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1. Introduction

Plant physiological processes, governing biosphere-atmosphere interactions, are highly
dynamic and can vary significantly over space and time as plants respond to rapidly
changing environmental conditions. As a result, study of such processes requires
careful consideration of the spatial and temporal dynamics involved (Hall et al., 1995). A
prominent example of such a process is the photosynthetic light use efficiency (g), which
describes the efficiency with which a plant can convert absorbed solar radiation energy
into biomass (Monteith, 1972, 1977) thereby driving (amongst other factors) the amount
of carbon accumulation in terrestrial ecosystems (Monteith et al., 1977, Field, 1991,
Goetz et al., 1999). Determined by any of a large number of environmental stresses
restraining the photochemical reaction process, such as nutrition supply, water, and
temperature, £ depends on vegetation types and varies greatly over space and time
(Field and Mooney 1986, Prince and Goward 1995, Turner et al. 2003). Whilst recent
years have seen considerable progress detecting & using high spectral resolution
remote sensing instrumentation at the leaf, canopy, and stand scales, the angular,
spatial, spectral and temporal requirements for up-scaling such observations to
landscape and global levels using satellite remote sensing remain less well understood

(Hall et al., 1995, Xiao et al., 2004).

One way to investigate scaling requirements for modeling ecosystem processes from
satellite-derived land surface parameters is to study relationships between canopy
reflectance and plant physiological processes at the stand level, using permanently

established tower based remote sensing devices, allowing continuous observation of



the canopy surface with high spatial and spectral resolution observations (Leuning et
al., 2006, Hilker et al., 2007). Knowledge obtained from such studies may then be used

to develop models for upscaling reflectance parameters to landscape and global scales.

Investigation of plant physiological processes at the stand level requires consideration
of multiple viewing geometries, as 1) temporal dynamics require study of diurnal as well
as seasonal patterns, and 2) full assessment of stand level photosynthesis from spectral
reflectance requires careful observation of leaves, branches, structures, gaps, and
understorey to understand how reflectance depends on viewing and illumination
geometry (Asner, 1998). This information, however, is not easily obtained from nadir
measurements alone (Strahler and Jupp 1990, Chen and Leblanc 1997, Goel and Grier,
1988). For instance, canopy radiance from nadir measurements originates mostly from
sunlit leaves only, as radiative signals from shaded leaves are relatively weak, even
though shaded leaves contribute a significant part to a plant’s overall photosynthesis
(Hall et al. 1992). Multi-angular observations provide a means to characterize the
anisotropy of surface reflectance (Chen et al., 2005), which has been shown to contain
information on the structure of vegetated surfaces and shaded parts of the canopy
(Chen et al., 2003, Myneni et al., 2002, Gao et al. 2003). These multi-angular
observations, however, are subject to directional reflectance effects that can confound
the desired signal used for extraction of canopy information (Los et al., 2005). These
effects can be described in terms of geometric and volumetric scattering effects (Jupp,
1998). The volumetric effect, driven by the canopy structure, including leaf angle
distribution and total leaf area, leads to changes in path length and extinction, while the

geometric effect relates to individual canopy shapes (Roujean et al., 1992, Jupp, 1998)



causing scenes to appear darker or brighter depending on the amount of shadow cast

as seen by an observer (Privette et al., 1994, Lucht et al., 2000).

One possible way to model these directional reflectance effects is using a bi-directional
reflectance distribution function (BRDF), which describes how land surface reflectance
varies with view zenith, solar zenith and azimuth angle (Barnsley et al., 1997, Gao et al.,
2003, Los et al., 2005). Several different approaches exist to modeling BRDF, of which
the semi-empirical kernel representation is the most common (Roujean et al., 1992
Wanner et al., 1995). Kernel based BRDF models represent angular reflectance
distribution as linear superposition of a set of basic BRDF shapes based on relative sun
position and simple measures of the canopy structure (Wanner et al., 1995). Their
simple character allows acquisition of model parameters from mathematical inversion of
relatively few reflectance observations, thereby facilitating applications over a wide
range of spatial scales. An underlying assumption for these observations, however, is
that the physiological status of the observed canopy is constant, which does not hold for
narrow waveband reflectance, used to track short term changes in physiological
vegetation properties. As a result, modeling BRDF is problematic (Los et al., 2005), as
the observed reflectance measurements are an integrated function of both changes in
geometrically induced illumination conditions and physiologically induced changes in

leaf spectral reflectance.

In this paper, we develop and apply an approach to separate directional and
physiologically induced reflectance effects from canopy spectra estimates by stratifying
observations according to environmental conditions, which, assuming that physiology

follows environmental factors, should also stratify the dataset according to physiological



states (Los et al., 2005). Once developed, the approach is applied using tower based
spectral reflectance observations of a Douglas fir (Pseudotsuga menziesii var menziesii
(Mirb.) Franco) dominated forest stand in British Columbia, Canada. Within each
stratified set of observations, variations in canopy reflectance status are observed using
reflectance obtained from a platform mounted multi-angular spectro-radiometer over a
full year with physiologically induced reflectance changes separated from directional

effects using a kernel driven BRDF model.

2. Methods

2.1 Research area

The study area is a Canadian Carbon Program flux tower site, located between
Courtenay and Campbell River on Vancouver Island, British Columbia, Canada
(49°52'7.8" N, 125°20°'6.3” W) at 350 m above sea level. The coniferous forest consists
of 80% Douglas fir, 17% western red cedar (Thuja plicata Donn ex D. Don) and 3%
western hemlock (Tsuga heterophylla (Raf.) Sarg.) (Morgenstern et al., 2004) and is
considered second-growth planted in 1949, after harvesting of the original stand
(Goodwin, 1937). The understorey consists mainly of salal (Gaultheria shallon Pursh.),
Oregon grape (Berberis nervosa Pursh), vanilla-leaf deer foot (Achlys triphylla (Smith)
DC), various ferns and mosses (Morgenstern et al., 2004). A 1998 site survey found
that the stand density was 1100 stems ha™, and tree height was 30-35 m, and the

average diameter at breast height (DBH) was 29 cm. Chen et al. (2006) found that the



leaf area index (LAI) was 7.3 m? m? based on measurements using TRAC and LAI-

2000.

The site is among the most productive in Canada, with harvest rotation cycles as short
as 60 years (Morgenstern et al., 2004). The soil is a humo-ferric podzol with a gravelly
sandy loam texture and a surface organic layer ranging from 1 to 10 cm in depth. The
total soil C contentto 1mis 11.5 kg Cm™2, of which 2.5 kg Cm™ s in the surface organic
layer (Drewitt et al., 2002, Morgenstern et al., 2004). The research area is part of the
dry maritime Coastal Western Hemlock biogeoclimatic subzone (CWHxm) with an
average annual precipitation of 1500 mm and mean annual temperature of 8.5°C
(Humphreys et al., 2006). This subzone is characterized by a maritime climate with
typically cool summers and mild winters, but can experience significant drought
conditions during late summer and early autumn. Year-round eddy covariance flux
measurements have been made since 1997 and the site (referred to as DF49) was part
of the Fluxnet-Canada Research Network from 2002 to 2007 (Morgenstern et al., 2004,

Margolis et al., 2006).

2.2 Eddy covariance data

Continuous, half-hourly fluxes of CO, and water vapor were measured above the
canopy between April 1% 2006 and March 31 2007 using the eddy covariance (EC)
technique (Morgenstern et al., 2004, Humphreys et al., 2006). EC fluxes were
measured with a three-axis sonic anemometer-thermometer (SAT, R3, Gill Instruments
Ltd., Lymington, UK) and a closed-path CO,/H,0 infrared gas analyzer (IRGA) (LI-6262,

LI-COR Inc., Lincoln, NE, USA). Net ecosystem exchange (NEE) was calculated as the



sum of the half-hourly fluxes of CO; and the rate of change in CO, storage in the air
column between the ground and the EC measurement level (42m). Incident and
reflected photosynthetically active radiation (PAR [umol m? s™]), defined as the photon
flux between 400-700 nm wavelength, were measured using up and downward looking
guantum sensors (model 190 Sz, LI-COR Inc.), installed above and below the canopy
and diffuse PAR was measured using a “sunshine sensor” (model BF3, Delta-T Devices
Ltd., Burwell, UK). Wind speed related gaps in CO, fluxes of less than 2 h were filled
using linear interpolation. Half-hourly measurements of gross primary production (GPP)

were calculated using,
GPP = NEP +R, 1)

where NEP is the daytime net ecosystem production (NEP=-NEE) and Ry is the daytime
ecosystem respiration (Morgenstern et al., 2004), calculated using the annual
exponential relationship between nighttime NEE and soil temperature at 5-cm depth
after applying a logarithmic transformation to correct for heteroscedasticity (Black et al.,
1996, Goulden et al., 1997). Gaps in GPP were filled using a Michaelis-Menten GPP
versus PAR relationship fitted to daytime data when air temperature Ta; > -1 °C (see
Morgenstern et al., 2004, Jassal et al., 2007). Half hourly € was calculated from GPP

using the light use efficiency term of Monteith (1972, 1977):

.__ GPP

PARX fo,. @
where PAR is the half-hour PAR incident upon the canopy and fpar represents the half-
hour fraction of PAR being absorbed by the plant canopy. fpar Was determined from the

ratio of incident to reflected total PAR measured above and below the canopy (0:(6) and



2(6)), respectively, the solar zenith angle (¢) at the time of measurement and the

effective leaf area to account for clumping effects (LAl [m?m?])(Chen 1996):

foar = €= 9::_ (-, e::th O Al Jcos0 3)
where Gy(6) is the projection coefficient for total PAR transmission approximated being a
constant of 0.5 (Chen, 1996, Chen et al., 2006) and LAl. was defined for the mature
evergreen forest as a constant 4.3 throughout the study period (Chen et al., 2006). A
complete description of the EC-data and processing methods applied can be found in

Morgenstern et al. (2004), Humphreys et al. (2006), and Jassal et al. (2007).

2.3 Remotely sensed data

Canopy reflectance measurements were obtained from an automated multi-angular
spectro-radiometer platform (named AMSPEC) installed at a height of 45m (=10m
above the tree canopy) on the open-lattice 50-cm triangular flux-tower (Hilker et al.
2007). The instrument features a motor-driven probe that allows observations in a 330°
view area around the tower. The probe rotates in 11.5° intervals every 30 seconds,
thereby completing a full rotation every 15 minutes. A potentiometer attached to the
shaft of the motor facilitates exact measurement of the probe’s position. At the end of
each sweep, the sensor is returned to its original position. The spectro-radiometer used
is a Unispec-DC (PP Systems, Amesbury, MA, USA) featuring 256 contiguous bands
with a nominal band spacing of 3nm and a nominal range of operation between 350 and
1200 nm. To allow sampling under varying sky conditions, canopy reflectance is

obtained from simultaneous measurements of solar irradiance and radiance, sampled



every 5 seconds from sunrise to sunset. The upward pointing probe is equipped with a
cosine receptor (PP-Systems) to correct sky irradiance measurements for varying solar
altitudes. The downward looking probe measures canopy reflectance at a zenith angle
of 62° to account for canopy clumping (Chen and Black, 1991). The probe’s
instantaneous field of view (IFOV) is 20°. The outer diameter of the instrument’'s
footprint is approximately 62 m at canopy height, while the elliptic instantaneous view
area of the probe has a major axis of about 17.9 m and a minor axis of around 3.5 m
(Figure 1). No observations were made between an azimuth of 220° and 250° (defined
from geodetic north) due to obstruction by the tower. Reflectance measurements used
for this analysis were collected continuously between April 1% 2006 and March 31%
2007. A complete technical description of the instrument its setup and calibration can be

found in Hilker et al. (2007).
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Figure 1: Area of observation of tower based spectro-radiometer and technical setup (Hilker et al., 2007). The
footprint area varies slightly with individual tree height and differences in terrain height. The vertical zenith
angle is 62°, the approximate footprint size is 62m (diameter).

The sampling area for the eddy covariance measurements or “flux-footprint” depends on

windspeed and atmospheric conditions (Leclerc and Thurtell, 1990), and can range from

a few hectares to a few square-kilometres (Schmid and Lloyd, 1999). However, the area

to which flux measurements are most sensitive, also referred to as peak footprint, is

much smaller and covers a radius of only 100-300 m (Blanken et al., 2001, Kljun et al.,

2004). Using the radiometer platform, about 10-20% of this area can be sampled, which

can be assumed to be representative of the entire footprint, due to stand homogeneity

10



of this flux tower site and as a result, spectral measurements obtained from AMSPEC

are directly comparable to EC flux data (Hilker et al., 2007).

2.4 Inferring ¢ from remote sensing

One way to infer € from remotely sensed observations is narrow waveband detection of
the epoxidation state of a group of leaf-pigments named xanthophylls, responsible for
balancing absorption and utilization of light quanta in order to prevent oxidative damage
to the photosynthetic apparatus in leaves (Demmig-Adams and Adams, 1996, Demmig-
Adams and Adams, 2000). Under excessive radiation conditions the xanthophyll cycle
pigment violaxanthin is de-epoxidized rapidly via intermediate antheraxanthin to
zeaxanthin, both of which dissipate radiation energy safely as heat, with the reaction
reversed when light is limiting (Demmig-Adams and Adams, 1998). These pigment
changes manifest in a narrow waveband (difference) absorption feature centered at 531
nm (Gamon et al., 1993) and hence can be quantified on leaves, canopies and stands
as the Photochemical Reflectance Index (PRI), (Gamon et al., 1992, 1993, Pefuelas et

al., 1995),

PR| = Fs31~ Ps1o

4
Ps31t Psro )

comparing the reflectance at 531 nm (ps31) to a xanthophyll-insensitive reference band
at 570nm (ps70). Originally established for sunflower leaves, the empirical relationship
between PRI and & has been confirmed over a wide range of species (Pefiuelas et al.,

1994, 1995, Filella et al., 1997, Gamon and Surfus, 1999). Generalization of this

11



correlation for application at the stand level and beyond, however, remains difficult
(Barton and North, 2001, Rahman et al. 2001, 2004) as PRI is highly sensitive to view-
angle, soil background reflectance, leaf angle distribution (at larger view angles) and

leaf area (Barton and North, 2001).

For this study, high temporal frequency observations of PRI were calculated from
AMSPEC-data using linear interpolation of the closest wavebands available for 530 nm
(529.4 nm and 532.7 nm) and 570 nm (568.8 nm and 572.1 nm), respectively for all
solar altitudes > 10°(as derived from the time of measurement, Reda and Andreas,

2004) between April 1% 2006 and March 31%, 2007.

2.5 Modeling the bidirectional reflectance distribution of PRI

2.5.1 BRDF notation

Semi-empirical kernel driven models for the BRDF of vegetated land surfaces typically
consist of a linear combination of three kernels describing isotropic, geometric and
volumetric scattering effects (Roujean et al., 1992). Isotropic scattering refers to the
reflectance properties of an isotropic, Lambertian surface, and, assuming random leaf
distribution, can be seen as aggregate property of the sum of leaves, while geometric
scattering describes scattering effects due to crown shape (Roujean et al., 1992).
Volumetric scattering models dispersion effects due to vertical and horizontal
distribution of vegetation elements inside the tree canopy. A series of different
mathematical kernels can be selected to optimize BRDF models for various kinds of

vegetation cover. Among the most commonly applied functions are Ross and Li Kernels

12



(Wanner et al., 1995, Lucht et al., 2000, Strugnell and Lucht, 2001) with the Ross
kernels (Roujean et al. 1992) based on the radiative transfer theory of Ross (1981),
whereas the Li kernels are geometric-optically based (Li and Strahler, 1986). Both types
of kernels are examples of physical reflectance models. In temperate climatic zones and
when observing discontinuous, stacked canopies (e.g. conifer stands), the bidirectional
reflectance distribution is most commonly represented by the so called the Li-sparse
(LS) and Ross-thick (RT) kernels, yielding the LSRT BRDF model as (Lucht et al., 2000,

Los et al., 2005),

p(e 6 A¢):ki_i_kgKL(9v1es1A¢ﬂ %)+kaR(9v’es’A¢)

o ® (5)
where

ki isotropic scattering component

Kg geometric scattering component

KL Li-Sparse kernel

ky volumetric scattering component

Kr Ross-Thick kernel

& view zenith angle

s solar zenith angle

Ag azimuth angle

o|=

crown relative height =1 (Wanner et al., 1995, Justice et al, 1998)

=|o

crown relative shape =2 (Wanner et al., 1995, Justice et al, 1998)

ki, kg and k, are the empirical components (kernel weights) derived from mathematical

inversion of the linear model using multi-angular radiation observations. For a surface

13



that behaves in a more Lambertian manner (e.g. a smooth non-layered surface), the
magnitude of the isotropic kernel coefficient k; of equation (5) should be larger than kg
and k,. For a continuous layered canopy, ki and k, should dominate since the RT
function will better describe the directional observations. For a discontinuous coniferous
canopy the LS function will better match the observations hence, ky is expected to be
the larger component. The LSRT model as shown in (5) has been applied to global
satellite reflectance observations for a range of vegetation canopy structures thereby
permitting a semi-empirical reconstruction of the full canopy BRDF from satellite

acquisitions for a limited number of view and illumination angles (Wanner et al., 1995).

When utilizing a normalized difference reflectance index (NDRI) such as the PRI that
utilizes reflectance in two spectral wavelengths, the BRDF of the NDRI can either be
computed for each wavelength separately or by applying a mathematical inversion to
the observed index directly. The latter approach has the advantage that the residual
errors are directly minimized with respect to the NDRI (Los et al., 2005). Direct inversion
of PRI can be achieved by substituting equation 5 into the general form of the NDRI,

yielding (angular dependencies of the kernels are not stated):

(i,pu B kivpr j (g,pu _kg,pr /kL + (vau B kvvpr /KR

~

(irpd + ki'pr j_ (gvpd + kgvpr /}<L + (vad + kvvpr /I<R

Prori (6,,05,A¢) = (6)

where k, and k, are the kernel weights of detection and reference band, respectively.

Los et al. (2005) concluded that if the isotropic kernel weights for both the reference and
the detection band are somewhat larger than zero (which holds for most land surfaces

with the exception of open surface water), the majority of the variability observed in

14



equation (6) can be attributed to variations in the numerator and not to variations in the
denominator. Therefore, equation (6) can be simplified by considering the denominator

constant, reducing it to

Prori (6,,05,A0) =k; I"'kg 'K +k, 'Ky (7)

where the primes indicate that the kernel coefficients in equation (7) are a reformulation

of the kernel coefficients in equation (5) (Los et al., 2005).

2.5.2 Classification of spectral observations and data analysis

Assuming a homogeneous stand structure, the BRDF of the PRI observed by AMSPEC
is a function of three key factors: 1) the view-sun geometry, 2) the prevailing sky
conditions at the time data was sampled and 3) the physiological status of the
vegetation canopy observed (i.e. €). Since modeling of the reflectance distribution using
(7), assumes 2) and 3) to be constant, all PRI measurements were stratified on a half
hourly basis into subsets of homogeneous environmental conditions with respect to both
sky conditions and ¢ and a separate BRDF was fitted to each strata. First, reflectance
measurements were grouped into classes of observations made under approximately
homogeneous sky conditions, as determined by the ratio of direct to diffuse sky
radiation (Q). These classes are hereafter referred to as Q,to Q,, where Q, contains all

spectra derived under sky conditions with Q, €[0..0.5],Q, €[0.5..1.5],...,Q; €[7.5..8.5] ,

Q, € [>8.5]. Second, each of these classes was then further stratified into groups of

15



measurements observed under homogenous values of € as determined from flux tower

instrumentation (hamed g,, to £55 where ¢,, €[0..0.2],¢,, €[0.2..0.4],..., &, €[3.4..3.6])

The model described in (7) was fitted separately for the observations contained in each
class using a robust linear least squares algorithm (bi-square-weighted iterations)
(Holland and Welsch 1997, DuMouchel and O’Brien 1989). Using k/’, kq' and k', all PRI
observations within each class were normalized to a constant view and illumination
geometry (June 21%' solar noon, looking north at a vertical zenith angle of 62°) to
separate physiologically induced changes in PRI from those caused by other effects
and permit the examination of changes in canopy NDRI strictly as a function of tower-
measured €. A subsequent analysis investigated the relationship between the BRDF
scattering components and different physiological and atmospheric states as
determined by ¢ and the ratio of direct to diffuse downwelling radiation, respectively. All
BRDF kernel components can, under certain conditions, be related to tower-measured ¢
(Hall et al., 2007). The impact of the volumetric NDRI kernel component, however, is
smaller for wavelengths with similar optical properties in stacked canopies and
consequently, a focus was set on isotropic and geometric kernel weights. The isotropic
kernel weight, representing Lambertian reflectance (Roujean et al., 1992, Wanner et al.,
1995), was hypothesized to change as a function of £ as xanthophyll related pigment
changes are closely related to PRI (Gamon et al., 1992, Pefiuelas et al. 1995, Sims et
al. 2005). Geometric BRDF scattering, representing crown shape and hence shading
effects between tree crowns, was hypothesized to change as a function of the

atmospheric conditions observed, as shading effects will be more distinct with

16



increasingly clear sky conditions. Also, under clear conditions, the geometric component

was expected to be correlated to € across the different strata.

3. Results

3.1 Modeling the BRDF

Stratification of the flux tower observations of sky conditions and ¢ resulted in 31 unique
physiological and atmospheric states identified for the one-year study period. Figure 2
shows an overview of the classes derived and number of observations made in each

class (total number of observations: 246,276).

Q>8.5
OQ=7.5-85
O Q=6.5-75
Q=55-6.5
Q=45-55
mQ=3545
0Q=2.5-35
mQ=1.5-25
oQ=0515
mQ=0-05

number of ohservations

® o o-005
0=2535
0=5565 Q

Figure 2: Number of observations made for classes of homogeneous sky conditions (ratio of direct to
diffuse radiation, Q) and homogenous physiological states (g). A total of 31 classes were derived with
observations in it, Nyw=246,276. The class width for gis 0.2g C MJ‘l, the class width for Q is 1.
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Variations in € were largest under diffuse radiation conditions, with values ranging from
0 to 3.6 g C MJ?, and ¢ was generally lower under clear sky conditions. Directional
reflectance effects were smallest under overcast situations and increasing with
increasingly clear skies. The BDRF models fitted separately for each class of
observations were, on average, able to explain of 60% of variations in PRI (mean
r?=0.6,0=0.2, p<0.05) with the most significant results being achieved for clear sky

observations. An overview of the amount of spectral variation explained under different

sky conditions is given in Figure 3.

0.6 ?

0.2-¢ 4 .

average coefficient of determination

| | I

0 2 4 6 8 10
sky condition (Q)

Figure 3: Average coefficient of determination for fitting the BRDF functions to observations made under
different cloud conditions (Qi- Qg). The amount of variation explained by the BRDF increases with
increasingly clear skies as directional reflectance effects under diffuse radiation conditions are minimal. The
errorbars represent the deviation from the mean according to different classes of €. No relations were found
between the quality of BRDF fitting and different levels of €.
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BRDF surfaces modeled for different Q and ¢ strata are shown in Figure 4A-J. Each
graph (5A-J) represents a different range of sky conditions (Q,to Q,), from cases where

almost all radiation is scattered, diffuse light (Figure 4A) to observations acquired under
completely clear skies (Figure 4J). The different BRDF surfaces shown within each
figure are the PRI surfaces for all £ strata, while sky conditions remain constant. The
PRI values are plotted for each (x,y) location beneath the tower as defined by Cartesian
coordinate system whose origin is the tower, and whose positive Y axis is aligned with
geodetic north (to the right in 5A-J). All reflectance surfaces shown are standardized to
a constant sun geometry (June 21%, solar noon). The variability of PRI due to € is most
apparent under cloudy sky conditions (5A), showing the full range of ¢ values from 0-3.6
g C MJ™. Raw measured PRI values varied between -0.2 and 0, the BRDF corrected,

normalized surface reflectance of PRI ranged between -0.1 and 0, respectively.
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Figure 4A-J: BRDF surfaces obtained for homogeneous sky and physiological condition. Each figure
represents one state of cloudiness from overcast (A) to perfectly clear skies (J). The different BRDF surfaces
within each figure represent different physiological states (g) while the sky conditions for observations within
each figure are constant. Low g values result in low PRI measurements, while higher € measurements result
in PRI values up to 0. All BRDF surfaces are standardized to a common viewing geometry (June 21%, 2006,
solar noon). The colors of the surfaces are used to emphasize the topographic properties of the surfaces.
The labels within the figures represent the ¢ strata for each BRDF surface. The width in g stratais 0.2, that is,
a surface labelled “0.3” for instance, represents reflectance observations made under conditions where ¢-
values were between 0.2 and 0.4.
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The difference between sunlit (~min) and shaded (~max) PRI (APRI) within each strata
shown in Figure 4 (=tilt of each BRDF surface) is depending on both directional
reflectance effects (because of the amount of shadow cast seen by the observing
probe) and ¢ induced changes in leaf level reflectance (because sunlit parts of the
canopy are more likely to be exposed to excess light levels, causing a conversion of
violaxanthin to zeaxanthin and resulting in a lowering of PRI) (Hall et al., 2007). As a
result, APRI is highest under clear skies and high stress levels (low €) (Figure 5) and

decreases with decreasing Q and increasing € values.

4 5°
3
2
4 A1 Q
Figure 5: Difference between maximum (south) and minimum (north) PRI (APRI) for different € and Q strata
for the directionally corrected case (zenith angle of 62°). Higher stress levels (low €) cause differences

between sunlit and shaded parts of the canopy to be more distinct. Also APRI is increasing with increasingly
clear skies.
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3.2 Analysis of BRDF scattering

Figure 6 shows the relationship between ¢ and the isotropic kernel weight as given in
Figure 4 for observations made under different sky conditions (Q,-Q,). The datapoints
in each figure show the value of the isotropic BRDF scattering component fitted as a
function of & using weighted least squares, the error-bars give the standard error of the
BRDF estimate. Significant correlations were found between ¢ and the isotropic kernel

weights (F* =0.62,0 =0.28, p <0.05) for all sky conditions (Q,-Q,).
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Figure 6A-J: Relationship between isotropic PRI scattering and ¢ for different sky conditions state of
cloudiness from overcast (A) to perfectly clear skies (J) (corresponding to Figure 4). Each figure represents
one state of cloudiness, the datapoints show the isotropic BRDF scattering components derived for different
classes of € (corresponding to the surfaces in each Figure 3).
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Figure 7 shows the relationship between Q and the geometric scattering component for

different levels of . Data with £>0.8 g C MJ™ were excluded from this analysis as these

data show no observations for clear sky conditions (Figure 4). Significant relationships

were found between Q and the geometric scattering components for all observed

classes of & (g,,(r* =0.5), g,,(r* =0.8),5,:(r* =0.7)and &,,(r* =0.7)(p <0.05)).
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Figure 7: Relationship between geometric PRI scattering and state of cloudiness (Q) for €01, 0.3, €05 and go.7.
Higher classes of € had no observations for clear sky conditions and were hence excluded from the analysis.
The relationship is significant for all examined cases (p<0.05).
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3.3 Using BRDF modeling to determine canopy level &

Figure 8A-B shows the relationship between ¢ and PRI for the directionally uncorrected
(8A) and directionally corrected case (8B). The directional effects on uncorrected PRI
measurements are visible in Figure 8A, showing large variability of PRI compared to

half hourly flux based estimates of €. As a result, only moderate relations exist between
canopy level PRI and ¢ (r* =0.37,p <0.05). As shown in Figure 8B, the standardization
of PRI to a common view- and solar illumination geometry (June 21% solar noon))

significantly enhances the PRI-¢ relationship to r? =0.82 (p <0.05) as the vertical range

of PRI values for a given ¢ is largely reduced.
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Figure 8A: Relationship between measured PRI and ¢ for all observations made between April 1% 2006 and
March 31%' 2007. The large variability in PRI is due to directional reflectance effects (r2:0.37, p<0.05).
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Figure 8B: Relationship between directionally corrected PRI and € for the vegetation period of 2006. The
variability in PRI due to directional reflectance effects is largely reduced and the relationship between PRI
and ¢ is significantly increased (r’=0.82, p<0.05). Due to normalization of different view and sun angles,
multiple points show identical values and are placed above each other. The absolute number of observations
is not reduced with respect to Figure 8A.

Figure 9 demonstrates the ability of the directionally standardized canopy level PRI to
track changes in £ over half hourly (Figure 9A) and daily (Figure 9B) time steps. The
upper line shows half hourly and daily estimates of &, respectively between April 1%
2006 and March 31%' 2007, while the lower line shows the corresponding directionally
corrected PRI measurements of this time period . Figure 9A represents the same data
as Figure 8, Figure 9B represents the data aggregated over diurnal cycles. The
directionally corrected PRI closely follows the pattern of € as determined from EC flux
measurements over half hourly and daily time steps, thereby underlining the potential of

directionally corrected canopy PRI to permanently track € on a stand level. The figure
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also reveals the large amount of variability in stand level € over the course of one year,
with moderate patterns apparent due to seasonality or other regularities (i.e. € is highest

in early summer while it decreases during the dry period in late August and is also

generally lower during the winter months).

—————r—r— 0.10
—e[gCMJ] 0.08
"""" BRDF d PRI

correcte 0.06

fX<a
2=

T L —

e

W0 I~ < N ) ~—~ OO < M < 10 a0 u N
Rl e B N s s B R
< < 0 © O M~ I~ >~ O O O & O —«—
AR EEEEEEEE
© © © ©U O © © ©U ©U © O O © O r~
O O 0O O O O O O O O O O Q O O
D O 0 0 0O O 9O O 0O 0 O 0O O @ O
N O O O O O O AN DYDY DYDY oY
time (PST)

Figure 9: Temporal variability of half hourly € as determined from eddy flux measurements between April 1%
2006 and March 31°' 2007 over half hourly (A) and daily (B) time steps. Values ranged between 0 and 3.6 g C
MJI™ Changes in canopy level € can be tracked using a directionally corrected PRI, following its pattern
closely.
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4. Discussion and Conclusions

This study introduced an approach for predicting € on the stand scale using high
frequency multi-angular spectral reflectance measurements obtained from an
automated, tower-based radiometer platform. A simple classification technique,
clustering homogeneous atmospheric and physiological conditions, with separate semi-
empirical kernel driven BRDF models being computed for each of these classes,
successfully separated directional reflectance effects existing in year round multi-
angular PRI measurements from physiologically induced changes in canopy reflectance
related to £ (Figure 4, Figure 8). Hall et al. (2007) demonstrated conclusively that the
531 nm signal associated with reductions in canopy & was clearly detectable at stand
scales and under a wide range of view and illumination conditions. The results of this
study confirm these findings using high frequency year round observations thereby
demonstrating the capacity of the PRI signal to track changes in ¢ over diurnal and

seasonal cycles in a Douglas fir forest (Figure 9).

The differences shown between the BRDF surfaces (Figure 4,6) lead us to conclude
that changes in the PRI signal seen by the instrument under homogeneous illumination
conditions (see Figure 4a as an example) are mostly explained by changes in leaf level
reflectance. For instance, isotropic scattering was significantly related to changes in ¢
(Figure 6), which emphasizes its representativeness of bulk leaf reflectance in the tree
crown. While the relationship between ¢ and isotropic scattering was significant (p<0.05)

for all states of cloudiness, the restricted variability of € under very clear sky conditions
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(Q>6.5) yielded limited numbers of BRDF surfaces and, as a result, the coefficients of

determination between cloudy and sunny data are not directly comparable.

This study also shows that changes in canopy level ¢ are related to both leaf level
reflectance changes and directional changes in canopy reflectance (Figure 5) as sunlit
regions of the canopy are more likely to be exposed to excess light levels than shaded
parts. This result is consistent with previous studies (e.g. Demmig Adams et al., 1996)
and was also demonstrated by Hall et al. (2007). The dependency of the geometric
scattering component on Q can be explained by the dependency of this component on
shadow fractions, which become more distinct with increasingly clear skies. This result
is consistent with Hall et al. (2007) finding that PRI can only depend on shadow fraction
when the reflectance of the 531nm band differs between the shaded and sunlit portions
of the canopy. The selected modeling approach facilitates comparison of continuous
spectral observations to half hourly estimates of £ obtained using the eddy covariance
technique (Figure 8b). The result is notably enhanced compared to the directionally
uncorrected case (8A). The strong correlation was found between ¢ and directionally
corrected PRI (Figure 8) is persistent throughout the year and can be used to accurately
track £ over half hourly and daily time steps (Figure 9a and b). While the seasonal
patterns were not very distinct, highest values for € were found in early summer with the
canopy undergoing only moderate stress levels, while photosynthetic efficiency was
reduced during late August and early September, presumably due to drought conditions

found at the site, and also during the winter months.
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While the approach introduced in this paper accounts for changes plant physiology
related to €, Barton and North (2001) showed that PRI reflectance may also dependent
on other, longer term physiological processes influencing the pigment pool size
(=carotenoid to chlorophyll ratio). The assumption that this variable is approximately
constant over the study period can be justified for the evergreen forest by the favourable
nutrient conditions found at the site and the distinct temperate climate allowing tree
growth year round. Pigment pool size may, however, be a restriction to other, more
variable sites or broad leaf forests. Another assumption made in here is that the stand is
uniform and no differences in canopy reflectance occurred due to differences in

structure or species.

An important conclusion of this study is that multiple look angles are helpful for
minimizing stand geometric effects, thereby enhancing the clarity of the physiological
signal observed. The methodology shown in this study can be easily extended to
investigate similar relationships in other forest types, but can possibly also be adapted
for multi-angle satellite observations, which, when normalized to a common view- and
illumination geometry and under cloud-free conditions, will allow geosynchronous
satellites to monitor diurnal changes in £ by correcting for extraneous effects from a
changing sun elevation throughout the day, and for varying view angles with latitude
and longitude. A possible way to achieve this is by calibrating BRDF observations to
canopies with higher levels of ¢ first (which can be measured for instance ground based
instrumentation), and comparing these data to observations of more stressed canopies

in the afternoon.
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Permanently established canopy reflectance measurements are vital components of
ongoing research aiming at up-scaling PRI based estimates of ¢ to landscape, regional
and global scales. Airborne or satellite based observations can only provide detection of
spectral features at isolated temporal snapshots determined by the satellite’s or
aircraft’s overpass (Sims et al., 2005) and, as a result, considerable gaps exist between
these observations. Instruments and methodologies like the ones developed in this
study can help to fill these gaps by identifying physiological cycles of the vegetation
observed and serve as calibration for the broader band spectral observations available
from satellite data. Ultimately, a comprehensive understanding of correlations between
variations in ¢ and spectral reflectance in both xanthophyll and fluorescence related
absorption features can help developing models suitable for determination of global

productivity from space.
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