea across large spatial
extents is lacking (Knyazikhin et al., 2013). Moreover, some studies have questioned the
efficacy of the nitrogen-based method because the relationship between Narea and Rubisco
varies temporally due to the dynamic allocation of Narca between photosynthetic and non-
photosynthetic components in leaves, particularly over a growing season (Croft et al., 2017;

Kalacska et al., 2015).

Recent research has drawn attention to the potential of using leaf chlorophyll content (Chlieaf)
as an alternative constraint on leaf photosynthetic capacities (Croft etal., 2015a, 2017; Houborg
etal., 2013; Koffietal., 2015; Alton, 2017). Chlorophyll molecules located in light-harvesting-
complexes (LHCs) absorb photons, which are then transported to initiate specific redox
reactions of chlorophyll molecules in Photosystem II to donate electrons to the electron

transport chain (ETC). The concentration of Chliear is related to the rate of photosynthesis
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through its determining role in the instantaneous electron transport rate (J) (Porcar-Castell et
al., 2014). As Chlieaf is a nitrogen rich pigment, Chlieat, Rubisco and Cty f are linearly related
to each other according to their common correlations to the leaf photosynthetic nitrogen pool
(Evans, 1989a; Hikosaka and Terashima, 1996; Terashima and Evans, 1988). Recent research
has demonstrated that it is possible to model ]22, and V23, from Chlieaf using simple linear
equations (Houborg et al., 2013; Croft et al., 2017). This potential role of Chlieaf as a proxy for
photosynthetic capacity has important implications for improved modelling at regional to
global scales, through the ability of estimating Chliaf from remotely sensed data, using
empirical (Croft et al., 2014a; Gitelson et al., 2005; Wu et al., 2008) and physically-based
models (Croft et al., 2013; Croft et al., 2015b; Houborg et al., 2015a; Zhang et al., 2007).

Satellite-derived Chlieat will provide an accurate, achievable way of quantifying J2°. and

V25 in a temporally and spatially explicit manner.

Based on the assumptions above, Houborg et al. (2013) proposed a framework to incorporate
measured or satellite-derived Chliar into TBMs by building universal Chlieat— V23,
relationships for C3 and C4 plants. Their inclusion of Chlicat into a TBM helped the GPP
simulations to better capture the daily and seasonal variations of observed fluxes over a corn
field. Beyond that, limited work has been done to incorporate Chlicaf in TBMs, except for works
that have related Chliear to vegetation productivity using empirical light use efficiency (LUE)
approaches (Croft et al., 2015a; Gitelson et al., 2006; Houborg et al., 2011). As forests account
for 50% of the global GPP (Pan et al., 2013) and 45% of the global ET (Oki and Kanae, 2006),

there is a growing interest in exploring the potential to use Chlieat-V23, relationship in forests
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to improve the prediction of carbon and water fluxes in these areas.

The complex structures of forest canopies present greater challenges in the upscaling process
than for homogenous croplands. Canopy architecture leads to an uneven distribution of solar
irradiance from the sunlit top of trees to the shaded interior of a canopy. Values of Narea are
larger in the sunlit part of the canopy than in shaded leaves, with Narea declining from the top
to the bottom of a canopy, mimicking the gradient of long-term radiation distribution (Field,
1983; Hirose and Werger, 1987; Niinemets, 1997; Warren and Adams, 2001). Along with the
changes in Narea, the abundance of the nitrogen-rich photosynthetic components -- Rubisco and
Cty f -- is reported to be highly correlated to Narea and vary from the top to the bottom of the
canopy in proportion with Narea (Evans, 1989a; Sage et al., 1987). However, Chlieaf is reported
to be largely unrelated to the Narea gradient and is almost uniform for leaves under various light
environments (Anderson et al., 1988; lio et al., 2005; Lambers et al., 2008; Lichtenthaler et al.,
2007; Terashima and Evans, 1988; Walters, 2005), although some studies show a slight
chlorophyll gradient (Demarez et al., 1999; Yang et al., 2016; Zhang et al., 2007). These trends
lead to a substantially higher Chlicat : Narea ratio in shaded conditions than in full sunlight, which
imposes variations on the Chlieat-V23, relationships inside a canopy. This phenomenon has
been attributed to an optimal nitrogen allocation in plants, to maximise the overall productivity
of the canopy (Kull, 2002). Accordingly, for shaded leaves, relatively more nitrogen will be
allocated to chlorophyll in order to harvest photons, while for sunlit leaves, relatively more
nitrogen will be invested in Rubisco and Cty f to accelerate dark reactions (Evans, 1989b;

Hikosaka, 2014; Hikosaka and Terashima, 1996).
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In this study, a TBM incorporating a two-leaf upscaling scheme is used to estimate GPP and
ET within a deciduous forest, across two growing seasons. The two-leaf scheme separates a
canopy into groups -- sunlit leaves and shaded leaves -- based on the first-order features of
instantaneous solar irradiance on leaves (Chen et al., 1999; Norman, 1982; Sinclair et al., 1976).
It is a robust description of the complex leaf light environment in canopies and has been proven
to be more capable of simulating GPP and ET variations than the commonly used big-leaf
scheme (Chen et al., 1999; De Pury and Farquhar, 1997; Luo et al., in review). The two-leaf
scheme delivers an available and potential tool to account for the variations in the Chliear—V22,
relationship in a complex forest canopy, as well as for other physiological traits affected by the
light environment. Using intensive leaf-level and canopy-level measurements at a temperate
broadleaf forest, the specific objectives of this study are to:

1) investigate the improvements in GPP and ET simulations from a two-leaf TBM that uses
Chlieaf to constrain V22;

2) evaluate the differences in the Chlieat-V23, relationship, and other physiological traits,

between sunlit and shaded leaves.

2.0 Materials and methods

2.1 Site profile

The Borden Forest Research Station is a mixed temperate forest site located in southern Ontario,
Canada (44°19°N, 79°56°’W) (Froelich et al., 2015). It lies within an ecotone that extends across

eastern North America between 44 and 47°N and contains both southern temperate species and
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northern boreal species. The vegetation at the Borden site is dominated by red maple (4Acer
rubrum), eastern white pine (Pinus strobus), large-tooth and trembling aspen (Populus
grandidentata and Populus tremuloides) and white ash (Fraxinus americana (Lee et al., 1999;
Teklemariam et al., 2009). The fetch of largely uninterrupted forest extends to distances of 1.5—
4 km in the southeastern and southwestern quadrants, and to 1 km in the northeastern direction.
The northwestern fetch contains a white pine plantation and was not included in the footprint
of eddy-covariance (EC) flux calculations at the site (Froelich et al., 2015). The soil type is
sandy loam (Gonsamo et al., 2015). From 2008 to 2013, the average temperature was 8.64°C,

precipitation was 808 mm/year and average daytime solar irradiance was 301 W/ma2.

2.2 Field measurements

Four dominant C3 broadleaf species (red maple, trembling aspen, large-tooth aspen and white
ash) were sampled during the growing seasons of 2013, 2014 and 2015. Foliar chlorophyll was
measured every 7 to 15 days from five leaf samples per species taken from top-of-canopy
branches accessed directly from the 44 m flux tower. Branches were tagged to ensure repeatable
sampling throughout the season, and the leaf samples were kept in cool, dark conditions during
transport back to a laboratory for analysis. Leaf chlorophyll was extracted using N,N-
dimethylformamide, and was analysed using a Shimadzu UV-1700 Spectrophotometer, with

extinction coefficients specified by Wellburn (1994).

Leaf gas exchange measurements were made on the same days as chlorophyll sampling, using

a LI- 6400XT portable infrared gas analyser (LI-COR Inc., Lincoln, NE, USA). CO2 response
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curves (A-Ci curve) of the leaves on the tagged branches were measured under an artificial
saturated light source of 1800 pmol photons m-2s-1 and stepwise ambient CO2 concentrations
of 400, 200, 100, 50, 400, 400, 600, 800, 1000, 1200, 1500, 1800 ppmv. VZ3, o and JZu o»
the V22, and J2>, of the leaves at the top of the canopy, were calculated from the A-Ci
curves using a curve-fitting tool developed by Kevin Tu (www.landflux.org) following Ethier

and Livingston (2004) and then normalised to 25 °C (Sharkey et al., 2007).

Canopy structural parameters were also collected at 10 m intervals on the same days along a
100 m transect, extending from the flux tower in a North-South orientation. Effective LAI (Le)
values were obtained using the LAI-2000 plant canopy analyser (Li-Cor, Lincoln, NE, USA),
while the element clumping index (Q2E) was measured using the TRAC (Tracing Radiation and
Architecture of Canopies) instrument (Chen and Cihlar, 1995). The true LAI time sequences
were then calculated as follows (Chen et al., 1999):

LAL = [(1 — a)Leve]/Qk &)
where a is the ratio of woody area to total area and e is the ratio of needle area to shoot area.
The ratio of woody area to total area (o= 0.17) (Croft et al, 2015a) accounts for the interception
of radiation by branches and tree trunks that results in artificially high LAI values, Qf is set
at 0.95 based on the TRAC measurements. For broadleaf species, individual leaves are

considered the foliage elements and vE is set at 1.

2.3 Flux and meteorological measurements

The eddy covariance measurements were made at the height of 33 m using a sonic anemometer
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(K-Type, Applied Technologies Inc., USA) coupled with a closed-path infrared gas analyzer
(IRGA, model LI-6262, LI-COR Biosciences, USA) which is located in a temperature-
controlled hut at the base of the tower. Both the IRGA and anemometer are operated at 10 Hz.
High frequency eddy covariance fluxes were processed and aggregated into half-hourly fluxes
using the method described in Froelich et al. (2015).

The half-hourly net ecosystem exchange (NEE, pmol m-2s-1) is calculated as —(F¢+Sc¢), where
Fc is the covariance between vertical wind velocity (w’) and atmospheric CO2 concentration
(¢’). Sc is the rate of change of CO2 storage per unit ground area in the air layer below the EC
sensors. Fe was calculated from the WPL(Webb-Pearman-Leuning)-corrected vertical turbulent
transport of the CO2 mole fraction as F, = pQM/ M,, where the WPL accounts for
density effects due to water vapor fluctuations (Webb et al., 1980), p, is the density of air and
M, is the molecular weight of dry air. The storage change Sc was estimated as S, =
) OZ“ AZ—(ZZ dz,where Z,. isthe height of the EC sensors at 33m and t refers to time. Other terms
such as horizontal advection are assumed to be negligible. NEE data were then filtered during
periods of low turbulence (Staebler and Fitzjarrald, 2004) and when winds were from the
direction of the short fetch (i.e. wind direction was >285° or <20° ) (Froelich et al., 2015). A
change point detection method (Barr et al., 2013) was used to derive the friction velocity
threshold (u*) to identify periods suitable for the application of the eddy covariance method to
calculate fluxes. Gaps in the NEE data were filled using the method of Barr et al. (2004). During
nights or cold periods respiration (RE) was simply computed as RE = NEE, while during

warm periods or in cases of data gaps, RE was estimated using an empirical model based on

air and soil temperature (Froelich et al., 2015). Half-hourly GPP was then calculated as GPP =

10
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NEE + RE; gaps in GPP were filled with an empirical model based on PAR (Barr et al., 2004;

Froelich et al., 2015).

In conjunction with the CO2 flux measurements, the EC system also measured the latent heat
flux (LE, W m-2) as LE = Lpam, where L is the latent heat of vaporization (kJ g-1), p,
is the density of air (kg m-3) and m is the WPL-corrected covariance between the
vertical wind velocity and atmospheric water vapor mixing ratios (m s-1 mol H20 mol-1 air).

(Froelich et al., 2015; Teklemariam et al., 2009). Gaps in the LE measurements were not filled.

Several half-hourly auxiliary microclimate variables were also collected at the site to initialize
and force the TBM. Wind speed (m s-1) and wind direction were measured by the sonic
anemometer mounted at the height of 33 m. Continuous air temperature (°C) and relative
humidity (%) were measured at various heights, but the 33 meter data were selected as model
inputs. Incoming solar irradiance on the canopy was measured at the top of the flux tower
(Froelich et al., 2015). Soil moisture (m3 m-3) measured at the depth of' 5 cm to 30 cm was used.
Precipitation data (mm h-1) were obtained from the nearest Environment Canada weather

station that has hourly rainfall records (ID: Borden AWO), which is approximately 5.2 km away.

2.4 Terrestrial biophysical model
The Boreal Ecosystem Productivity Simulator (BEPS) is a two-leaf enzyme-kinetic model
initially developed to estimate the carbon uptake and the water cycle of boreal ecosystems

(Chen et al., 1999; Liu et al., 2003). It has been substantially upgraded since its original release

11
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to simulate carbon and water fluxes at an hourly time step over various PFTs (Chen et al., 2007;
Ju et al., 2006). Several inter-model comparisons and site-level validations have shown that
BEPS can produce reliable GPP and ET estimates (Amthor et al., 2001; Potter et al., 2001,
Grant et al., 2006; Gonsamo et al., 2013). The modules related to the utilization of Chlicaf in

BEPS are described in the following subsections.

2.4.1 Separation of sunlit and shaded leaves.
The two-leaf scheme is an abstraction of the instantaneous radiation regime in canopies. Leaves
are separated into sunlit leaves and shaded leaves based on illumination and canopy geometry.
Sunlit leaves tend to be light saturated because they receive both direct and diffuse solar
radiation, while shaded leaves only receive diffuse radiation (Appendix A). The values of
LAl nir and LAIghaqeq are calculated following the stratification scheme of Norman (1982)
and Chen et al. (1999):

LAl 1t = 2 cos 0(1 — exp (—0.5QLAl,,/cos0)) (2)

LAlshagea = LAltor — LAIguniit 3)

where 6 is the solar zenith angle, LAl is the total leaf area index of the canopy, and Q is

the clumping index of this site, where Q = Qg/yg.

2.4.2 Derivation of V22, and J2>. for sunlit and shaded leaves
In BEPS, V234 o is the input parameter to quantify the leaf photosynthetic capacity. The V&3,
values for sunlit and shaded leaves are each derived respectively based on the V23, o value,

the vertical nitrogen profile of the canopy, the fraction of sunlit and shaded leaves and (Chen

12
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etal., 2012).
Leaf nitrogen content per unit leaf area N(L) (g m-2) generally decreases exponentially from
the top to the bottom in a canopy following the long-term radiation distribution in the canopy
(Equation 4):

N(L) = Noe knt (4)
where the extinction coefficient k, = 0.3 (De Pury and Farquhar, 1997), N, is the nitrogen
content of leaves at the top-of-canopy, and L is the canopy depth expressed as LAI from the
top to a given height. V22, is proportional to the leaf nitrogen content, and therefore it could
be expressed as:

Vi (L) = Viix oxaN(L) )
where V23, , is the V23, of leaves at the top-of-canopy, and x, (m2 g-1) quantifies the
relative change of V22, to the leaf nitrogen content in the canopy, while N(L) has the unit of
g/m2. The value of y, , the mean value of Narea and its standard deviation, and the standard
deviation of V23, are provided for each PFT (Chen et al., 2012; Kattge et al., 2009); we have
only used the values for deciduous broadleaf forests in this study. Since we do not have records
specifically for Ny, N, is regarded as the sum of the mean Narea and its standard deviation,
which are provided by Kattge et al. (2009). Using Equation 4 and 5 and our estimated N, we

can quantify the vertical patterns of V23, in the canopy.

The fractions of sunlit (fsun) and shaded leaves (fsh)in the canopy change with the canopy depth:
fsun(L) = Qe (6)

fn(L) = 1 — Qe ¥ (7

13
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where k = G(0)Q/cosB. The projection coefficient of the canopy, G(0), is taken as 0.5
assuming a spherical leaf angle distribution. We assume that V23, of a representative sunlit
or shaded leaf is equal to the mean V23, value of the sunlit or shaded leaf group. Therefore,

the V23, of a representative sunlit or shaded leaf is expressed through the following

integrations:
y2s Iy VB XN fsun(L)dL — VB N Jy e knLe=klqL
max _sunlit — max _0An 0——
fo fsun(L)dL f Qe~KLdL,
k[1—e~(kn+ioOL]
Vinax _0Xn 0 (ky+k)(1—e—KL) (8)
_ Jo VB oXaN@Wsn(dL _ oo fy e knt(1-QeMydL _
Vmax shaded V max OXnNO KL
Jy fsn(L)dL Jy (1-Qe~KL)dL
11 _e—knL)__ 2 [{_o—(kp+kL
V N kn(l e n ) k+kn[1 € ( n )] (9)
max _0Xn'No L—2cosB8(1—e kL)

Several methods for estimating V322, o are described in Section 2.5. J25 . for sunlit and
shaded leaves are subsequently obtained using the V23.:]J2>. built on our in-situ

measurements (see Section 2.5).

2.4.3 Simulation of GPP and ET
BEPS calculates the instantaneous GPP as the sum of the photosynthesis from the sunlit leaves
and the shaded leaves (Equation 10). Within each sunlit and shaded leaf group, all leaves are
assumed to have the same physiological features; photosynthesis of a leaf group is then
predicted using one representative leaf multiplied by LAI

GPP = Aguniit X LAIsuniit + Ashaded X LAIshaded (10)

where Agyniit and Agpaqeq are the instantaneous photosynthetic rates of a representative

14
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sunlit leaf and a representative shaded leaf, respectively. Following the Farquhar biochemical
model, the instantaneous leaf photosynthetic rate in BEPS (Chen et al., 1999) is described as:
A = min(W,, W;) — Rq (11)
where W, is the rate of gross photosynthesis (umol m-2s-1) when RuBP
carboxylase/oxygenase is saturated, and W; is the photosynthetic rate when RuBP-

regeneration is limited by electron transport. Ry is the dark respiration rate of CO2 exchange.

Ci-T
We = Vmaxci? (12)
Ci-T
W = ]4Ci+8K (13)
R4q = 0.015V .« (14)

where V,,,x 1s the maximum carboxylation rate (umol m-2s-1) acquired from the prescribed
V2>, and a temperature dependent function (Sharkey et al., 2007), J is the electron transport
rate (umol m-2s-1). Ci is the intercellular CO2 concentration (umol mol-1), and I' is the CO2
compensation point in the absence of dark respiration (umol mol-1), K is a function of Rubisco
enzyme kinetics described as K./(1+ 0;/K,), where K¢ and Ko are Michaelis—Menten
constants for CO2 (umol mol-1) and O2 (mmol mol-1) and O; is the intercellular oxygen
concentration (mmol mol-1). The electron transport rate, J, is a function of the incoming
photosynthetic photon flux density (PPFD in pmol m-2s-1) and the maximum electron transport
(Jmax):
] = J;naxPPFD/(PPFD + 2.1],25) (15)
Following a revised Ball-Woodrow-Berry equation (Ju et al., 2006), leaf stomatal

conductance is quantified as:

15
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gs = fw (@) + 8o (16)

where m is the dimensionless Ball-Woodrow-Berry coefficient set as 8, RH is the relative
humidity (%), Cg is the CO:2 concentration on the leaf surface, g, is the minimum
conductance during the night, and A is the rate of photosynthesis (umol m-2s-1) of the
representative sunlit or shaded leaf. The added f,, variable is noted as the soil water stress
factor (Appendix B).

After obtaining g, leaf-level transpiration is calculated by employing the Penman-Monteith

equation in BEPS (Chen et al., 2007):

__ ARp—G)+pcpVPDgy

T=
A+(1+§—‘S’)y

X % (17)
where A is the latent heat of water (J kg-1), R,, is the instantaneous net radiation on the leaf
surface (W/m-2) ( (Appendix A), G is the heat storage of the leaf which is a minimum close to
0 (W/m-2), p is the density of air (kg m-3), ¢, is the specific heat of air (J kg-1°C-1), VPD is
the vapor pressure deficit on the surface of a leaf (kPa), y is the psychrometric constant
(kPa °C.1), gy is the leaf boundary-layer resistance to water vapor (m s-1), and A is the
derivative of saturated vapor pressure with respect to the air temperature (kPa °C-1). The leaf-
level transpiration (mm s-1) is upscaled to the canopy-level transpiration following an
analogous protocol to the GPP upscaling.
T = Tsuntit X LAlgyniit + Tshaded X LAIshaded (18)
where Tg,ni¢ 1S the transpiration from a sunlit leaf and Tgp,qeq 1S the transpiration from a

shaded leaf.

In addition to transpiration, BEPS also simulates evaporation from soil and from wet leaves
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(Chen et al., 2007). These processes are not regulated by stomata and therefore are less likely

to be affected by the improvement in V23, parameterization.

2.5 Modelling treatments

Empirical equations were developed to relate Chlieat to V23, o and J25 o, based on field
measurements (Croft et al., 2017) and were incorporated into BEPS for the purpose of
improving GPP and ET simulations. In order to evaluate the improvements associated with
utilising Chlieat (Case 4), we used three commonly employed V23, , treatments as reference

cases (Case 1,2 and 3).

Case 1: constant V23, o.Groenendijk et al. (2011) assimilated eddy covariance measurements
from Fluxnet into an inverse model of photosynthesis and transpiration to derive site-specific
V2> and PFT-specific V23, . Several BEPS studies have successfully used this set of V22,
values for site-level GPP and ET simulations (Gonsamo et al., 2013; Chen et al., 2016; Luo et
al., 2017, in review).

In this case, we used the value of 62 umol m-2 s-1 for temperate deciduous broadleaf forest from
Groenendijk et al. (2011) as the constant V23, , at the Borden Forest site. This value is
comparable to another commonly cited value of 57.7 pmol m-2 s-1 for deciduous broadleaf

forests reported by Kattge et al. (2009).

Case 2: LAl-based V23, ,. Some studies have found that seasonal patterns of V23, follow

the seasonal patterns of LAI. We used a scheme developed by Ryu et al. (2011) to calculate
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V23, o on any given day during the growing season:

c+ (11— Vs _Lemlmin (19)

25 — 25
Vmax 0 — aV, max _ref L —L:
max min

max _re
where Lmax, Lmin and Lc are maximum, minimum and current LAI values over the year.
V2s ref 18 the value of maximum V2> during the growing season, which is regarded as 62
umol m-2 s-1. The empirical variable a is setat 0.3 as in Ryu etal. (2011). The ratio component
% ranges between 0 and 1.
Case 3: SLA-based V23, o. The specific leaf area (SLA) of leaves at the canopy top is used
in the Community Land Model version 4.0 (CLM4) to parameterize V322, o (Thornton and
Zimmermann, 2007). In this case:

Viax 0 = NareaFinrFnrRa2sf (N) (20)
where N,,.., 1s the area-based leaf nitrogen concentration (g N m-2), F;yg = 0.09 is the
fraction of leaf nitrogen in Rubisco (g N in Rubisco g-1 N) for temperate broadleaf deciduous
trees, Fyr = 7.16 is the mass ratio of total Rubisco molecular mass to nitrogen in Rubisco (g
Rubisco g-1 N in Rubisco), and ag,5 = 60 is the specific activity of Rubisco (umol CO2 g-1
Rubisco s-1). A scaling factor, f(N) = 0.64, represents the effects of N limitation. N, 1S
calculated from mass-based leaf N concentration and SLA.

Narea = Zy-sia 1)

where CN; = 25 is the leaf carbon-to-nitrogen ratio (g C g-1 N) for broadleaf trees and SLA

is specific leaf area (m2 g-1 C).

Case 4: Chliear-based V234 o. A straightforward way to implement Chlicaf into TBMs is through
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a robust relationship between Chlieaf and the photosynthetic parameters (i.e. V22, and J22.).
Croft et al. (2017) found a significant linear relationship between Chliearand V23, o (r2=0.76,
p<0.001) for the four deciduous species at the Borden site with an intercept close to zero
(Equation 22 and 23).

V25, o = 1.3 X Chljgyr + 3.72 (22)

J22% o =1.85x V23, o+ 6.87 (23)
For leaves at the top of the canopy, an increase of 1 pg cm-2 of Chlieat corresponds to 1.3 pmol
m- s1in V&, o. VA o and J&, o are significantly related (r2=0.91, p<0.001) by an

empirical equation across four species (Figure 1).

120 _ 2401
(a) (b)
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48 o 8
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&
0 I " L A L 1 1 3 0 X 4 L A L 1 ]
0 10 20 30 40 50 60 70 80 0 20 40 60 80 100 120
2 25 b,
Leaf chlorophyll content (pg cm™) Viax o (hmolm™s™)
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Figure 1. Scatter plots of the measured leaf-level physiological parameters of C3 broadleaf
leaves at the top of canopy at the Borden site in 2014 and 2015. (a) V23, o versus Chlicar;

(b) JEx o versus V23, . Source: Croft et al., 2017.

While the ranges of Chlieat, V22, o and J25 o ¢ach differ among the four species, the linear
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equations in Figure 1 fit the data points consistently, implying that it is reasonable to use a
single equation to link Chlieafand V323, o for broadleaf species. These two equations were used

to incorporate Chlieaf into BEPS in Case 4.

3. Results

3.1 Leaf traits and canopy fluxes

Figure 2 shows the variations of Chliear, LAI and SLA that are used to constrain V23, o in the
four modelling cases (Figure 2a), along with simulated V23, and canopy flux measurements
(Figure 2b) across two growing seasons. Chliear, LAI and SLA were measured every 7-15 days
during the two growing seasons; values between the sampling dates were determined by linear
interpolation. The Chliear and SLA values were calculated based on the weighted composition

of the major tree species at the Borden Forest (Teklemariam et al., 2009).
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Figure 2. Seasonal variations of (a) Chliear, leaf area index (LAI), specific leaf area (SLA),
and; (b) simulated V23, o for each modelling scenario where: Case 1 (a constant V25 0)
Case 2 (LAl-based V23, o), Case 3 (SLA-based V23, o) and Case 4 (Chlicat-based V224 o),
alongside GPP and ET tower measurements, during 2013 and 2014 at the Borden Forest field

site.

In 2013 and 2014, Chliecat accumulated slowly, beginning in early May, reached its peak in July,
with values ranging from 0.6 to 51.4 pug cm-2. In contrast, leaves became fully expanded in a
shorter time-frame (over 2 weeks in early-mid May), giving a steeper gradient in the early
growing season LAI values. SLA decreased promptly at the beginning of growing seasons and

stayed relatively constant from May to October. At the end of the growing season, the
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breakdown of chlorophyll began to exceed production in late August, while leaf fall did not

begin until October (Croft et al., 2014).

Among the four cases, the simulated Chlicat-based V23, o (Case 4) appears to most closely
follow the seasonal variations in measured GPP and ET (Figure 2b). In the modelled scenarios,
simulated V23, , ranges from: Case 2 - 30.1 to 60.5 pmol m-2 s-1; Case 3 - 35 to 70.2 umol

m-2 s-1; and Case 4 - 4.4 to 70.6 pmol m-2 s-1. Values of V23,  from these modelling cases are

used in BEPS to simulate GPP and ET over two growing seasons at the Borden Forest.

3.2 Validation of the GPP and ET estimates from different V2> o constraints
The simulated GPP and ET results are shown for the four different modelling cases, in order to
investigate the effects of the different biophysical constraints on V23, . Figure 3 shows linear

regressions between the hourly measured fluxes and the hourly estimated fluxes from BEPS.
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Figure 3. Scatter plots of the predicted and measured fluxes of 2013-2014 at the Borden site.
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(a) to (d) refer to the GPP validation in Case 1 (a constant V22, o), Case 2 (LAI-based
V23« o), Case 3 (SLA-based V23, ) and Case 4 (Chlieat-based V23, o), respectively; (e) to

(h) refer to the ET validation in Case 1, Case 2, Case 3 and Case 4, respectively.

Modelled results from Case 4 (Chliear-based V23, _o0) show the strongest correlation (r2 = 0.91)
with measured GPP values, and the lowest RMSE of 0.13 g m-2 h-1 (Figure 3). The other three
modelled scenarios reveal overestimated results at lower GPP values, which likely correspond
to the start and the end of the growing season. Additionally, Case 1 (a constant V3, ) shows
underestimations at higher measured GPP values. The total simulated annual GPP values are
2123 gmay-1, 1967 gm-2 y-1, 2124 g m-2 y-1 and 1729 g m-2 y-1 for Case 1 (a constant V23, 0)s
Case 2 (LAl-based V323, ), Case 3 (SLA-based V23, ,)and Case 4 (Chlieat-based V234 o),
respectively, while the annual GPP obtained from flux-tower measurements is 1719 g m-2 y-1.
The bias of the estimated annual GPP from Case 4 accounts for only 0.6% of observed annual
GPP, while the biases from Cases 1, 2 and 3 account for 23.5%, 14.4% and 23.6%,

respectively.

The Chlieat -constrained V23, o also produces the strongest relationship between estimated
and measured ET (r2 = 0.74; RMSE = 0.07 mm h-1). As with the GPP results, the estimated
annual ET for Case 4 of 362 mm y-1is closest to the measurement value of 370 mm y-1, while
the other annual ET results are 414 mm y-1 (Case 1), 397 mm y-1 (Case 2), 409 mm y-1 (Case
3). The bias of the estimated annual ET from Case 4 accounts for -2.2% of measured annual

ET, while to the biases from Case 1, 2 and 3 account for 11.9%, 7.3% and 10.5% of the annual
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476 observed ET. Overall, Case 4 is the most accurate scenario for simulating both total amount
477 and temporal variations of carbon and water fluxes.

478

479 3.3 Seasonality of the improvements in estimated GPP and ET

480 In order to investigate the seasonal variability in the improvements made to GPP and ET
481  estimations using Case 4 relative to Cases 1-3 (Figure 3), the monthly mean absolute errors

482  (MAESs) and the relative MAESs of the modelled fluxes are shown for the four cases (Figure 4). .
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486 Figure 4. The monthly relative MAE:s (a, b) and the MAEs (c, d) between the estimated and

487  measured daily fluxes in 2013-2014, under the four modelling cases. (a, c) GPP and (b, d) ET.
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The relative MAEs are the division of MAEs by daily flux values.

Figure 4a and 4b shows that Case 4 introduces the smallest errors in most months for both GPP
and ET estimates. Other cases display larger MAEs and relative MAEs than Case 4, especially
at the beginning and end of the growing seasons. In Figures 4c and 4d, the average MAEs of
estimated GPP in spring (from April to June) of the four cases are 3.2 g m-2 d-1, 2.2 g m-2 d-1,
3.0 g m2 d-1and 1.8 g m-2 d-1 respectively; in autumn (from September to November), the
average MAEs of estimated GPP for the four cases are 2.4 g m-2d-1, 2.1 gm-2d-1, 2.8 g m-2 d-
1 and 1.8 g m-2 d-1, respectively. In the middle of the growing seasons, the improvements are
not pronounced since the V22, values derived from all cases are close to each other. The major
improvements in modelled ET also appear in spring (from April to June), where the MAEs are
reduced from 0.8 mm d-1 in Case 1, 0.7 mm d-1 in Case 2 and 0.8 mm d-1 in Case 3 to 0.6 mm
d-1 in Case 4. In fall (from September to November), small improvements on the order of 0.01

mm d-1 in MAEs are observed from Case 1, 2 and 3 to Case 4. From June to August, the ET

estimates show little differences among the four cases.

3.4 Assessing the relative contribution of Chlieat to modelled GPP and ET

According to the modelling results, Chliear -V23, markedly improved the estimation of GPP
and ET during the transitional periods of the growing season. However, the improvement in
ET is not as great as the improvement in GPP (Figure 4). This decoupling effect of carbon and
water fluxes suggests that there are differences in the sensitivities of GPP and ET to the forcing

variables. In Figure 5, we explored the sensitivities of GPP and ET to five forcing variables of
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BEPS: incoming solar radiation (Rs), air temperature (Tair), relative humidity (RH), LAI and
Chlieat. To assess the sensitivity of GPP and ET to certain variables, each variable was changed
by -20%, -10%, 10% and 20% stepwise to drive BEPS (Case 4), while all other variables
remained unchanged. The resulting changes in simulate GPP and ET were recorded and

analyzed.
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Figure 5. Sensitivity of GPP and ET to the incoming solar radiation (Rs), air temperature

(Tair), relative humidity (RH), LAI and Chliear at the Borden site. (a) GPP; (b) ET.

Figure 5a shows that GPP is most sensitive to the changes in Chlieaf. A 20% variation in Chlieaf
leads to a change in annual GPP as large as 200 g m-2 y-1. In addition to Chlicat, Rs and LAI are
linearly linked to GPP with similar order of importance. There is an optimal Tair range for GPP,
with higher or lower Tair damping the carbon assimilation rate. RH has the least influence on
GPP. In contrast, ET is most sensitive to the climatic variables, Tair and RH, whilevariables
used to describe the plant functional status (i.e. LAI and Chlieaf) drive smaller changes in ET

(Figure 5b). As such, the variation in ET resulting from the changing Chlicar and LAI in spring
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and autumn is overshadowed by the variation from changing temperature and humidity.

Consequently, ET is less improved than GPP by incorporating Chlieat based V23, in the TBM.

3.5 The impact of light environment within the canopy on leaf physiology

This study incorporates Chlieat into a two-leaf model to consider the complex light environment
in forests and the accompanying physiological traits of sunlit and shaded leaves. Light intensity
within the canopy affects the relative allocation of nitrogen between light-harvesting
chlorophyll molecules and Rubisco in the Calvin cycle. Consequently, it is important to
consider how this dynamic partitioning of nitrogen affects the integration of chlorophyll into
the two-leaf BEPS model, and how this partitioning impacts carbon and water exchange. Figure
6 shows the contrasting modelled solar irradiance for sunlit and shaded leaves over the two

growing seasons.

350 -
300
250
200
150
100

50

Solar irradiance on leaf (W/m")

.....
______

1
100 200 300 L 100 200 300
DY

Sunlit leaves - - - Shaded leaves
Figure 6. Seasonal patterns of the average daily incoming solar radiation (W/mz2) on sunlit
and shaded leaves simulated by BEPS in 2013 and 2014.

The daytime average solar radiation on sunlit leaves ranges from 105 to 316 W m-2 from DOY

100 to DOY 300, with an average value of 216 W m-2. In contrast, the solar irradiance on
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shaded leaves ranges from 22 to 75 W m-2 in the same period, with an average of 36 W m-2.
This 6-fold difference in the light environment results in a different role of chlorophyll between

the sunlit and shaded leaves, as shown in Figure 7.
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Figure 7. BEPS modelled leaf photosynthesis and transpiration rates and their relationship to
Chlieaf. Sunlit (open dots) and shaded leaves (solid dots) are compared. Ten-day averages of

the modelled photosynthesis and transpiration rates in the growing seasons are used.

For modelled sunlit leaves, an increase of 1 pg cm-2 in Chliear increases the rate of
photosynthesis by 0.22 pmol m-2 s-1 and the rate of transpiration by 0.04 mmol m-2 s-1 in sunlit
leaves. In contrast, photosynthesis and transpiration of shaded leaves are less sensitive to
changes in Chlicar:a 1 pg cm-2 increase in Chliear leads to only a 0.07 pmol m-2 s-1 increase in
photosynthesis and a 0.01 mmol m-2 s-1 increase in transpiration of shaded leaves. Importantly,
Figure 7 suggests that chlorophyll plays a lesser role in determining GPP and ET in shaded
leaves than in sunlit leaves. In line with the different role of chlorophyll, sunlit and shaded

leaves shows differences in other physiological traits (Figure 8).
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Figure 8. Physiological differences, from BEPS simulations, between sunlit and shaded
leaves. (a) V323, versus leaf chlorophyll content; (b) leaf-level photosynthesis versus

transpiration; (c) the seasonal variation in LUE.

The seasonal average V323, of a sunlit leaf is 34% higher than that of a shaded leaf, with the
biggest difference of 53% occurring in the middle of the growing seasons (Figure 8a).
According to our modelling results, the carbon and water fluxes of leaves are strongly coupled,
and the water use efficiency (WUE) of the shaded leaf group is similar to that of sunlit leaves

(Figure 8b). For an unit area of leaves, 1 mmol of transpired water could incur 5.5 and 5.8
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umols of carbon assimilation for sunlit leaves and shaded leaves, respectively. However, light
use efficiency (LUE) of leaves fluctuates with Chlieaf (Croft et al., 2015a; Houborg et al., 2011).
According to modelled results from BEPS, the LUE of sunlit leaves ranges from 0.02 to 0.62
g C m-2MJ-1 APAR with an average of 0.35 g m-2 MJ-1. Shaded leaves are more efficient in
photosynthesis with a LUE ranging from 0.02 to 1.54 g C m-2 MJ-1, averaging 1.04 g C m-2 MJ-
1 (Figure 8c). These LUE values are within the range of observed and modelled LUE reported
previously reported in the literature (Medlyn, 1998; Yuan et al., 2007). Our finding -- that the
modelled LUE of shaded leaves is almost 3 times the modelled LUE of sunlit leaves -- echoes
the theory that plants are more capable of utilising diffuse radiation than direct radiation (Gu

et al., 2002), since shaded leaves only receive diffuse solar radiation for photosynthesis.

4. Discussion

4.1 Improved seasonal representation for GPP and ET simulations

The comparison of the four modelling cases demonstrates that Chlieat is the best constraint for
V254 in the TBM. Seasonal changes in V23, represent changes in the leaf Rubisco content,
which is believed to synchronize with the leaf nitrogen pool (Evans, 1989a). In previous studies,
leaf structural parameters such as LAI and SLA were used in models to represent seasonal
changes in V322, assuming that LAI and SLA can provide robust representations of the leaf
total nitrogen content. However, the seasonal change in leaf total nitrogen varies from the trend
of the leaf photosynthetic nitrogen pool (Croft et al., 2017; Migita et al., 2007; Warren et al.,
2000), due to disparity between leaf physiological and morphological development shown in

Figure 4 (Croft et al., 2014b). As a consequence, it is important to consider leaf photosynthetic
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nitrogen and its relationship to Rubisco content, rather than merely leaf total nitrogen. In this
study, we found that Chlieaf can serve as a direct proxy of the leaf photosynthetic nitrogen pool
at the canopy top, thus, can constrain the seasonal variation of V322,. The results also suggest
that the accumulation and degradation rates for photosynthetic nitrogen pool (as represented
by Chliear ) differ from the rates of changes of leaf and canopy structural components (i.e. LAI
and SLA). Consequently, the seasonality of GPP and ET is better explained by Chlicaf than by
SLA or LAI especially during these transitional periods when the disparity between leaf
structure and leaf physiology reaches its maximum. In the middle of the growing season, the
simulations from four cases are quite similar to each other because leaves were structurally and

physiologically mature.

The seasonality of GPP and ET is also influenced by climatic factors. Though carbon and water
fluxes are regulated by the stomata (e.g. Baldocchi 1994; Leuning 1990), our sensitivity
analysis finds that GPP and ET are not tightly coupled as expected because of their different
sensitivities to non-biological factors. Figure 5 demonstrates that Chliecaf was the dominant
factor in controlling the carbon uptake, whereas air temperature and atmospheric mositure
demand place the strongest controls on water exchange. This finding was also noted in previous
sensitivity studies on several TBMs, which also found V22, is a more influential factor for
carbon flux modelling than for water flux modelling (Alton et al., 2007; Ryu et al., 2011). Wang
and Dickinson (2012) reviewed observational ET studies across the globe and suggested that
available energy and vapor pressure deficit are the two most important factors in determining

ET in temperate and boreal forest ecosystems like the Borden site. Consequently, it is
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reasonable to see that the ET simulations are improved less than the GPP simulations after

incorporating Chlieat-based V322, in the TBM.

4.2 Physiological differences between sunlit and shaded leaves

Many studies have compared the physiological traits of sun and shade-adapted leaves (e.g.
Anderson et al., 1988; Boardman, 1977; Chow and Anderson, 1987) and reported that the
constituents of photosynthetic components vary with leaf light environments. Under a saturated
light environment, leaves tend to assign more nitrogen to produce Rubisco needed in dark
reactions of photosynthesis, while shaded leaves will invest more nutrients in the production
of the light-harvesting apparatus to capture the photons needed in light reactions. In a canopy,
nitrogen is distributed proportionally from top leaves to bottom leaves following the long-term
radiation gradient. The sunlit part of the crown tends to have higher Narea to produce more
photosynthetic components (e.g. Rubisco) in comparison to the shaded part of the canopy. As
such, the leaf physiological traits acclimate to leaf light environments to maximize the overall
productivity of the whole canopy. Understanding the influence of the light environment on
leaves is an important premise before upscaling modelled GPP and ET from leaf to canopy in

structurally complex forests.

Estimations from BEPS captures the physiological difference between sunlit and shaded leaves
(Figure 7 and 8). With an increase in Chliear, V23, and photosynthesis of shaded leaves
increase more slowly than those of sunlit leaves, because shaded leaves are predominantly

located at the bottom of the canopy where the relatively low nitrogen content constrains the
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content of Rubisco. Therefore, the linear relationship between Chliear and V23, has a smaller

slope for shaded leaves than for sunlit leaves. This finding echoes previous experiments

reporting changes in Chliear -V23, relationships under different light environments (Table 1).

Table 1. Slopes in the linear Chlieat—V23, relationships reported in the literatures. Ratios of

V23, / Chlieat in some studies are regarded as slopes. Molecular mass of Chlieaf is 893.5 g

mol-1.
Species Solar irradiance Slopes in Chlieat —V,23, Reference
on leaves (umol m-2 s-1)  relationships (umol m-2 s-i
V25, per pg cm-2 Chliear)
Cucumis 1000 1.82 (Evans, 1989b) a
550 1.43
260 1.43
150 1.01
Phaseolus 820 2.27
220 1.58
120 1.32
Maize 1.12 (Houborg et al.,
2015b)
Soybean 1.75
Sorghum 1.25
Wheat 2.65
Common bean 1.99
Cotton 1.76
Rice 1.60
Barley 3.07
Tobacco 2.82
Deciduous broad 1265 1.3 This study
leaf tree species
Sunlit leaves 972 ¢ 1.2
Shaded leaves 162 ¢ 0.77

a J22 is converted into V23, by simply dividing 2;
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b Measured daytime solar irradiance for leaves on top of the canopy;

¢ The average daytime solar irradiance on leaves, modelled from BEPS, during the period of the
growing seasons.

The experimental studies included in Table 1 demonstrate that leaf light environments affect
the slopes of Chliear —V23,, relationships to a degree that is almost comparable to the influence
brought by species types. While an increase of 1 pg cm-2 in Chlieaf may result in 1 to 3 umol m-
2 s-1 of increases in V23, for different species, a change in the light environment for a given
species could dampen its Chlieaf V22, slope by a factor between 21% and 44%. Meanwhile,
our modelled results show that shaded leaves have a 34% lower Chlieat —V23, slope than sunlit
leaves for deciduous broadleaf trees, which is similar to the results from previous limited
experimental studies (Evans, 1989b). Therefore, we suggest that our two-leaf TBM 1is capable
of describing the variations in light environments and is reliable for incorporating Chlieaf in

structurally complex forests.

4. Conclusions

Chlorophyll molecules embedded in the light harvesting apparatus are responsible for
absorbing solar energy for photosynthesis, and they are also related, through sharing of the leaf
nitrogen pool, to the enzyme Rubisco and the cytochrome b6f complex (Cty f) needed by
photosynthesis. Based on the key role of chlorophyll in photosynthesis, Chlieaf is regarded as a
valuable proxy of the photosynthetic parameters — V23, and ]J2°, —used in TBMs. However,
since sun and shade adapted leaves have different strategies in the nitrogen allocation to
components of the photosynthetic apparatuses (i.e. chlorophyll and Rubisco), understanding

the influence of the light environment on leaves is an important premise before upscaling
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modelled GPP and ET from leaf to canopy in the structurally complex forests. In this study, we
incorporated a time series of measured Chlieat into a two-leaf TBM named BEPS. The following
conclusions are drawn:

1. Chlieat provides a reliable constraint on the seasonal variations of V23, and J2>, ata
forest site. By incorporating Chlieat—based V23, into BEPS, the biases of simulated annual
GPP and annual ET are considerably reduced and the temporal correlations between simulated
and measured fluxes are considerably improved relative to three cases using constant V23,
LAl-based V23, and SLA-based V23,. The largest improvements in GPP estimates are
witnessed in spring and fall, when MAEs are reduced from between 2.2-3.2 to 1.8 g C m-2 d-1
and from between 2.1-2.8 to 1.8 g C m-2 d-1, respectively. MAEs of modelled ET also shrink
from 0.7-0.8 to 0.6 mm d-1 in spring while simulated ET does not improve very much in autumn.

2. The two-leaf TBM with V23, constrained by Chliar is capable of capturing the
physiological differences between sunlit leaves and shaded leaves in a forest stand. According
to modelled results, a 1 ug cm-2 increase in Chlieat corresponds to a 1.2 pmols m-2 s-1 increase
in V22, insunlitleaves and a 0.77 umols m-2s-1 increase in V23, in shaded leaves. The result
is in line with the plant physiological studies that found plants optimize the nitrogen allocations
to different photosynthetic components according to the light environment to maximize the
canopy-scale CO2 assimilation rate.

This study demonstrates, for the first time, the importance of using chlorophyll in TBMs
to reduce the uncertainties in carbon and water flux estimates for forested ecosystems. It also
incorporates Chlieaf within a two-leaf scheme to account for the complex light environments

inside forest canopies and quantifies the physiological difference between sunlit and shaded
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leaves.
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Appendix A. Net radiation on sunlit and shaded leaves

In every hourly time step of BEPS, the whole canopy was divided into four groups of leaves
based on the location and radiation features of the leaves, namely sunlit leaves in the overstorey,
shaded leaves in the overstorey, sunlit leaves in the understorey and shaded leaves in the
understorey (Chen et al., 1999; Liu et al., 2003). The leaves in each group have identical
features so BEPS could use one leaf to represent one group. Net radiation on a leaf is composed
by three sources:

Rni = Rairi + Rair i + Ry (A1)
where Ry, is the total net radiation on a certain leaf, Ry, Rgir and R; refers to the net
direct incoming solar radiation, net diffuse solar radiation and net longwave radiation on this
leaf. i refers to one of the four types of leaves. For a shaded leaf, Rg;,- = 0.

In order to differentiate the incoming solar radiation into a direct and diffuse part, a semi-
empirical equation is applied:

Saif _ {0.943 +0.734r — 4.9r% + 1.79673 4+ 2.058r* r < 0.8 (A2)

Sg 013 r=0.8
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Sair = Sg — Saif (A3)
where S, Sgir and Sg;r are global solar radiation, incoming direct solar radiation and

diffuse solar radiation. r is a parameter used to quantify the cloudiness in sky

SocosO

(A4)
So 1s the solar constant set as 1362 W/m2, 6 is the solar zenith angel in this hourly time step.
The net direct shortwave radiation on the sunlit representative leaf in the overstorey or
understorey of the canopy is:

Rair o_suniit = Rair w_sumic = (1 — a,)Sqircosa/cost (A5)
where «; is the albedo of leaves. a is the mean leaf-sun angle which is fixed at 60° when
the canopy has a spherical leaf distribution.

On the other hand, the net diffuse shortwave radiation on the four groups of the leaves are
approximated respectively as:

Raif o sumit = Raif o snagea = (1 — @) (Sqif[1 — e705Al/05%0 ] /LA, + C,) (A6)
Raif w sumit = Raif u shadgea = (1 — aL)(Sdife_O'SmAI"/wsg"[1 - e_O'SQLAI“/COSE“]/LAIu +
Cy) (A7)
LAIl, and LAI, denote the LAI value of the overstorey and the understorey, C, and C, are

used to quantify the multiple scattering of the direct solar radiation from the leaf (Chen et al.,

1999)
C, = 0.070S,;,(1.1 — 0.1LAI)e—cs9 (A8)
C, = 0.070S,;,e~05Alo/c0s8 (1 1 — 0.1LAI,)e~¢°? (A9)

6, and 6, are the representative zenith angles for diffuse radiation transmission of the

overstorey and understorey leaves and slightly dependent on the corresponding LAI (Liu et al.,
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2003):

cosf = 0.537 + 0.025LAI (A10)
The net longwave radiation on these leaves is calculated as:
Ry o suniit = R1, o shadea = ﬁ{{fo leq0Ts + e,0T (1 - e_O'SLAI“Q/COSE“) +

Ego.Tg4e—0.5LAIu.Q/cos§u] _ 2800T04}(1 _ e—o.SLAIOn/coséo) + 80(1 _ Su)(l _

e —0.5LA1un/cos§u) [eaaT;e —0.5LAI,02/cos8, +e, 0T04 (1 —e —0.5LAl,2/cos8, )]} (A11)

Ry v suniit = Rp u_shadea = ﬁ{{gu [eq0T4 e~ 05 AL/ <059 + £,0 TH(1-

e—o.5LA1,,n/cos§0) + EgUngL] _ ZEuGTf}(l _ e—o.SLAIuQ/cos%) + Eu(l _
gg){[gao.T;e—0.5LAIO.Q/cos§O + 600T04(1 _ e—0.5LA100/cos§o)]e—o.5LA1un/cos§u +

suaTj(l _ e—o.sLAzun/coséu) } +e,(1— so)[euan(l _ e—o.sLAIun/coséu) +
ggO.Tg4e—0.5LAIu.(2/cos§u](1 _ e—o.SLAIOQ/cosﬁo)} (A12)
where ¢ is the Stephen-Boltzmann constant equals to 5.67 X 10 8Wm™2K™*. ¢,, ¢,, &,
and g, are the emissivity of the atmosphere, overstory, understory and ground surface,
respectively. €,, &, and g, are prescribed as 0.98, 0.98 and 0.95 according to (Chen and
Zhang, 1989; Chen et al., 1989), and ¢, is computed as &, = 1.24(;—2)1/7(Brutsaert, 1982),
where e, and T, are water vapor pressure in mbar and temperature of the atmosphere in K.

T,, T, and T, are the temperatures of the overstory, the understorey and ground in K.

Appendix B. Quantification of the soil water stress factor
To assess the effect of soil water deficit on stomatal conductance (fw), a scaling factor based

on the ratio of the real time available water in soil to the maximum plant available water (Chen
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et al., 2005; Wang and Leuning, 1998; Wigmosta et al., 1994) is used to implement the soil

water information.

0
_ s (2)<6
Osi(2) =0y  Osw(@<Owp
fw %ewsesw(z)seﬁ (B1)
re LT ew@>0

where 6, (z) is the soil water content of layer z, z often refers to the top 30 cm based on the
availability of the soil water measurements. 6,,,, and 6. are the wilting point and the field
capacity (ms/ms) of the soil layer. 8,,,, and 6. are derived by the soil texture information
provided on the Fluxnet archive (http:/fluxnet.ornl.gov/), the patterns of multi-year soil

moisture measurements and the algorithm developed by Saxton and Rawls (2006).
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