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Abstract. As a quick and non-intrusive probe of photosynthesis, the chlorophyll fluorescence has
been widely studied. Extracting the weak fluorescence signal from the strong noise is necessary to the
chlorophyll fluorescence measurement and analysis. In this paper, the time-domain and
frequency-domain characteristics of the chlorophyll fluorescence signal and noise caused by the
actinic light and the saturation pulse light were analyzed, and a new fluorescence measurement
technique, sinusoidal amplitude modulating and coherent demodulating the fluorescence signal, was
presented. Using the new technique, the measurement light was modulated by a 1KHz sinusoid, the
modulated noisy fluorescence was demodulated using the coherent method with several different cut
off frequencies, and signal to noise ratios and measurement errors were calculated and analyzed. The
results indicated that the new measurement technique can be employed to measure accurately and
efficiently the chlorophyll fluorescence in situ.

Introduction

When the dark adapted chlorophyll in vivo is illuminated, it induces the time varying fluorescence!'.

Firstly, the fluorescence intensity increases rapidly to the maximum, then decrease slowly, and finally
stabilized. As shown in Fig. 1 (A), the chlorophyll fluorescence curve contains many parameters, such
as the minimal fluorescence, Fo, the maximal fluorescence, Fm and Fm', the actual fluorescence at
any time, Ft, the fluorescence in stable state, Fis. In addition, using the parameters mentioned above,
other parameters can be obtained, such as the variable fluorescence, Fv=Fm-Fo, the maximal
photochemical efficiency of photo-system II in the dark, Fv/Fm, the actual photochemical efficiency
of photo-system II in the light, (Fm-Ft)/Fm'. The parameters can be employed to research the
absorption, transmission, dissipation, distribution of the light energy in chlorophyll photo-systems.
The chlorophyll fluorescence technique has been referred to as a quick and non-intrusive probe in the
studies of plant photochemical reaction *™*!.

Usually, in order to avoid affecting photochemical reaction of chlorophyll in vivo, the
measurement light is sufficiently weak. As a result, the fluorescence signal induced by the
measurement light is too weak to detect easily. In addition, the fluorescence noise most induced by the
actinic light and the saturation pulse light, which are employed to change photochemical states of the
chlorophyll in vivo, is usual very strong. How to extract the weak fluorescence signal from the strong
noise has presented a challenge to researchers'”.

A lot of methodologies have recently been used to measure chlorophyll fluorescence. The pulse
amplitude modulated fluorescence technique used widely can measure steady fluorescence
parameters in situ, because the measurement light is modulated by the pulse, and the modulated
fluorescence is demodulated by using the lock-in amplifier™ . The fast repetition rate (FRR)
fluorescence technique is very efficient in measuring variable fluorescence parameters ! ®. Due to
using the direct-current amplifier, it is usually used in dark.

In order to measure the steady and variable fluorescence parameters in situ, a new technique of the
fluorescence modulation and demodulation is presented in this paper.
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New Methodology in Measuring Chlorophyll Fluorescence

Simulated Continuous Fluorescence Signal and Noise. The simulated fluorescence signal induced
by the continuous measurement light, FS(¢) (#:0-320s), and the simulated noise caused by the actinic
light and the saturation pulse light, FN(?) (¢#:0-320s), are shown in Fig. 1.
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Fig. 1. Simulated continuous chlorophyll fluorescence signal, FS, (A) and simulated noise induced by
the actinic light and the saturation pulse light, FN, (B).

Fig. 2 shows the frequency spectrum of F'S and FN by using the fast Fourier transform.
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Fig. 2. The frequency spectrum of the continuous fluorescence signal, F'S, (A) and noise, FN, (B) by
using the fast Fourier transform.

From Fig. 1 and Fig. 2, it can be seen clearly that the shapes of F'S and FN are very similar, and
their frequency spectra mostly overlap. As a result, it is very difficult to extract directly the signal, F'S,
from the noise, FN. In order to measure accurately and efficiently fluorescence signal, the modulation
and demodulation of the signal FS is necessary.

Sampled Signal and Noise. In order to process data, F.S(¢) and FN(¢) shown in Fig. 1 are sampled.

5= FS@)|, 4y » (1=1.2,......,16000001) and fin(j) = FN(®)|,y, » (J=12,-......16000001)

j-1
are respectively the sampled FS(¢) and the sampled FN(f), where the sampling rate, f, is SKHz.

Sinusoidal amplitude modulation of the fluorescence signal. The measurement light is
modulated by a 1KHz sinusoid. FS,, (¢) = FS(¢)x[cos(2000x z x¢)+1],(¢:0—320s) denotes the
modulated  fluorescence  signal induced by the modulated measurement light.
B D) =FSy () |1y > =1,2,......,16000001) denotes the sampled FSy (7).

Coherent demodulation of the fluorescence signal. The noisy output signal of photoelectric
device is multiplied by the 1KHz sinusoid. fs,, "(i) = f5,, ')+ fin'(i) , (F1,2,...... ,16000001) represents
the sampled noisy output signal of the multiplying unit, where fs,, ') = f5,, (i) x c0os(2000x 7z x ¢) |
and fi'(i) = fin(i) x cos(2000 x 7 x 1) =ity -

fsu'(7) was low pass filtered with cut off frequencies of 0.1Hz, 0.2Hz, 0.5Hz, 1Hz, 1.5Hz, 2Hz, S5Hz,
10Hz, 20Hz, 50Hz, 100Hz, 200Hz, 500Hz. fsp(i) denotes the low pass filtered fs,"(7).

Measurement Error and Signal to Noise Ratio. As are expressed as Eq. (1) and (2), the
measurement error, /\, and the signal to noise ratio, SNR, are calculated by using the normalized £5(i)

and fsp(7) .

t=(i-1)/f *
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A=|fs() - fo, (), (J=1,2,......,16000001). )

16000001 16000001
SNR=20xlog,, D ||/ X [AG)~fs,0). )
i=1 j=1

Results and Analysis

Signal to Noise Ratios. Table 1 shows the signal to noise ratios, SNRs, with different cut off
frequencies by using the coherent demodulation method.

Table 1. Signal to noise ratios, SNRs, with different cut off frequencies.

Cut off frequency [Hz] | SNR [dB] | Cut off frequency [Hz] | SNR [dB] | Cut off frequency [Hz] | SNR [dB]
0.1 5.08367 2 23.9779 20 15.68999
0.2 5.64729 3 23.31227 50 9.55546
0.5 9.4503 4 23.30094 100 3.06981
1 19.78716 5 22.79781 200 1.2928
1.5 24.15073 10 19.964 500 0.43577

In terms of Table 1, it is clear that the measurement technique of sinusoidal amplitude modulating
and coherent demodulating the fluorescence is usually accurate and efficient in reducing the noise.
Fig. 3 shows the frequency spectrum of the signal, fs,,'(7), and the noise, fi'(i), by using the fast

Fourier transform.
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Fig. 3. The frequency spectrum of the signal, fs;,'(7), (A) and the noise, fi (i), (B).

From Fig. 2 and 3, it can be seen that the low frequency component of fs),'() is similar to the
fluorescence signal, F'S, but distinct from that of fn'(7).
Therefore, by low pass filtering the noisy signal, f5,,"({), and using the appropriate cut off
frequency, the fluorescence signal can been obtained, and the noise can been efficiently reduced.
Measurement Errors. The measurement errors with the low pass filter’s cut off frequency of
1.5Hz is shown in Fig. 4.
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Fig. 4. The measurement errors, /\, with cut off frequency 1.5Hz.
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From Fig. 4, it can be seen clearly that the low frequency noise can be reduced much more
efficiently than the high frequency noise. The reason may be that the modulation frequency of 1KHz is
too low to separate effectively the fluorescence signal from the noise.

Conclusions

By using the appropriate modulation frequency of measurement light and cut off frequency of the low
pass filter, the new technique, sinusoidal amplitude modulating and coherent demodulating the
fluorescence signal, can efficiently reduce the noise caused by the actinic light and the saturation
pulse light, and accurately measure the chlorophyll fluorescence curve in situ.

Acknowledgements

This work was supported by the natural science foundation of Hubei province of China
(2011CDB345), the postdoctoral science foundation of Hubei province of China, the state key
laboratory of biogeology and environmental geology (BGEG1017), the science foundation for the
excellent youth scholars of China university of geosciences(CUGL100225), and Hubei provincial
Chinese medicine research center.

References

[1] Kautsky, H. and A. Hirsch, Neue Versuche zur Kohlensaureassimilation, Naturwissenschaften. 48
(1931) 964-989.

[2] Epitalawage, N., P. Eggenberg, and R.J. Strasser, Use of fast chlorophyll a fluorescence technique
in detecting drought and salinity tolerant chickpea (Cicer arietinum L) varieties, Archives Des
Sciences. 56 (2003) 79-93.

[3] Panda, D., S.G. Sharma, and R.K. Sarkar, Fast chlorophyll fluorescence transients as selection
tools for submergence tolerance in rice (Oryza sativa), Indian Journal of Agricultural Sciences. 78
(2008) 933-938.

[4] Rai, M.K., S. Shende, and R.J. Strasser, JIP test for fast fluorescence transients as a rapid and
sensitive technique in assessing the effectiveness of arbuscular mycorrhizal fungi in Zea mays:
Analysis of chlorophyll a fluorescence, Plant Biosystems. 142 (2008) 191-198.

[5] Schreiber, U., U. Schliwa, and W. Bilger, Continuous Recording of Photochemical and
Nonphotochemical Chlorophyll Fluorescence Quenching with a New Type of Modulation
Fluorometer, Photosynthesis Research. 10(1986) 51-62.

[6] Schreiber, U., Detection of Rapid Induction Kinetics with a New Type of High-Frequency
Modulated Chlorophyll Fluorometer, Photosynthesis Research. 9 (1986) 261-272.

[7] Kolber, Z.S., O. Prasil, and P.G. Falkowski, Measurements of variable chlorophyll fluorescence
using fast repetition rate techniques: defining methodology and experimental protocols, Biochimica
Et Biophysica Acta. 1367 (1998) 88-106.

[8] Lombardi, M.R., M.P. Lesser, and M.Y. Gorbunov, Fast repetition rate (FRR) fluorometry:
variability of chlorophyll a fluorescence yields in colonies of the corals, Montastraea faveolata (w.)

and Diploria labyrinthiformes (h.) recovering from bleaching, Journal of Experimental Marine
Biology and Ecology. 252 (2000) 75-84.

789





