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Abstract

The leaf area index (LAI) of forest canopies can be estimated indirectly by measuring their light transmission, either with a

specific sensor or by hemispherical photographs. The angle at which the transmission is measured enters the calculations at two

different points: (1) as angle of incidence determining the travel distance of a light ray through the whole canopy and (2) relatively to

the zenith for the statistical distribution of the angle at which the single foliage elements are seen. On a flat ground, any direction is

sufficiently described by its zenith angle. On a slope, however, the angle of incidence is not identical to the zenith angle. Each

direction in the canopy has thus to be classified according to both angles. We propose here an iterative method to introduce this slope

effect into the calculation of LAI (and mean leaf angle) from hemispherical pictures. This method was tested both on artificial

pictures simulating ideal canopies and on photographs taken in forests of different LAI, growing on slopes up to 378. This method

was found to give accurate results, while neglecting the effect of the slope would lead to underestimations of LAI, especially in

dense canopies. On a flat ground, the proposed method also improves the accuracy of the calculations because it better accounts for

the non-linear relationship between light transmission and LAI.
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1. Introduction

Leaf area index (LAI) is the one-sided foliage area

per unit ground surface area. It is an important

parameter of a plant canopy structure because it

represents the active interface between the atmosphere

and the ecosystem, which controls the processes of

photosynthesis, precipitation interception, evapotran-

spiration and deposition of air pollutants. As such, LAI

is required as an input variable in most ecosystem

process models simulating carbon and water cycles at

the stand or regional scale (e.g. Running and Coughlan,

1988).
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LAI can be measured using direct or indirect

methods (review by Bréda, 2003). Collecting the whole

foliage of a canopy for a direct measurement of LAI is a

destructive method commonly used for crops or

pastures, but it is very time-consuming and thus of

limited use in tall canopies. In deciduous forests, litter

collection is generally considered as the most accurate

method, but it is also labour-intensive. Direct measure-

ments on shoots are useful for conifers because they

allow to estimate the effect of foliage clumping at this

scale (Chen et al., 1997). However, this still requires an

indirect method at the stand level.

Techniques based on the transmission of light have

thus been developed to indirectly estimate the LAI of

forest canopies (Anderson, 1971; Ross, 1981). In these

techniques, the light transmission is measured over a

range of directions from single points below the canopy.
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Such measurements are done either with a specific

sensor like the LAI-2000 plant canopy analyser (Licor,

Lincoln, NE, USA) or by analysing photographs taken

upwards with a fish-eye lens. In both cases, the visible

canopy is analysed as divided into rings, each

corresponding to a range of angles from the zenith.

The zenith angle u is used twice in the calculations

because it affects both the distance that the light has to

travel through the canopy and the angle at which leaves

are seen from the measurement point. In the first case,

however, using u is correct only on a flat ground. On a

slope, the angle of incidence must be used, i.e. the angle

to a line perpendicular (normal) to the soil. This angle of

incidence is denoted hereafter as t.

Worldwide, 27% of forests grow in mountainous

regions (Körner and Ohsawa, 2006). Despite this fact,

the problem of the ground slope has scarcely been

addressed in the indirect measurement of LAI in forests,

either with hemispherical sensors (Walter and Torque-

biau, 2000) or with ceptometers (Duursma et al., 2003).

With a plant canopy analyser, it is possible to make

measurements by holding the sensor either horizontally

or parallel to the ground. It is not possible, however, to

measure the light transmission as a function of both u
and t at the same time. In hemispherical photographs, in

contrast, the whole visible canopy structure is recorded.

All the necessary information is thus available on the

photograph to distinguish the effects of both angles.

2. Theory

2.1. Flat ground

The transmission of light through an ideal canopy is

generally described as a function of the zenith angle u

(Nilson, 1971):

GðuÞL ¼ KðuÞ ¼ �ln TðuÞ cos u; u<
p

2
; (1)

where L is the (one-sided) leaf area index. G(u) is the

mean projection ratio of leaves in the zenith angle u,

which is a function of the statistical distribution of the

leaf inclination angles. T(u) is the light transmission at

angle zenith u. K(u) is called contact number and

represents the average number of contacts that a light

probe would make by passing through the canopy at

zenith angle u, expressed relatively to the thickness of

the canopy (the number of contacts for the travel

through the whole canopy would be K(u)/cos u).

On hemispherical photographs taken towards the

zenith, u can be calculated as a function of the distance
of a pixel to the centre of the picture:

u ¼ f ðr
R
Þp

2
; (2)

where r is the distance to the centre and R is the radius of

the canopy image, i.e. the distance from zenith to

horizon. f is a monotonically increasing function

describing the geometry of the picture produced by

the fish-eye lens, with f(0) = 0 and f(1) = 1.

Light transmission in this model (Eq. (1)) would be a

continuous function of u. In reality, however, it consists

of discrete measurements to which the model para-

meters have to be adapted as well as possible. K is

therefore first estimated over rings, i.e. parts of the

visible canopy with defined ranges of zenith angles. A

plant canopy analyser like the LAI-2000, for example,

measures over 5 rings covering each a range of

approximately 158. Rings of different widths are also

used as a calculation basis for hemispherical photo-

graphs. In this case, the image is analysed as a matrix of

black and white pixels and each ring must be large

enough to avoid cases where there would be no white

pixels, which would give T(u) = 0 and thus an undefined

K(u). Once the K(u) values have been calculated, they

can be used (usually in an iterative process) to estimate

jointly L and the parameters of the leaf angle

distribution governing G(u). Corresponding models

and methods have been described and compared by

several recent publications (Bréda, 2003; Weiss et al.,

2004).

2.2. Slope

Eq. (1) is only valid for a canopy on a flat ground. On

a slope of angle n, when the sensor is held horizontally,

light travels a shorter way through the canopy in the

downhill compared to uphill directions. The canopy

thus appears lighter when looking towards the valley,

but darker towards the hill, the transmission decreasing

to zero when the soil is reached (Fig. 1). The zenith

angle u has thus to be replaced on the right-hand side of

Eq. (1) by the angle of incidence t, yielding:

GðuÞL ¼ KðuÞ ¼ �ln Tðu; tÞ cos t; u<
p

2
; t<

p

2
(3)

The angle t can be calculated by three-dimensional

trigonometry from the azimuth and zenith angles and

from the orientation and angle of the slope (Walter and

Torquebiau, 2000) (Fig. 2):

t ¼ arccosðcos u cos nþ sin u cosðe� ’Þ sin nÞ; (4)
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Fig. 1. Example of an hemispherical photograph taken at Bedano,

southern Switzerland, on a slope of 348. The top left dashes indicate

the north (magnetic and geographical). The crescent on the top right

(uphill) indicates the ground, while the opposite dash indicates the

downhill direction (west aspect). This particular photograph gives a

leaf area index LAI = 5.59 and a foliar angle a = 458 if the slope is

taken into account, but LAI = 4.41 and a = 108 if the slope is

neglected.

Fig. 2. Geometry of hemispherical photography on a slope. P denotes

any point of interest on the hemisphere above the camera (and above

ground). The angles are noted as follows: n = slope angle, w = slope

aspect, e = azimuth of P, u = zenith angle of P, t = angle of incidence

of P.
where n is the angle of the slope, e is the azimuth of the

point of interest (of a pixel on the picture) and w is the

aspect of the slope, i.e. the azimuth in downhill direction.

With Eqs. (3) and (4), each pixel on the picture is

assigned to a combination of u and t angles. Black and

white pixels can thus be counted into corresponding two-

dimensional matrices after u and t. Theoretically, it

would be possible to calculate a contact number K for

each matrix cell, then to calculate a weighted average

over the u rings. However, the double classification on u

and t can yield sectors with only a few pixels. There is

therefore a very high probability that some of these

sectors are entirely black, making their transmission and

contact number impossible to calculate. This is a similar

limitation as encountered when splitting zenith rings into

azimuth sectors (Walter and Torquebiau, 2000; Walter

et al., 2003). Cells largely masked (by the soil in this case)

are generally a source of imprecision with Norman and

Campbell’s (1989) solution, as used by Walter and

Torquebiau (2000), because this procedure gives the

same weight to each cell, independently of its proportion

of ignored pixels. The goal of the present contribution is

to introduce a new method for accurately taking the effect

of the slope into account, thus enabling an improved

estimation of the LAI from hemispherical photographs.
3. Proposed solution

3.1. Slope

Because the term lnT(u,t) in Eq. (3) is often

impossible to calculate, we look for a way to obtain

K(u) for a whole ring without requiring the single

lnT(u,t) values. In a first approach, the problem can be

inverted by looking at the transmission of the whole ring

as a function of its K(u):

TðuÞ ¼
P

tAðu; tÞe�KðuÞ=cos t

P
tAðu; tÞ ; (5)

where A(u,t) is the solid angle of an intersection

between a normal (t) and a zenith (u) ring. Because

we remain within a u ring for this summation, the effect

of the lens geometry (Eq. (2)) can be neglected and the

number of pixels is a good approximation of A(u,t).

Starting from the transmission of a whole ring T(u), it

is possible to make a first approximation K0(u) of K(u)

by using Eq. (1), then to calculate the expected

transmission T0(u) according to Eq. (5). The non-

linearity in the relation between transmissions and

contact numbers results in T0(u) 6¼ T(u). Their logarith-

mic ratio is used to compute an improved estimate

K 00ðuÞ ¼ K 0ðuÞ ln TðuÞ
ln T 0ðuÞ (6)
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The next iteration step consists of using K00 again in

Eq. (5), then the corresponding T00 in Eq. (6). The

iteration converges after a few cycles towards an

estimated K(u) that corresponds to the measured T(u)

with adequate precision.

3.2. Flat ground

The described procedure essentially corrects for the

non-linearity between transmissions and contact num-

bers within zenith rings. This non-linearity, however,

exists also when the ground is horizontal. Its effect can

be neglected in narrow rings and generally in the inner

rings (where 1/cos u does not vary much). Yet, in the

outer rings, the non-linearity increases with K(u) and

neglecting it can lead to a substantial bias. For the outer

ring of a plant canopy analyser (60–758, for example), a

LAI of 5 is underestimated by 6%, and a LAI of 8 is

underestimated by 10%. An effective way to correct this

bias is to subdivide the u rings into concentric but

narrower t rings, then to apply the same algorithm as

described above for the calculation with an inclined

ground. Compared to a calculation directly based on

narrow rings, this procedure reduces the probability of

undefined transmissions (rings without white pixels).

4. Tests

4.1. Software

The algorithm described above was implemented

into a software designed to analyse hemispherical

photographs. This software, called Hemisfer, is avail-

able as shareware from the following web site: http://

www.wsl.ch/dienstleistungen/software/hemisfer. Artifi-

cial canopy pictures were generated according to Eq. (3)

by another software called Canopix, which is freeware

and can be obtained from the same internet site.

4.2. Artificial pictures

The Canopix software is based on an ellipsoidal leaf

angle distribution G(u) as described by Campbell

(1986). Three mean leaf angles were simulated: 388, 578
and 718, corresponding to ellipsoids with a ratio width/

height of 2, 1 and 0.5, respectively. The transmission

calculated by this model determines the probability of

any pixel to be white as a function of its u and t angles.

The colour (black or white) of each pixel is then set at

random according to the calculated probability. LAI

values of 2, 4 and 6 were simulated, as well as slope

angles of 08, 158, 308 and 458. These artificial pictures
were analysed with Hemisfer (version 1.3) in 5 rings of

158 for u, while t is always in steps of 18. By increasing

the slope, the ground becomes visible as a crescent in

the analysed rings. This part of the picture is entirely

dark and is either kept or excluded from the

calculations. The algorithm proposed here (Eqs. (5)

and (6)) was compared to the well established method

based on Eq. (1), i.e. without considering the slope.

Pictures simulating a flat ground were used to assess the

effect of the sole correction of non-linearity within

rings.

4.3. Real pictures

Hemispherical pictures were taken in four forest

stands: two with broadleaved trees and two with

conifers. These forests are located on slopes between

118 (20%) and 378 (75%) (Table 1). A digital camera

(Coolpix 4500, Nikon, Tokyo) with a fish-eye lens

(Nikon FC-E8) was fitted to self-levelling gimbals

(SLM2, Delta-T, Cambridge, UK) mounted on a tripod.

The compass of the gimbals was used to set the north

direction of the pictures. All pictures were taken with

delayed release to prevent camera shake. They were

saved in high-quality JPEG files with a resolution of

2272 � 1704, yielding a horizon circle with a diameter

of 1540 pixels. The exposure was set manually

according to the light measured with a spot-meter

(Asahi Pentax V, Asahi, Tokyo) on sky patches near the

zenith. The pictures were overexposed between 1 and 2

exposure stops compared to these readings, i.e. by a

factor between 2 and 4. This procedure makes the

exposure independent of the portion of visible sky, thus

of the LAI. It is meant to optimise the use of the sensor

range of the camera without producing a blooming of

the sky patches as it occurs under dense canopies with

an automatic exposure (Leblanc et al., 2005), causing a

negative bias in the estimation of LAI (Zhang et al.,

2005). This blooming is due to light saturation of sensor

pixels, which spill over to neighbouring pixels, making

canopy gaps appear larger than they really are (Nikon,

Tokyo, pers. comm.). For each site, 16 photographs

were taken 10 m apart on a 4 � 4 grid, except in Bedano

where 81 pictures were taken in 3 � 3 grids in 9 sub-

plots. All photographs were analysed as described

above (in 5 rings of 158) with the Hemisfer 1.3 software.

In order to improve the contrast between vegetation and

sky, the analysis was done in the blue colour channel

only. The threshold was automatically determined

according to the method of Nobis and Hunziker

(2005). The g factor for this operation was set to 2.2

according to the light response curve of the camera. A

http://www.wsl.ch/dienstleistungen/software/hemisfer
http://www.wsl.ch/dienstleistungen/software/hemisfer
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Table 1

Main characteristics of the studied forest sites

Site Coordinates (8) Altitude (m) Slope (8) Aspect (8) Main species

Alptala 8.72E, 47.05N 1160 11 243 Picea abies

Novaggioa 7.43E, 46.27N 950 31 180 Quercus cerris

Bedano 8.83E, 46.02N 560 34 97 Castanea sativa

Lensa 7.43E, 46.27N 1060 37 144 Pinus sylvestris

a Site of the Swiss Long-Term Forest Ecosystem Research Programme (LWF). The Alptal plot is close but not identical to the Nitrex experimental

plots described by Schleppi et al. (1999).
correction factor V for canopy clumping was further

calculated by the software according to the method of

Chen and Cihlar (1995) adapted to hemispherical

photographs.

Once the LAI and mean leaf angle were calculated

for each site, a set of four artificial pictures was

generated with the same parameters and analysed as

described above. This allowed us to test if the effect of

the slope is the same on real pictures as on artificial

ones.

5. Results and discussion

5.1. Artificial pictures

When the effect of the slope was taken into account,

the analysis of artificial pictures gave LAI values close

to the expected values (Fig. 3). None of the measured

deviations was statistically significant. When the slope

was not included in the calculations, however, only the

LAI values of 2 were correctly estimated. Higher values

were clearly underestimated. These biases increased
Fig. 3. LAI estimated from artificial pictures having a theoretical LAI

of 2, 4 or 6 and a ground slope between 08 and 458. Means of three leaf

angles (388, 568 and 718) and of three pictures each. The effect of the

slope was either corrected, not corrected or corrected only by exclud-

ing the visible ground. Standard errors are smaller than the symbols.
both with LAI itself and with ground slope. On a flat

ground, the underestimations amounted 3 and 4% for an

LAI of 4 and 6, respectively. Without slope, these small

but significant errors are due to the non-linearity

between light transmission and LAI within zenith rings.

Up to 308, the biases increased with slope, reaching 15

and 20% for an LAI of 4 and 6, respectively. For slopes

from 308 to 458, however, these errors did not increase

further. LAI underestimations always correspond to

more white pixels in lower zenith rings. More light

coming from the side oriented to the valley thus plays a

larger role than the loss of light from the side facing the

mountain. This bias is thus even stronger if the portion

of visible ground is excluded from the calculations, as

also shown by Fig. 3 (at slopes of 158 or less, the ground

is not visible in the analysed rings, which are here

limited to 758 zenith angle).

The foliar angles were also correctly estimated as

long as the effect of the slope was taken into account

(Fig. 4). Deviations from theoretical values were not

significantly larger than the precision given by the

software, i.e. 18. Neglecting the effect of the slope, on
Fig. 4. Mean leaf angle estimated from artificial pictures having a

theoretical leaf angle of 388, 568 or 718 and a ground slope between 08
and 458. Means of three LAI values (2, 4, and 6) and of three pictures

each. The effect of the slope was either corrected, not corrected or

corrected only by excluding the visible ground. Standard errors are

smaller than the symbols.
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the contrary, led to strong underestimations of the mean

leaf angle. This bias increased with the slope, relatively

independently of the theoretical leaf angle. On a slope

of 458, the foliar angle of 388 was estimated to be

perfectly flat (08). Like the underestimation of the LAI,

this bias is also obviously due to the light coming in the

lower rings from the side of the picture facing the valley.

On a flat ground, high transmissions in lower rings can

be obtained only with a flat foliage, explaining the

obtained underestimations when the slope in neglected.

Accordingly, excluding the visible ground makes this

bias even worse.

5.2. Real pictures

When the slope was taken into account but not the

canopy clumping, the LAI estimated from photographs

ranged from 2.3 in Lens to 6.6 in Bedano (Fig. 5). The

coniferous canopies (Alptal and Lens) had a lower LAI

than those of broadleaved trees (Bedano and Novag-

gio). Their clumping effect, however, was smaller

(V = 0.89 on both sites) than for broadleaved trees

(V = 0.98 in Bedano and V = 0.96 in Novaggio). Once

corrected for this clumping, the LAI ranged from 2.6 in

Lens to 6.7 in Bedano. On all sites, neglecting the

ground slope led to lower LAI estimates. This reduction

was more than proportional to the LAI itself, thus

affecting especially the sites of Bedano and Novaggio.

The estimated mean leaf angle was strongly reduced at

all three steep sites but not so much at Alptal.

Correcting for canopy clumping (V factor) did not

change these tendencies.
Fig. 5. LAI and mean leaf angle estimated from hemispherical

photographs of forest canopies on four sites with ground slope (means

and standard errors, n = 16, except Bedano: n = 81). The effect of the

slope and the canopy clumping (V) were corrected or not. The

photographs are further compared to artificial canopy pictures with

the same slope, LAI and mean leaf angle (n = 4).
All the differences measured on real photographs

could be effectively reproduced with artificial pictures

of the same theoretical combination of LAI, leaf angle

and ground slope. The only exception was for

clumping-corrected estimates at Lens. Due to the

ground slope and the relatively open and clumped

canopy, the photographs from Lens have many light

patches close to the horizon in downhill direction. These

patches are often detected as gaps by the gap separation

method of Chen and Cihlar (1995). This results in a

slightly lower V value of the 5th ring, which tends to

moderate the underestimations of both LAI and mean

leaf angle. In our artificial pictures, however, there is no

such compensation because we did not simulate gaps.

This interaction between both slope and clumping

corrections is significant but small. Thus, as a rule, the

effect of introducing the slope into the estimation of

LAI and leaf angle is approximately the same on real

pictures than on artificial ones.

6. Conclusions

On hemispherical pictures taken on a flat ground,

each zenith angle corresponds to the angle at which

both the whole canopy and its individual leaves are

seen. On a slope, however, this identity is no longer

given because the whole canopy is seen at a different

angle of incidence, that is relatively to a ground-

normal direction and not relatively to the zenith.

Methods to estimate LAI from hemispherical photo-

graphs thus have to take the ground slope into

account. Otherwise, as demonstrated both with

simulated and with real canopy pictures, they tend

to underestimate the LAI (especially at higher values)

and the mean foliage angle. The calculation method

proposed here gives an accurate estimation of the LAI,

also on sites with a steep slope and a dense canopy. On

a flat ground as well, this method corrects for the non-

linearity between LAI and light transmission, thus

enabling a more accurate estimation of the LAI of

dense canopies.
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