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Abstract

The theoretical background of modeling the gap fraction and the leaf inclination distribution is presented and the different
techniques used to derive leaf area index (LAI) and leaf inclination angle from gap fraction measurements are reviewed.
Their associated assumptions and limitations are discussed, i.e., the clumping effect and the distinction between green and
non-green elements within the canopy. Based on LAl measurements in various canopies (various crops and forests), sampling
strategy is also discussed.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction they still require a considerable effort to sample all
the elements of a representative area of the canopy.
Canopy structure is characterized by the position, Therefore, canopy structure is generally described
orientation, size, and shape of the vegetative elementswith only a few variables, such as the leaf area den-
(Ross, 198). The distribution of optical properties sity, and the leaf inclination distribution function
may also be considered as being part of the canopy (LIDF). The leaf area density is defined as the total
structure. Canopy architecture changes with time one-sided leaf area of photosynthetic tissue per unit
scales varying from fraction of seconds and minutes canopy volume. The leaf area index (LAIl) is then
(wind, water stersses, etc.) to seasons (phenologi-derived by integrating the leaf area density over the
cal evolution, environmental constraints) and years canopy height. It corresponds to the one-sided leaf
(ecosystem dynamics). An exhaustive and detailed area per unit horizontal ground surface arééaison,
description of canopy structure is not easy due to the 1947). Although this definition is clear for flat broad
large amount of information required. 3D digitization leaves, it may cause problems for needles and non-flat
systems are now availabl&ifoquet et al., 1998but leaves. On the basis of radiative transfer considera-
tions, Chen and Black (1992)ropose to define LAI
"+ Corresponding author. Teks33-4-32-72-24-23; as half the.total developed area of' Ieaye; per unit
fax: +33-4-32-72-23-62. ground horizontal surface area, which is in agree-
E-mail address: marie.weiss@avignon.inra.fr (M. Weiss). ment with the work ofLang (1991) This definition
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is therefore valid regardless of the vegetation element gap fraction is equivalent to measuring transmittance

shape.
The LAl is the main variable used to model many

at ground level, at wavelengths for which the as-
sumption of black vegetative elements is valid. It is

processes, such as canopy photosynthesis and evapthen possible to consider the mono-directional gap

otranspiration. It determines the size of the plant—

fraction, which is the fraction of ground observed in

atmosphere interface and thus plays a key role in the a given viewing direction (or illuminated in a given
exchange of energy and mass between the canopy andncident direction). The bi-directional gap fraction is
the atmosphere. Moreover, under certain assumptions,the fraction of soil (or area of a horizontal reference

knowledge of canopy structure variables (LAl and
LIDF) allows the evaluation of the fraction of absorbed
photosynthetically active radiation (fAPAR), which is
required to model the canopy’s photosynthetic activ-
ity in a straightforward way Nlonteith, 1977. The
canopy structure is also critical to the description of
the canopy microclimate, which includes wind, tem-
perature, and moisture profiles within and above the
canopy Welles, 1990 that not only affect the plant it-

level) which is both illuminated in a given direction
and observed in anothe®in and Goel, 1996 When
both directions are collinear, the bi-directional gap
fraction is equal to the mono-directional gap fraction.
This corresponds to the well-known “hot-spot” fea-
ture observed in the backscattering direction when
measuring canopy reflectance; in other words, no
shadow except that of the sensor can be observed
in this particular geometric conditiorB(éon et al.,

self but other living organisms, such as pathogens and 1997; Gerstl and Simmer, 1986; Kuusk, 198bhis
insects. We should note that for most applications the information is therefore of particular importance for

LAI refers to the green photosynthetic parts of plants.
Directly measuring canopy structure variables is
time consuming and tediousdng et al., 198band

remote-sensing studies in the solar domain.
The objective of this article is to review the cur-
rent methods used to estimate canopy structure from

sometimes destructive to plants, e.g. when using a gap fraction measurements, mainly focusing on LAl

planimeter to measure LAl of detached leaves. A
review of the direct LAl measurement techniques
is given inNorman and Campbell (1989paughtry
(1990) Sinoquet and Andrieu (1993andJonckheere
et al. (2004) Attempts to directly measure leaf orien-

and leaf inclination distribution function. The theo-
retical background of gap fraction and leaf inclina-
tion distribution function is described first. Methods
to derive LAI and leaf inclination angle while con-
sidering clumpiness and the distinction between green

tation are also made, and two methods are describedand non-green canopy elements, as well as the as-

in Kucharik et al. (1998)An exhaustive sampling of
the canopy is generally not possible due to its spatial

sociated assumptions and limitations, are then pre-
sented. Finally, attention is paid to the spatial sampling

heterogeneity and thus, the large number of measure-strategy.

ments required. Therefore, since the sixties, numerous
studies have proposed indirect canopy structure mea-

surements \(elles and Norman, 1991; Welles and
Cohen, 1996; Jonckheere et al., 2p0hese indirect

2. Theoretical background

measurements are all based on the estimation of the2.1. Gap fraction

contact frequencyWarren-Wilson, 195Por the gap
fraction (Ross, 198). Contact frequency is the prob-
ability that a beam (or a probe) penetrating inside
the canopy will come into contact with a vegetative
element. Conversely, gap frequency is the proba-
bility that this beam will have no contact with the

vegetation elements until it reaches a reference level

(generally the ground). The term “gap fraction” is of-

ten used and refers to the integrated value of the gap
frequency over a given domain and thus, refers to the

2.1.1. General expression

The leaf area density(h) at levelh in the canopy
is defined as the leaf area per unit volume of canopy.
The leaf area indeX,, at a levelH in the canopy is
related to the leaf area density through

H
L= / I(h) dh 1)
0

Following Warren-Wilson (1959)the mean number

guantity that can be measured. Therefore, measuringof contactsN(H, 6y, ¢y) between a light beam and a
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Table 1

Notation

ALIA Average leaf inclination angle

ESU Elementary sampling unit

G(6v, ¢v) Mean projection of unit foliage area

a6, @) Distribution function of foliage inclination and
orientation

K Extinction coefficient

I(h) Leaf area density at levél in the canopy

LAl L Leaf area index

LA|eff eff Effective leaf area index

LIDF Leaf inclination distribution function

Po Gap fraction

N(H, 6y, ¢v) Mean number of contacts in a given direction
at heightH

o Ratio of woody area index to plant area index

A0 Clumping or aggregation parameter

0, o Zenith and azimuth angles of the leaf normal

Oy, ¢v Direction for which the incident beam (or the
probe) penetrates inside the canopy

¥ Phase angle between directioms, (o)) and

6y ov)

vegetation element at a given canopy lekkin the
direction @y, ¢y) is given by

1(h)

2
cosby, dh (2)

H
N(H, Oy, pv) = /é G(h, by, ov)
whereG(H, 6y, ¢y) is the projection function, i.e. the
mean projection of a unit foliage area at levein
the direction ¢y, ¢v) (seeTable 1for notation). When
the leaf area density and the projection function are
considered independent of the levein the canopy,
Eq. (2)is simplified intoEq. (3)

N(L, 6y, py) = G(6y, ¢v)

®)

COSHy

The projection function is defined as follows:

1 2 pm/2
G(9v,§0v)=§/0 /0 |cosy[g (O, ¢1)

x sing| do; dy (4a)

COSyr =Cc0shy cosh, +sinby sing cos(py — )  (4b)
Taking into accoung(é;, ¢1), which is the probabil-
ity density function that describes the leaf normal ori-
entation distribution function (i.e. the fraction of leaf
area with a normal within the solid angle2g in the

39

direction £2/). This introduces the two normalization
conditions given irEgs. (5a) and (5h)

1 2n pm/2 .
A /o g6, @) sing do dg =1 (5a)

1 2n pm/2 1
— / G 6y, py) Sinby doy, dpy = = (5b)
2 0 0 2

Depending on the authorg(6;, ¢) may also be
defined as the leaf angle distribution, i.e. the fraction
of leaf area for which the angle between the vertical
and the normal of the leaf is betwegrandg,+dg, and
the azimuth is betweapn andg, +dg (Bacour, 200L
In this caseEq. (5a)should be written asSinoquet
and Andrieu, 1998

1 2n pm/2
o / G, o) doy dgy = 1
T Jo 0

The contact frequency is a very appealing quantity
to indirectly estimate LAl because no assumptions on
leaf spatial distribution, shape, and size are required.
Unfortunately, the contact frequency is very difficult
to measure in a representative way within canopies.
This is why the gap fraction is generally preferred. In
the case of a random spatial distribution of infinitely
small leaves, the gap fractidPy(6y, ¢y) in direction
(6v, ov) is related to the contact frequency by

Po(by, pv) = expl — N(6y, ¢v))
exp(—G(Qv, <PV)L)

cos(fy)

This is known as the Poisson model. Note that the
contact frequency is linearly related to LAI, while the
gap fraction is highly non-linear with respect to LAI.
Nilson (1971)demonstrated, citing both theoretical
and empirical evidences, that the gap fraction can gen-
erally be expressed as an exponential function of the
LAI even when the random turbid medium assump-
tions associated with the Poisson model are not satis-
fied:

Po(by, pv) = exp( — K(6y, pv)L) (7

This allows the description of regular leaf arrange-
ment when less than one contact per layer is assumed
and clumped arrangement when more than one con-
tact per layer is considered. When the layer thickness
tends towards 0, binomial models tend to the Poisson

(6)
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model. An alternative is to use Markov chains to ac-
count for the conditional probability of transmission
through consecutive layers, assuming that only zero or
one contact within a layer is possibldi(son, 197).

In case of clumped canopies, when the layer thickness Planophile

tends towards O (infinite number of layers), a modified
expression of the Poisson model can be derived from
the Markov model:

Where Ag is the clumping parameteid < 1). Al-
though not directly derived from theoretical consider-
ations, regular leaf arrangement could be empirically
adjusted toEq. (8) with Ao > 1 (Lemeur and Blad,
1974). The Markov chain model as presented is one of
the more flexible models to describe the gap fraction
as a function of the number of layers and dispersion
index Ag. However, defining the directional depen-
dency ofig is one of its main difficulties. Evaluation
of the relative variance of the gap fraction might aid
in solving this problem.

—2oG Oy, ov)L

Po(By, pv) = exp( cos(Gy)
v

(8)

2.1.2. Modeling the leaf inclination distribution
function g(6;, ¢1)

As we previously showed, the gap fraction is related
to the LAI and the leaf inclination distribution func-
tion. Therefore, this function needs to be investigated
before focusing on LAl retrieval from gap fraction
measurements. The azimuthal variation of the LIDF is
often assumed to be uniform, i.e. the probability den-
sity functiong(é;, ¢) depends only on the leaf nor-
mal zenith angle. This assumption is verified in many
canopies but may be problematic for heliotropic plants
like sunflowers Andrieu and Sinoquet, 1993 emeur
(1973)has measured the azimuthal distribution of four
different plants, showing a nearly random distribution
for artichokes and soybeans (except for one direction).
He also demonstrated that row crops like corn have
a propensity for azimuthal directions perpendicular to
the rows.

Following Goel (1988) leaf inclination distri-
butions can be divided into six typical functions
(Table 2. However, continuous expressions have
been proposed to describe the six basic distributions,
which are convenient when inverting gap fraction
models:
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Table 2
Main expressions of the leaf inclination distribution function
Canopy type g(6) ALIA, (83) v
a, ()

2(1+ cos d))ir  26.8 1058.6 2.770 1.172
Erectophile  2(1- cos?),)/lr 63.2 4341.4 1.172 2.770
Plagiophile  2(1— cos4#4))/r 45.0 2289.6 3.326 3.326
Extremophile 2(1+ cos4),)/x 45.0 3110.3 0.433 0.433
Uniform 2k 45.0 2700.0 1.000 1.000
Spherical sing, 57.3 3747.6 1.101 1.930

g(61) is the distribution function of foliage inclination (assuming
a uniform distribution function of the leaf azimuth angle); ALIA
is the average leaf inclination anglg and u andv are the beta
distribution parameters.

1. Beta distribution Goel and Strebel, 1984 the
leaf inclination distribution depends on the gamma
function and two parameterg, andv. These pa-
rameters are related to the average leaf inclination
angle (ALIA), 6, and its second momentelz)
(Goel, 1988:

9w
l_,u-i-v

90w +1)
T (ptv(rtv+l

When the assumption of azimuth randomness is
not verified, another two-parameter beta distribu-
tion can be usedStrebel et al., 1985

. Ellipsoidal  distribution  Campbell, 1986;
Campbell, 1990; Wang and Jarvis, 198af in-
clination distribution is described by the ratio of the
horizontal to vertical axes of the ellipse. It can be
related to the average leaf inclination angle know-
ing that

(612)

_ 2 /2
O = —/ g(6) 6 do
7 Jo

and thatg(9)) is the probability density function
that verifies the normalization conditiokd. (5).
The modified elliptical model dfuusk (1995) the
ellipsoidal distribution is generalized by tilting by
an angledy, (called “modal leaf inclination”) to-
wards the main axis of the ellipse. The eccentricity
& of the ellipse then determines the shape of the
distribution.6, andé are both related to the mean
leaf inclination angle and the variance of the leaf
inclination.

3.
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These three distributions are significantly different tribution (Strebel et al., 1985 which requires four
(Bacour, 2001 However, due to the difficulty in ac- parameters.
curately assessing the LIDF from gap fraction mea-
surements, the simplest distribution model is gener- 2.2. Methods used to estimate LAl and |eaf
ally sufficient. The ellipsoidal distribution is the least inclination from gap fraction measurements
complex and flexible distribution, since it requires
only one parameter, whereas the beta and the ellipti- 2.2.1. Use of a single direction
cal distributions require an additional parameter. Fur-  Considering the inclined point quadrat method,
thermore, the ellipsoidal distribution allows for the Warren-Wilson (1960proposed a formulation of the
representation of the unique case of spherical dis- variation of the contact frequency as a function of
tribution, which is widely used to describe the ac- the view zenith and foliage inclination angles. Using
tual leaf inclination of many canopies. Therefore, in this formulation,Warren-Wilson (1963showed that
these conditions, the average leaf angle is sufficient for a view angle of 57.5the G-function Fig. 1) can
to characterize the leaf angle distribution function. be considered as almost independent of leaf inclina-
However, when considering particular canopies such tion (G = 0.5, K = 0.9). Using contact frequency at
as row crops or heliotropic plants, it might be worth this particular angle (57°%, Warren-Wilson (1963)
using more complex models such as the beta dis- derived LAI independently on the leaf inclination

T
+ 6V257.5°
6v=0 — B0 =475
v

Projected area of the leaves G(8,)

0 I I I I
0 20 40 60 80

Average leaf inclination angle 9/ ")

Fig. 1. Variation of theG-function (mean projection of unit foliage area) with the average leaf inclination @pglad view zenith angle
6y under the assumption that the distribution of leaf normals is uniform in azimuth and at a constant zenit).angle
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distribution function within an accuracy of about 7%. measurements performed in several directions. A re-
Bonhomme et al. (1974pplied this technique using view of existing numerical techniques applied to ra-
the gap fraction measurements and found good agree-diative transfer model inversion is given iKimes
ment between the actual and estimated LAl values et al. (2000)and an inter-comparison is performed

for young crops. by Combal et al. (2002)This technique is appeal-
ing since it allows exploiting several directions con-
2.2.2. Use of multiple directions currently without introducing approximations as done

previously. In addition, it provides an estimate of the
2.2.2.1. Miller’s formula. Chen and Black (1991)  ALIA for a given LIDF model.

derived LAl from the gap fraction measured in all In the following, we will compare the different LAI
directions using the formula d¥liller (1967), which retrieval techniques using an experimental data set.
assumes that gap fraction depends only on the view Assuming an ellipsoidal distribution, ALIA will also
zenith angle: be computed using these techniques based on gap frac-

2 tion measurements in several directions.
T,
L= 2/ — In (Py(6y)) cosby sinb, db, 9 ) ]

0 Y Y e ®) 2.2.2.4. Comparison of LAI retrieval methods. The
] objective here is to evaluate the consistency of the

Welles and Norman (1991proposed a practical  gifferent methods for LAl (and ALIA) estimation.
method to compute the 'mtegral Efq.'(9) from gap We consider the canopy as a random turbid medium
fraction measurements in several directions. One of \\hare the Poisson model is applicable, with an el-
the main limitations with this technique is the neces- |ipgqidal LIDF. The discussion about the limitations
sity to sample the entire directional range of gap frac- 55gociated with these assumptions will be presented
tion variation, which might prove difficult for larger separately.
zenith angles. In the framework of the VALERI projectBaret
_ _ et al., 2003, a wide range of canopies, including agri-

2.2.2.2. Lang graphical method. For a uniform leaf  cyjtural crops (wheat, maize, alfalfa, barley, colza,
azimuth distribution and a constant leaf normal angle, hemp, pea, sunflower, sugar beet, and poppy), cul-
Lang (1986)approximated>(6y) as a linear function  tivated forests (pine and palm), and natural forests
of Hy In the 2568 range. The SIOpe of the regression (birch, pine, and Spruce), were Samp|ed using the
(9G(6v)/96v) was then related to the ALIA by poly- | AI2000 instrument to measure the gap fraction in
nomial fitting. Using an initial estimate of LAl based fjye zenith directions (7, 23, 38, 53, and°§8The
on gap fraction measurements at & §8lose to the  sampling strategy was designed to be representative of
57.5) zenith angle, kang, 1986; Welles and Norman,  an area 20 m in diameter, referred to as an elementary
199]), the slopedG(6y)/d6y can be estimated and thus,  sample unit (ESU). This was achieved by measuring
the ALIA can be derived. Therefore, the LAl estimates the gap fraction at 48 different locations within the
can be rEfined, and the process is iterated several tlme%su The individual gap fraction measurements were
until convergence. The method was successfully vali- ayeraged over the ESU for each direction in accor-
dated with other leaf inclination distributionggble 2 dance with the procedure discussed later in this paper
and measurements over Sorghum crops. However, nO(Section 3 An azimuth mask of 180was used on
comparison is shown with the initial estimates at 55 the LAI2000 sensor probe, and measurements were
(Or 575)) AlthOUgh several zenith angles are USEd, a|Ways achieved under diffuse conditions.

the emphasis is on this particular 57 Zenith angle. Four retrieval techniques to derive LAl and average
We should note that this technique could be used t0 |eaf inclination angles fronPy measurements were
compute the ALIA. Compared:

2.2.2.3. Moddl inversion. As seen previously, math- 1. The method based on gap fraction measurements
ematical models that relate LAl and LIDF to the gap at a zenith angle of 57°5The gap fraction was lin-
fraction exist and can be inverted from gap fraction early interpolated between 53 and°G8nce there
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were no gap fraction measurements measured atthe larger LAl values for which saturation problems

this specific angle. may occur. These discrepancies increased significantly
2. The Miller's formula method as approximated by when using Miller's formula approximated MWelles
Welles and Norman (1991) and Norman (1991)The optimization method (OPT)

3. Gap fraction model inversion using an iterative provides the largest scattering compared to the LUT
optimization techniqueRerry et al., 1988 The results, particularly for the largest LAI values. Insta-
Poisson modelKqg. (7) is used and the leaf angle bility of the inversion process mainly explains this dif-
inclination is assumed to be azimuthally isotropic ference which clearly appears when considering the
with an ellipsoidal zenith angle distribution. Start- retrieved ALIA values:Fig. 2 shows that the ALIA
ing with an initial estimate of LAI (LAl provided derived from the OPT method is systematically higher
by method 1) and ALIA (ALIA = 60°), the gap than that derived from the LUT method. Inspection of
fraction model is run in the forward direction to the ALIA values derived from theang (1986 method
simulate the gap fraction in all five directions. shows a suspicious stability of the values.

The variables LAl and ALIA are then iteratively
changed, using the simplex algorithniNglder
and Mead, 198y until a good agreement is met
between the simulated and measured gap frac-
tion values. The cost function used is the simple
guadratic distance. A constraint is applied to the
cost function so that the LAI is always within a
range of 0—9 and ALIA is between 0 and“90

4. Since the optimization process is an iterative
process and is, therefore, more computationally
demanding, Look-Up-Table (LUT) techniques
(Knyazikhin et al., 1998; Weiss et al., 200tbuld
prove convenient for operational use. Furthermore,
the search for LAl and ALIA is global, minimizing
the probability of being trapped at a local minimum
as seen with the optimization method. A large
range of random combinations of LAI (between 0 eff _ ;1 (10)
and 9) and ALIA (between 0 and 90values is
used to build a database made of the correspondingwhere A¢ is the aggregation or dispersion parameter
gap fraction values simulated in the five direc- (Nilson, 1971; Lemeur and Blad, 19)7dr clumping
tions considered for 5000 cases. The same Poissonindex (Chen and Black, 1992 Comparing LAI de-
model and ellipsoidal LIDF explained in the opti- rived from optical devices with the true LAI value
mization technique are used. The process then con-measured with destructive sampling leads to an under-
sists of selecting 25 LUT elements in the database estimation in the case of aggregated canopies where
that are closest to the measufggd The number of Ao < 1.0 and overestimation for regular foliage where
25 cases was selected in agreement with the uncer-Ag > 1.0 (Fassnacht et al., 1994
tainties associated with the gap fraction measure- Theig value depends on both the plant structure, i.e.
ments. The solution is finally approximated using the way the foliage is located along the plant stems and
the median of these 25 LAI (and ALIA) values. on trunks, branches or shoots for trees (small-scale),

and the canopy structure, i.e. the relative position of the

The LUT method was chosen as the reference for plants within the canopy (large-scale). In the case of

comparison with the other methodsig. 2 demon- large-scale clumping, as it occurs in row crops, the true

strated that there is a very good agreement betweenLAl can be estimated through indirect measurements

the LUT method and that using gap fraction observed via an appropriate sampling and averaging strategy
at 57.5. The largest discrepancies are observed for (Lang and Yueqin, 1986seeSection 3. The shape

2.3. From effective LAI to true LAI

2.3.1. The clumping effect

As mentioned inSection 2.1.1the “true LAI” de-
fined in the introduction can only be measured using a
planimeter using all possible allometric relationships
in order to reduce the samplingrazer et al., 1997
Generally, actual canopy foliage is not randomly
distributed due to vegetation structure. Therefore, re-
trieval of LAl based on the Poisson model and using
gap fraction measurements will provide estimates of
an effective leaf area index, LA, which allows a
description of the observed gap fraction assuming a
random spatial distribution:
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Fig. 2. Leaf index area (LAl) and average leaf inclination area (ALIA) estimation from LAI2000 gap fraction measurements. Comparison
between three inversion techniques: LAI2000 computation, optimization (OPT), Look-Up-Table (LUT), and LAl estimated from gap fraction
at 57.5 (Pp(57.5’)). RMSE stands for the root mean square error. Crops are represented by filled triangles and forest by open symbols.

and size of the leaves might also play an important
role in clumping.

A detailed description of how the structure of dif-
ferent pine forests can affect light interception inside
the canopy is given irStenberg et al. (1994)As-
suming that clumping only occurs at the shoot scale
in coniferous forestsChen and Cihlar (1995pro-
posed relatingig to the ratio of half the total nee-
dle area in a shoot to half the total shoot surface
area.Chen and Cihlar (1995aheasured this ratio and
found up to 50% difference between the effective and
the actual LAl in coniferous forests. This was con-
firmed by several studies that found LAl underesti-
mation by 30—-70%S%tenberg, 1996; Nackaerts et al.,
1999. However, the occurrence of clumping is not

at the branch and crown level€lien et al., 1997
Moreover, studying a spruce fore§tescatti (1997b)
shows that the distribution of shoots is more regular
than random.Chason et al. (19913uccessfully in-
verted the negative binomial model on LAI2000 mea-
surements to retrieve the “true LAI” of an oak—hickory
forest, showing a 45% difference between actual and
effective LAI.

Nilson (1971)suggests relatingo to the size and
the distance between vegetative elementsfamdtieu
and Sinoquet (1993as well aKucharik et al. (1998,
1997) observe that it also depends on the viewing (or
incident) direction. In addition, they compare the an-
gular variation of this parameter for a homogeneous
canopy (LAI only varies as a function of the height

restricted to the shoot level, but may also take place of the canopy) and a row crop in case of artificial
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canopies, for which all parameters and variables are ternative terms have been proposed in the literature
well known. Results show that for row crops, the such as “vegetation area indexFgssnacht et al.,
clumping parameter is highly dependent on the di- 1994, “plant area index” lleumann et al., 1989
rection of observation, which makeg estimation or “foliage area index” \(Velles and Norman, 1991
difficult in the case of actual canopies. Additionally, For particular canopies such as forests or crops in the
Andrieu and Sinoquet (1993how that for row crops  senescent period, it could prove particularly important
it is more important to take into account the spatial to differentiate the green from non-green elements.
variation of the leaf area density than the leaf orien- Chen (1996)ntroduces thex parameter, which is ex-
tation or dispersion. Results froBaret et al. (1993)  pressed as the ratio of woody area index to plant area
on sugar beets and young wheat confirm that the az-index. Therefore, considering non-green elements in
imuthal variation of the gap fraction is significant near the canopy, a new expression of the effective LAl can

the row direction only. be derived:
The LAI estimate provided by these instruments is 2
an effective leaf area index. By measuring the gap size L = 0y (11)

distribution along transect§hen and Cihlar (1995a) l-a

define a gap size accumulation functib(d), which
represents the transect fraction that corresponds to

gaps larger thad. F(0) is therefore the fraction of the correcting LAFT using a “bole area index” directly

transect occupied by gaps. For non-regular canopies, jaasured using a map of the stand (position of the
the cl_umping parameter is expressed as the ratio of thestems, diameter, height, etc.). Both of these methods
logarithm of total measured gap fractionfi{((0)) to are quite tedious, and one solution could be a classi-

the logarithm of the gap fraction IR(0)) of an equiv-  fication method applied on digital imagery. Using the

alent canopy with random foliage distribution. MVI instrument, Kucharik et al. (1998)sed a clus-
Neumann et al. (1989suggested an interesting orjng algorithm called BIRCH (Balanced Iterative

method to estimate the clumping parameter from the Reducing And Clustering using Hierarchies). BIRCH

Markov model, as described kNi_Ison (1971)_“ is . is based on th&-means clustering algorithm, which
based on a dedicated processing of hemispherical 3;5vs the two bands to be weighted by different

photographs focusing on the conditional probability ¢actors and, therefore, to identify sunlit and shaded

of gaps in two directions close together. Note that this foliage, sunlit and shaded branch area, clouds, and
processing has some similarities with that proposed || o sky.

by Chen and Cihlar (1995ajvhich exploits the gap
size distribution.

Chen (1996kvaluatedr from intensive destructive
measurementsBarclay et al. (2000also proposed

2.3.2. Distinction between green and non-green 3. Sampling strategies
elements

As noted in the introduction, the investigations Spatial sampling is a key issue when performing
requiring LAl measurements are generally linked ground measurements that need to be representative
to the description of canopy functioning. Therefore, of the whole canopy. Very little literature is dedicated
the green photosynthetic parts should be specifically to the sampling strategy although this is critical for
targeted. When estimating LAl from gap fraction reaching a targeted accuracy. We will review in the
measurements, it is not possible to directly distin- following the few studies reported in the literature
guish between green and non-green elements suchand present some additional results based on inten-
as branches, stems, trunks, flowers, fruits, senescentive LAI2000 measurement campaigns that took place
leaves, or lichen. BotiWhitford et al. (1995)and within the VALERI project Baret et al., 2008 We
Chen et al. (1997jnention that an important source will review in the following the different elements that
of error in indirect measurements comes from woody define a sampling strategy: the number of individual
areas (trunks and branches) that may be taken intoreadings and their location, as well as the averaging
account as green vegetative elements. Therefore, al-process.
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3.1. Number of measurements and location strategy that accounts for the main architectural fea-
ture of the canopy. This is generally achieved by
Three types of spatial sampling strategy are distin-  replicating measurements at the range of distances
guished depending on the devices used, the canopy between rows.

architecture, and the size of the area to be described.

Note that in addition to the above criteria used to

o Transects between fifty and a few hundred meters design the sampling strategy, the objective should be
long are used for devices measuring the direct sun clearly defined in terms of the extent of the spatial
radiation such as ACCUPAR, TRAC, or DEMON domain to be represented. In the case of large areas,
(Chen, 1996; Lang et al., 1991; Welles, 199Dhe local measurements could be extended to the whole
same could be also done with LAI2000 and hemi- area thanks to remote sensing measuremedese(
spherical photographs. For exampleblanc et al. etal., 2003; Cohen et al., 2003; Chen, 1999; Tian et al.,
(2002) used 70m long transects over boreal and 2002 or the use of geostatistical techniques such as
temperate forests, with measurements every 10 m. kriging (Goovaerts, 1997In the following discussion,

o Specific experimental designs based on regular grid we will focus on spatial domains corresponding to few
sampling are proposed hyaw et al. (2001)and tens of meters, within which only one canopy type is
Nackaerts et al. (2000pr the LAI2000 instrument; represented.
however, they could also be applied to hemispher-  To illustrate the influence of the required number
ical photographs. Alternative methods involve ran- of gap fraction measurements, we used the first VA-
dom locations within plots of a few hundred square LERI sites consideredBret et al., 2008for which
kilometers in size as proposed Bych et al. (1993) intensive sampling was achieved. For wheat crops
Wang and Miller (1987)andWhitford et al. (1995) (Alpilles (France) and Fundulea (Romania) sites),
for large area samplingChen et al. (1997glso 48 individual measurements were taken to charac-
proposed acquiring hemispherical photographs in a terize a typical 20 m diameter elementary sampling
crisscross array at 10 m intervals along two 40m unit (ESU). In this case, 63 ESUs were sampled for
long transects placed at right angles and crossing in wheat crops. A simple statistical test shows that the
the middleNeumann et al. (198%)se arandom dis- measurements within an ESU were not significantly
tribution of nine measurements within a 15«5 m correlated at these very short distances. For a pine
elementary sampling uniBaret et al. (2003pro- forest (Nezer site), 30 individual measurements were
posed characterising an elementary sampling unit performed with the same instrument randomly within
of few tens of meters by performing 12 replicates each 80 m diameter ESU. A total of 23 ESUs were
organized either in a cross or in squares. considered for these pine canopies. LAl was esti-

e Adapting the sampling strategy to the local canopy mated using the LUT method with the 57 irection
pattern: Conversely to the two first strategies, where as proposed previouslySéction 2.2.1 For wheat
measurements were located independently of local crops, we randomly selected 12 (then 24) individual
canopy patternd, opez-Serrano et al. (200@yo- measurements over the 48 individual acquisitions
posed an optimised sampling strategy for a forest within an ESU. For the pine canopies we randomly
by standardizing the distance and orientation of the selected 10 measurements (then 20) over the 30 indi-
LAI2000 measurements from a tree. However, the vidual acquisitions within an ESU. This process was
results of this method show no actual differences repeated 50 times over each ESU. The correspond-
from the strategy based on transects except thating RMSE value between the LAI estimated from all
its measurements are less tedious. Note that in theacquisitions and the LAl estimated from only part of
case of the description of individual trees, dedicated the individual measurements was computed over the
methods have been proposed either by a specific 50 replicates. Results={g. 3) show that the distribu-
extensive sampling.@ng et al., 199)Lor by taking tion of the RMSE values over the ensemble of ESUs
into account the path length associated to each mea-is narrow and centered on relatively low values. This
surement location and direction. Note that in the indicates that the number of individual measurements
case of row crops, it is wise to design a sampling could be reduced to 10 per ESU for both wheat and
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Fig. 3. Histograms of RMSE between LAl estimated from all the LAI2000 acquisitions (LUT method) and LAI estimated from only part
of the acquisitions (50 random samples). Measurements were performed over & 20m area for crops (Alpilles and Fundulea sites)
and 80 mx 80 m area for pine forest (Nezer site).

pine canopies. This is in good agreement with the tween LAI andPg, and spatial heterogeneity. The
methodology described earlier where between 5 and methodologies are as follows:

15 individual measurements were taken. More re-
cently Leblanc et al. (2002proposed using only four
hemispherical photographs to get a good sampling of
temperate and boreal forests.

1. Averaging individual gap fraction measurements
and then deriving LAI of the stand.

2. Averaging LAl values derived from individual gap
fraction measurements.

3.2. Spatial averaging for representative LAI In the case of an ideally homogeneous canopy,
estimation strategies (1), (2), and (3) should be theoretically
equivalent. Conversely, in the case of a heterogeneous
There are two methodologies that derive LAl from canopy, strategies (1), (2), and (3) should give differ-
individual gap fraction measurements; these methods ent results due to the non-linearity of the relationship
might not be equivalent due to the non-linearity be- between gap fraction and LAVan Gardingen et al.
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(1999)investigated the ratio between the two LAl es- ESU. Fig. 4 shows the comparison between the two
timates described above. They suggested relating thisstrategies using an LUT inversion technique, i.e., (1)
ratio to the clumping index although it seemed to be deriving LAI for each individual below canopy mea-
more linked to a scaling issue within heterogeneous surement and then averaging the 48 corresponding
canopies rather than a pure clumping index as defined estimated LAI values, (2) averaging the gap fraction
by Chen and Black (1992) over the 48 measurements and then deriving the LAI.
To further compare the two spatial averaging strate- An additional and intermediate way (3) was also in-
gies, measurements performed on an agricultural site vestigated; it consisted of averaging the gap fraction
(Alpilles) sampled in 2001 will be used. A total of 51  over the group of four individual measurements, com-
ESUs were sampled. Each ESU had a 20 m diameterputing the corresponding LAI, and then averaging the
area. A group of four individual LAI2000 measure- LAl values over the 12 groups. This last approach
ments separated within around 1 m transect across theallows for more locally representative measurements
rows were performed to take into account this architec- and is similar to that described lrang et al. (1991)
tural pattern. The groups of four individual replicates Lang et al. (1991used the Demon device and rec-
were lying along the arms of a 20 m cross, each group ommended averaging the gap fraction along a line
being separated by 4 m. This makes 12 groups of four segment at least 10 times the mean width of a leaf,
individual measurements, i.e. 48 measurements perto compute the corresponding LAI, and finally, to
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Fig. 4. Comparison between the three gap fraction spatial averaging methods for LAl estimation using LUT method, as a function of the

numbern of LAI2000 rings used for the inversion (VALERI, Alpilles site, March 2001, LAI between 0 and 4). (1) Deriving LAl from

each individual gap fractionPg) measurement in the rings, and averaging LAl (48 LAI values), (2) deriving LAI from the average gap

fraction value from the 48, measurements in the rings, (3) deriving LAI for each local gap fraction measurement (average over the
12 LAI values computed from the average gap fraction computed for the four local replicates).
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average the LAl obtained over a number of such being more representative of the canopy. Note, how-
transects. ever, that our case study corresponds to agricultural
When using the directional variation &, the canopies relatively homogeneous over a 20m di-
directional measurements should represent the sameameter ESU: the maximum RMSE value between
canopy. Therefore, the averaging process might de-the three methods is relatively small and lower
pend on the number of directions corresponding to than 0.1.
the LAI2000 rings used, to derive the LAI. These In conclusion, it should be stated that method (1)
were concurrently investigated. should be used when considering single-direction
Results Fig. 4 show that when measuring gap measurements. Note however that the LAI 2000 de-
fraction in a single direction there is little differ- vice inherently averages over a range of azimuthal
ence between strategies (1), (2), and (3), although directions, depending on the mask cap used on the
it is theoretically better to use strategy (2)afg lens. In the case of single zenithal direction use and
and Yueqin, 1986 When simultaneously exploiting heterogeneous canopies, small aperture caps should
several directions, the differences tend to increase be preferred. Conversely, when using several direc-
with the range of directions used. However, meth- tions concurrently or when considering the gap size
ods (2) and (3) appear more similar due to the distribution (acaze and Tabarant, 1998nethod (2)
directional Pp measurements used to retrieve LAl or (3) should be used. In this case, a larger aperture
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Fig. 5. Comparison between LAI estimated from one direction and that from four directions for the VALERI 2000 and 2001 sites. Forests
are represented by open symbols, agricultural areas by filled triangles.
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cap on the LAI2000 lens would be recommended to angle distribution, which could be an important canopy

allow a better canopy sampling. characteristic, used within radiation transfer processes.
However, the success of the inversion will rely mainly
3.3. Required number of directions to derive LAl on the underlying assumptions and also on the quality

of the measurements and their associated representa-
The impact of the number of directions used to de- tivity.
rive LAl was studied over an ensemble of VALERI Considering the assumptions used in the gap frac-
sites sampled with the LAI2000 in 2000 and 2001. tion models currently used, the main problems to face
These sites correspond to a range of canopies: threeare the clumped nature of leaves and the mixture of
agricultural areas (Romilly, Fundulea, Alpilles), two green and non-green vegetation elements. With re-
coniferous forests (Jarvselja, Nezer) and a palm tree spect to clumpiness, theoretical treatments exist and
plantation (Aek Loba). Thirty to 50 individual mea- some of them have already been exploited. They al-
surements were performed at each site to character-low an account of this feature using prior knowledge
ize the 303 ESUs considered. The spatial averaging of the clumping parameter. However, the limitation of
process was achieved using method (2), i.e., the LAI the proposed correction factors is that they are not uni-
was derived from the average of individual gap frac- versally applicable@eblonde et al., 1994; Stenberg,
tions. The gap fraction at 57.5which allows direct 1996. Nilson (1999)proposes to use a detailed canopy
LAl estimation Gection 2.2.), was computed as a  architecture model to derive the actual LAl over forest
weighted average between the fourth and fifth rings. canopies. However, this requires independent knowl-
This was compared to LAI values derived from gap edge of some canopy characteristics such as tree
fractions measured in rings 2-5. The first ring cen- density, and crown size, which might be difficult to
tered at 7 was not used because it always provided measure with sufficient accuracy. A very interesting
poor results due to the associated restricted sampling.alternative is to focus on the gap size distribution as
Fig. 5 shows good agreement between the two esti- proposed byChen and Cihlar (1995ailthough there
mations. However, the agreement is better for forest were some limitations in the measurement a few years
canopies (RMSE= 0.15) than for agricultural areas ago, the availability of high resolution hemispherical
(RMSE = 0.57). From these results, it seems quite digital cameras at low cost requires an urgent revisit
reasonable to propose the derivation of the LAl from to this efficient concept, as already done lmblanc
the gap fraction measurements at 5hbcause it pro- et al. (2002) This could be done in conjunction with
vides very simple and robust estimates. These resultsadvanced representation of canopy architecture as
also corroborate those @feblanc and Chen (2001)  proposed byNackaerts et al. (200@)sing a fractal ap-
Furthermore, it allows the application of the best av- proach. However more theoretical insight is required
eraging process, i.e., the method (1) that would be the to investigate the validity of current theories, with an
most independent of the level of spatial heterogene- emphasis on the directional dependence of clumping
ity of the canopy. However, using one single direction as well as clumping scale (needle/leaf, shoot, plants,
does not allow the derivation of leaf angle distribu- etc.). The 3D computer-generated canopies will pro-
tion, which is an important feature in the vegetation vide a very convenient tool for such investigations, as
radiation regime. proposed byCescatti (1997andRochdi et al. (2003)
Considering the problem of the distinction between
green and non-green vegetation elements, the current
4. Conclusion methods are mainly based on locally calibrated values
of the « ratio between the green and non-green area
This review of methods used to estimate LAI from indices. Similarly to the clumping issue, theratio
gap fraction measurements addresses several issuexould vary widely depending on canopies and also
The first one is associated with the retrieval technique on direction. One method involves the use of devices
used to “invert” the gap fraction model in the case of that allow separating between green and non-green
multidirectional measurements. LUT techniques ap- vegetation elements, such as digital cameras, which
pear appealing because they allow adjusting the leaf allow imaging in several wavebands.
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Considering the sampling strategy, this review Campbell, G.S., 1990. Derivation of an angle density function for
shows that the question is quite complex and should canopies with ellipsoidal leaf angle distributions. Agric. For.
be addressed in further studies. Although our re- _ Meteorol. 49, 173-176. o o
sults tend to prove that very few measurements are Cescatti, A., 1997a. Modelling the radiative transfer in dis-

. . . . continuous canopies of asymmetric crowns. |. Model structure
required for wheat and pine canopies, particular atten- ;4 algorithms. Ecol. Modelling 101, 263-274.

tion should be paid to the number of measurements cescatti, A., 1997b. Modelling the radiative transfer in dis-
required to best represent a given canopy. This is continuous canopies of asymmetric crowns. Il. Model testing
a critical issue for discontinuous canopies such as and application in a Norway spruce stand. Ecol. Modelling 101,
row crops or bushes as well as for measuring the _ 275284 , ,

LAl of a single tree. The number of gap fraction Chason, J.W., Baldocchi, D.D., Huston, M.A., 1991. A comparison

. . . . . of direct and indirect methods for estimating forest canopy leaf
measurement directions required to derive LAl is &  grea. Agric. For. Meteor. 57, 107-128.

less critical issue, since one single direction (8Y.5  chen, J.M., Black, T.A., 1991. Measuring leaf area index of plant

appears to be enough. However, if additional infor-  canopy with branch architecture. Agric. For. Meteorol. 57, 1—

mation on the leaf inclination distribution is to be 12.

derived using an inversion procedure, more than two Chen, J.M., Black, T.A., 1992. Defining leaf area index for non-flat
. . . . . . leaves. Plant Cell Environ. 15, 421-429.

directions are required. The use of hemispherical im-

d h d deli il inl Chen, J.M,, Cihlar, J., 1995a. Plant canopy gap-size analysis theory
ages and enhanced canopy moaeling will certainly for improving optical measurements of leaf area index. Appl.

provide efficient and mandatory tools to advance the  opt. 34 (27), 6211-6222.

problem of canopy architecture measurement from Chen, J.M., Cihlar, J., 1995b. Quantifying the effect of canopy

non-destructive measurements. architecture on optical measurements of leaf area index using

two gap size analysis methods. IEEE Trans. Geosci. Remote
Sens. 33 (3), 777-787.
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