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Abstract:



A newly developed integrated fluorescence-Raman spectral system (λex = 532 nm) for detecting Chlorophyll-a (chl-a), Chromophoric Dissolved Organic Matter (CDOM), carotenoids and SO42− in situ was used to successfully investigate the diurnal variability of all above. Simultaneously using the integration of fluorescence spectroscopy and Raman spectroscopy techniques provided comprehensive marine information due to the complementarity between the different excitation mechanisms and different selection rules. The investigation took place in offshore seawater of the Yellow Sea (36°05′40′′ N, 120°31′32′′ E) in October 2014. To detect chl-a, CDOM, carotenoids and SO42−, the fluorescence-Raman spectral system was deployed. It was found that troughs of chl-a and CDOM fluorescence signal intensity were observed during high tides, while the signal intensity showed high values with larger fluctuations during ebb-tide. Chl-a and carotenoids were influenced by solar radiation within a day cycle by different detection techniques, as well as displaying similar and synchronous tendency. CDOM fluorescence cause interference to the measurement of SO42−. To avoid such interference, the backup Raman spectroscopy system with λex = 785 nm was employed to detect SO42− concentration on the following day. The results demonstrated that the fluorescence-Raman spectral system has great potential in detection of chl-a, carotenoids, CDOM and SO42− in the ocean.
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1. Introduction


Marine analytical chemistry plays a key role in the understanding of marine systems, as chemical cues constitute much of the language of life in the sea [1,2,3]. Chlorophylls and carotenoids play a crucial role in absorbing and transferring light energy for the photosynthetic processes of marine organisms [4], which are commonly used as quantitative biomarkers for monitoring abundance and the composition of phytoplankton [5,6]. As an important constituent in shaping aquatic ecosystems, CDOM strongly absorbs ultraviolet light, which affects living organisms [7,8]. As the second concentrated inorganic salt in the ocean, sulfate has an important impact on the global sulfur cycle and climate change [9,10]. Therefore, detecting these chemical parameters of interest simultaneously is a benefit of studying the regional ecological environment.



However, these chemical parameters of interest vary widely in time and space and cannot be characterized by infrequent fixed interval sampling [11,12]. Typically in marine chemistry, the samples are analyzed after being taken back to the laboratory [13,14]. The “collection-transportation-measurement” procedures are usually labor- and time-consuming. In addition, changes of chemical composition and characteristics may happen due to the change of some parameters of the ambient environment, i.e., temperature and pressure during such procedures, which hinders further improvement of the accuracy and precision of the measurement [15]. In situ instruments are necessary in order to improve the accuracy and increase spatial and temporal resolution of sampling [16,17]. Optical methods, especially fluorescence spectroscopy and Raman spectroscopy, are regarded as promising techniques for in situ detection in the ocean [18,19,20].



The application of laser fluorescence and Raman in situ spectrometers has been thriving rapidly in recent years. The in situ fluorescence as a proxy for distribution and concentration of terrigenous DOM were used by the University of Hamburg in Nordic Seas for the purpose of refining estimates of carbon exports into the Atlantic Ocean [21]. An underwater system with a fiber-optic fluorescence sensor is developed to measure the chl-a and CDOM concentrations at different depths in real-time mode in Russia [22]. The Raman system developed by Monterey Bay Aquarium Research Institute has already been used to analyze a variety of in situ geochemistry [23,24]. A fluorescence-Raman spectral system by Ocean University of China has developed and carried out several sea trials successfully.



To better understand the information acquired with the integrated system, it is critical to know more about optical characteristics of chl-a, CDOM, carotenoids and SO42−. Excited by a laser of 532 nm, chl-a as a pigment of phytoplankton emits fluorescence, which is proportional to concentrations of chl-a [25]. Phytoplankton can be classified by measuring the fluorescence emission of chl-a around 685 nm [26,27]. Fluorescence is an easily measured property of CDOM and can provide full coverage of the CDOM emission spectrum (~300 to 700 nm) [28]. Hence, chlorophyll and CDOM fluorescence can be used to monitor plant response to the environment [29]. Measuring intensity of carotenoids with Raman spectroscopy is an effective method to quantify and analyze aquatic phytoplankton with high sensitivity [30]. Two strong characteristic bands of carotenoids can be observed in the Raman spectrum at 1100–1200 cm−1 and 1400–1600 cm−1 regions due to C–C(ν3) stretching mode and C=C(ν1) stretching mode, respectively [31,32]. The Raman peak of SO42− at 981 cm−1 can be prominently detected due to S–O symmetric stretching [33,34]. Therefore, Raman spectroscopy can be applied to the investigation of carotenoids and SO42−. The comprehensive and simultaneous observation of the compositions above is feasible.



In this article, based on the optical characteristics of chl-a, CDOM, carotenoids and SO42−, a fluorescence-Raman spectral system was employed to detect chemical compositions during 22–24 October 2014 offshore in the Yellow Sea. The purpose of the present study is to investigate the diurnal variation of chl-a, carotenoids, CDOM and SO42−. The results have shown that the application of a fluorescence-Raman spectral system has promising prospects for in situ detection in the ocean.




2. Instruments and Experiments


2.1. Instrument Setup


In order to obtain comprehensive marine information and compare the quantitative data from the fluorescence-Raman spectral system and the backup Raman spectral system in the following experiments, the fluorescence-Raman spectral system with excitation at 532 nm and the backup Raman spectral system, with excitation at 785 nm sharing a single control system, are developed. However, limited by power supply, they were unable to work simultaneously.



A fluorescence-Raman spectral system is used for in situ detection of Raman-active and fluorescence-active chemical constitutions in seawater. The system is 600 mm long and 250 mm in diameter. A schematic diagram of the various components is presented in Figure 1. A diode-pumped, solid state laser that emits at 532 nm and outputs power at 300 mW is used as the light source (LMX-532S, Oxxius, Lannion, France). The 532 nm excitation wavelength was selected because the efficiency of Raman scattering from a substance decreases as a function of λ4 and short wavelengths can excite greater fluorescence [35,36]. The spectrometer (QE65000, Ocean Optics, Dunedin, FL, USA) is compact and commercially available with a range of 532–700 nm (100–4500 cm−1). The wide spectral coverage is required so that the data can be collected in the low-wavelength range (for sulfate, carotenoids), mid-range (for H2O), and high range (for chl-a). The backscattering collection optical layout and the sapphire optical window are specially designed [37]. Particularly engineered, the fluorescence-Raman spectral system fits the requirement of marine monitoring.


Figure 1. Schematic diagram of the fluorescence-Raman spectral system. (CL, collimator lens; RM, reflecting mirror; DM, dichroic mirror; L, focusing lens; HPF, high pass filter). The size of system is given at the upper right corner.
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The backup Raman spectral system has a structure similar to the fluorescence-Raman spectral system. A frequency-doubled laser operating at 785 nm and output power at 350 mW was chosen (I0785MU0350MF-NL, Innovative Photonic Solutions, Monmouth Junction, NJ, USA) because of its stability and high signal-to-noise ratio. The backscattering collection optical layout can accept optical signals with wavelength longers than 785 nm. The two systems employed spectrometers of the same type (QE65000). The backup Raman spectral system was set to collect Raman signals in the range of 300–2400 cm−1 (803–967 nm).




2.2. Experiment In Situ


A series of shore-controlled experiments was performed offshore in the Yellow Sea by a fluorescence-Raman spectral system. The system was running during 14:00 22 October–8:14 23 October 2014. The sea trial was carried out on two sunny days immediately after three successional rainy days. Its temperature was reported from 13 °C to 19 °C and the experimental positions were exposed to level 3 to level 4 north wind on 22 October. The temperature was between 16 °C and 20 °C, with south wind scaled level 4 to 5 on 23 October. The transparency of seawater was 1.7 m by Secchi disc depth and the intensity of illumination was 19360 Lux by digital light meter at 03:05 p.m. 23 October. The observation station is 36°05′40′′ N, 120°31′32′′ E, which located on the continental shelf of the Yellow Sea near Shandong Peninsula (Figure 2). The site in which tides are regular semidiurnal tides is about 1.5 km from the nearest living district with a fishing port and 3.1 km from the nearest estuary of Han River. This area is of complexity in spatial and temporal distributions of hydrology, chemical constitutions and plankton under the influence by coastal current, the Yellow Sea cold water and Kuroshio, representing one of the important types of north temperate zones [38,39,40,41]. The rack-mounted system was deployed at a depth of 9 m on the continental shelf for the trial. Spectra were collected with intervals of 5 min and integrated time of 10 s.


Figure 2. Map showing the location of in situ measurement in the Yellow Sea.



[image: Sensors 16 01082 g002 1024]







2.3. Method of Data Processing


To acquire the information of spectra, spectral data were processed by a MATLAB compiler (MathWorks, Natick, MA, USA). This processing of fluorescence-Raman signals includes the following stages: finding of characteristic band position, noise removal, background correction and feature extraction. At the beginning, the continuous wavelet transform method was used to seek band position [42,43]. Then, the wavelet threshold method was applied to remove noise [44,45]. The fluorescence band of CDOM is much broader compared to the Raman band and the integral areas of CDOM were three or four orders of magnitude higher than the integral of sulfate, so the envelope of CDOM fluorescence spectrum in a wavelength range of 540–626 nm was approximated by exponential functions to obtain the features of CDOM before background correction. Penalized least squares method was employed to correct background later [46]. In the end, interested fingerprints could be extracted through curve fitting method and integration [47]. The features of characteristic bands including Al2O3, sulfate, carotenoids, H2O and chl-a were acquired from the original data.



The quantitative analysis of sulfate from the backup Raman spectral system was based on an internal standard normalization method. The intensity of a solute’s Raman signal in water can be described as R = IKPσC, in which R is the intensity of Raman signal, I is the excitation laser power, P is the effective optical path length, σ is the Raman cross-section of the object under investigation, and C is the concentration of object [48]. The water H–O–H bending mode near 1640 cm−1 and the band of Al2O3 (sapphire window) at 418 cm−1 are not sensitive to temperature or salinity. These two bands can be considered as constant, so they are considered as reliable concentration references. Since the information of water, Al2O3 and sulfate are measured at the same time, the multiple linear regression method described as [image: there is no content] (a, b and c are constants) can compensate for the experimental fluctuation, such as laser power fluctuation and the instability of detection system. Therefore, based on the mentioned-above processing results, calibrated with this multiple linear regression method, the concentration of sulfate was retrieved.



For comparison with SO42− concentrations retrieved by in situ backup Raman spectral system, the samples were collected at 03:05 p.m. on 23 October. The samples were diluted by a factor of 500 with deionized water after the samples were carried back to the lab. Artificially prepared solution with SO42− concentration of 0.1, 0.2, 2.0, 4.0, 6.0, 8.0 and 10 mg/L, respectively, and diluted samples mentioned above were measured by a typical ion chromatography (Ics3000, Dionex, Sunnyvale, CA, USA) described in the research [49].





3. Results and Discussion


3.1. The Typical Spectra


Typical results obtained with and without the above-mentioned background correction are shown in Figure 3. Two significant bands can be recognized to represent the fluorescence emission (around 685 nm) of chl-a in phytoplankton [50] and Raman emission (2750–3900 cm−1) of water H–O–H symmetric/anti-symmetric stretching modes [51] from the original data. CDOM fluorescence emission ranges from 300 to 700 nm. The excitation wavelength is 532 nm, and only emissions within the range of 532–700 nm can be detected. CDOM fluorescence range of 540–626 nm was selected for processing to avoid interference. To show the Raman spectra clearly, the signal was magnified 12 times after background correction. The bands of Al2O3 at 418 cm−1 and 751 cm−1 [52], S–O stretching of the sulfate anion at 981 cm−1 [53], water H–O–H bending mode at 1640 cm−1 [54], C–C symmetric stretching and C=C symmetric stretching [31] of carotenoids at 1157 cm−1 and 1527 cm−1 can be seen in Table 1. Among them, Al2O3 is the major component of sapphire window [55].


Figure 3. Typical spectrum acquired with and without correction by a fluorescence-Raman spectral system. The green line represents original data, obtained at 9:05 p.m. on 22 October, 2014. The violet line indicates the correction spectrum, and the blue line shows 12 times magnification of the correction spectrum within a range of 546.54–621.23 nm.
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Table 1. Raman shifts and band location of the interesting components (λex = 532 nm).







	
Interesting Components

	
Raman Shift (cm−1)

	
Band Location (nm)






	
Al2O3

	
418

	
544.10




	
751

	
554.14




	
SO42−

	
981

	
561.29




	
Carotenoids

	
1157

	
566.89




	
1527

	
579.04




	
H2O

	
1640

	
582.85




	
2750–3900

	
623.17–671.28




	
CDOM

	
―

	
546.54–621.23




	
Chl-a

	
―

	
685











3.2. Diurnal Variation of Chl-a and CDOM


Temporal change of chl-a and CDOM fluorescence signal are illustrated in Figure 4. To calculate the intensity of CDOM, the envelope of CDOM fluorescence spectrum in a wavelength range of 540–626 nm was approximated by exponential function [56]. Because chl-a fluorescence bands were separate in the spectrum, an integration from 672 nm to 695 nm using a Gaussian distribution after background correction processing was selected to acquire the intensity of chl-a at 685 nm [57]. Three spectra of measurements were averaged to obtain the characteristic information of chl-a.


Figure 4. Diurnal variation of chl-a and CDOM fluorescence intensity. Blue symbols represent 15 min average intensity of chl-a, violet symbols indicate 5 min average intensity of CDOM. The orange line shows simulation of the tidal trend in the day, using tidal data from National Marine Data and Information Service as a reference.
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It is found that chl-a signals remain constant during the daytime, while fluctuating drastically in the night. Chl-a are used as quantitative biomarkers of phytoplankton, which are the type that must be near the surface to survive and are similar to plants in that they must be in an environment in which photosynthesis can occur. Because the system was sitting on the seabed, chl-a signals were weak during the daytime and fluctuated drastically at night.



Troughs of fluorescence signal intensity of chl-a and CDOM were observed during high tides. By contrast, the signal intensity of chl-a and CDOM showed high values with larger fluctuations during ebb tides. The fluorescence signal intensity is positively correlated to the concentration. Certain correlations might exist between the tides and the concentration of chl-a and CDOM. One possible reason is that the phytoplankton may be dispersed with the high tides and may be enriched around ebb tides at the observation in which tides are regular semidiurnal tides. Tides play an important role in the aggregation and diffusion of algae. The tide could bring a lot of algae into coastal waters during high tides so that low chl-a signal intensity can be detected. With phytoplankton being enriched around ebb tides, deeper nutrient-rich water stimulated the growth and reproduction of phytoplankton so that high values of chl-a and CDOM with larger fluctuations can be detected by the system. According to the research, it is reported that two major peaks that represented the levels of chl-a in seawater at 1 m above the sea floor are obvious with values roughly twice those of the trough values of tidal current speed [58]. In addition, the tidal currents are tidal distance moved divided by the time elapsed. Therefore, the concentration of chl-a was affected by tides, which is in agreement with previous reports. However, the other reasons may be topography conditions of Yellow Sea, hydrological dynamics and nutrient of terrigenous input, which can contribute to intensity of different chl-a signals.




3.3. Diurnal Variation of Carotenoids


In in situ experiments, signals of carotenoids can be detected or not detected with the change of the fluorescence background, so the signal was found to be discontinued. To analyze the diurnal variation of carotenoids, the occurrences (times of detection) per hour as well as the average intensity within each hour were counted. The results are demonstrated in Figure 5.


Figure 5. Hourly changes of occurrences and average intensity of carotenoid Raman signals resulted from C–C stretching and C=C stretching. (OC–C, the occurrences of C–C stretching mode; OC=C, the occurrences of C=C stretching mode; IC–C, the average intensity of C–C stretching mode of an hour; IC=C, the average intensity of C=C stretching mode of an hour). Blue and green histogram signify the occurrences detection of C–C stretching at 1157 cm−1 and C=C stretching mode of β-carotene at 1527 cm−1 (detection 12 times per hour), respectively. Orange lines and violet points represent average intensity of one hour of all above carotenoids.
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It can be seen that blue and green histograms signify the occurrences of C–C stretching at 1157 cm−1 and C=C stretching mode of α-carotene at 1527 cm−1 detected per hour, respectively. Orange and violet points represent average intensity within each hour. When the sun illuminated during 14:00–17:00 on 22 October, carotenoids were almost embedded in background noise. While in the night without solar radiation, the system can detect two bands with high Signal/Noise ratio, which reached a climax of intensity at 22:00. From 5:00 to 9:00 the next morning, the intensity of carotenoids declined gradually. It was indicated that carotenoids were influenced by solar radiation within a day cycle. By comparing Figure 4 with Figure 5, a consistency was found that the fluorescent signal of chl-a and the Raman signal of carotenoids were easily affected by solar radiation with different detection techniques, and also showed similar and synchronous tendencies. The reason may be that chl-a and carotenoids, which are both photosynthetic pigments on biomembranes of plankton, are commonly used as biomarkers for monitoring migration of plankton. Diel vertical migration is a widespread behavior in plankton [59]. Plankton are commonly used as biomarkers for monitoring migration of plankton. Diel vertical migration is a widespread behavior in plankton [60].




3.4. Temporal Change of CDOM and SO42−


Before this sea trial, we did some calibration experiments to establish a quantitative relationship between the SO42− Raman signal and sulfate concentration by a fluorescence-Raman spectral system with a series of artificially preparations whose true values of concentration were known. The information of SO42− concentration was expected. However, in the trial, the Raman signal of SO42− at 981 cm−1 (561.29 nm) was interfered with by fluorescence, especially CDOM emission spectrum ranges 300 to 700 nm. Figure 6 presents the relationship between intensity of SO42− and CDOM by the fluorescence-Raman spectral system. Blue and orange points signify the intensity of SO42− and CDOM every 5 min, respectively. A negative correlation was found between intensity of SO42− and CDOM with a linear coefficient of −0.397.


Figure 6. Temporal change intensity of SO42− Raman signal and CDOM fluorescence by a fluorescence-Raman spectral system. The figure at the upper left corner shows the significant negative linear relationship between SO42− Raman intensity and CDOM fluorescence with linear correlation coefficient of −0.397. Blue and orange points signify the intensity of SO42− and CDOM every 5 min, respectively.



[image: Sensors 16 01082 g006 1024]






To avoid such interference, we employed the backup Raman Spectroscopy system (the excitation wavelength is 785 nm) to detect SO42− concentration from 8:14 on 23 October to 13:53 on 24 October. The Raman spectra of the Na2SO4 solutions with various concentrations (5, 10, 20, 30, 40, 50, 60 mmol/L) were acquired. Based on the above-mentioned processing results, with a multiple linear regression method, the concentrations of interest were predicted [61]. The temporal changes of retrieved SO42− concentrations detected by the Raman spectral system was shown in Figure 7.


Figure 7. The temporal change of retrieved SO42−concentrations detected by a Raman spectral system. (C-SO42−, retrieved SO42− concentration; AVG, the average of SO42− during the day). The data between 16:12–20:30 were missing due to power off.
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It showed that the concentrations of SO42− ranged from 24.67 to 28.06 mmol/L with an relative standard deviation of 2.01% with average of 26.32 mmol/L, which was very close to that of measured by ion chromatography (Ics3000, Dionex, Sunnyvale, CA, USA) (25.69 mmol/L with 2.45% relative deviation). However, the SO42− concentrations measured by Raman spectral system and ion chromatography were at a lower of 28.25 mmol/L in standard seawater [62], and the cause might be sea water migration or terrigenous freshwater input. Through the published data, it was found that the salinity of seawater (usually 35‰) is made up of all the dissolved salts, and in this situation the concentration of chloride (Cl−), sodium (Na+) and sulfate (SO42−) are 546 mmol/L, 468 mmol/L and 28.1 mmol/L, respectively [63]. However, the global salinity of the oceans changes slightly from around 32% to 40% (data from Woods Hole Oceanographic Institution). In the Yellow Sea, the salinity of surface seawater ranged from 30.2% to 31.0% [64] so that the concentration of sulfate is lower than 28.1 mmol. Furthermore, if the object was surface water of the coastal area, the salinity depended on the proportion of evaporation, precipitation, and terrigenous freshwater input. The sea trial was carried out on two sunny days immediately after three successive rainy days, and the experimental area, where tides are regular semidiurnal tides, is about 1.5 km from the nearest living district with a fishing port and 3.1 km from the nearest estuary of Han River. Through the published data, we found that the concentration of SO42− in the Xiangpu harbor in the East China Sea is 26.90 mmol/L (2582.34 mg/dm3 [65], which was very close to that measured by the backup Raman spectral system. Therefore, SO42− data retrieved during the experiments can be representative of the changes of SO42− in the environment. Unfortunately, however, the SO42− data of the fluorescence-Raman spectral system and the backup Raman spectral system were not collected synchronistically; thus, data at the same time could not be compared for quantitation.





4. Conclusions


CDOM and chl-a fluorescence spectra, and carotenoids and SO42− Raman spectra were observed in situ during 18 h using an underwater fluorescence-Raman Spectral System by the Ocean University of China. The results show that a certain correlation exists between the tides and the concentration of chl-a and CDOM. One possible reason is that the phytoplankton may be dispersed with the high tide while enriched around the ebb tide. Other reasons may be topographic conditions, hydrological dynamics or terrigenous input of nutrients. The results also show that chl-a and carotenoids were influenced by solar radiation within a day cycle with different detection mechanisms. The Raman signal of SO42− was interfered with by fluorescence. To avoid such interference, we also employed the Raman Spectral system with λex = 785 nm to detect SO42− concentration on the following day. All of the obtained results demonstrated that the fluorescence-Raman spectral system has great potential in detection of chl-a, carotenoids, CDOM and SO42− in the ocean. In further work, the combination of a fluorescence-Raman spectral system and backup Raman spectral system will be applied for long-term observation of chemical compositions in the ocean.







Acknowledgments


The work was supported by the National High Technology Research and Development Program of China (Grant No. 2012AA09A405) and the Natural Science Foundation of China (Grant No. 61575181). We are grateful to Ronger Zheng for selfless help, and also thank Yuan Lu for insightful advice. We would also like to thank all who have contributed to this trial.




Author Contributions


Ying Li and Jinjia Guo initiated and supervised the research project. Ying Li and Jing Chen proposed the idea. Ying Li and Jinjia Guo conceived and designed the experiments. Jing Chen and Wangquan Ye performed the experiments. Jing Chen processed the data. Wangquan Ye contributed analysis tools and drew the figures. Zhao Luo revised the paper. Jing Chen wrote the manuscript.




Conflicts of Interest


The authors declare no conflict of interest.




References


	1. 
Hay, M.E. Marine chemical ecology: Chemical signals and cues structure marine populations, communities, and ecosystems. Annu. Rev. Mar. Sci. 2009, 1, 193–212. [Google Scholar] [CrossRef] [PubMed]

	2. 
Boyle, E.A. Introduction: Chemical Oceanography. Chem. Rev. 2007, 107, 305–307. [Google Scholar] [CrossRef]

	3. 
Puglisi, M.P.; Sneed, J.M.; Sharp, K.H.; Ritson-Williams, R.; Paul, V.J. Marine chemical ecology in benthic environments. Nat. Prod. Rep. 2014, 31, 1510–1553. [Google Scholar] [CrossRef] [PubMed]

	4. 
Schagerl, M.; Müller, B. Acclimation of chlorophyll a and carotenoid levels to different irradiances in four freshwater cyanobacteria. J. Plant Physiol. 2006, 163, 709–716. [Google Scholar] [CrossRef] [PubMed]

	5. 
Higgins, H.W.; Wright, S.W.; Schluter, L. Quantitative interpretation of chemotaxonomic pigment data. In Phytoplankton Pigments: Characterization, Chemotaxonomy and Applications in Oceanography; Cambridge University Press: Cambridge, UK, 2011; pp. 257–301. [Google Scholar]

	6. 
Wright, S.W.; Jeffrey, S.W. Pigment Markers for Phytoplankton Production; Springer: Berlin, Germany; Heidelberg, Germany, 2006; pp. 71–104. [Google Scholar]

	7. 
Stedmon, C.A.; Markager, S.; Bro, R. Tracing dissolved organic matter in aquatic environments using a new approach to fluorescence spectroscopy. Mar. Chem. 2003, 82, 239–254. [Google Scholar] [CrossRef]

	8. 
Zhang, Y.; van Dijk, M.A.; Liu, M.; Zhu, G.; Qin, B. The contribution of phytoplankton degradation to chromophoric dissolved organic matter (CDOM) in eutrophic shallow lakes: Field and experimental evidence. Water Res. 2009, 43, 4685–4697. [Google Scholar] [CrossRef] [PubMed]

	9. 
Adams, P.J.; Seinfeld, J.H.; Koch, D.M. Global concentrations of tropospheric sulfate, nitrate, and ammonium aerosol simulated in a general circulation model. J. Geophys. Res. Atmos. 1999, 104, 13791–13823. [Google Scholar] [CrossRef]

	10. 
Gaston, C.J.; Furutani, H.; Guazzotti, S.A.; Coffee, K.R.; Jung, J.; Uematsu, M.; Prather, K.A. Direct Night-Time Ejection of Particle-Phase Reduced Biogenic Sulfur Compounds from the Ocean to the Atmosphere. Environ. Sci. Technol. 2015, 49, 4861–4867. [Google Scholar] [CrossRef] [PubMed]

	11. 
Dunbabin, M.; Marques, L. Robots for environmental monitoring: Significant advancements and applications. Robot. Autom. Mag. 2012, 19, 24–39. [Google Scholar] [CrossRef]

	12. 
Moore, T.S.; Mullaugh, K.M.; Holyoke, R.R.; Madison, A.S.; Yücel, M.; Luther, G.W., III. Marine chemical technology and sensors for marine waters: Potentials and limits. Annu. Rev. Mar. Sci. 2009, 1, 91–115. [Google Scholar] [CrossRef] [PubMed]

	13. 
Buffle, J.; Horvai, G. In Situ Monitoring of AQUATIC Systems: Chemical Analysis and Speciation; Wiley: New York, NY, USA, 2000; pp. 50–84. [Google Scholar]

	14. 
Pasteris, J.D.; Wopenka, B.; Freeman, J.J.; Brewer, P.G.; White, S.N.; Peltzer, E.T.; Malby, G.E. Raman spectroscopy in the deep ocean: Successes and challenges. Appl. Spectrosc. 2004, 58, 195A–208A. [Google Scholar] [CrossRef] [PubMed]

	15. 
Paull, C.K.; Lorenson, T.D.; Dickens, G.; Borowski, W.S.; Ussler, W.; Kvenvolden, K. Comparisons of in situ and core gas measurements in ODP Leg 164 bore holes. Ann. N. Y. Acad. Sci. 2000, 912, 23–31. [Google Scholar] [CrossRef]

	16. 
Coble, P.G. Marine optical biogeochemistry: The chemistry of ocean color. Chem. Rev. 2007, 107, 402–418. [Google Scholar] [CrossRef] [PubMed]

	17. 
Prien, R.D. The future of chemical in situ sensors. Mar. Chem. 2007, 107, 422–432. [Google Scholar] [CrossRef]

	18. 
Wang, X.D.; Wolfbeis, O.S. Fiber-optic chemical sensors and biosensors (2008–2012). Anal. Chem. 2012, 85, 487–508. [Google Scholar] [CrossRef] [PubMed]

	19. 
McDonagh, C.; Burke, C.S.; MacCraith, B.D. Optical chemical sensors. Chem. Rev. 2008, 108, 400–422. [Google Scholar] [CrossRef] [PubMed]

	20. 
Daly, K.L.; Byrne, R.H.; Dickson, A.G.; Gallager, S.M.; Perry, M.J.; Tivey, M.K. Chemical and biological sensors for time-series research: Current status and new directions. Mar. Technol. Soc. J. 2004, 38, 121–143. [Google Scholar] [CrossRef]

	21. 
Amon, R.M.; Budéus, G.; Meon, B. Dissolved organic carbon distribution and origin in the Nordic Seas: Exchanges with the Arctic Ocean and the North Atlantic. J. Geophys. Res. Oceans 2003, 108, 14.1–14.17. [Google Scholar] [CrossRef]

	22. 
Gamayunov, E.; Voznesenskiy, S.; Korotenko, A.; Popik, A. A water monitoring system with a submersible module. Instrum. Exp. Tech. 2012, 55, 135–143. [Google Scholar] [CrossRef]

	23. 
Reeburgh, W.S. Oceanic methane biogeochemistry. Chem. Rev. 2007, 107, 486–513. [Google Scholar] [CrossRef] [PubMed]

	24. 
White, S.N. Laser Raman spectroscopy as a technique for identification of seafloor hydrothermal and cold seep minerals. Chem. Geol. 2009, 259, 240–252. [Google Scholar] [CrossRef]

	25. 
Yentsch, C.S.; Menzel, D.W. A method for the determination of phytoplankton chlorophyll and phaeophytin by fluorescence. Deep Sea Res. Oceanogr. Abstr. 1963, 10, 221–231. [Google Scholar] [CrossRef]

	26. 
Zhang, P.; Liu, L.; Tao, Y.; Huang, Q.; Shi, H.; Du, C.; Zhang, X.; He, Y. An amplitude modulation fluorometric method for phytoplankton classified measure. Optik-Int. J. Light Electron Opt. 2014, 125, 2661–2664. [Google Scholar] [CrossRef]

	27. 
Beutler, M.; Wiltshire, K.H.; Meyer, B.; Moldaenke, C.; Lüring, C.; Meyerhöfer, M.; Hansen, U.P.; Dau, H. A fluorometric method for the differentiation of algal populations in vivo and in situ. Photosynth. Res. 2002, 72, 39–53. [Google Scholar] [CrossRef] [PubMed]

	28. 
Conmy, R.N.; Coble, P.G.; Del Castillo, C.E. Calibration and performance of a new in situ multi-channel fluorometer for measurement of colored dissolved organic matter in the ocean. Cont. Shelf Res. 2004, 24, 431–442. [Google Scholar] [CrossRef]

	29. 
Baker, N.R. Chlorophyll fluorescence: A probe of photosynthesis in vivo. Annu. Rev. Plant Biol. 2008, 59, 89–113. [Google Scholar] [CrossRef] [PubMed]

	30. 
Baranski, R.; Baranska, M.; Schulz, H. Changes in carotenoid content and distribution in living plant tissue can be observed and mapped in situ using NIR-FT-Raman spectroscopy. Planta 2005, 222, 448–457. [Google Scholar] [CrossRef] [PubMed]

	31. 
Withnall, R.; Chowdhry, B.Z.; Silver, J.; Edwards, H.G.; de Oliveira, L.F. Raman spectra of carotenoids in natural products. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2003, 59, 2207–2212. [Google Scholar] [CrossRef]

	32. 
Schulz, H.; Baranska, M.; Baranski, R. Potential of NIR-FT-Raman Spectroscopy in Natural Carotenoid Analysis. Biopolymers 2005, 77, 212–221. [Google Scholar] [CrossRef] [PubMed]

	33. 
Mazzetti, L.; Thistlethwaite, P.J. Raman spectra and thermal transformations of ferrihydrite and schwertmannite. J. Raman Spectrosc. 2002, 33, 104–111. [Google Scholar] [CrossRef]

	34. 
Kloprogge, J.T.; Wharton, D.; Hickey, L.; Frost, R.L. Infrared and Raman study of interlayer anions CO32−, NO3−, SO42− and ClO4− in Mg/Al-hydrotalcite. Am. Mineral. 2002, 87, 623–629. [Google Scholar] [CrossRef]

	35. 
Brewer, P.G.; Malby, G.; Pasteris, J.D.; White, S.N.; Peltzer, E.T.; Wopenka, B.; Freeman, J.; Brown, M.O. Development of a laser Raman spectrometer for deep-ocean science. Deep Sea Res. Part I Oceanogr. Res. Pap. 2004, 51, 739–753. [Google Scholar] [CrossRef]

	36. 
Lichtman, J.W.; Conchello, J.A. Fluorescence microscopy. Nat. Methods 2005, 2, 910–919. [Google Scholar] [CrossRef] [PubMed]

	37. 
Guo, J.J.; Zheng, R.E.; Cheng, K.; Qi, F.J.; Li, Y. An underwater in situ near-infrared laser Raman spectral system. China Patent NO.CN 201302547Y, 2 September 2009. [Google Scholar]

	38. 
Chang, X.; Liu, W.; Yin, Q.; Wang, H.; Zhang, X. Phylogenetic diversity and biological activities of marine actinomycetes isolated from sediments of the Yellow Sea Cold Water Mass, China. Mar. Biol. Res. 2015, 11, 551–560. [Google Scholar] [CrossRef]

	39. 
Sun, S.; Wang, F.; Li, C.; Qin, S.; Zhou, M.; Ding, L.; Pang, S.; Duan, D.; Wang, G.; Yin, B.; Yu, R. Emerging Challenges: Massive Green Algae Blooms in the Yellow Sea. Nat. Prec. 2008, 2266, 1–5. [Google Scholar]

	40. 
Ai, Y.; Zheng, T.; Xu, W.; Li, Q. Small scale hot upwelling near the North Yellow Sea of eastern China. Geophys. Res. Lett. 2008, 35, L20305. [Google Scholar] [CrossRef]

	41. 
McQuatters-Gollop, A.; Raitsos, D.E.; Edwards, M.; Pradhan, Y.; Mee, L.D.; Lavender, S.J.; Attrill, M.J. A long-term chlorophyll dataset reveals regime shift in North Sea phytoplankton biomass unconnected to nutrient levels. Limnol. Oceanogr. 2007, 52, 635–648. [Google Scholar] [CrossRef]

	42. 
Wu, S.; Nie, L.; Wang, J.; Lin, X.; Zheng, L.; Rui, L. Flip shift subtraction method: A new tool for separating the overlapping voltammetric peaks on the basis of finding the peak positions through the continuous wavelet transform. J. Electroanal. Chem. 2001, 508, 11–27. [Google Scholar] [CrossRef]

	43. 
Morales, J.A.; de Graterol, L.S.; Mesa, J. Determination of chloride, sulfate and nitrate in groundwater samples by ion chromatography. J. Chromatogr. A. 2000, 884, 185–190. [Google Scholar] [CrossRef]

	44. 
Zhang, Z.M.; Chen, S.; Liang, Y.Z.; Liu, Z.X.; Zhang, Q.M.; Ding, L.X.; Ye, F.; Zhou, H. An intelligent background-correction algorithm for highly fluorescent samples in Raman spectroscopy. J. Raman Spectrosc. 2010, 41, 659–669. [Google Scholar] [CrossRef]

	45. 
Ramos, P.M.; Ruisánchez, I. Noise and background removal in Raman spectra of ancient pigments using wavelet transform. J. Raman Spectrosc. 2005, 36, 848–856. [Google Scholar] [CrossRef]

	46. 
Ehrentreich, F.; Sümmchen, L. Spike removal and denoising of Raman spectra by wavelet transform methods. Anal. Chem. 2001, 73, 4364–4373. [Google Scholar] [CrossRef] [PubMed]

	47. 
Sun, L.; Yu, H. Automatic estimation of varying continuum background emission in laser-induced breakdown spectroscopy. Spectrochim. Acta Part B Atomic Spectrosc. 2009, 64, 278–287. [Google Scholar] [CrossRef]

	48. 
Pelletier, M.J. Analytical Applications of Raman Spectroscopy; Blackwell Science Ltd.: Osney Mead, Oxford, UK, 1999; p. 478. [Google Scholar]

	49. 
Vickers, T.J.; Wambles, R.E.; Mann, C.K. Curve fitting and linearity: Data processing in Raman spectroscopy. Appl. Spectrosc. 2001, 55, 389–393. [Google Scholar] [CrossRef]

	50. 
Kolber, Z.S.; Van Dover, C.L.; Niederman, R.A.; Falkowski, P.G. Bacterial photosynthesis in surface waters of the open ocean. Nature 2000, 407, 177–179. [Google Scholar] [PubMed]

	51. 
Sun, Q. The Raman OH stretching bands of liquid water. Vib. Spectrosc. 2009, 51, 213–217. [Google Scholar] [CrossRef]

	52. 
Aminzadeh, A. Excitation Frequency Dependence and Fluorescence in the Raman Spectra of Al2O3. Appl. Spectrosc. 1997, 51, 817–819. [Google Scholar] [CrossRef]

	53. 
McCreery, R.L. Raman Spectroscopy for Chemical Analysis; Wiley-Interscience: New York, NY, USA, 2000; pp. 28–35. [Google Scholar]

	54. 
Walrafen, G.E. Raman spectral studies of water structure. J. Chem. Phys. 1964, 40, 3249–3256. [Google Scholar] [CrossRef]

	55. 
Archer, D.G. Thermodynamic Properties of Synthetic Sapphire (α-Al2O3), Standard Reference Material 720 and the Effect of Temperature-Scale Differences on Thermodynamic Properties. J. Phys. Chem. Ref. Data 1993, 22, 1441–1453. [Google Scholar] [CrossRef]

	56. 
Bukin, O.A.; Permyakov, M.S.; Maior, A.Y.; Sagalaev, S.G.; Lipilina, E.A.; Khovanets, V.A. Calibration of the method of laser fluorometry for measuring the chlorophyll A concentration. Atmos. Ocean. Opt. C 2001, 14, 203–206. [Google Scholar]

	57. 
Lazár, D.; Nauš, J. Statistical properties of chlorophyll fluorescence induction parameters. Photosynthetica 1998, 35, 121–127. [Google Scholar] [CrossRef]

	58. 
Jenness, M.I.; Duineveld, G.C.A. Effects of tidal currents on chlorophyll a content of sandy sediments in the southern North Sea. Mar. Ecol. Prog. Ser. Oldendorf. 1985, 21, 283–287. [Google Scholar] [CrossRef]

	59. 
Aguilera, X.; Crespo, G.; Declerck, S.; De Meester, L. Diel vertical migration of zooplankton in tropical, high mountain lakes (Andes, Bolivia). Pol. J. Ecol. 2006, 54, 453–464. [Google Scholar]

	60. 
Richards, S.A.; Possingham, H.P.; Noye, J. Diel vertical migration: Modelling light-mediated mechanisms. J. Plankton Res. 1996, 18, 2199–2222. [Google Scholar] [CrossRef]

	61. 
Chen, J.; Li, Y.; Du, Z.F.; Gu, Y.H.; Guo, J.J. Research on the Quantitative Analysis for In-Situ Detection of Acid Radical Ions Using Laser Raman Spectroscopy. Spectros. Spectr. Anal. 2015, 35, 2548–2552. [Google Scholar]

	62. 
Zhang, X.; Walz, P.M.; Kirkwood, W.J.; Hester, K.C.; Ussler, W.; Peltzer, E.T.; Brewer, P.G. Development and deployment of a deep-sea Raman probe for measurement of pore water geochemistry. Deep Sea Res. Part I Oceanogr. Res. Pap. 2010, 57, 297–306. [Google Scholar] [CrossRef]

	63. 
Turekian, K.K. Oceans; Prentice-Hall: Upper Saddle River, NJ, USA, 1968. [Google Scholar]

	64. 
Wang, X.; Wang, Z.-L.; Liu, P.; Li, Y.; Sun, P.; Li, R.-X. Species composition, community structure and diversity of zooplankton in Qingdao coastal area in summer. Adv. Mar. Sci. 2009, 3, 376–383. [Google Scholar]

	65. 
Zhang, F.; Weng, H.; Chen, L.; Ji, Z.; Zhang, Z. The simulation study on changes of nutrients in mixing of groundwater with seawater. Acta Oceanl. Sin. 2010, 32, 167–175. [Google Scholar]























© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC-BY) license (http://creativecommons.org/licenses/by/4.0/).







media/file4.png
occurrences

=C B

" 10/23"

Time

200

150

100

0
14001600180020002200000 200 400 600 800 1000

Intensity(a.u.)





nav.xhtml


  sensors-16-01082


  
    		
      sensors-16-01082
    


  




  





media/file1.png
3606 00 N

500m






media/file2.png
H,0(3420 cm™?)

590

S
g3
S 8
ER
B =
B
s 3
rEu ovc:o:._- i
(o M
(,.un
v i
(1-u 186).270S - - - - - -
(o T5L)°0%IV- - - - W
:_.sﬁsnoNE. --
P T A
—t—t—t ot
<+ — O 1n N © ™
NN = o
0T X ﬁ.:.&b_mcmu:_

540

Wavelength(nm)





media/file7.png





media/file5.png
Intensity of $O,2

N
=)
S

Tntensity of

300 1 Ml *
‘ bt o Al
. n 1“,l Wl ) "‘l
200 m.,_',. ‘ y e’ ‘j,
M R
100

I “‘!:' LAY

—— Intensity of SO,>

—+ Intensity of CDOM

0 T T T o3 T T
14:00 16:00 1800 20:00 22:00  0:00 2:00 4:00

Time

6:00 8:00  10:00

1100k

900k

700k

500k

300k

100k

100k

Intensity of CDOM





media/file3.png
Intensity of Chl-a( X 10%a.u.)

7 high tide: 399 cm

high tide:413 cm

0 10/23"
14:00 1600 1800 2000 2200 0:00

Time

2:00 4:00

—e—Chl-a

r 3
6:00 8:00 10:00

Intensity of CDOM (X 10°a.u.)





media/file0.png
L: 600 mm
Sea surface

Pressure vessel

Optical

Electronics

Spectrometer

L HPF DM L jindow
Seawater
L A1






media/file6.png
Concentration(mmol/L)

C-S0,>
30 1 AVG L
""" Tide Level

28 4
26
24
22 - - - o7 r - -

8:00 12:00 16:00 20:00 0:00 4:00 8:00 12:00

Time

Tide Level(cm)





