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Abstract: The new optical design allows single- or multi-wavelength 
excitation of laser-stimulated emission (LSE), provides optimized LSE 
optical collection for spectral and temporal analyses, and incorporates 
swappable modules for flow-through and small-volume sample 
measurements. The basic instrument configuration uses 510 nm laser 
excitation for assessments of chlorophyll-a, phycobiliprotein pigments, 
variable fluorescence (Fv/Fm) and chromophoric dissolved organic matter 
(CDOM) in CDOM-rich waters. The three-laser instrument configuration 
(375, 405, and 510 nm excitation) provides additional Fv/Fm measurements 
with 405 nm excitation, CDOM assessments in a broad concentration range, 
and potential for spectral discrimination between oil and CDOM 
fluorescence. The new measurement protocols, analytical algorithms and 
examples of laboratory and field measurements are discussed. 
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1. Introduction 

Measurements of optically stimulated emission in oceanic, coastal, estuarine and fresh waters 
can provide rich and useful information about aquatic fluorescence constituents, including 
photosynthesizing phytoplankton, chromophoric dissolved organic matter (CDOM; see a list 
of abbreviations in Table 1), oil and poly-aromatic hydrocarbons (PAHs). Such measurements 
can be conducted in a broad range of constituent concentrations for qualitative and 
quantitative analyses of natural aquatic environments. In vivo fluorescence of chlorophyll-a 
(Chl-a) and accessory phycobiliprotein (PBP) pigments is used as an index of Chl-a 
concentration and phytoplankton biomass (e.g., [1–7]). It can also provide structural [8–16] 
and photophysiological (e.g., [17–25]) characterization of phytoplankton communities. The 

#189252 - $15.00 USD Received 23 Apr 2013; revised 23 May 2013; accepted 24 May 2013; published 7 Jun 2013
(C) 2013 OSA 17 June 2013 | Vol. 21,  No. 12 | DOI:10.1364/OE.21.014181 | OPTICS EXPRESS  14183



broadband fluorescence of CDOM and PAHs can be used for assessment and characterization 
of CDOM (e.g., [26,27]), oil and oil products (e.g., [28–30]), respectively. 

The emission signatures of natural waters are complex and highly variable, being 
composed by the overlapped spectral bands of various fluorescence constituents and water 
Raman scattering [9,31–33]. The intensity of constituent-specific fluorescence depends on the 
constituent absorption in the spectral range of excitation, its fluorescence efficiency and 
concentration. The former can be used to optimize retrieving constituent-specific information 
from the emission signatures via selecting the excitation wavelength close to maximum of the 
constituent fluorescence excitation spectrum. The latter provides a basis for fluorescence 
assessments of constituent concentrations. To improve the accuracy of fluorescence 
concentration measurements, it is desirable to minimize a potential variability in the 
fluorescence efficiency associated with environmental factors or constituent functional state. 
This can be achieved by appropriate selection of the measurement protocol (e.g., [1]). On the 
other hand, the variability in in vivo Chl-a fluorescence can be stimulated using various active 
fluorescence techniques to retrieve valuable information about phytoplankton photo-
physiology and photochemical efficiency (see references above). 

Table 1. Abbreviations used in text 

Abbreviation Term 
A Input aperture of an optical sensor 
ALF Advanced Laser Fluorometry/Fluorometer 

(method/instrument) 
BNC The value of non-chlorophyll fluorescence background 
BR LSE back reflection 
C Measurement cell 
CDOM Chromophoric dissolved organic matter 
Chl-a Chlorophyll a (pigment) 
Cchl Chl-a concentration, μg L−1 
ECF1, ECF2 Emission collection-filtration optical units 
F1, F2 Interference filter 
FG Optical fiber guide 
Fv/Fm Variable fluorescence 
KSC Spectrometer spectral response 
LC1, LC2 Lens used for LSE collection and collimation 
LF1, LF2 Lens used for LSE focusing 
LSE Laser-stimulated emission 
M1 100% reflection mirror 
M2, M3 45-degree dichroic mirrors 
N Number of data points involved in the correlation analysis 
PAHs Poly-aromatic hydrocarbons 
PBP Phycobiliprotein (pigments) 
PDP Pump-during-probe (measurement protocol [9,22]) 
PE Phycoerythrin (pigment) 
PMT Photomultiplier 
S1, S2 Spectrum in Fig. 3(a) 
S1, S2, S3 Laser excitation sources 
SDC Spectral deconvolution (method, technique [9]) 
W Optical window 

 
The spectral characteristics and intensity of water Raman scattering strongly depend on 

the spectral range of excitation [9]. Generally, the Raman band intensity is comparable to the 
fluorescence intensities of aquatic constituents in natural waters and often spectrally overlap 
with the fluorescence bands [9,34,35]. Therefore, the Raman scattering has to be accounted 
for when analyzing the measurements of stimulated emission. It can also be used to normalize 
the constituent fluorescence to adjust for variability in optical properties of natural waters and 
improve the constituent concentration assessments [36,37]. 

Laboratory benchtop scanning fluorometers are capable of spectrally tunable excitation 
and emission measurements, and allow detailed characterization of natural aquatic 
environments based on the fluorescence excitation-emission matrix measurements. Such 
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instruments are broadly used in environmental applications [38,39], for characterization of 
CDOM [40], phytoplankton [33], oil and oil products (e.g., [41–43]). On the other hand, such 
instruments are too bulky and heavy for their routine use in the field; the measurement scans 
take relatively long time, which makes high volume sample measurements impractical. The 
scanning fluorometers cannot be used for in situ and flow-through measurements, are not 
sensitive enough to measure the weak fluorescence signatures typical for marine and oceanic 
environments, and do not provide active fluorescence assessment of phytoplankton photo-
physiological characteristics. Only a few relatively portable, custom-built fluorometers 
capable of the advanced excitation-emission analysis in the field have been developed (e.g., 
[12,44]). 

The available field fluorometers overcome most of these limitations: they are compact, 
capable of fast and sensitive in situ or flow-through measurements, and can be deployed on 
various platforms, including autonomous unmanned vehicles, gliders, and animals (e.g., [45–
48]). The past decade has resulted in development of several new instruments that extended 
analytical capabilities of the field fluorometry. In particular, a novel pulse amplitude 
modulation fluorometer provides multi-color fluorescence excitation and actinic illumination 
for improved photo-physiological assessments of phytoplankton [25]. A new fluorescence 
induction and relaxation instrument can be used for detailed characterization of 
phytoplankton photochemical parameters in the field [17]. The FluoroProbe instrument 
provides potential for basic structural characterization of phytoplankton community [8], 
though its analytical algorithms may need some adjustments with regard to specifics of 
diverse aquatic environments [14,49–51]. New microstructure profiling fluorometers have 
been recently developed for high resolution measurements of vertical distributions of 
phytoplankton in the euphotic layer [52,53]. 

Most of these field instruments are designed to measure one specific parameter (e.g., Chl-
a, CDOM, oil, or variable fluorescence) and do not provide information about other 
fluorescent constituents for more comprehensive characterization of aquatic environments. 
Technically, these fluorometers are built on the assumption that the emission intensity in the 
spectral area of fluorescence band of interest represents the intensity of this band (i.e., there is 
no emission of other fluorescence constituents that can contribute in the spectral range of 
detection). Such assumption simplifies the instrument design and data interpretation: the 
measurements can be conducted via an appropriate band-pass filter using a compact and 
affordable photodetector, and the measured signal is solely attributed to the fluorescent 
constituent of interest. 

Despite the attractiveness of this approach, the validity of such assumption needs 
evaluation on the case-by-case basis. As shown by various studies (e.g., [9,31–33,54]), it 
generally does not hold in the optically complex aquatic environments. Regardless of the 
spectral ranges of excitation and emission detection, the stimulated emission is often 
composed by the overlapped contributions of several spectral bands (for examples, see [9]). 
In particular, the broadband CDOM fluorescence can provide background spectral 
contribution comparable to the intensities of other spectral bands in the UV and visible 
portions of the emission spectra. This has to be accounted for when analyzing measurements 
of oil, PAHs, PBPs, and Chl fluorescence. The CDOM background may be comparable and 
even exceed the intensity of phycoerythrin (PE) fluorescence in the orange portion of 
emission spectrum (for examples, see Section 5). The so called “red stuff” fluorescence, 
which presumably originates from the accessory pigments of partially dysfunctional 
photosynthetic apparatus of phytoplankton, as well as phycocyanin and allophycocyanin 
fluorescence can provide substantial contributions in the spectral area of Chl-a fluorescence 
([9,55], see Section 5.1 for example). The spectral overlap may not only affect the accuracy 
of fluorescence concentration measurements, but also the photo-physiological assessments 
([9,54,56–58]; see Section 5 for example and discussion). 
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The Advanced Laser Fluorometry (ALF) is an analytical technique that has been recently 
developed to address the optical complexity of natural aquatic environments and provide 
characterization of the key fluorescence constituents [9]. It provides in vivo fluorescence 
assessments of phytoplankton pigments, biomass, photophysiology, PBP-containing 
phytoplankton groups, and CDOM. The original ALF fluorometer is a compact flow-through 
instrument that combines spectral and temporal measurements of laser-stimulated emission 
(LSE) using dual-wavelength excitation at 405 and 532 nm. It can be used for underway 
shipboard measurements and analysis of discrete water samples. The spectral deconvolution 
(SDC) analysis of the LSE signatures was developed to assess the overlapped spectral bands 
of aquatic fluorescence constituents. Along with the accurate concentration measurements, 
the SDC analysis provides quantification of the non-chlorophyll fluorescence background in 
the spectral area of Chl-a fluorescence for more accurate phytoplankton photo-physiological 
assessments [9]. On the other hand, the ALF measurements of variable fluorescence can be 
used to improve measurements of Chl-a concentration [1]. 

In 2005-2011, the ALF technique was extensively tested in diverse water types, and 
proved to be a useful tool for aquatic research and environmental monitoring (e.g., [2]). 
Along with valuable observations, these field deployments helped to identify some design 
solutions, measurement and analytical protocols that can be further refined. The recent 
technological progress has resulted in availability of new optical components, including 
miniature lasers with new emission wavelengths. These factors have facilitated developing 
the next generation ALF technology and analytical algorithms reported in this article. 

We describe a new ALF-T instrument that provides two-fold increase in the LSE 
collection efficiency in the analyzed spectral range. A new 510 nm laser module is used in the 
basic instrument configuration for spectral and temporal LSE measurements. The new 
compact “T” optical design is expandable to accommodate several excitation lasers. It 
provides easy access to the measurement compartment and incorporates swappable sampling 
modules for various applications. The new robust rail mounting system eliminates the need in 
alignment of optical components. Both single-laser and three-laser instrument configurations 
are described. The latter includes 375, 405, and 510 nm lasers and provides potential for 
detection of oil fluorescence and its spectral discrimination from the background CDOM 
fluorescence along with the basic ALF analytical capabilities described in [9]. The ALF-T 
analytical algorithms include real-time correction for the instrument spectral response and a 
new set of instrument-independent spectral components that can be used for SDC analysis of 
emission spectra measured with other spectrofluorometers. Examples of laboratory and field 
measurements illustrate the analytical capabilities of the ALF-T technique. 

2. ALF-T instrument 

2.1 Optical design 

A block diagram of the ALF-T instrument is displayed in Fig. 1. The ALF-T optical design 
builds upon the “T” optical scheme optimized to provide efficient excitation and LSE 
collection from a liquid sample. It provides up to four-fold overall LSE increase vs. a 
conventional 90-degree optical scheme. One or several laser modules (S1, S2 and S3 in Fig. 1) 
can be used to stimulate the emission from the water sample in cell C. The 45-degree dichroic 
mirrors M2 and M3 direct the excitation beams from lasers S2 and S3 along the main 
excitation axis (1). A 100% mirror M1 reflects the laser beam/s (1’) back into the sample cell 
C to double the excitation intensity in optically-thin sample. 

The “T” optical configuration includes two emission collection-filtration optical units, 
ECF1 and ECF2 (Fig. 1). An LSE portion (2) emitted from C towards ECF1 is collected and 
collimated (3) by lens LC1, filtered (4) by interference filter F1 to reduce the amount of elastic 
scattering of excitation in the LSE, and focused (5) by lens LF1 onto the input aperture A of 
an optical sensor associated with ECF1 (optionally, A can be an input aperture of a fiber FG 
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guiding the LSE to the sensor). An LSE portion (2’) emitted from C towards ECF2 is 
collected and collimated (3′) by lens LC2, filtered (4’) by interference filter F2, and focused 
(5′) by lens LF2 onto the input aperture of the ECF2 optical sensor (or a fiber guiding the 
collected LSE to the sensor). 

A quality interference filter can reflect a significant amount of emission in the spectral 
range outside the filter transparency. The “T” optical scheme is designed to direct this 
reflected emission for analysis by the sensor associated with the ECF unit located in the 
opposite shoulder of the “T” scheme. In particular, the interference filter F2 reflects an LSE 
portion (3′) in a broad spectral range outside its transparency band. The reflected emission is 
focused by LC2 into C, passes it, and follows the optical path of LSE portion (2), which is 
directly emitted from C towards ECF1 (i.e. it is collected and collimated by LC1, filtered by 
F1, and can be focused after the filtration onto A by LF1). 

Thus, a spectral portion of LSE initially emitted from the sample towards ECF2 can be 
delivered to the sensor associated with ECF1 in addition to the LSE directly emitted from the 
sample towards ECF1. This may provide substantial, about two-fold enhancement in the 
signal generated by the ECF1 sensor if at least a portion of the F2 spectral reflection range 
coincides with the F1 transmission band. Similarly, a spectral portion of (3), which is 
reflected (3```) by F1 towards C, may also result (after passing LC1, C, LC2, and F2) in up to 
two-fold increase in the LSE intensity reaching the ECF2 photosensor in the spectral range 
outside the F1 spectral transparency that matches the F2 transmission band. 

Various instruments for spectral and/or temporal measurements of LSE from optically 
thin liquid or solid samples can be configured using the “T” optical design. For example, it 
can be used for optimizing concurrent measurements of laser-stimulated Stokes and anti-
Stokes Raman scattering using appropriate long-pass (F1) and short-pass (F2) filters, 
respectively. Overall, it may provide up to four-fold increase in the intensity of both signals 
due to (i) doubling the excitation intensity caused by reflection of the excitation beam into the 
sample by M1 and (ii) doubling the intensity of the collected Stokes and anti-Stokes LSE 
signals due to their reflection by F1 and F2, respectively. 

Here, we describe two instrument configurations for spectral characterization of 
fluorescence constituents in natural water samples and assessment of phytoplankton 
photochemical efficiency. The single-laser instrument, ALF-T-510 (Figs. 2(a) and 2(b)), 
employs a new 510 nm laser module (30 mW, model TECGL-30G-510, World Star Tech, 
Inc.) as an excitation source for spectral assaying of phytoplankton pigments and 
measurements of Chl-a fluorescence induction for phytoplankton photo-physiological 
assessments. Though the green excitation is not optimal for measuring CDOM fluorescence, 
it can be spectrally detected and discriminated vs. pigment fluorescence in CDOM-rich 
coastal, estuarine and fresh waters. 
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Fig. 1. Block diagram of the ALF-T instrument for spectrally and temporally resolved 
measurements of laser-stimulated emission in liquids. ECF1 and ECF2 are the emission 
collection-filtration units; (C) is a sample cell. The instrument design is described in detail in 
section 2. 
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Fig. 2. Various configurations of the ALF-T instrument. A: The ALF-T-510 instrument 
configured for flow-through sample measurements. B: A close-up photo of the ALF-T-510 
instrument configured for still sample measurements in the fluorometric cuvette. C: The ALF-
T-375/405/510 instrument comprises three laser modules for LSE excitation at 375, 405, and 
510 nm. 

The three-laser instrument configuration, ALF-T-375/405/510 (Fig. 2(c)) includes 375, 
405 and 510 nm lasers used as the excitation sources S3, S2 and S1, respectively (Fig. 1) 
(models TECBL-100G-375-TTL (100 mW), TECBL-30G-405-TTL (30 mW), TECGL-30G-
510 (30 mW), respectively; World Star Tech., Inc.). In addition to the ALF-T-510 analytical 
capabilities, it can be used for CDOM measurements in a very broad range of CDOM 
concentrations (including low-CDOM oligotrophic waters), as well as for detection of oil and 
PAHs. The ALF broadband high-resolution spectral measurements provide potential for 
discrimination of PAH spectral signatures vs. CDOM background fluorescence. The optical 
components used in the ALF-T-510 and ALF-T-375/405/510 instrument configurations are 
listed in Table 2. Thor Labs 30 mm cage mounting system used in the ALF-T optical design 
provides robustness, modular expandability, and eliminates a need in the optical alignment. 
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Table 2. Optical components (F1 and F1a,b are for ALF-T-510 and ALF-T-375/405/510 
instruments, respectively). 

Comp. M1 M2 M3 LC1, LC2 LF1 LF2 FG F1 F1a F1b F2 
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2.2 Electronics 

The ALF-T electronic design (Fig. 1) includes several new components that improve 
instrument performance vs. the original ALF instrument [9] and enable more compact 
instrument design, thus providing potential for upgrading the instrument with additional laser 
excitation sources (e.g., Fig. 2(c)). A new small photomultiplier (PMT) module (H10721-20, 
Hamamatsu), which provides enhanced sensitivity in red spectral area of Chl-a fluorescence, 
and a 12-bit waveform digitizer (PS4224, PicoScope) with increased input sensitivity improve 
measurements of LSE fluorescence induction even at ultra-low, below 0.01 μg/L, Chl-a 
concentration. A compact spectrometer (Compass X, BWTek, Inc.) with thermoelectrically-
cooled 2048-pixel CCD is used for spectral LSE measurements (Fig. 2(b)). The instrument 
operation is controlled via a small multifunctional USB board (“Controller”; model U3, 
LabJack Corporation) connected to the external rugged notebook computer (e.g., Toughbook 
T52, Panasonic) via a USB hub mounted inside the instrument case. A miniature peristaltic 
pump (WPM, WELCO Co, Ltd.) mounted on the front panel of the instrument case (Fig. 
2(b)) is used for flow-through measurements of discrete water samples. The pump is 
controlled via a digital output of the USB controller board using a relay power switch (70M-
ODC5, Grayhill). The laser excitation can be turned on/off via digital output of the USB 
controller connected to the TTL modulation pins of the laser modules. The PMT gain is 
adjusted in a broad range using analog output of the USB controller connected to the gain 
control of the PMT module. The ALF-T components are mounted in a compact, laptop 
footprint instrument case (Fig. 2) (ELMA Electronics, Inc.). 

2.3 Sample compartment 

The T-optical design provides easy access to the measurement area from the front panel of the 
instrument case (Figs. 1, 2) to simplify the measurements and instrument maintenance, and 
reduce the sample volume. The electronic and optical instrument components can be isolated 
from the sample compartment with an internal wall that has an optical window W (Fig. 1) 
transparent for the excitation to protect the optics and electronics from an accidental sample 
leak. The ALF-T instrument design incorporates swappable sampling modules to configure 
the instrument for various applications. Each module is assembled in a metal cube (C6W, 
Thor Labs) with the excitation reflection mirror M1 (Figs. 1, 2). Optionally, this mirror can be 
substituted with a light source (e.g., LED) for sample illumination used in studies of 
phytoplankton photo-physiology (e.g., [2]). Four metal rods extended into the measurement 
area from the optical mounting system (Fig. 2) provide positioning and optical alignment of 
the sampling modules vs. instrument optical components. The current ALF-T configuration 
includes two sampling modules for flow-through measurements and analysis of small sample 
volumes. The flow-through module includes a glass flow cell (RF-1010-F, Spetrocell) that 
can be connected to the external source of liquid sample via silicon tubes (e.g., 14-176-332B, 
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Thermo Scientific Nalgene), water connectors (PMCD1602, Colder Products) and the 
instrument (or external) sampling pump. The flow-through module can be used for the 
shipboard underway measurements or analysis of discrete water samples from 100 to 500 ml 
glass bottles [1,9]. In the latter case, the intake sampling tube connects the sample bottle and 
the bottom input of the flow cell, while the top output of the flow cell is connected to the 
instrument peristaltic pump operating at 80 mL/min (Fig. 2(a)). The pump output can be 
connected to the sample bottle for sample circulation, or to a waste container if returning the 
sample exposed to the laser excitation is not desirable (for example when measuring 
fluorescence from dark-adapted phytoplankton ([1])). Standard 1x1x4 cm glass or disposable 
plastic fluorometric cells (e.g., A-108, Spectrocell; 14-955-130, Fisherbrand) can be used for 
measurements in the small sample module (Figs. 2(b) and 2(c)). 

3. ALF-T measurements 

3.1 ALF-T spectral and temporal measurements 

The ALF-T measurements are conducted automatically, under control of the ALF-T 
operational software (developed using the LabView instrument control software; National 
Instruments). Various measurement protocols can be configured on the basis of ALF-T 
spectral and temporal LSE measurement capabilities. 

The ALF-T spectral measurement sub-cycle includes turning on the laser excitation via 
the controller board, accumulation of the LSE spectrum by the CCD sensor of the 
spectrometer, turning off the laser, and transferring the measured LSE spectrum to the 
instrument computer via USB hub for storage, processing, analysis and display. The 
spectrometer operation is controlled by the instrument software via USB port. The spectral 
integration time is automatically adjusted depending on the LSE intensity and can range 0.1 
to 3 s (depending on the excitation source and constituent concentration) to provide 
acceptable signal/noise ratio for quantitative assessments of fluorescence constituents. 

The ALF-T temporal measurement sub-cycle begins with activating the controller board 
TTL pulse generator that triggers 250 μs laser excitation flashes repeating at 10-25 Hz and the 
waveform digitizer. The LSE induction in the spectral area of Chl-a fluorescence caused by 
the flash-induced saturation of photochemistry in photosystem II [9,22] is captured by the 
PMT module connected to the waveform digitizer and transferred via USB hub to the 
instrument computer. To improve the signal/noise ratio and better represent the sample 
volume, the ALF-T software averages the LSE waveforms over 5 to 100 flashes, depending 
on the LSE signal intensity. The PMT gain and input range of the waveform digitizer can be 
automatically adjusted to optimize the measurement regime with regard to the signal 
intensity. 

3.2 ALF-T measurement protocols 

The ALF-T instrument can be used for fluorescence measurements in various sampling 
modes and settings, including: 

• flow-through monitoring of temporal variability in continuous water flow provided by 
external or internal sampling system (for example, shipboard underway 
measurements of horizontal variability of fluorescent constituents, or monitoring of 
temporal variability in stationary setting (e.g., pier, platform, or buoy); 

• flow-through analysis of discrete water samples from sampling bottles; 

• measurements of still water samples in standard fluorometric cell. 
The ALF-T operation is optimized with regard to specifics of these measurements. During 

the flow-through measurements in the continuous water flow, each measurement cycle of the 
ALF-T-510 instrument consists of alternative sub-cycles of the spectral and temporal LSE 
measurements described above. The overall duration of the ALF-T-510 measurement cycle 
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may vary in a 1-10 second range, depending on the instrument settings. The spectral 
integration time, PMT gain, and input range of the waveform digitizer can be automatically 
adjusted with regard to the LSE signal variability. The measurement results are analyzed in 
real time, displayed on the computer monitor, and stored on the hard drive along with the 
measurement time and screen captures of informative portions of the user interface. During 
the shipboard underway measurements, the software can import the GPS data via serial 
interface to display the transect map and save the coordinates along with measurement data. 
Complementary data from shipboard sensors on seasurface temperature, salinity, oxygen and 
Chl-a can be also imported, displayed and stored along with the ALF-T fluorescence 
measurements. 

The ALF-T-510 discrete sample analysis from the sampling bottles begins with automatic 
turning on the instrument pump to deliver the sample from the bottle into the flow cell. The 
pump remains on during the measurement cycle to ensure removal of the sample volume 
exposed to the excitation light from the measurement area to assay fluorescence 
characteristics of phytoplankton in their original photo-adapted state [1]. The measurements 
begin automatically, after several-second preset delay to ensure arrival of the sampled water 
into the excitation area. The sample analysis begins with the temporal measurements of Chl-a 
fluorescence induction. The LSE waveform is averaged over 50-100 excitation flashes and 
stored in the computer memory and on the hard drive. After measuring the LSE induction, 
several (5 to 15) LSE spectral measurements with 0.5-3 s integration time are automatically 
conducted to average the LSE spectrum over the sample volume and improve the signal/noise 
ratio. The sampling pump is turned off after the last spectral measurement. Data processing is 
completed after the measurement to maximize the amount of measurements during the sample 
run. The ALF-T analysis of the still water sample in the standard fluorometric cell is similar 
to the sample measurements from the bottles, except the instrument pump is not involved and 
the number of pump-during-probe (PDP) [9, 22] shots and spectral measurements is reduced 
to 15 and 7, respectively, to minimize the potential excitation-induced effect of non-
photochemical quenching on the measurement results [1]. 

The default ALF-T-375/405/510 measurement cycle of the continuous flow-through 
measurements includes (i) spectral measurement with 375 nm laser, (ii) spectral and PDP 
measurement with 405 nm laser, and (iii) spectral and PDP measurement with 510 nm laser. 
The overall duration of the measurement cycle may vary in 10-25 s range, depending on the 
preset parameters of the spectral and temporal measurement sub-cycles. The ALF-T-
375/405/510 discrete sample analysis begins with the fluorescence induction measurements 
using the 405 nm and 510 nm lasers. The LSE waveforms measured with 405 and 510 nm 
excitation are averaged over 50-100 excitation flashes. The temporal LSE measurements are 
followed by several (7-20, depending on the sample volume and measurement settings) 
alternate LSE spectral measurements with 375, 405, and 510 nm excitation. Such 
measurement protocol allows minimizing the potential effect of excitation-induced non-
photochemical quenching on the photo-physiological assessments derived from the temporal 
LSE measurements [1]. The measurement cycle can be completed in 15-60 s, depending on 
the preset parameters of the spectral and temporal measurements involved. 

4. Data processing and analysis 

The ALF-T analytical algorithms include: 

1. Correction of the LSE spectral measurements for instrument spectral response to yield 
the instrument-independent LSE spectral signatures 

2. Spectral deconvolution (SDC) of the LSE to determine intensities of the overlapped 
spectral bands of aquatic fluorescent constituents 
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3. Calculation of fluorescence intensities normalized to the intensity of water Raman 
scattering also retrieved by the SDC analysis 

4. Calculation of non-chlorophyll fluorescence background (BNC) in the spectral area of 
Chl-a fluorescence, and BNC subtraction from the PDP fluorescence induction curve 

5. Best fitting to the spectrally-corrected for BNC fluorescence induction curve with a 
biophysical model to determine photochemical efficiency of photosystem II (Fv/Fm, 
called “variable fluorescence”). 

Steps 2-5 are basically similar to the analytical algorithms that were earlier developed [9] 
and extensively tested in the field [1,2,9]. The major upgrades that we describe below include 
(i) the correction of LSE spectral measurements for the instrument spectral response and (ii) 
development of the new, instrument-independent SDC spectral components. 

4.1 Correction for instrument spectral response 

The instrument spectral response (i.e. wavelength dependence of spectrometer signal per LSE 
unit) is determined by the spectrometer sensor, optical filters and other components of the 
instrument. It may significantly vary in the measurement spectral range, resulting in the 
instrument dependence of spectral measurements. While useful information can be retrieved 
from the raw, instrument-dependent spectral measurements (e.g., [9]), eliminating 
dependence of the measured spectra on the instrument characteristics is often desirable (e.g., 
[59]), to allow relating with the measurements conducted using different instruments. We 
have incorporated the correction of ALF-T spectral measurements for the instrument spectral 
response and developed a new, instrument-independent set of spectral components. These 
components can be used for SDC analysis of any instrument-independent spectral data, 
including measurements with the ALF and commercial benchtop spectrofluorometers. 

The ALF-T-510 spectral response between 540 and 750 nm, where the SDC procedure is 
conducted for the spectra measured with 510 nm excitation, is mainly determined by the 
spectrometer spectral response, and the spectrally-dependent LSE back reflection (BR) from 
the red bandpass interference filter F2 (Fig. 1). The spectrometer spectral response, KSC, was 
measured using a calibration lamp with a broadband spectral distribution (LS-1CAL, Ocean 
Optics), which was connected to the input slit of the spectrometer via 0.8 mm glass fiber (FH 
22-910-CUSTOM, Thor Labs) that is also used in the ALF-T instrument to deliver the 
collected LSE to the input slit of the spectrometer (FG in Fig. 1). The KSC array (blue dashed 
line in Fig. 3) was calculated via normalizing the measured lamp spectrum to the factory-
calibrated spectral distribution of the lamp intensity. 

To quantify the BR component of the spectral modulation, the broadband LSE spectrum 
of phytoplankton culture Rhodomonas Sp (cryptophyte) was measured with 510 nm laser 
excitation (i) using the ALF-T optical setup displayed in Fig. 1 (spectrum S2 in Fig. 3(a)) and 
(ii) with the BR blocked by the black matte paper screen inserted between the measurement 
cell C and lens LC2 (spectrum S1 in Fig. 3(a)). BR blocking has resulted in substantial, ~2-
fold decrease in the signal intensity over most portion of the spectrum, except the red 
transmission band of filter F2 (marked with green vertical lines in Fig. 3(a)), where the signal 
intensities of Chl-a fluorescence peaks were identical in both spectra due to the low BR effect 
in spectrum S2. This illustrates that the LSE BR reflection incorporated in the ALF-T optical 
design indeed provides significance enhancement in the broad spectral range of the LSE 
signal analyzed by the spectrometer. It allows reducing the integration time to conduct faster 
or more frequent measurements, or using less powerful lasers to reduce the instrument cost, 
size, and power consumption. On the other hand, the LSE spectral measurements have to be 
corrected before the SDC analysis for the 2-fold decline (“red gap”) in the LSE collection 
efficiency in the transparency band of the F2 filter. The BR array to correct for the “red gap” 
was derived from the spectral dependence of a ratio of S2 and S1 intensities, S2/S1 (dark red 
line in Fig. 3(a)), smoothed using a “moving average” algorithm. 
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The automatic correction of the ALF-T spectral measurements for the instrument spectral 
response is conducted by the ALF-T software immediately after the measurements. It 
involves two steps as illustrated in Fig. 3(b) for the LSE seawater spectrum (black line) 

 

Fig. 3. A: Comparison of LSE spectral measurement (S2) using the ALF-T-514 instrument 
configuration (Fig. 2), and the LSE spectrum (S1) from the same sample when the LSE beams 
2' and 2” were blocked. The ratio S2/S1 is used to correct to LSE spectral measurements for 
the “red gap” (667-703 nm) in the LSE back reflection. B: An example of two-step correction 
of the ALF-T spectral measurements for the instrument spectral response: (1) Normalizing the 
measured LSE spectrum (black) to the BR correction function (dark red line in panel (A) 
eliminates the modulation by the BR “red gap” (red line in panel (B). (2) Normalizing the BR-
corrected spectrum (red) to the spectrometer spectral response yields the LSE spectrum 
corrected for the instrument spectral response (green). 

measured with 510 nm excitation during a research cruise in the California Current (Aug. 
2012). A drop in the spectral intensity around Chl-a fluorescence peak at 680 nm was caused 
by the “red gap” of the instrument spectral response (Fig. 3(a)) due to low LSE reflection of 
F2 interference filter (Fig. 1) in its transparency range (665-700 nm). Normalizing the 
measured LSE spectrum to the BR correction array (dark red line in Fig. 3(a)) eliminates the 
“red gap” modulation (red line in Fig. 3(b)). The BR-corrected spectrum is then normalized to 
KSC spectral distribution (blue dashed line in Fig. 3(b)) to correct it for the spectrometer 
spectral response. This results in the instrument-independent LSE spectrum (green line in Fig. 
3(b)) that can be further analyzed using the SDC algorithm to retrieve the constituent-specific 
spectral components from the overlapped LSE spectral signature. 

4.2 Spectral components for LSE spectral deconvolution (SDC) analysis 

A new set of constituent-specific spectral components was developed for SDC analysis [9] of 
LSE spectra stimulated at four excitation wavelengths (375, 405, 510, and 532 nm) and 
corrected for the instrument spectral response. Along with 405 and 532 nm excitation used in 
the original ALF instrument, the ALF-T SDC component set includes new spectral 
components, specific for the new excitation wavelengths, 375 and 510 nm, that can be used to 
further extend the ALF analytical capabilities. The component development procedures were 
similar to those outlined in [9], but the LSE spectra used for the component development 
were corrected for the instrument spectral response as described in the previous section. 
Therefore, the new SDC components are instrument-independent and can be used for SDC 
analysis of aquatic emission spectra measured with any spectrofluorometer that provides 
correction for the instrument spectral response. 

The new SDC spectral components are listed in Table 3. The list includes three 
components (elastic scattering (EE), CDOM fluorescence (ECDOM), and water Raman 
scattering (ER)) with spectral characteristics dependent on the excitation wavelength. Four 
groups of such components are listed in the table for 375, 405, 510, and 532 nm excitation, 
respectively. In addition, Table 3 lists three groups of pigment fluorescence components that 
can be used for spectral discrimination and quantification of Chl-a, phycobiliprotein, and red 
fluorescence in the LSE spectra of natural waters [9]. Spectral characteristics of pigment 

#189252 - $15.00 USD Received 23 Apr 2013; revised 23 May 2013; accepted 24 May 2013; published 7 Jun 2013
(C) 2013 OSA 17 June 2013 | Vol. 21,  No. 12 | DOI:10.1364/OE.21.014181 | OPTICS EXPRESS  14194



 

Fig. 4. A set of spectral components used for spectral deconvolution (SDC) of the LSE 
signatures of natural waters measured with laser excitation at 510 nm. See Tables 3 and 4 for 
detailed specification. 

fluorescence do not depend on the excitation wavelength as long as it remains shorter than the 
pigment emission. The latter is valid for the 375, 405, 510, and 532 nm laser excitation used 
in various ALF instrument configurations (for example, see Fig. 4). 

The extensive field measurements with the ALF instrument has resulted in refining the 
ALF SDC algorithms described in [9]. In particular, two additional Chl-a fluorescence 
components, EC4 and EC5 (fluorescence maxima at 711 and 740 nm, respectively) were added 
to extend the SDC analysis in the near-infrared spectral area mainly associated with Chl-a 
emission from photosystem I [60]. An additional red component, ER0 (λmax = 613 nm), was 
also included to account for the red emission observed in the California Current and Gulf of 
Mexico. The red non-Chl-a fluorescence found in 405-nm-stimulated LSE field spectral 
measurements [9] still remains one of the most intriguing ALF findings, but it seems to be 
consistent with the independent recent detection of the ubiquitous dissolved pigment 
degradation product in subsurface waters of the global ocean [55]. 

The complete set of spectral components used for SDC analysis of ALF-T LSE spectral 
measurements include fifteen spectral components for each excitation wavelength (Table 3). 
The fluorescence spectra of organic molecules can be analytically described using the 
Pearson’s IV function(s) [9]: 
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Here, a0, a1, a2, a3, and a4 are parameters that define respectively the amplitude, center, 
width, shape1, and shape2 of the fluorescence band; x is a wavelength (nm). A set of 
parameters that can be used for analytical description of the SDC components of fluorescence 
constituents and water Raman scattering is listed in Table 4 in the Appendix. 
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Table 3. SDC spectral components. For 405, 510, and 532 nm excitation, three bands of 
the water Raman scattering with the Raman shifts νmax = 1660, 2200 and 3440 cm−1, 

respectively, are integrated into one SDC component representing the Raman scattering 
in the LSE spectra. Spectral location of the individual Raman peak can be calculated as 

λmax = (λexc
−1 - νmax)

−1; here, λmax and λexc are the wavelengths of the Raman scattering 
peak and excitation, respectively. The grey-highlighted components do not contribute in 
the spectral range of ALF-T SDC analysis (>420 nm) and are not included in the SDC 

best fitting. 

Component 
number 

Spectral component Abbreviation Emission peak, nm 

1375 Elastic scattering EE
375 375 

2375 CDOM fluorescence ECDOM
375 472 

3375 Water Raman scattering, 1660, 
2200, and 3440 cm−1 

ER
375 400, 409, 431 

1405 Elastic scattering EE
405 405 

2405 CDOM fluorescence ECDOM
405 472 

3405 Water Raman scattering, 1660, 
2200, 3440 cm−1 

ER
405 434, 445, 471 

1510 Elastic scattering EE
510 509.8 

2510 CDOM fluorescence ECDOM
510 558 

3510 Water Raman scattering, 1660, 
2200, 3440 cm−1 

ER
510 557, 574, 619 

1532 Elastic scattering EE
532 532 

2532 CDOM fluorescence ECDOM
532 587 

3532 Water Raman scattering, 1660, 
2200, 3440 cm−1 

ER
532 583, 602, 651 

4 Red emission 0 ER0 613 
5 Red emission 1 ER1 625 
6 Red emission 2 ER2 644 
7 Red emission 3 ER3 662 
8 PE fluorescence 1 EPE1 565 
9 PE fluorescence 2 EPE2 578 
10 PE fluorescence 3 EPE3 589 
11 Chl-a fluorescence 1 EC1 674 
12 Chl-a fluorescence 2 EC2 683 
13 Chl-a fluorescence 3 EC3 685 
14 Chl-a fluorescence 4 EC4 711 
15 Chl-a fluorescence 5 EC5 740 

In the ALF optical design, the LSE spectra are measured through long-pass filter or notch 
filter (depending on the instrument configuration) that reduces the intensity of elastic 
scattering of laser excitation. Nonetheless, the tale contribution of the excitation elastic 
scattering in the short-wavelength area of the SDC spectral range can be comparable to 
relatively weak fluorescence of the aquatic constituents and has to be accounted for in the 
SDC algorithm for correct fluorescence assessments. In the updated ALF-T SDC algorithms, 
the tale spectral distribution of elastic scattering of 510 nm laser excitation is approximated 
using Pearson’s VII amplitude function: 
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Here, a0, a1, a2, and a3 are parameters that define respectively the amplitude, center, width, 
and shape of the spectral distribution; x is a wavelength (nm). The tale spectral contributions 
of 405 and 532 nm laser excitations are analytically approximated as described in [9]. The 
spectral contribution of elastic scattering of 375 nm laser excitation at wavelengths exceeding 
420 nm, where the SDC is conducted, can be neglected as shown by our field tests. A 
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complete list of parameters describing the SDC spectral components listed in Table 3 is 
presented in Table 4 in the Appendix. A set of SDC components for analysis of LSE spectra 
of natural water stimulated with 510 nm laser is shown in Fig. 4. 

5. Examples of ALF-T measurements 

5.1 An example of ALF-T-510 measurements 

The SDC analysis of ALF-T LSE spectral measurements and photo-physiological 
assessments of variable fluorescence from the ALF-T temporal measurements are conducted 
as described in [9]. Examples of the spectral and temporal LSE measurements in 
phytoplankton cultures of phycobiliprotein-containing Rhodomonas sp. (cryptophyte) and 
Synechococcus spp. (cyanobacteria) using the ALF-T-510 instrument configured with a flow-
through sampling module are displayed in Fig. 5. Before the measurements, the samples were 
diluted with filtered seawater to concentration typical for estuarine waters. The LSE spectra 
(green dots in Figs. 5(a) and 5(c)) were measured over 1 s integration time and corrected for 
the instrument spectral response as described above. The golden solid lines represent best 
fitting with the SDC components listed in Table 3 and shown in Fig. 4. The spectral bands of 
laser elastic scattering (510 nm), CDOM fluorescence (560 nm), water Raman scattering (620 
nm), cryptophyte-specific phycoerythrin fluorescence (590 nm), and Chl-a fluorescence (680 
nm) provided the most significant contributions to the LSE spectrum of the sample containing 
Rhodomonas sp.. The phycoerythrin fluorescence typical for green-water cyanobacteria 
(peaking at 578 nm) and three red fluorescence bands of other PBP pigments (625, 644, 662 
nm) are distinct features of the cyanobacterial spectral signature in Fig. 5(c). Note that the 
signal intensity in the spectral area of Chl-a fluorescence is formed by the overlap between 
CDOM, allophycocyanin, and Chl fluorescence (peaking at 558, 662, and 683 nm, 
respectively), and Chl-a fluorescence intensity is less than 50% of the total LSE intensity as a 
result of the significant non-Chl-a spectral background. 

The LSE induction waveforms averaged over 25 shots are displayed with red dots in Figs. 
5(b) and 5(d). The beginning of the laser excitation flash is marked “0” on the time scale. 
Both plots show gradual, almost exponential Chl-a fluorescence increase in LSE over 150 μs 
caused by the excitation-induced saturation of photosystem II photochemistry [23]. The blue 
lines in Figs. 5(b) and 5(d) show the magnitudes of non-chlorophyll fluorescence background 
calculated as described in [9] for each sample from the SDC analyses of the spectral 
measurement displayed in Figs. 5(a) and 5(c), respectively. Best fits with a bio-physical 
model [9] for assessments of photochemical efficiency, Fv/Fm (“variable fluorescence”), are 
displayed with white lines. After accounting for the non-chlorophyll fluorescence background 
the best fitting yielded Fv/Fm = 0.44 and Fv/Fm = 0.39 for the induction curves displayed in 
Figs. 5(b) and 5(d), indicating good functionality of photosynthetic apparatus for both 
phytoplankton samples. Note that calculating Fm from the zero base line, without subtracting 
the non-chlorophyll fluorescence background, would result in dramatic underestimation of 
Fv/Fm magnitude and the functional state of the cyanobacterial sample. Thus, neglecting the 
spectral complexity of aquatic fluorescence signatures may adversely affect the accuracy of 
fluorescence measurements and, in some cases, even result in misleading conclusions 
regarding phytoplankton photochemical functionality and photosynthetic performance. A 
number of publications (e.g [31,32,54,56–58,61].) report new observations and indicate 
growing understanding of this, and the ALF technique that uniquely combines spectral and 
temporal measurements may provide potential to address the issue. 
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Fig. 5. Examples of ALF-T-510 spectral (upper) and temporal (lower) LSE measurements in 
samples of phytoplankton cultures Rhodomonas Sp. (cryptophytes) and Synechococcus spp. 
(cyanobacteria) diluted to naturally-occurring concentrations. A, C: The spectra (green dots) 
were corrected for the instrument spectral response. The SDC best fits with the scaled spectral 
components (dashed lines) are displayed with golden lines. B, D: The best fits to the measured 
LSE induction (red dots) with the biophysical model of Chl-a fluorescence induction [9] are 
displayed with white lines. Neglecting the non-chlorophyll spectral fluorescence background 
in the spectral area of Chl-a fluorescence (marked with red arrows in panel C; blue lines in 
panels (B) and (D) may result in significant underestimation of variable fluorescence, Fv/Fm. 

5.2 An example of ALF-T-375/510/405 measurements 

An example of spectrally and temporally resolved LSE measurement of a seawater sample 
with the ALF-T-375/405/510 instrument during a research cruise in the California Current 
(Aug. 2012) is displayed in Fig. 6. The spectra displayed in panels Figs. 6(a), 6(b), and 6(c) 
were measured with 405, 510, and 375 nm laser excitation, respectively, corrected for the 
instruments spectral response, and analyzed using the SDC algorithm with the spectral 
components displayed in Table 3 to assess the seawater fluorescent constituents. The water 
Raman scattering peaks are located at 470, 622, and 440 nm in Figs. 6(a), 6(b), and 6(c), 
respectively. The intense Chl-a fluorescence peaking at 680 nm indicates high Chl-a 
concentration. The broadband CDOM fluorescence was most efficiently stimulated with the 
UV excitation at 375 nm (Fig. 6(c)). Strong phycoerythrin fluorescence at 565 nm indicates 
significant abundance of blue-water cyanobacteria in the analyzed water (Fig. 6(b)). 
Relatively low fluorescence induction increase (Figs. 6(d) and 6(e)) suggests low 
photochemical efficiency and depressed photo-physiological state of phytoplankton. 

An example of correlation between the independent fluorometric measurements of Chl-a 
concentration in pigment extracts and the SDC retrievals of Chl-a fluorescence normalized to 
water Raman scattering measured in vivo in seawater samples with ALF-T-375/405/510 
instrument using 510 nm LSE excitation is displayed in Fig. 6(f). The high degree of 
correlation (R2 = 0.94) illustrates the accuracy of ALF measurements and analytical 
algorithms. 
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Fig. 6. An example of in vivo spectral (A, B, C) and temporal (D, E) LSE measurements in a 
seawater sample with the ALF-T-375/405/510 instrument (CCE LTER cruise, California 
Current, Aug. 2012). A, D: LSE excitation at 405 nm; B, E: LSE excitation at 510 nm; C: LSE 
excitation at 375 nm. Golden line in panels A, B, C displays the SDC best fit to the measured 
LSE spectra corrected to the instrument spectral response (blue, green and white dots in panels 
A, B, and (C), respectively; the SDC-scaled spectral components listed in Table 3 for each 
excitation wavelength are shown with dashed color lines). D, E: The best fit to the measured 
LSE induction (light blue and green dots in panels (D) and (E), respectively) with the 
biophysical model of Chl-a fluorescence induction [9] is displayed with white line. F: 
Correlation between Chl-a fluorescence normalized to water Raman scattering [9] measured in 
vivo in 81 seawater samples with ALF-T-375/405/510 instrument using 510 nm LSE excitation 
in diverse water types (CCE LTER cruise, California Current, Aug. 2012). 

6. Conclusion 

The next generation ALF technology has been developed for laboratory and field 
measurements on the basis of extensive field tests and deployments of the original ALF 
instrument. It uniquely combines spectral and temporal measurements of laser-stimulated 
sample emission for improved characterization of aquatic fluorescence constituents in natural 
waters. The new “T” optical design improves the efficiency of fluorescence excitation and 
collection and allows instrument configuration with one or several laser modules for 
fluorescence excitation. The instrument incorporates swappable sampling modules for flow-
through analysis and discrete sample measurements, including small-volume samples in 

#189252 - $15.00 USD Received 23 Apr 2013; revised 23 May 2013; accepted 24 May 2013; published 7 Jun 2013
(C) 2013 OSA 17 June 2013 | Vol. 21,  No. 12 | DOI:10.1364/OE.21.014181 | OPTICS EXPRESS  14199



standard 1x1x4 cm fluorometric cuvettes. The miniature peristaltic pump is used for sampling 
from 100 to 500 mL bottles. The basic single-laser instrument configuration, ALF-T-510, 
employs a new 510 nm laser and is capable of quite comprehensive characterization of 
aquatic fluorescence constituents, including Chl-a and phycobiliprotein pigments, variable 
fluorescence and CDOM in estuarine and fresh waters. The three-laser instrument 
configuration, ALF-T-375/405/510 provides additional UV and blue laser fluorescence 
excitation for measuring CDOM in diverse water types, phytoplankton photo-physiological 
assessments with dual-wavelength excitation, and potential for spectral discrimination 
between oil and CDOM fluorescence. The new ALF-T technology was successfully tested 
and deployed during the research cruise in the California Current. The results of the field 
studies will be reported in detail in the follow-up publications. The ALF-T technological 
development has resulted in the pending patent application. A commercial version of the next 
generation ALF instrument is currently under development in close collaboration with WET 
Labs, Inc., to provide new observational means for researchers and environmental 
monitoring. The in situ fiber-probe version of the ALF instrument, which is also part of this 
collaborative work, will further enhance our capacity for characterization of natural aquatic 
environments. 
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Appendix 

Table 4. Parameters of Pearson’s IV function for analytical approximation of SDC 
components listed in Table 3. 

Compo-
nent 

Emission Band λmax 
nm 

ao a1 a2 a3 a4 

ECDOM
375 CDOM fluorescence 472 1 471.7 3.77 5.75 −476 

ECDOM
405 CDOM fluorescence 492 1 492.2 9.91 6.81 −245 

ECDOM
510 CDOM fluorescence 558 1 558.3 11.4 5.70 −164 

ECDOM
532 CDOM fluorescence 581 1 581.1 6.85 1.66 −32.6 

ER
375 

Raman scattering: 
3440 cm−1 

431 
 

1 
0.049 

432.1 
441.5 

9.40 
0.383 

5.95 
0.883 

4.35 
−14.9 

ER
405 

Water Raman 
scattering: 
1660, 2200, and 3440 
cm−1 

471 

0.025 422.3 1.49 0.413 −0.988 
0.016 434.8 1.35 0.789 0.540 
0.008 444.2 1.01 4.20 −76.5 
0.619 466.7 5.11 2.68 −0.539 

0.019 0.759 471.2 6.60 3.72 

0.190 474.8 3.62 4.54 12.3 
0.019 484.5 3.27 3.60 −23.3 

ER
510 

Water Raman 
scattering: 
1660, 2200, and 3440 
cm−1 

619 

0.0205 557.0 6.11 9.05 15.9 
0.00645 574.3 5.66 2.87 −0.455 
0.470 611.5 8.13 2.16 −1.81 
0.391 618.4 7.05 3.78 6.45 
0.398 622.6 9.19 3.81 6.73 

ER
532 

Water Raman 
scattering: 
1660, 2200, and 3440 
cm−1 

651 

0.042 583.3 2.24 0.852 0.650 
0.016 599.2 5.47 0.724 −0.710 
0.457 641.9 7.84 2.33 −0.291 
0.817 650.5 12.0 3.67 1.39 
0.169 657.9 2.87 3.35 19.6 
0.017 672.7 16.6 14.0 83.9 

ER0 Red emission 0 613 1 613.5 9.61 1.49 −0.517 
ER1 Red emission 1 625 1 625.1 12.1 1.59 −3.11 
ER2 Red emission 2 644 1 644.0 17.2 1.80 −2.63 
ER3 Red emission 3 662 1 661.9 23.0 1.62 −1.65 
EC1 Chl-a fl. 1 673 1 673.4 20.1 5.01 −2.81 
EC2 Chl-a fl. 2 683 1 682.6 9.60 2.12 −4.21 
EC3 Chl-a fl. 3 685 1 684.6 16.0 2.06 −0.168 
EC4 Chl-a fl. 4 711 1 711.2 9.14 2.02 −11.9 
EC5 Chl-a fl. 5 740 1 739.8 33.3 2.33 0.0291 

EPE1 PE fluorescence 1 565 
0.985 565.4 58.1 12.3 −16.9 
0.233 610.9 35.3 1.85 −2.49 

EPE2 PE fluorescence 2 578 
0.954 577.9 14.1 1.14 −0.78 

0.163 613.8 70.3 8.17 7.74 

EPE3 PE fluorescence 3 590 

1.000 589.8 21.0 1.56 −1.40 
0.056 617.1 14.6 3.57 −1.59 
0.063 628.1 18.1 4.67 0.487 

EE
375 Elastic scattering 375 - - - - - 

EE
405 

Elastic scattering, 
y = a0 exp(-a1λ) 

405 
6.8530 

 1.68−1 - - - 

EE
510 Elast. Scat. (Eq. (2)) 510 1 509.8 7.69 0.655 - 

EE
532 Elastic scattering 532 1 543.9 0.913 1.01 −15.7 
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