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ABSTRACT

In forested ecosystems, the aggregation of leaves into different spatial structures at the canopy, branch
and shoot scales leads to a non-random spatial distribution of foliar elements. However, effect of
foliar aggregation or clumping on the estimation of terrestrial evapotranspiration (ET) is not yet well
understood. To evaluate the effect of foliar clumping, the process-based Boreal Ecosystem Productivity
Simulator (BEPS) is used to simulate ET at eight flux tower sites in North American forests. BEPS separates
a canopy into sunlit and shaded leaf groups in the calculation of canopy-level ET and clumping affects
this separation. Three cases are simulated with BEPS, and the modeled ET values are compared with
flux tower measurements: Case I serves as a baseline, in which LAI and clumping index at the sites are
considered. In this case, BEPS can explain 43-75% the variance of measured ET at these sites. For Case II,
the LAl is considered but clumping is ignored; resulting in an overestimation of annual ET at all sites by
~5% at the most clumped sites. In Case III, when effective LAI is used (i.e. clumping is not considered),
the site-averaged mean annual ET is underestimated by 11.5%, with the largest underestimation found
at the site with most clumping (CA-DF49; 19.1%). In both Case Il and Case III, the more clumped a canopy
is, the larger bias is found in the ET estimation (p <0.001). The estimated biases are robust to the errors
in key driving variables and model parameters. When LAl is derived from optical measurements on the
ground and from satellite platforms without considering the effect of clumping, it can cause substantial
underestimation of ET.

These results demonstrate the need for considering foliage clumping in process-based ET modeling,
with potential biases having large implications for carbon cycle modeling, water budget calculations and
understanding and predicting ecosystem responses to future climatic scenarios.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

and water budgets within terrestrial ecosystems, by absorbing
energy and cooling the land surface (Yuan et al., 2010; Wang

Terrestrial evapotranspiration (ET) is the process by which
water is transferred from the vegetated land surface to the atmo-
sphere, through a phase change of water from liquid (or ice) to gas
(water vapor). ET is instrumental in controlling soil moisture and
vegetation productivity, and plays a pivotal role in the carbon cycle
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and Dickinson, 2012). Terrestrial ET estimates can be derived
using process-based ecosystem models, which simulate a series of
biophysical and plant physiological processes, including radiation
regime, precipitation interception and surface resistance (Ju et al.,
2006; Liu et al., 2003, 1997; Running and Coughlan, 1988; Ryu
etal.,, 2011; Sellers etal., 1997; Chen et al., 2007; Potter et al.,2001).
Based on the combination of heat and mass transfer and energy bal-
ance equations, the Penman-Monteith (PM) equation (Monteith,
1965) is widely adopted to estimate ET in those ecosystem models.
Whilst the PM equation is theoretically sound, its application,
particularly for large areas, still faces several challenges. One of
them relates to the scaling scheme for canopy ET estimation. A
traditional way is to treat the entire canopy as a big leaf (Raupach
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and Finnigan, 1988). A bulk stomatal resistance and a bulk aero-
dynamic resistance must be specified a priori in the big-leaf
approach. Although the big-leaf approach is simple and effective
and has been widely used for ET estimation (Band et al., 1991;
Kelliher et al., 1995; Lai et al., 2000; Running and Coughlan, 1988),
it is often difficult to determine the values of the bulk aerodynamic
and canopy resistances that are reliable for variable environmental
and canopy structural conditions (Paw and Meyers, 1989).

A two-leaf scheme was proposed as an alternative (Chen et al.,
1999, 2005; Liu et al., 2003), in which ET is estimated for the sun-
lit and shaded representative leaves separately, then scaled up by
their respective leaf areas. Thus, ET is calculated at leaf level and
stomatal resistance is used as the surface resistance in the PM equa-
tion. This scheme can make the water and carbon cycles tightly
coupled and achieve high efficiency for large area applications (Liu
et al., 2003; Ryu et al., 2011; Liu et al., 2013).

Another challenge in the application of the PM equation is
to accurately describe the vegetation canopy structure. Leaf area
index (LAI) representing the vegetation amount is defined as one
half of the total leaf area per unit ground surface area projected
to horizontal datum (Chen and Black, 1992). LAl is recognized as
the most important canopy structural parameter in ET estimation
because it determines the surface area where fluxes of water vapor
and CO, occur between the plants and the atmosphere. LAI also
greatly modulates radiation transfer in plant canopy and precipita-
tion interception by the canopy, and LAl is related to the total wet
and dry leaf area for estimating canopy evaporation and transpira-
tion, respectively (Mu et al., 2011). However, in order to correctly
calculate LAI values, the aggregation of leaves into different spa-
tial structures i.e. twigs, branches, tree crowns and groups of trees,
must be accounted for. The foliage clumping index (£2), quantifies
the degree of deviation of foliage spatial distribution from the ran-
dom case (Chen and Black, 1991; Chen et al., 2006). The effects of
foliage clumping have been overlooked in ET estimations in most
ecosystem models (Lai et al., 2000; Sellers et al., 1997) but have
attracted some attention recently (Ryu et al., 2011).

Foliage clumping is needed for accurate ET estimation for three
reasons: firstly, the clumping index is needed to derive LAI from
the effective LAI (LAle ) which can be measured with optical instru-
ments at the ground or from satellite platforms (Chen and Black,
1992; Chen, 1996a):

LA = (1= olAle

(M
where « is the woody-to-total area ratio. The range of foliage
clumping index (§2) is between 0 and 1. The more clumped a for-
est is, the smaller the clumping index. §2 is around 0.5 for conifer
forests, which usually have high clumped canopies (Black et al.,
1991). LAI would therefore be considerably underestimated for a
highly clumped canopy (i.e. conifer forests) if foliage clumping is
ignored.

Secondly, £2 is used in the separation of sunlit and shaded
portion of the canopy as follows (Chen et al., 1999):

LAlsun = 2 cos (1 — e~ 0-542LAl/ cos 0y (2a)
LAlshade = LAl — LAlsyn (2b)

where the subscripts ‘sun’ and ‘shade’ denote the sunlit and shaded
portion of LAl and 8 is the solar zenith angle. For a highly clumped
canopy (i.e. conifer forests), LAlsyn, would be overestimated while
LAlghade Would be underestimated for a given LAI when foliage
clumping is ignored. LAlsyn and LAlgy,4e are used in the calcula-
tion of evaporation and transpiration rates of sunlit and shaded
portions of the canopy. Thus, we would expect that the inaccurate
calculation of LAlsyn and LAlg,,4e Would introduce errors into the
estimation of canopy ET.

Thirdly, £2 is needed to accurately simulate radiation transfer
inside plant canopies (see Appendix A). For example, a simple radi-
ation transfer model can be written as:

P(@) — e—G(O)QLAI/cosH (3)

where P(6) represents the probability of radiation transmission
through the canopy at the solar zenith angle 6. G(0) is the projection
coefficient, defined as the area projected on a plane perpendicular
to the direction of radiation per unit leaf area, and taken as 0.5 for
a spherical leaf angle distribution. In a clumped canopy, the group-
ing of leaves in the sub-canopy scales causes more overlapping of
leaves in the vertical or any direction than the random case; there-
fore, increasing the probability of radiation transmission through
the canopy. Thus, §2 influences the fraction of radiation inter-
cepted by the canopy or allocated to lower layers, and therefore
the amount of the radiation energy available for canopy evapora-
tion or transpiration. 2 is especially important for diffuse radiation
interception by the canopy (Eq. (A7)) and thus is important for ET
estimation in cloudy days when the diffuse radiation is the signifi-
cant portion of the incoming global solar radiation.

Given the influence of foliage aggregation on canopy spatial
organization and consequent energy and water fluxes between the
canopy and atmosphere, it is necessary to investigate the foliage
clumping on the estimation of ET over forests, which contribute a
large portion of the global ET. There are two types of biases associ-
ated with ignoring clumping in ET estimation. The first is to ignore
clumping while LAl is considered. The other is to mistake the effec-
tive LAI as the true derived LAL This type of bias can occur with
optical measurements of LAl on the ground and from satellite plat-
forms if the clumping index is assumed to be one. Therefore, the
specific objectives of this study are (1) to quantify the magnitudes
of these two types of biases in the estimation of site-level ET in
North America using a process-based ecosystem model, and (2) to
test the robustness of such bias estimates with errors in input and
model parameters. This research will provide an important step
for evaluating the effects of foliage clumping on ET estimation in
ecosystem process models and lead to improved accuracies of ET
estimation of forest ecosystems.

2. Materials and methods
2.1. Studied sites and vegetation parameters

In this study, we selected 8 North American eddy covariance
(EC) flux tower sites, which are part of the Ameriflux and Cana-
dian Carbon Program networks (Table 1). These 8 sites have a
large range of clumping index (0.49-0.87) and have multiple biome
types. Most of the sites have the ground-based measurements of
clumping index and LAI which would be more accurate compared
to those derived from remote sensing products. The sites span
from northern boreal latitudes (54° N) to mid-latitudes (42°N).
These sites include one boreal deciduous broadleaf forest: the Old
Aspen site (CA-SOA, Prince Albert National Park, SK, Canada) and
one temperate deciduous broadleaf forest: Harvard Forest (US-
Hal, MA, USA), three boreal evergreen conifer forests: BERMS
- OId Black Spruce (CA-SOBS, SK, Canada), BERMS - Old Jack
Pine (CA-SOJP, SK, Canada) and Quebec - Mature Black Spruce
(CA-EOBS, QC, Canada) and three temperate evergreen conifer
forests: Turkey Point - Mature (CA-TP39, ON, Canada), Metolius
- Intermediate-aged Ponderosa Pine (US-Me2, OR, USA), and 1949
Douglas-fir stand (CA-DF49, BC, Canada). The mean annual tem-
perature of these eight sites ranges from 0.0°C at CA-EOBS site to
8.5°C at US-Ha1 site. The mean annual precipitation ranges from
467 mm at the three boreal forest sites to 1461 mm at CA-DF49
site.
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Table 1
Description of studied Canadian Carbon Program (CCP) and Ameriflux Flux Tower Sites®.
Site ID Location Veg. type®  Clumping  LAlpn,®  LALLu® V" mP  Climate zone  Precip® T, (°C)  Reference
index (pmolm=2s-1) (mm)

CA-SOA 53.63°N, DBF 0.870 21 1.88 95.9 8.0 Boreal 467 0.4 Barr et al. (2004)
106.20° W

US-Ha1l 42.54° N, DBF 0.70¢ 3.0 1.68 51.5 8.0 Temperate 1050 8.5 Davidson et al. (2006)
7217°W

CA-SOBS  53.99°N, ENF 0.660 3.8 0.03 30.0 8.0 Boreal 467 0.4 Bergeron et al. (2007)
105.12° W

CA-SOJP 53.92°N, ENF 0.600 2.6 0.00 45.0 7.5 Boreal 467 0.4 Baldocchi et al. (1997)
104.69° W

CA-EOBS  49.69°N, ENF 0.586 3.7 0.03 323 9.0 Boreal 961 0.0 Bergeron et al. (2007)
74.34°W

CA-TP39 42.71° N, ENF 0.513 8.0 0.00 31.0 8.0 Temperate 800 8.1 Arain and
80.36°W Restrepo-Coupe (2005)

US-Me2 44.32° N, ENF 0.51¢ 71 0.2 62.5 8.0 Temperate 489 7.3 Thomas et al. (2009)
121.61°W

CA-DF49  49.87°N, ENF 0.488 7.34 1.3¢ 54.1 8.0 Temperate 1461 8.3 Chen et al. (2009)
2533°W

2 Vegetation type: DBF, deciduous broadleaf forest; ENF, evergreen needleleaf forest.

b Precip: Mean Annual Precipitation; Tair: Mean Annual Air Temperature; LAl : summer overstory LAI; LAI.u: summer understory LAI; Vp,, is the maximum carboxylation

rate at 25°C; m is the slope in the BWB stomatal conductance model.

¢ Data were extracted from a global MODIS derived clumping index map at 500 m spatial resolution (He et al., 2012).

4 From Chen et al. (2006).
¢ From destructive LAl measurement.

The EC tower sites were selected to give a comprehensive range
of forest canopy structure and to fulfill the following conditions
in data quality and availability: (1) ground measurements of LAI
and £2 are available; (2) soil data including temperature, moisture,
and texture are available; (3) three or more years of continuous
measurements of carbon and water fluxes and meteorological vari-
ables, including downward shortwave radiation, air temperature,
precipitation, wind speed and relative humidity are available; (4)
the simulation periods were selected when 90% of the half-hourly
data in any year are available for any meteorological variable and
the latent heat flux (LE).

The overstory LAl. was measured using the optical LAI-2000
plant canopy analyser (Li-Cor, Lincoln, NE, USA). The overstory £2
was derived from ground-based measurements using the Tracing
Radiation and Architecture of Canopies (TRAC) instrument (Chen
and Cihlar, 1995). The overstory LAI values were calculated using
Eq.(1)(Table 1, Fig. 1). The measured mid-summer LAI values were
used to determine the seasonal time series of LAI according to air
temperature (Ju et al., 2006). £2 was measured using ground based
optical instruments at most of the sites except for US-Me2 site
where the measurement is not available and 2 was extracted from
aglobal MODIS derived £2 map at 500 m spatial resolution (He et al.,
2012).

The understory LAI at CA-SOA site is the mean value of LAl
taken from leafed-out canopy for all years (1997-2005). The under-
story LAI at US-Ha1 site is the mean value of understory LAl (total
LAle — overstory LAl.) for all measurement years (1998-2008). At
sites where the measurements were not available, the understory
LAI was estimated using the empirical equation in Liu et al. (2003):

LAI, = 1.1749e~0-9909LAl @

where the subscripts ‘0’ and ‘u’ are for overstory and understory,
respectively. The understory LAI at SOJP site is set as 0.1 (Baldocchi
etal, 1997).

2.2. Ecosystem modeling

ET was simulated using the Boreal Ecosystem Productivity Sim-
ulator (BEPS) (Liu et al., 1999, 2003; Chen et al., 1999) at half-hourly
time steps for each site. BEPS is a two-leaf enzyme kinetic terres-
trial ecosystem model designed to simulate the carbon and water
cycles using spatial data sets of meteorology, remotely-sensed

land surface variables, soil properties, and photosynthesis and
respiration parameters. Although the BEPS model was initially
developed for boreal forest ecosystems, it has since been substan-
tially advanced (Ju et al., 2006; Chen et al., 2007) and intensively
tested over the Canadian landmass (Gonsamo et al., 2013) and tem-
perate and tropical environments (Feng et al., 2007; Wang et al.,
2004; Zhou et al., 2007). The PM equation (Monteith, 1965) is used
in BEPS to estimate the ET rate at an instant time per unit surface
area (in kgm=2s-1):

ARp + (pacp(es — ea)/Ta)
A+ y(1+(rs/ra))

ET = o (5)

where R, is the net absorbed radiation in W m—2, e; is the saturation
vapor pressure (kPa) at the evaporating surface, e, is the actual
vapor pressure (kPa) of the air above the evaporating surface,
ry is aerodynamic resistance (sm~!). The following parameters
are treated as constants: A is gradient of the saturated water
vapor curve with temperature in kPa°C-1 (~0.155kPa°C-1); y
is the psychometric constant (~0.067 kPa°C-1); A, is latent heat
of vaporization (~2.45MJkg=1); p, is air density (~1.2kgm3
at sea level); c¢p is specific heat of air at constant pressure
(1.013x 103 MJkg='°C1). ry is surface resistance (sm~'); a
key variable in the ET estimation. The surface resistance to the
evaporation from the ground surface is termed as soil surface
resistance (7o) as follows (Sellers et al., 1992):

Feoil = €5-206-4:255x(61/65) (6)
where 6 is volumetric soil water content in the first layer
(m3m~3), and 0; is saturated soil water content (equal to porosity)
of the first soil layer (m3 m~3).

The transpiration from the leaf is coupled with CO, uptake by
the leaf through stomatal conductance (reciprocal of stomatal resis-
tance), which can be described using the Ball-Woodrow-Berry
(BWB) model (Ball, 1988):

1 Ahg

=—=m—P 7
&= c. Pteo (7)
where g; is stomatal conductance in umolm—2s~1, A is net photo-
synthesis rate in wmolm=2s~1, m is a slope constant, h;s is relative
humidity at leaf surface, p is atmospheric pressure, Cs is CO, con-
centration at the leaf surface and gy is a small intercept term. The



B. Chen et al. / Agricultural and Forest Meteorology 216 (2016) 82-92 85

6 1.0
(a) CA-SOA () CA-SOBS () CA-SOJP (d) CA-EOBS
1 x i x i s
i .
s - - L os
i : A 0
2 4 o a2t b R
K 2 t 2 .
- S
& . £
E &
"é g T T T T T T T T T T T gg ;
Pt * =
= (¢) US-Hal () US-Me2 @CATP3 (b) CA-DF49 g
- . %
X i i
6 . a
o ot e, - X - X + x 05
$  Anhng | * .
39 .AAAA PN 1 a 7 oEffectiveLAI
A A ¢LAI
2 b X Clumping index
0 # . 0.0

100 150 200 250 300 350 100 150 200 250 300

100 150 200 250 300
DOY

Fig. 1. LAl,, LAI and clumping index across a growing season for each site. (a) CA-SOA site in 1997; (b) CA-SOBS site in 2001; (c) CA-SOJP site in 2001; (d) CA-EOBS site in
2003; (e) US-Hal site in 2010; (f) US-Me?2 site in 2002; (g) CA-TP39 site in 2005; (h) CA-DF49 site in 2004.

slope constant m, and intercept gy vary between species. As gs is
needed in A calculation and A is needed in g5 calculation, an itera-
tion procedure is usually followed for simultaneous estimations of
Aand gs (Collatzetal,, 1991). In this study, the value of g is obtained
in this way for the sunlit and shaded representative leaves, respec-
tively. An analytical solution of gs (Baldocchi, 1994) was used in
BEPS to improve the computation efficiency for model simulation
at continental and global scales (Chen et al., 2012).

Canopy-level ET is the sum of ET for sunlit and shaded leaf
groups as follows:

ETcanopy = ETsunLAlsun + ETshade LAlshade (8)

where the subscripts ‘sun’ and ‘shade’ denote the sunlit and shaded
components of canopy ET. This two-leaf formulation is based on the
estimation of ET rates of a representative sunlit leaf (ETsyn) and a
representative shaded leaf (ETpaq4e)-

In BEPS, the total site-level ET is calculated as the sum of several
components as follows:

ET =T, + Ty + Eo + Eu + So + Su + Eg + Sg 9)

where T, and Ty are the transpiration from overstory and under-
story canopies, respectively. E, and E, are the evaporation from
overstory and understory canopy intercepted water, respectively.
So and S, are the sublimation from overstory and understory
canopy intercepted snow, respectively. E; is the evaporation from
the ground surface and Sg is the sublimation from the snow on the
ground.

2.3. Simulation cases

For the purpose of investigating the impact of foliage clumping
on the ET estimation, we conducted model simulations for three
cases (Table 2). In Case I, £2 is considered and LAl derived from

Table 2
The model simulation cases.

Simulation cases Clumping effects LAI treatments

Case | Considered LAl is used.
Case I Not considered LAl is used.
Case III Not considered Effective LAl is used.

optical instruments (i.e. the Tracing Radiation and Architecture of
Canopy, TRAC or LAI-2000) is converted to LAI (Eq. (1)) using £2
measured at the ground (7 sites) or derived from the satellite data
(1 site). £2is also used in sunlit and shaded LAl separation. This case
is considered to be unbiased and representative of reality.

In Case II, the same LAI in case I is used, but the clumping is
ignored assuming §2 equals to 1. This is the case that the LAI is
available such as those obtained through destructive sampling or
using allometric equations but a random leaf spatial distribution is
assumed. Case Il would result in overestimated LAlsy, (Eq. (2a)) and
underestimated LAl .40 (Eq. (2b)) for a given LAI and the forest is
highly clumped. In Case III, LAle derived from optical instruments
isused and €2 is taken as 1. In this case, LAl is unbiased (Eq. (2a))
whereas LAlg,4e is underestimated (Eq. (2b)). In sum, the impor-
tance of foliage clumping in ET estimation is examined in two ways:
using only LAI (Case II) or LAle (Case III) without consideration of
clumping. Case Il may be particularly relevant to site-level ET esti-
mation using optical instrument data as the data derived from the
optical instrument (i.e. LAI-2000) indicates the LAle while the LAI
remains unknown.

3. Results and discussion
3.1. Variations in canopy structural variables between sites

The canopy structural variables (i.e. LAI, LAls, and £2) are
involved in the ET calculation in BEPS. Their values at the stud-
ied sites are shown in Fig. 1 and Table 1. The seasonal trajectory
of leaf emergence, leaf growth, the peak of overstory LAI and leaf
senescence were well captured at US-Ha1 site (Fig. 1e). The LAl
measurements at CA-SOA site in 1997 were less intensive than
those at US-Hal site (Fig. 1a). However, the seasonal trajectory
of leaf growth and almost unchanged peak of overstory LAI were
also well captured at CA-SOA site (Fig. 1a). Compared to the inten-
sive LAle measurements at deciduous broadleaf forest sites, the
LAl. measurements at evergreen conifer sites were much sparser
(Fig. 1b—d and f-h). The overstory canopy of those evergreen conifer
forest sites (Fig. 1b-d and f-h) were more clumped (lower £2) than
that of the two deciduous broadleaf forest sites (Fig. 1a and e). The
summer LAI of overstory canopy at boreal forest sites (Fig. 1a-d)
were lower than those of temperate forest sites (Fig. 1e-h).
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Fig. 2. Daily BEPS modeled ET and GPP across a year for each site. (a) CA-SOA site in 2002; (b) CA-SOBS site in 2001; (c) CA-SOJP site in 2001; (d) CA-EOBS site in 2004; (e)
US-Hal site in 2010; (f) US-Me2 site in 2002; (g) CA-TP39 site in 2008; (h) CA-DF49 site in 2004.

3.2. Daily modeled GPP and ET from BEPS simulations

The gross primary productivity (GPP) is referred as the gross
CO; uptake by vegetation per unit ground surface area and time. In
BEPS, leaf-level GPP or photosynthesis rate constrains the stomatal
conductance through the BWB model (Eq. (7)). Fig. 2 shows seasonal
variations of daily ET and GPP at the studied sites calculated from
the half-hourly time series of BEPS simulation.

The boreal deciduous broadleaf forest (i.e. CA-SOA site) (Fig. 2a)
had higher summer ET and GPP values than boreal evergreen
conifer forests (Fig. 2b-d), although they had similar magnitude of
summer LAI (Fig. 1a-d). This mainly results from the higher value of
maximum carboxylation rate (Vcmax) used in BEPS for CA-SOA site
than those of boreal evergreen conifer forest sites. The four temper-
ate forest sites had similar magnitude of summer GPP (Fig. 2e-h)
because the lower summer LAl at US-Ha1 site compared to the three
temperate evergreen conifer forest sites (Fig. 2f-h) were offset by
other factors (i.e. Vemax, meteorological variables and soil moisture).
The summer ET at CA-TP39 site was lower than from the other three
temperate forest sites (Fig. 2e-h) because it is sandy soil (98% sand)
at CA-TP39site. The sandy soil has a very low field capacity and can-
not retain sufficient soil moisture to supply the white pine roots
with enough water to meet the high transpiration demand of the
canopy. This soil water stress on the stomatal conductance is well
described using the model parameter (f,y) in BEPS (Ju et al., 2006).

The half-hourly GPP and ET simulations were compared with EC
measurements to evaluate the performance of BEPS in predicting
GPP and ET at all studied sites (Table 3). The regression statistics
are summarized in Table 3. The root mean square error (RMSE) of
simulated GPP ranges from 2.02 to 4.47 pmol m—2 s~! and that of ET
ranges from 0.02 t0 0.05 mm h h~1. BEPS is able to explain 56-88% of
the variance of GPP and 43-75% of the variance of ET (Table 3). The
RMSE and R? values indicated that the BEPS model can generally
capture the half-hourly variability at most of the sites.

The BEPS modeled annual ET and GPP values were calculated
from the daily sums, and their relationship with summer over-
story LAI from studied sites are shown in Fig. 3. Both annual ET
and GPP were positively related to the summer overstory LAI for
the six evergreen conifer forest sites (Fig. 3). The summer over-
story LAI usually represents the maximum LAI in the overstory
canopy and is significantly and positively correlated with annual

GPP (R2 =0.85), denoting the large contribution of summer GPP to

annual G Likewise, the summer overstory LAI accounted for most
of the surface area used in site-level ET calculations in summer,
which contributes to most of the annual ET, and results in positively
correlations between summer peak LAl and annual ET (R =0.55).

3.3. Impacts of foliage clumping on the simulations of ET
components

Table 4 summarizes the ET results from the three simulation
experiments at the studied sites. The site-averaged mean annual
transpiration rate of the overstory canopy (T,) was the largest ET
component. T, for the shaded leaves was slightly higher than that
for the sunlit leaves, majorly resulting from higher shaded LAI than
sunlit LAl in overstory canopy at the studied sites. For the same rea-
son, the evaporation from the shaded portion of overstory canopy
is higher than that from the sunlit portion (Table 4).

On the basis of Case I, where foliage clumping is considered
and LAI is used, the effect of clumping on the estimation of
site-averaged mean annual overstory canopy transpiration (Ty) is
evaluated (Table 4). With a mean clumping index of 0.6 from all
the sites (Table 1), the site-averaged T, for Case II (clumping not
considered and LAl used) is 5% higher than that for Case I (clumping
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Fig. 3. Annual BEPS modeled ET and GPP against summer maximum LAI of the
overstory canopy in a representative year for the six evergreen conifer forest sites.



Table 3

Intercepts (a), slopes (b), coefficients of determination (R?), root mean square of errors (RMSE) from regressions of half-hourly GPP and ET fluxes by the BEPS model vs. half-hourly GPP and ET fluxes measured by EC in the fetch

area of the flux towers of the studied sites.

RMSE

R2

a

Climate zone Veg. type Clumping Index

Period

Site ID

GPP ET

ET(mmhh-1)

ET GPP ET GPP

GPP

ET(mmhh)

GPP

(wmolm=2s-1)

(wmolm—2s-1)

137,712

146,821
184,080
137,355

0.03
0.03
0.02
0.02
0.02
0.03
0.05
0.04

2.68
2.99
2.02
3.14
240
3.12
4.47
3.54

0.75
0.75
0.66
0.55
0.61
0.69
0.43
0.48

0.86
0.88
0.79
0.56
0.70
0.86
0.66
0.82

1.01
1.01
0.96
0.85
0.91
0.91
1.04
1.19

1.03
0.99
1.00
1.03
1.07
1.06
1.07
0.94

0.004
0.005
0.004
0.005
0.001

0.16
0.44
0.19
0.82
0.29
0.46
0.07
-0.11

0.870

DBF
DBF
ENF
ENF
ENF
ENF
ENF
ENF

2002-2010 Boreal

CA-SOA
US-Ha1?

100,143
122,047
153,504
105,216

52,608
122,736
116,533

0.70¢

Temperate
Boreal

1992-2012
2001-2008
2000-2009
2004-2009
2008-2010

0.660

CA-SOBS
CA-SOJP

95,068
101,166

0.600
0.586

Boreal

Boreal

CA-EOBS
CA-TP39
US-Me2
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52,608
122,024
121,081

0.001

0.513

Temperate

0.006
0.000

0.51¢

Temperate

2002-2008
2000-2006

Temperate 0.488

CA-DF49

2 Hourly data for this site.

considered and LAl used). This result is due to the overestimation of
LAlsyn and the underestimation of LAl ,qe in Case II. As Tgyp, per leaf
area is usually larger than Tp,,4e, the total T, can be overestimated
(Eq.(8)).Opposite to Case Il, ignoring clumping in Case Il (clumping
not considered and LAle used) results in 15% underestimation of the
total T,. This is because the LAl is much smaller than the LAI for a
highly clumped canopy. When the LAl is used without considering
the clumping, LAlgy, is the same as that in Case I while LAl 4 iS
smaller than that in Case I. Tg4e in Case III are therefore smaller
than those in Case I while Tsy, in Case Il are nearly the same as
those in Case [, resulting in an overall underestimate of T, (Table 4).

Total evaporation (E,) from the overstory canopy is almost the
same for these three simulation cases, as the magnitude of evap-
oration from overstory canopy intercepted water is much smaller
than that of overstory canopy transpiration (Table 4). Total under-
story T (Ty) for Case II is almost the same as that of Case I while Ty
for Case IIl is lower than that of Case I as the shaded T, in Case III
is lower than that of Case I (Table 4). The absolute values of under-
story evaporation Ey is very small (Table 4) and the foliage clumping
effects on the E, estimation is not discussed here. Total evaporation
from the ground surface (ES) in Case Il is 2% lower than that in Case
[ (Table 4) as the net shortwave radiation of the ground is under-
estimated (Eqs. (A6) and (A9)) in Case II in which the correct LAI
is used without considering the clumping effect. Ignoring clump-
ing (in Case III) results in 6% overestimation of ES (Table 4) as the
LAl is much smaller than the LAI for a clumped canopy and the net
radiation of the ground is overestimated (Egs. (A6), (A9) and (A17)).

The correlation of the bias errors in ET due to ignoring clumping
and the clumping index is shown in Fig. 4. The bias error in ET due
to ignoring clumping when the accurate LAl is used (Case II-Case I)
is negatively related to the clumping index (Fig. 4a), whereas, the
bias error in ET due to ignoring clumping when LAl is used (Case
[lI-Case I) is positively related to the clumping index (Fig. 4b). This
indicates that the more clumped of the canopy, the larger bias error
in ET estimation due to ignoring foliage clumping.

3.4. The influence of foliage clumping on the calculation of key
meteorological and ecosystem variables

The previous findings have illustrated the foliage clumping
effects on ET components and total ET among studied sites. Now,
we explore the foliage clumping effects on the key meteorologi-
cal and ecosystem variables controlling ET estimation. The impacts
of foliage clumping on the calculations of key meteorological and
ecosystem variables (i.e. PPFD, net radiation, LAI, stomatal conduc-
tance and transpiration rates) according to sunlit or shaded leaves
are investigated in Figs. 5 and 6.

Ifthe LAlis used in ET estimation (ignoring the foliage clumping),
absorbed PPFD, R, and transpiration rate of the sunlit representa-
tive leaf will be negatively biased with clumping index. In contrast,
the shaded representative leaf will be positively biased with clump-
ing index (Fig. 5a, b and e). For example, for a typical boreal conifer
forest, where LAl is 4.0 and £2 is 0.5, downward shortwave radia-
tion above canopy is 500 W m~2 and relative humidity is 50%, PPFD,
Rn and respiration rate of the shaded representative leaf at 6 =45°
are 127.23 wmolm~—2s-1, 13.59Wm~2 and 0.0042 g H,0Om—2s~1,
respectively, without considering clumping. However, they will
be 99.99 pmolm~—2s~!, 10.36 Wm~2 and 0.0033g H,Om—2s~1,
respectively, when the clumping is considered (Fig. 5a, band e). The
PPFD, R, and transpiration rate of the sunlit representative leaf will
be 597.44 pmolm—2s~1, 138.93Wm~2 and 0.0414g H,Om—2s~1,
respectively, without considering clumping, but they will be
623.06 umolm—2s-1, 152.53Wm~2 and 0.0455g H,0m2s~1,
respectively, when the clumping is considered (Fig. 5a, b and e).
In this case, the relative error in PPFD, R, and transpiration rate
estimation when clumping is ignored will be 27%, 31% and 27%,
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Fig. 4. The regression of bias error in ET due to ignoring clumping when accurate LAl is used (Case II-Case I) or when LAl is used (Case IlI-Case I) against the clumping index.

Table 4
ET components (mmyr—') at the studied sites under three canopy architectural treatments.
ET To E, Ty Ey ES ET_tot
Sunlit portion Casel 117.3 (+£46.9) 13.0 (£5.1) 20.4 (+£22.0) 3.5(£3.5)
Case II 126.9 (+£47.5) 14.0 (£5.4) 20.0 (£21.1) 4.0 (£3.5)
Case III 122.6 (+£47.0) 13.8 (£5.5) 23.0(£21.3) 4.0 (+£3.4)
Shaded portion Case | 176.7 (+87.8) 51.8 (+41.4) 15.0 (£14.1) 5.1 (£5.0)
Case II 182.1 (+93.5) 51.0 (£41.5) 12.1 (£13.9) 4.6 (£5.0)
Case III 128.1 (+£65.6) 33.3(£26.1) 10.4 (£12.3) 3.9(+4.2)
Total Case | 294.0 (+£126.1) 64.8 (+45.4) 35.4 (+£35.9) 8.7 (£8.5) 42.1(£20.2) 4449 (£151.5)
Case II 309.1 (£131.7) 65.0 (+45.6) 32.1(£34.5) 8.6 (£8.5) 41.1(£19.2) 455.9 (+£156.6)
Case III 250.7 (£107.6) 47.1(£30.8) 33.3(£33.5) 7.9 (£7.5) 44.6 (£19.6) 383.7 (£132.4)
Case II-Case I 15.1(5.1%) 0.2 (0.2%) -3.3(-9.3%) -0.1 (-1.0%) -0.9 (-2.2%) 10.9 (2.5%)
Case IllI-Case I —43.3 (-14.7%) —17.8 (-27.4%) —2.0(-5.8%) —0.8(-9.3%) 2.6 (6.2%) -61.3 (-13.8%)

To: transpiration rate from the overstory, E,: evaporation rate from the overstory, T,: transpiration rate from the understory, E,: evaporation rate from the understory, ES:
evaporation rate from the ground surface, ET_tot: total ET. Based on double-tailed t-test, the differences between Case I and Case Il and between Case I and Case III for each
ET component and the total ET are all statistically highly significant (p <0.001).
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Fig.5. Variation of (a)absorbed photosynthetic photon flux density (PPFD), (b) net radiation, (c) LAI, (d) stomatal conductance, (e) leaf-level transpiration rates, (f) canopy-level
transpiration rates for sunlit and shaded leaf or canopy, with clumping index, when the LAl is used ignoring clumping (Case II), solar zenith angle, 6 =45°, air temperature =15 °C,
relative humidity = 50%, aerodynamic resistance=5sm~', downward shortwave radiation above canopy =500 W m~2.
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Fig. 6. Variation of (a) PPFD, (b) net radiation, (c) LAl (d) stomatal conductance, (e) leaf-level transpiration rates, (f) canopy-level transpiration rates for sunlit and shaded leaf
or canopy, with clumping index, when the LAle (LAl )= 2.0 (Case III), solar zenith angle = 45°, air temperature = 15 °C, relative humidity = 50%, aerodynamic resistance=5sm~",

downward shortwave radiation above canopy =500 W m~2.

respectively, for the shaded representative leaf and they will be
—4%, —9% and —9%, respectively, for the sunlit representative leaf.
In this case, the sunlit LAI will be overestimated by 24% while
the shaded LAI will be underestimated by 9% (Fig. 5c). The sto-
matal conductance (gsw ) of the sunlit representative leaf is almost
invariant while that of the shaded representative leaf is positively
biased by 10% in this case (Fig. 5d). The shaded portion, the sunlit
portion and the total canopy ET were overestimated by 18%, 13%
and 14%, respectively, when the clumping is ignored in this case
(Fig. 5f).

Nadir-view optical multi-spectral remote sensing signals con-
tain information on the LAle rather than the actual LAL As the
clumping index decreases (more clumped) at the same LAle, the
shaded LAI and the total LAl increase. If the LAl is used in the ET
estimation, ignoring the foliage clumping (Case III), absorbed PPFD,
Rn, gsw and transpiration rate of the sunlit representative leaf will
be invariant with clumping index while those for the shaded repre-
sentative leaf will be positively biased with clumping index (Fig. 6a,
b,d and e).

Using the same example as in Fig. 6 (i.e. L =2.0, £2=0.5), PPFD,
Rn, gsw and transpiration rate of the shaded representative leaf at
0=45°will be 224.82 wmolm~—2s~1,62.67Wm~2,2.35mms~! and
0.018g H,0m2s~1, respectively, without considering clumping,
but they will be 205.55 umolm—2s-1, 56.75Wm~2, 2.28 mms~!
and 0.016g H,Om~2s~1, respectively, when the clumping is con-
sidered (Fig. 6a, b, d and e). In this case, the relative error in
PPFD, Ry, gsw and transpiration rate estimation when clump-
ing is ignored will be 9%, 10%, 3% and 13%, respectively, for the
shaded representative leaf. In this case, sunlit LAI is invariant
while shaded LAI and total LAI will be underestimated by 68%
and 50%, respectively, when the clumping is ignored (Fig. 6c).
The shaded portion and the total canopy T will be underesti-
mated by 65% and 32% when the clumping is ignored in this case
(Fig. 6f).

3.5. Sensitivity test of ET simulation to errors in input and model
parameters

Uncertainties in the ET simulation due to errors in input and
model parameters may be as large as the clumping effects reported
above. To explore the reliability of our conclusions about the
clumping effects, we conducted a set of sensitivity tests for two
key canopy structural parameters (LAI and £2) and two key eco-
physiological parameters (fiy and Vemax ) (Table 5).

When the LAI in each site is increased or decreased by 20%, the
site-averaged mean annual total ET is increased or decreased by
about 8%. However, the relative differences between Case I and
Case Il and between Case I and Case III are less than 1% with these
LAI changes, suggesting that an LAI change would affect all cases
in the same direction (ET in the three cases all become larger or
smaller). Similarly, forcing the soil water scalar (fw) and maximum
rate of carboxylation (Vemax) to increase or decrease by 20% in the
model would result in increase or decrease of site-averaged mean
annual total ET in similar magnitudes, while the relative differences
between the cases quantifying the clumping effects are affected
very little. In general, modifying other parameters such as maxi-
mum rate of electron transport (Jmax) and the slope in the BWB
equation (m) would move all of the three cases in the same direc-
tion, and the clumping effects quantified as the relative differences
in site-averaged mean annual ET between cases would not be much
affected by these modifications. This set of sensitivity analysis indi-
cates the spatially consistent clumping effects and supports the
levels of their statistical significance.

Increasing or decreasing the §2 value by 20% did not consider-
ably affect the clumping effects quantified as the relative difference
in ET among the cases in this study (Table 5). In the preliminary
evaluation using the existing ground data, the mean bias error of £2
is less than 10% (5% error in needle-to-shoot ratio and 5% error in
element clumping index) (Chen et al., 2006). Thus, the 20% change
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Table 5

Sensitivity of site-averaged ET (mmyr~') to errors in the major input parameters of leaf area index (LAI) and £2 (£2), maximum rate of carboxylation (Vcmax) as well as the

most uncertain soil water scalar (fy, ) for stomatal conductance.

Casel Case Il Case IlI Case II-Case | Case IlI-Case |
Baseline 445 456 384 11 (2.5%) —61(-13.8%)
1.2 x LAl 480(7.9%) 491 413 11(2.2%) —67 (—-14.0%)
0.8 x LAI 406 (—8.7%) 417 352 10(2.5%) —54(-13.2%)
1.2 x fuw 483 (8. 6%) 497 421 14(2.8%) —63 (—13.0%)
0.8 x fw 405 (-9.0%) 413 345 8(2.0%) —60 (—-14.8%)
1.2x 2 449(1.0%) 461 388 2(2.6%) —62 (-13.7%)
0.8 x 2 439(-1.3%) 450 379 11(2 4%) —60(—13.7%)
1.2 x Vemax 459(3.2%) 471 399 12(2.7%) —60 (-13.1%)
0.8 x Vemax 428(-3.9%) 437 365 9(2.2%) —63 (—-14.7%)

The percentage in the brackets of the second column is the difference relative to the baseline.
The percentage in the brackets of the last two columns is the difference relative to Case I.

The baseline represents the ideal case shown in Table 4.

in £2 is large enough for most of the vegetation types. Although
§2 is decreased or increased by 20%, we still have 3% difference
between Case Il and Case I and 14% difference between Case IIl and
Case I which were the same as the baseline simulation in this study
(Table 5).

4. Conclusions

We used an ecosystem model (BEPS) to assess the effects of
foliage clumping, characterized by the clumping index (£2), on the
estimation of ET in forests. BEPS contains a comprehensive descrip-
tion of canopy radiation transfer in a two-leaf (sunlit/shaded)
scheme and couples water and carbon simulations tightly. The per-
formance of BEPS in estimating ET and GPP was first assessed by
comparing the simulated ET and GPP with the measurements from
8 North American EC flux tower sites. BEPS can explain 43-75% and
56-88% variance of measured ET and GPP at these sites, respec-
tively. Three cases are simulated: (1) LAl and §2 are considered, (2)
the LAl is considered but §2 is ignored (assuming to be one), and (3)
the LAI is replaced with the effective LAI and 2 is assumed to be
one. The importance of foliage clumping to ET estimation is illus-
trated from its impacts on LAI derivation from the effective LAI,
on sunlit and shaded LAI stratification, and on leaf-level radiation
calculations. The major conclusions are drawn as follows:

1. Even if we have accurate LAI values for a site, ignoring foliage
clumping would result in overestimation of site-level ET. This
bias is found to increase with clumping (or decrease with clump-
ing index). The bias is the highest (~5%) for the conifer forests
and correlated closely with the variation in the clumping index
(r?=0.68).

2. When the LAI is replaced with the effective LAI (LAle), ET is
underestimated at all sites tested. With a mean clumping index
of 0.6 for these sites, the mean annual ET is underestimated by
11.5% on average at these sites. For the most clumped site, the
mean annual ET is underestimated by 19.1%. In general, the more
clumped a canopy is, the larger bias error is in ET estimation due
to ignoring foliage clumping (12 =0.55).

3. Although there are still some uncertainties in site-level ET sim-
ulation due to errors in input and model parameters, the foliage
clumping effects quantified as the relative differences in site-
averaged mean annual ET between the cases with and without
the clumping consideration are still robust because errors in
input and model parameters would move all cases in the same
directions.

4, Our results suggest the need for considering foliage clumping
in ET estimation. In particular, when LAl is derived from optical
measurements on the ground and from satellite platforms with-
out considering the effect of clumping, it can cause substantial
underestimation of ET.
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Appendix A. Algorithms for net radiation of vegetation and
ground surface

The hourly BEPS model calculates the net radiation of the sunlit
and shaded representative leaf for the overstory and understory
canopy separately:

Riuno =Sii o +Sii o/LAL + L3 /LAI (Ala)
R{pade o = Sdif o/ LAlo + L5 /LA (A1b)
R§un_u = Sgir_u + Siifo/LAL + L /LAL (Alc)
Rénade_u = Saifu/ LAl + L /LAl (A1d)

where the capital symbols of S and L denote shortwave and long-
wave irradiances, respectively; superscript asterisk denotes the net
radiation component and the subscripts ‘sun’ and ‘shade’ denote
the sunlit and shaded representative leaf, respectively. The sub-
scripts ‘0’ and ‘v’ denote overstory and understory, respectively.
The subscripts ‘dir’ and ‘dif’ denote direct and diffuse components.
Downward fluxes are defined as positive conventionally. The cal-
culation of the shortwave radiation components are based on Chen
et al. (1999). The partition of global incoming solar radiation into
direct and diffuse components is done using the following equa-
tions:

0.943 +0.734r — 4.9r2 +1.796r3 +2.058r* r < 0.8

Sdif _
Sg 0.13 r>0.8
(A2a)
Sdir = Sg — Saif (A2b)

where Sg is the incoming global solar radiation in Wm~2, the
parameter r is defined as:
Sg

- So cos6 (A3)

where Sy and 6 are the solar constant (=1367 Wm~2) and solar
zenith angle, respectively.
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The direct component of net shortwave radiation of the sunlit
representative leaf in the overstory canopy is calculated as:
Siir o = (1 — )Sgircos ax/cos O (A4)
and the direct component of net shortwave radiation of the sunlit
representative leaf in the understory canopy is calculated as:

s (1 — oy )Sgircos o

diry cosf (AS)

and the direct component of net shortwave radiation of the ground
is calculated as:

S;;ir?g — (] _ ag)Sdirefo.SQ(LAloﬁ»LAIu)/C059 (AG)
where oo, oy and ag are the albedo of the overstory canopy,
understory canopy and the ground surface, respectively. « is mean
leaf-sun angle. o = 60° for a canopy with spherical leaf angle distri-
bution (Chen, 1996b).

Similarly, the diffuse component of net shortwave radiation of
overstory canopy, understory canopy and the ground surface are
calculated as:

S0 = Saifl(1 — 0to) — (1 — ctyy e~ 0->42LAlo /cos fo] + CoLAI, (A7)

Ssif,u =[(1-ou)—(1- ag)e—O.SQLAlu/cos(fu ]Sdife—O.SQLAlo/cos(io

+ CuLAl (A8)

Sfiif,g —(1- ag)sdife*O-SmA'L’/cos 6o—0.582LAly /cos by (A9)

C arises from multiple scattering of direct radiation. The equa-
tions for calculating C is derived based on (Norman, 1982) with a
modification by Chen et al. (1999):

Co = 0.078254;;(1.1 — 0.1LAI, Je~0s? (A10)

Cu = 0.0782S,;,e0-562LAlo/cos0(1 1 _ 0.1LAI, )e~<0s? (A11)
0 is a representative zenith angle for diffuse radiation transmis-
sion and slightly dependent on LAI:

cos @ = 0.537 + 0.025LAl (A12)

This is a simple but an effective way to calculate the transmit-
ted diffuse radiation. It avoids the integration of the sky irradiance
for the hemisphere by using a representative transmission zenith
angle 6, which is obtained through a numerical experiment with
the complete integration. Under the assumption of isotropic sky
radiance distribution, it is near a constant of 57.5°, but also a weak
function of LAL This angle is larger than the mean of 45° because the
hemisphere is more heavily weighted against the lower sphere in
the integration. The dependence on LAl is found because it modifies
slightly the weight distribution (Liu et al., 2003).

For the ground surface underneath the vegetation, net radiation
is:
Ry =S5+ L (A13)
where the net shortwave radiation of the ground (S3) are the sum
of direct and diffuse components:
Sg = Stirg T Sdit.g (A14)

The net longwave radiation for the overstory canopy (L} ), under-
story canopy (L{) and the ground surface (L) are calculated using

the following equations:

@—0.5LAly £2/cos éu) 4 ,—0.5LAI, §2/cos Z)u]

LY = {go[£20T4 + eyoTH1 — egoTge

_ 2800’T§}(1 _ e—O.SLAIOQ/COSéO) +&0(1 — &u)

a- e—o.SLAIuQ/coséu)[8a0T4e—0.5LA109/coséo
a

+£00T2(1 — e05LAlo2/costoy] (A15)

Llﬁ — {€u[£aO‘T§e_0'5LAI°Q/c°59° + EOO’Té(l _ e—O.SLAIO.Q/cosGO)

+£g0T3] — 28,0T2)(1 — e 0-5LA®/costu)

+£u(1 _ Sg){lgao.T;le—O.SLAIOQ/coséo

+800T§(1 _ e—O.SLAlo.Q/cos@o)]e—O.SLAluQ/coséu

+5uUT§(1 _ e—O.SLAluQ/coséu )}

+eu(1 — 80)[eu0TA(1 — e~0-5LAlu2/cosbuy

+ Ego.Téle—O.SLAluQ/cos@u )](1 _ e—O.SLAIO.Q/cos@O ) (A16)

Lg _ Eg{[gao.rsle—o.SLAIgQ/cos Bo

T 8007—;1(] _ @—0-5LAlo2/cosfo )]e0-5LAI2/cos Ou

+euoTh(1 - e~0.5LAR/cosbu )y £g0Ty

+eg(1 — £u)(Eg0T2 + (1 — £g){[£a0T e 051 A2/ c0sb0

+ 800T;11 _ —0-5LAlo£2/ cos @0)]e—0‘5LAluS2/coséu

T suaTl‘}(l _ e—O.SLAlu.Q/cos@u)})(-l _ e—O.SLAlu.Q/coséu) (A17)

where €3, €0, £y and gg are emissivities of the atmosphere, overstory,
understory and ground surface, respectively. Prescribed values of
0.98, 0.98 and 0.95 are assigned to &0, &y and &g, respectively,
according to (Chen and Zhang, 1989; Chen et al., 1989), and ¢, is

computeas g = 1.24(%‘) 7 (Brutsaert, 1982), where e, and T, are
water vapor pressure in mbar and temperature of the atmosphere
in K. The representative angles for longwave transmission through
the overstory and understory are treated the same as those for dif-
fuseradiation transmission described inEq. (A12). More terms were
added into the previous equations (Liu et al., 2003) to consider the
reflected longwave radiation from the neighbor layers.
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