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ABSTRACT: Many years of green plants fluorescence studies show, that the fluorescence
could be used as an intrinsic indicator of the plant bio status. The advantage of that
approach is the opportunity stress factors to be discovered before the symptoms are
observed with more conventional means. Various devices have been already developed for
active or passive measurement of fluorescence in laboratory and natural conditions (on-
ground and air-born) and two dedicated projects (FLEXSAT—NASA and FLEX—ESA)
for remote measurements of solar-induced plant fluorescence were conducted as well.
The investigations in recent years have proved that the fluorescence can be remotely
sensed from satellite altitudes. At the same time many factors playing significant role in
the plant photosynthetic process still need to be evaluated—season/weather changes,
natural conditions as heat, moisture, light exposure, plant species differences etc. The
influence of the excitation light angle on the fluorescence emission was one of the
experiments, which the authors have started in order to investigate the technical
opportunities for registering the spatial distribution of fluorescence variations under
illumination conditions, close to the natural one. In specially designed biochamber plant
simples were illuminated with parallel beam at different angles, simulating changes of
solar zenith angle. The paper presents the method and technical condition of the
experiment, spectral images of spatial distribution of plant fluorescence at different
illumination angle and results of image processing in graphical form.

1 INTRODUCTION

The idea plant florescence signal to be monitored from space- and air-born instruments
and to be used as an indicator of plants photosynthetic activity seems to be one of the
most challenging projects for earth observation. Many decades fluorescence has been
studied by plant physiologists in laboratory conditions (Buschmann et al. 1998, 2000;
Lichtenthaler et al. 1997, 1998; Methy et al. 1994). Some methods for active measure-
ments allow on field registration of solar excited fluorescence (Bazzani et al. 1995; Cechi
et al. 2003; Plascyc 1975; Lichtenthaler et al. 1996; Saito et al. 2003), but they cannot be
used in future space-born fluorometers (Moya et al. 2003; Smorenburg et al. 2002). The
Fluorescence Explorer (FLEX) feasibility study (Davidson et al. 2003; Smorenburg et al.
2002;Stoll et al. 1999, 2003, ) have demonstrated that plant fluorescence can be measured
passively from space using appropriate Fraunhofer lines, but both the registration and
interpretation of fluorescence signal still require a lot of preliminary investigation and
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experiments. Results of SIFLEX-2002 (Solar Induced Fluorescence Experiment),
presented on Ist Workshop on Remote Sensing of Solar Induced Florescence, Netherlands,
2002 (Conclusions and recommendations), reveal the problems of an unpredictable
variation of fluorescence upon changes of solar radiation. Diurnal and season changes of
solar zenith angle are in close relation to plant photosynthesis. This was taken into
account from the author’s team when starting an experiment, focused on the influence of
excitation light angle on the fluorescence emission, which could be considered as a
simulation of solar zenith angle. This factor may be important for future theoretical
calculation of suitable orbit for monitoring plant photosynthesis, as well as for accurate
interpretation and validation of fluorescence images obtained from space.

2 EQUIPMENT

The measurement equipment is based on an experimental model of biochamber,
specially designed from the author’s team, for imaging of the vegetation chlorophyll
fluorescence (Krumov et al. 2004). It allows the investigated plant samples to be
illuminated with permanent light flux in wide spectral range (from 380 nm to 620 nm).
The fluorescence images are registered by CCD camera either in wide spectral band
(650 nm – 850 nm) or in narrow bands (at the fluorescence maxima - 690 nm and 740
nm). The location of the illumination and registration spectral bands in the work spectral
range is shown in Fig. 1. Thus the measurement condition is close to nature one. In order
to simulate influence of incident irradiance on the vegetation fluorescence at different
zenith angles, the biochamber vas upgraded with an opto-mechanical module. The
optical part consists of entrance lens, flexible fibber light-guide and collimator, and
provides intensity of the light flux 8 mWcm�2 at diameter of the light beam 28 mm. The
mechanical part provides precision angle positioning of the collimated light beam in
respect to the measured plant sample with accuracy �0:1� zenith angle range 20�--90�:
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Figure 1. Normalized spectral characteristics of the illumination flux and of the registration

band.



A schematic illustration of the measurement method is shown in Fig. 2. The chamber
1 is fully isolated from environment light. The incoming light flux, focused by an
entrance lens, passes through the light-guide 2 to a collimator, witch transforms it in
parallel light beam. The investigated plant sample 3 is placed upon plate 4, covered with
BaSO4, and situated on a plane including the vertex of the incident light angle y. Thus
the light spot centre on the sample has constant coordinates and the excitation energy
level depends only on the illumination angle. Plate 4 is used also as indicator of
undesired stray light in the registration spectral band. The registration of fluorescence
space distribution is realized by black/white images in standard CCIR TV format,
obtained with a CCD camera 5 (JAI, CV-M300). An additional specially designed
electronic module makes possible the exposure time to be up to 20 s. As a result, 2D
fluorescence images are registered and stored by the image processing system 6, in
digital format, as a primary database.

3 MEASUREMENT APPROACH

Each plant simple was illuminated at 19 different angles y (from 208 to 908). At every
angle (position of the collimator) a fluorescence image was obtained. The fluorescence is
rather variable for different plant species and even different samples from the same
species. To eliminate this diversity and to avoid any accidental data inaccuracy, from 5 to
10 leafs of different species were investigated. During the image processing a mean
value of fluorescence intensity from an equal area was calculated. Presented
characteristics are normalized to the maximum fluorescence intensity value (at y ¼ 208).

During the experiment leaves from 6 plants, popular for the local climate, were
investigated: poplar (Populus Pyramidalis Roz.), maple (Acer Pseudoplatanus L.),
pea (Pisum Sativum L.), lime (Tilia Cordata Mill.) and wild geranium (Geranium
Macrorrhizum L.). Despite the diversity of absolute intensity values of different species
the normalized characteristics of fluorescence dependence on excitation light angle are
very similar for all the investigated plants (Fig. 3).

Figure 2. Schematic illustration of the measurement method.
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Taking into account that the reflected and scattered energy from the plant sample
inside the biochamber compared with the directed illumination light is negligible, we
assume that the intensity of excitation light Ie could be defined with the function
IeðyÞ ¼ Ic cosðy), where Ic ¼ intensity of collimated illumination beam. In figure 4 this
function could be compared with the dependence of fluorescence level on y. More
essential is the difference at y > 608, which probably are related to specificity of light
penetration in photosynthetic centers. Adequate interpretation of this fact needs further
physiological investigations.

The same experiment was made for a potted plant Alternantera Amoena, which
stricture could be considered as a canopy simulation (Fig. 5). The dependence of
fluorescence level in this occasion have a visible increase at y ¼ 528 (Fig. 6). This effect
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Figure 3. Dependence of normalized fluorescence intensity on illumination angle y.
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Figure 4. Fluorescence and excitation light intensity Ie as a function of illumination angle y
(normalized).
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is due to a prevalent leaf orientation, typical for indoor plants. At natural condition the
same phenomena should be taken into account while monitoring plants growing in
higher latitudes. As an example, Fig. 7 presents in pseudo-color (green nuance) some of
obtained fluorescence images.

Fluorescence images of a polar leaf - fresh and fading were taken in order to estimate
the excitation light angle influence on plants in stress conditions. It is well known that
during a drought impact the fluorescence increases significantly. The experiment
substantiated this fact. Three fluorescence images of a fading poplar leaf (Fig. 8) show
the spatial distribution of fluorescence intensity by false color, with increasing values
from blue through green and yellow to red. Fluorescence increases as a function of y is
presented in Fig. 9 (left). Despite significant differences of measured levels, normalized
characteristics are very close to each other (Fig. 9, right).

Figure 5. Photo-image of Alternantera Amoena
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Figure 6. Prevalent leaf orientation effect on fluorescence intensity (norm).
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Figure 7. Fluorescence images of Alternantera Amoena (top), and a maple leaf (bottom) at

illumination angle y: (a) 328, (b) 528, and (c) 728.

Figure 8. Fluorescence image of a poplar leaf area, illuminated with a parallel beam, y ¼ 48

degree: (a) fresh leaf; (b) the same leaf 3 hours latter, and (c) 5 hours latter.
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Figure 9. Drought effect on fluorescence intensity: measured fluorescence intensity for different

drought duration (left); normalized fluorescence intensity (right).
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4 CONCLUSIONS

The described experimental equipment, designed and built from the author’s team,
allows the influence of the illumination angle on the fluorescence emission to be
investigate in ‘‘pure form’’, i.e. in absence of scattered and reflected light components.

At all measured leaf samples similar character of the fluorescence change is
observed. That means this change is predominantly caused by the change of the excited
energy, but not by plant diversity.

Investigated fluorescence change at plants with complex space architecture keeps the
same course as at the leaf samples, but some aberrations are observed, caused by
different orientation of the structure elements. The integration of the fluorescence energy
should be performed on larger area of such kind of samples for obtaining more adequate
data.

The comparison of the curves of fluorescence change and function Ie (y) shows
similar course. Obviously, the main reason caused the studded phenomena is the change
of the excitation light intensity. Differences observed at y > 608 require additional
investigation.

Despite significant differences of measured fluorescence intensities in varying fading
levels, normalized level values are very close to each other. That practically means the
same fluorescence could be measured under influence of different factors. This fact
requires specific criteria for interpretation of the fluorescence change to be defined.

The authors have ambition for future investigation of the influence of different nature
factors on the vegetation fluorescence. The obtained results could be useful for adequate
interpretation of fluorescence imaging data, acquired at future earth monitoring space
missions.
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