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Fluorescence lidar for remote monitoring of plant
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The laser-induced fluorescence (LIF) characteristic of plant is directly linked to the photosynthesis. The LIF
lidar for remote monitoring of plant has been suggested as one of the useful tools to identify plant species
and determine its physiological status for a long time. So recently a LIF lidar for remote sensing of plant in
Anhui Institute of Optics and Fine Mechanics is developed. It transmits laser beam at wavelength of 354.7
and 532 nm, and receives elastic echo and fluorescence echo at wavelength of 680 and 740 nm. Numerical
simulations are carried out to determine achievable lidar performance including operation range. Validity
of fluorescence signal is certified and then some results are presented. Comparison of the fluorescence
characteristic among birch, conifer, and algae show that the fluorescence lidar is one of the potential tools
to differentiate plant species.
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Climate change is a problem closely linked to human life.
The concentration of atmospheric CO2 increases every
year because of the rapid development of global industry.
It is very important to study sources and sinks of CO2

in carbon circulation. The plant is one of the important
sinks in the carbon circulation, at the same time it is the
source of human activity and contributes to natural en-
vironment by its physiological action. Nowadays, many
plants are being up against death and fading due to many
complicated reasons such as the increment of pollution,
water lack age, global warming, and so on. Understand-
ing of vegetation state will give us a new access to unique
earth conditions.

There are mainly three methods to be used as indica-
tors for plant functioning, stress, and vitality: chemical
method, hyperspectral remote sensing, and laser-induced
fluorescence (LIF) lidar. Chemical method is not suitable
for in-vitro intact measurement of living plants. Hyper-
spectral remote sensing[1] is based on plant spectral char-
acteristics of reflectivity which is applied in large-scale
monitoring. LIF emitted from chlorophyll is directly re-
lated to photosynthesis and has been used to detect the
inner status of vegetation. Lidar[2,3] is an important tool
to monitor atmospheric gases, atmospheric parameters,
and objective characteristics. The LIF lidar[4−6] seems
to be one of the most useful tools to remote diagnosis of
vegetation status and distinguish different plant species.

The first LIF lidar was developed by Saito et al.[7] They
tried to obtain the fluorescence echo from a sugar maple
tree induced with a 337-nm nitrogen laser. Hoge et al.
reported detection of LIF of green terrestrial plants by
an airborne lidar[8]. In China, the first airborne ocean
fluorescence lidar[9] was set up in Ocean University of
China and the sea surface concentration of chlorophyll
was deduced from fluorescence and Raman signal. The
aiborne lidar can achieve large-scale measurement and
has more availability. But aiborne lidars are more costly
and technically complex. Usually, the groud lidar can be
studied as the prototype to validate the feasibility of the

system and offer essential data for researchers. In this
letter, we introduce a LIF lidar system and then describe
some results of LIF echo of natural living plants such as
algae, conifer, and broadleaf.

Molecules in diversified matter have a series of elec-
tron energy states comprising vibrational and rotational
states. In room-temperature condition, most molecules
occupy the lowest electron energy state, which is called
the ground state. Each of these energy states can be clas-
sified as singlet or triplet states, where the difference lies
in the spin of the electrons. The molecules will be excited
to a higher energy or excited state when they absorb ra-
diation as far as the incident photon contains an energy
equivalent to the difference between two allowed energy
states. Due to instability of molecules in the excited state
they will return to the ground state by relaxation process
or deactivation process. But the relaxation process does
not mean fluorescence emission, which is possible only if
a once more relaxation happens after the electron trans-
fers to the lowest energy level of the first excited state
by other relaxation. Figure 1 displays six different tran-
sition or relaxation processes.

The equation of fluorescence lidar[4] can be expressed
as

PλF(z) = Pλ0
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where λ0 and λF are wavelengths of output laser and
fluorescence echo, respectively, PλF is the echo signal of
fluorescence channel, Pλ0 is the peak power of output
laser, A is the reflection coefficient of object (also called
as albedo), S is the area of the aperture of the receiving
objective, R is the distance between lidar and the de-
tected objective, ϕ is the quantum yield of fluorescence,
T is single-pass atmospheric transmission between the
lidar and the object such as plant, and η is the total li-
dar receive system efficiency at fluorescence wavelength
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which includes reflectivity or transmission of optics and
quantum efficiency of detector.

The Rayleigh-Mie lidar equation[10] as a function of
range can be expressed as

PRM(R) = f0(R)C0P0
βa(R) + βm(R)

R2
·

exp
{
−2

∫ z

0

[αa(λ0, R
′) + αm(λ0, R

′)]dR′
}

,(2)

where PRM is the backscattered power as a function of
range R, f0 is geometric form factor, P0 is the output
power of the laser, C0 is system constant , βa and βm are
the backscattered coefficients of aerosol and molecular at
wavelength λ0, αa and αm are atmospheric extinction co-
efficients at wavelength λ0.

The red LIF spectra of the chlorophyll of plant leaves
are related with plant species and the status of vegeta-
tion. The intensity of the detected radiation is measured
at three wavelengths: 685, 740, and 532 nm. The former
two wavelengths are caused by the fluorescence of chloro-
phyll of a type a and b, respectively. The wavelength at
532 nm is needed for normalization of the detected LIF
radiation. The intensity of chlorophyll fluorescence at
680 and 740 nm excited by 532 nm can be expressed as

P680 = Pλ0
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and

P740 = Pλ0
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The ratio of the quantum yield of fluorescence at 740 nm
to that at 680 nm is

R =
ϕλ0→740

ϕλ0→680

=
740 · η(680)T680P740

680 · η(740)T740P680
. (5)

A mobile differential absorption lidar system[10,11]

(AML-2) nowadays has been developed for day-night
measurement of four kinds of pollutants such as SO2,
NO2, O3, and aerosol in lower troposphere. Recently,
afluorescence detecting device was added for studying
plant fluorescence characteristic. In the transmitter, laser
beam with triple frequency of Nd:YAG at 354.7 nm is
added, and two new filters, whose central wavelengths are
680 and 740 nm respectively, are loaded in the receiver.
The schematic of the new lidar system is displayed in
Fig. 2. It operates with the double and triple frequency
of Nd:YAG (Brilliant B, 20 Hz) laser at 532 and 354.7
nm, whose pulse energies are accordingly about 50 and
200 mJ with repetition rate of 20 Hz and divergence less
than 0.5 mrad. The laser beam is enlarged to reduce their
divergence by a quintupling enlarger. After laser is trans-
mitted in a direction of sounded objects by the trans-
mitting mirror and scanning mirror, the backscattered
light is accepted by a 30 cm-diameter Newtonian tele-
scope. A field diaphragm and a fiber is displaced on the

Table 1. Fluorescence Lidar Specification

Transmitter

Energy/Pulse 50 mJ (354.7 nm)

200 mJ (532 nm)

Repetition 20 Hz

Beam Diameter 50 mm (∼0.2 mr divergence)

Telescope

Diameter 300 nm

Focal Length 750 nm

Filter

Central Wavelength: 354.7 nm (#1) 532 nm (#2)

680 nm (#3) 740 nm (#4)

Full width at Half Maximum 1 nm (#1) 1 nm (#2)

10 nm (#3) 10 nm (#4)

Transmission: 50%(#1) 50% (#2)

60%(#1) 60% (#2)

focus of the telescope. The radiation transmitted by the
fiber is collimated by an ellipsoidal lens, then transits
the filter group and attenuator group, and finally reaches
photomultiplier tube (PMT). Then the electrical signal
is directed to the input of the analog-to-digital converter
(ADC) with a sampling frequency of 10 MHz. From the
ADC, output digital data are saved in computer and wait
for further analysis and process. Table 1 lists some spec-
ifications of this system. There are four filters fixed in
ring flange of the filter group. Filters 1# and 2 # are
used in receiving elastic lidar echo at wavelengths of 680
and 740 nm. Filters 3# and 4 # are used in receiving flu-
orescence lidar echo at wavelengths of 680 and 740 nm.
Out-of-band blocking of filters 1# and 2 # is 1×10−4

from X-ray to FIR.
In order to predict the sensitivity of the lidar system,

the performance of a LIF lidar has been simulated. The
measurement sensitivity of the LIF lidar was analyzed in
terms of the mean signal-to-noise ratio (SNR) of the lidar
returns given by

SNR =
S
√

T√
S + 2(Nb + Nd)

, (6)

where S is the number of counts per time bin ∆t for
the signal acquisition resulted from lidar returned sig-
nal, Nb is the number of counts per time bin ∆t resulted
from the sky background, Nd is the number of counts
per time bin ∆t resulted from dark current, and T is the
shot number of measurement. As can be seen from Eq.
(1), to calculate the lidar returned signal S for the ex-
isted or proposed lidar instruments, it is only necessary to
know the receiving and transmitting subsystems param-
eters and the optical parameters of a standard molecular
atmosphere. Systems parameters are given in Table 1.
The optical parameters of a standard molecular atmo-
sphere were modeled by American Atmospheric Mode[10]

as



αm(λ,Z) = 1.54× 10−3 exp(−Z/7)( 532
λ )4 × 8π/3

αa(λ,Z) = 2.47× 10−3 exp(−Z/2) + 5.1310−6

× exp[−(Z − 20)2/36]( 532
λ )× S1(λ),

(7)
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Fig. 1. The process of various energy transition of molecular
interior as vibrational relaxation, internal conversion, exter-
nal conversion, intersystem crossing, fluorescence emission,
and phosphorescence emission.

Fig. 2. Scheme of a new plant fluorescence lidar system based
on AML-2 mobile lidar.

Fig. 3. The values of lidar signal, noise, and SNR.

where αm and αa is molecular and aerosol extinction co-
efficients, respectively, λ is wavelength, Z is altitude, S1

is here chosen to be a constant value of 50 at wavelength
of 532 nm as representative of tropospheric aerosol. The
noise Nb was assumed as

Nb = ηPbπ

(
θ

2

)2

∆λAr, (8)

where Pb represents spectral radiance of the sky back-
ground, θ is the view of field of the lidar receiver, ∆λ is
the bandwidth of filter, and Ar is the area of telescope.
For most lidar systems, we can assume that the value
of Nd is negligible and Nb in the night equals zero. So,
according to Eqs. (1), (6), (7), and (8), lidar signal S,

noise Nb, and SNR (as illustrated in Fig. 3) are calcu-
lated. With the condition SNR = 1, we can conclude
that the detected maximum range of lidar are about 2.5
km in the daytime and 4.2 km at night.

After the construction of fluorescence lidar was
achieved, the validation of fluorescence would be nec-
essary. Because the cross section of the fluorescence
scattering is several orders of magnitude weaker than
that of Mie-Rayleigh scattering, the lidar system must
be capable of preventing the contamination of the fluo-
rescence signal with spurious light from the elastic scat-
tering. On 12.07.2007 between 20:00 and 21:10 Beijing
Time, laser beam at wavelength 532 nm is transmitted
to the surface of two kinds of materials (displayed in
Fig. 3): leaves of broad-leaved plants and plastic of
roof. When laser beam is transmitted to the plant, the
elastic fluorescence scattering occurs simultaneously. So
the elastic scattering is a sort of noise for fluorescence
channel and must be suppressed. A filter is used in the
fluorescence channel to suppress elastic light, so there is
not echo signal of 532 nm (elastic light) at the distance
between 250 and 300 m. The results in Fig. 3 testify the
validation of fluorescence signals. The lidar echo results
are shown in Fig. 4. It can be seen that there is fluores-
cence signal in lidar echo from plant, but not from wall.
Therefore, the lidar system can receive the fluorescence
signal correctly.

When the laser radiation reaches a definite level, non-
linear effects arise due to the saturation of the fluorescent
response from the plant. The application of the pulsed
radiation with Q-switch delay from 350 to 400 ns per-
mits the analysis of the most intense, fast fluorescence
(F ) of nanosecond duration within the framework of the
linear interaction of optical radiation with plant struc-
tures is illustrated by Fig. 5 which shows the dependence
of the LIF signal on the laser intensity. As can be seen

Fig. 4. Lidar signals from wall and plant.

Fig. 5. The relationships between fluorescence signal and elas-
tic signal.
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Table 2. The Ratio (R) of the Fluorescence (F ) at
740 nm to that at 680 nm with Different Plant

Conifer Broadleaf Alage

F (680 nm) 1418.16 680.3 240.7

F (740 nm) 1607.47 533.66 5.93

R 2.3 1.7 0.054

Fig. 6. Fluorescence signals emitted from (a) birth, (b)
conifer, and (c) algae.

Fig. 7. Atmospheric transmission variation along with dis-
tance.

from the figure, there are no nonlinear effects, so our laser
radiation have not reached the definite level.

To evaluate the feasibility of remote recognition of
plant species, a series of experiments with broadleaf,
conifer, and algae were conducted in field at Nov. 2, 2007.
The laser at wavelength 532 nm is separately transmit-
ted to broadleaf, conifer, and algae, at the same time the
lidar echo is received and saved in computer. The fluo-
rescence echo of broadleaf, conifer, and algae are shown
in Figs. 6 (a)–(c). The algae differs from the other two
plant types in that fluorescence at 740 nm is much weaker
than that at 680 nm. Only the fluorescence of conifer at
740 nm is stronger than at 680 nm.

The ratio of the quantum yield of fluorescence at 740
nm to that at 680 nm is a significative value which re-
lats the plant species to its status. In Eq. (5), the value
of R can be retrieved from the lidar echo of fluorescence
P , atmospheric transmission T at wavelength 680 and
740 nm, and the total lidar receive optical efficiency F .

The lidar echo of fluorescence P is a value which can be
measured in experiment. For short distances up to sev-
eral hundred meters, we can assume the value of T (740
nm) /T (680 nm) to be 1, because the values of the trans-
parency at 680 and 740 nm are very similar. The term of
atmospheric transmission (displayed in Fig. 7, here we
calculated atmospheric transmission using the standard
atmospheric mode) within 1 km only makes a error less
than 1% to the value of R. But when distance is very far
or the atmospheric extinction coefficient is very large, we
must calculate the values of the transparency at 680 and
740 nm from elastic lidar equation. For our lidar system,
the transmission of filter and reflectivity of telescope at
fluorescence wavelength is the same, so the lidar received
optical efficiency is mainly determined by the sensitivity
of PMT. We have F (740 nm) /F (680 nm)= 5, according
to the characteristic of Hamamastu Tube R374 used in
our mobile lidar system. Table 2 displays the values of
ratio with broadleaf, conifer and algae which are calcu-
lated using the experimental fluorescence values.

In conclusion, a prototype lidar to study the plant flu-
orescence is established. The experimental result proves
that the lidar echo is real fluorescence signal, and at the
same time nonlinear effects of fluorescence echo does not
arise in our lidar system. Our LIF lidar has possibility
of remote diagnostics of plant species. The ratios of the
fluorescence at 740 nm to that at 680 nm with different
plants show that the system can be taken as an indicator
of chlorophyll content and plant species.
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