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Several ultraviolet-visible (UV-VIS) spectral analysis methods have been used to quantify the absorption properties of chromophoric or colored dissolved organic matter (CDOM). Different spectroscopic parameters can be used as surrogates of optical properties; furthermore, advanced mathematical tools have also been applied to investigate the absorption spectrum. This study evaluated the most commonly used spectroscopic parameters in remote sensing research and advanced mathematical methods using absorption data on primary biomass constituents (BCs) in aqueous states. We found that, out of the eight spectrometric parameters, the spectral slope in the 275–295 nm range (S275–295) had the strongest correlation with the hydrogen to carbon ratio (H/C), and the spectral slope ratio (275–295 to 350–400 nm) SR and the absorbance ratio between 465 and 665 nm (E4/E6) had a strong correlation with the oxygen to carbon ratio (O/C). Additionally, the spectroscopic parameter values for the solutions of the BCs exhibited distinguishable differences. Gaussian fitting was suitable for single CDOM components but not for complex mixtures. Derivative analysis can be used for single-component discrimination with an extensive investigation of the absorption properties of this component. Additionally, we propose a possible bottom-up perspective to track the origins of CDOM through the absorption spectrum.
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1 INTRODUCTION
Chromophoric or colored dissolved organic matter (CDOM, also known as gelbstoff or yellow substances) is optically active organic matter that is ubiquitous in natural waters. Most CDOM in aquatic systems originates from the decomposition of plant material, whether terrestrial or aquatic vegetation (Sulzberger and Durisch-Kaiser, 2009). The fundamental organic materials in plants are cellulose and lignin: their proportions vary by plant type (Novaes et al., 2010; Schadel et al., 2010; Basu, 2018). CDOM plays an essential role in the carbon dynamics of aquatic systems and strongly interacts with penetrating sunlight, which can subsequently have more general effects on the climate and environment (Carlson and Hansell, 2015). Therefore, investigating and characterizing the optical properties and environmental behavior of CDOM is necessary. One of the most commonly used methods for characterizing the optical properties of CDOM is ultraviolet-visible (UV-VIS) spectrometry.
Spectral data from UV-VIS spectrometers have been applied in various disciplines (e.g., analytical chemistry and oceanography) using different analytical methods, such as a single absorption coefficient or ratios of two absorption bands, exponential fitting, Gaussian fitting, and derivative analysis. Single absorption coefficients and absorption ratios are facile and commonly used to obtain quantitative information on a known water constituent to indicate aromaticity, molecular weight (MW), and the source of the CDOM (Chen et al., 1977; De Haan and De Boer, 1987; Summers et al., 1987; Peuravuori and Pihlaja, 1997; Weishaar et al., 2003). Spectral slopes derived from the exponential fitting of different wavelength intervals have typically been used to describe CDOM absorption (Loiselle et al., 2009), track MW changes, and indicate the source of the CDOM (Helms et al., 2008). However, using these simple methods or an exponential fit alone cannot differentiate multiple components in water because different components may have absorption signals at the same wavelengths. Moreover, owing to the interactions among various components, the spectroscopic parameters derived from these simple methods are inaccurate in complex water bodies. Other advanced mathematical tools, such as Gaussian fitting (Schwarz et al., 2002; Massicotte and Markager, 2016), derivative analysis (Aguirre-Gomez et al., 1995; Torrecilla et al., 2009), the differential spectrum (Yan et al., 2013), and two-dimensional correlation spectroscopy (2D-COS) analysis (Noda et al., 2000; Hur et al., 2011; Guo et al., 2019), can improve the sensitivity or maximize the absorption properties; however, these methods remain under development. Furthermore, a priori knowledge of the presented component is usually required to use these advanced methods to quantify chemical components.
Information on the CDOM spectroscopic properties and characterization is required to better understand complex waters, i.e., case II water bodies (IOCCG, 2000), such as riverine, estuarine, and coastal waters, as well as to obtain source information from absorption data with reasonable confidence. This study investigated the optical UV-VIS properties of primary biomass constituents (BCs) in aqueous states. Subsequently, combined with elementary analysis, we evaluated the commonly used spectroscopic parameters derived from the absorption spectrum and examined two advanced mathematical tools: derivative analysis and Gaussian decomposition. Finally, we explored these complementary methods and discussed their future applications in tracing the origin of CDOM. We suggest that this information on the UV-VIS absorption of the 3 BCs can be used as a reference for deciphering the chemical and optical properties of natural CDOM in future studies. This study derived widely used spectroscopic parameters for characterizing CDOM in water chemistry analysis and remote sensing using absorption spectroscopy. Moreover, to track the origins of CDOM in the absorption spectrum, we proposed a possible bottom-up procedure.
2 MATERIALS AND METHODS
2.1 Biomass constituent materials and sample preparation
Aquatic solutions were prepared using commercial BCs. We selected three types of BCs (cellulose, lignin, and humic acid) to examine the absorption properties of different organic sources of CDOM and their elementary chemical properties. Cellulose and lignin are essential components of plant cells. Humic acid is ubiquitous in terrestrial and aquatic environments.
The commercial BCs were i) cellulose (Sigma-Aldrich C6288, fibers), ii) lignin (Sigma-Aldrich 370959), and iii) humic acid (Sigma-Aldrich 53680, technical). The molecular weight was humic acid > lignin > cellulose. The Supplementary Information shows their molecular structures (Supplementary Figure S1). Each BC was obtained as duplicate 0.1 wt% solutions and continuously stirred at 300 rpm for 1 hour. We prepared six three-component (cellulose/lignin/humic acid) mixtures combined in different proportions (mixture 1 to 6, listed in Supplementary Table S1). In the mixed solution, the weight proportion of the total solids was the same as that of a single BC solution (0.1 wt%).
In operation, we defined the dissolved organic matter (DOM) as the organic matter that could pass through a filter (0.2–0.4 µm) (Sulzberger and Durisch-Kaiser, 2009; Nelson and Siegel, 2013). Therefore, the liquid solution was filtered with a 0.2 μm GF/C glass fiber filter (Whatman™) before measuring its absorption spectrum in our experiments. A blank control group was operated by filtering ultra-pure water (18 MΩ cm, MilliQ) with the same glass fiber filter using the same procedure.
2.2 Analytical measurements
2.2.1 TOC analysis of liquid sample
A Shimadzu TOC-L analyzer was used for the determination of both inorganic and total carbon. All filtered liquid samples were analyzed using a Shimadzu TOC-L CPH analyzer at the end of the batch experiment. The water samples were combusted at 680°C. The total organic carbon (TOC) was calculated by subtracting the inorganic carbon (IC) from the total carbon (TC). The TOC standard stock solutions (1,000 mg/L) were prepared by dissolving 0.8833 g of sodium carbonate (for IC, Nacalai Tesque, Inc.) and 0.2127 g of potassium hydrogen phthalate (for OC, Nacalai Tesque, Inc.) in 100 mL of ultra-pure water. Two calibration lines (0–10 mg/L, 0–100 mg/L) for both TC and IC were measured before each run. Ultra-pure water was used as a blank control for calibration.
2.2.2 Solid sample elemental characterization
To determine the weight percentage of carbon, hydrogen, and nitrogen in the commercial BCs, we used a CHN analyzer (Perkin Elmer 2400 Series II) and a thermogravimetric analysis (TGA, Perkin Elmer TGA 8000). For the TGA analysis, we used a program that involved pyrolysis in a nitrogen atmosphere (40 mL/min), starting at 50°C and heating at a rate of 35°C/min to 900°C, where the temperature was held for ten minutes. We loaded approximately 5 mg of each sample into a crucible and flushed it with a continuous carrier gas flow (60 mL/min). After pyrolysis, the temperature was set to 650°C, and the gas carrier switched to air (40 mL/min) to burn out the organic matter resulting in the ash content.
To express the constituent elements of carbon (C), hydrogen (H), nitrogen (N), oxygen (O), and sulfur (S) on a dry-ash-free (daf) basis, we divided the measured amounts by the total mass to eliminate the moisture and ash which were quantified through TGA (Basu, 2018). We calculated the element percentage on a “daf” basis using Eq. 1 (taking carbon as an example):
[image: image]
To calculate the oxygen content (wt%), we subtracted C, H, N, and S (wt%) from 100 wt% as follows:
[image: image]
The S content was determined via ICP-OES (Perkin Elmer 8300DV).
Prior to ICP-OES analysis, the commercial BCs were digested. For each sample, 100 mg was weigthed in a small beaker covered with a watch glass. Next, HNO3 (2 mL, 69%, Suprapur, Merck) was added repeatedly and heated to 175°C–185°C for digestion until a clear solution was obtained. After digestion, ultra-pure water was added to dissolve the yellowish residue (Lievens et al., 2008; Lievens et al., 2009). The obtained solutions were analyzed for sulfur concentration using ICP-OES after calibration with dilutions of 10,000 mg/L S ICP-MS standards (Merck).
2.3 Spectroscopic measurements and analysis
The absorption spectra of the samples were measured using a quartz cuvette (path length of 1 cm) on a UV-VIS spectrophotometer (VWR, UV-6300PC) using an ultra-pure water solution as a reference. All the samples were measured after filtration. Two samples composed of humic acid and six samples of mixed components were diluted 10 times after filtration to fit the detection limits of the spectrometer.
Previous studies have extensively discussed the definition of absorbance and the absorption coefficient (Hu et al., 2002). The following equation was used to convert the absorbance into the absorption coefficient (m–1):
[image: image]
where [image: image] is the absorbance at wavelength λ (nm); l is the pathlength (m), which here is 1 cm, and [image: image] is the absorption coefficient (m-1). The specific absorption coefficient ([image: image], m-1·L/mg·C is equal to m2/g·C) was calculated by dividing the calculated absorption coefficients by the measured corresponding TOC concentration of dissolved organic carbon (DOC, mg·C/L):
[image: image]
The details of the spectroscopic analysis methods are discussed below.
2.3.1 Specific absorption coefficient and absorbance ratios
Absorption at 254 nm after normalization to the DOM concentration is referred to as the specific absorption coefficient at 254 nm (SUVA254). Another commonly used parameter, the absorption ratio, which is the ratio of absorbance at two wavelengths, can be correlated with the molecular weight (MW), aromaticity, and source of the CDOM. In this study, E2/E3 was the absorbance quotient at 250 and 365 nm, where E2/E4 denotes the absorbance ratio at 254 and 436 nm. E4/E6 is the absorbance ratio at 465 and 665 nm. We selected E2/E3, E2/E4, and E4/E6 for comparison.
2.3.2 Exponential fitting and slopes
Previous studies have found that the absorption curve of the CDOM can be fitted by an exponential equation (Jerlov, 1968; Maul and Gordon, 1975; Bricaud et al., 1981). Bricaud et al. (1981) introduced the “mean slope” by fitting the absorption coefficients with an exponential method using least-square linear regression. Based on previous studies (Twardowski et al., 2004; Helms et al., 2008), the slope values (S) derived from exponential fitting differ from the chosen wavelength range. When a spectral interval of 20 nm is selected, the slope has the smallest residual (Loiselle et al., 2009).
Following the fitting routine described by Helms et al. (2008), we calculated the spectral slopes for three comparable wavelength ranges (275–300 nm, 350–400 nm, and the visible range of 300–700 nm) by fitting the absorption coefficient to the following equation:
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where [image: image] is the chosen wavelength interval, [image: image] is the reference wavelength, [image: image] is the absorption coefficient, [image: image] is the absorption coefficient at the reference wavelength, S300-700 represents the slope calculated at 300–700 nm, and S275–295 and S350–400 are based on the same rule. The slope ratio (SR) was calculated by dividing S275–295 by S350–400.
2.3.3 Gaussian fitting
The earlier application of Gaussian methods to absorption spectra focused on chlorophyll and other algae pigments (Zucchelli et al., 1994; Küpper et al., 2000; Bricaud, 2004; Küpper et al., 2007). A similar approach was later applied to CDOM (Massicotte and Markager, 2016). As illustrated in Massicotte and Markager (2016), a baseline exponential method for the entire spectrum was first calculated. Then, the residuals and differential absorbance data were fitted to a Gaussian function (Yan et al., 2013). We used the ASFit software, which was developed for absorption spectra fitting (Omanović et al., 2019), for Gaussian fitting. The modeling method used in this study was proposed by Massicotte and Markager (2016) and can be expressed using Eq. 6:
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where i denote a particular Gaussian component, n is the number of identified Gaussian curve, [image: image] (nm) is the width of the ith Gaussian curve, [image: image] is the height of the curve peak ([image: image]), [image: image] is the position of the center of the peak, and [image: image] is the residual.
2.3.4 Derivative analysis
Derivative analysis is sensitive to noise in the spectrum. Therefore, we carefully smoothed the spectrum and selected the derivative parameters (Ohaver and Begley, 1981; Torrecilla et al., 2009). We calculated the higher-order derivatives using consecutive smoothing and first derivative calculations instead of directly calculating the higher-order derivatives in one step, following the method of Hur et al. (2006). First, the absorbance data were normalized to the DOC concentration. Then, to calculate the first-through fourth-order derivative spectra, the DOC-normalized absorbance was consecutively smoothed with a Savitzky-Golay filter (Savitzky and Golay, 1964) and applied with a first-derivative calculation using Origin 8.5 (Microcal Software, Inc.).
Absorption spectra have been widely used in analytical chemistry and remote sensing. Table 1 summarizes information on UV-VIS spectrum analysis methods from different user communities. We compared different analytical methods and spectroscopic parameters derived from absorption data and connected the spectral information with the elementary chemical characterization.
TABLE 1 | Information content of UV-VIS spectroscopic methods for different user communities.
[image: Table 1]3 RESULTS
3.1 Specific spectra properties
To compare the absorption properties of the chemical components, instead of the relationship between the absorption signal and concentration, we used a specific absorption coefficient, which is a DOC-independent spectrum. The concentration was expressed as carbon (DOC, mg·C/L), as measured by the TOC analyzer, and is listed in Supplementary Table S1. Figure 1 shows the specific absorption coefficient spectra of the dissolved BC and mixture solutions in the full UV-VIS range (250–700 nm). The visible range (350–700 nm), which is more extensively utilized in the remote sensing domain, was emphasized in the light yellow area. All of the spectra deducted the blank spectrum; all results followed this pattern.
[image: Figure 1]FIGURE 1 | Specific absorption coefficient spectra for sample solutions (duplicate in dash line) in range 250–750 nm. The light yellow area emphasized the visible range from 350 to 700 nm.
Figure 1 shows that the specific absorption spectra of the cellulose-dissolved solution (CDS) samples were near zero. Their maximum was located in the strong UV-B band at 250 nm and was almost zero after 300 nm. For the spectra of the lignin-dissolved solution (LDS), we identified a maximum at approximately 276 nm and a shoulder after 300 nm. The last spectra last in the visible blue wavelength reached up to 450 nm. There was no clear peak for the spectra of the humic acid dissolved solution (HADS), but a long exponential-shaped curve after the maximum at 250 nm; the spectra decreased to a minimum after 650 nm. Mixture solutions showed a spectrum between the LDS and HADS, but all had an exponential shape after 300 nm.
Based on the single-component solution spectra in Figure 3, we note that the edge of absorption shifted to the right (as the color of water became darker when viewed by the human eye) while the MW increased (see Section 2.1 for the MW order). This phenomenon can be explained using a hypothesis based on the energy band theory (Kumada, 1987). During the humification and carbonization of organic matter, the valence electron band and conduction band gradually approach each other. The absorption edge then shifts to the infrared region, resulting in a color change from yellow to dark brown and even black. This process is also referred to as the darkening of humic substances.
3.2 Spectroscopic parameters
3.2.1 SUVA254
Absorbance at 254 nm was used as a surrogate parameter for DOC in humic substances (Summers et al., 1987). Table 2 presents the absorption properties at 254 nm for the three investigated BCs. The aromaticity of our sample followed humic acid > lignin > cellulose, corresponding to their chemical structures.
TABLE 2 | DOM absorption properties at 254 nm.
[image: Table 2]3.2.2 Absorbance ratios
Absorbance ratios of aqueous CDOM solutions are widely used in remote sensing research, and Li and Hur (2017) have summarized different ratios as spectroscopic parameters for characterizing and identifying the sources of DOM. Table 3 presents the spectroscopic ratio results and their standard deviations (SD) derived from the absorbance of duplicate dissolved solution samples. However, as the CDS hardly dissolves in water, the absorption signal of CDS was close to the detection limit, resulting in a significant standard deviation for CDS. Therefore, the results for CDS were considered unreliable. In comparison, Lignin, which has a simple structure, low aromaticity, and low molecular weight, had higher E2/E3, E2/E4, and E4/E6 values than those of humic acid.
TABLE 3 | Ratios calculated from absorbance data.
[image: Table 3]3.2.3 Exponential fitting slopes
Figure 2 shows the exponential fitting for CDS, LDS, and HADS in the band range from 300 to 700 nm (blank-excluded). CDOM usually has a stronger absorption signal in the ultra-violet and near-UV bands (<380 nm). The LDS and HADS samples clearly exhibited this phenomenon. Table 4 presents the slope values and their standard deviations calculated from the UV-VIS (300–700 nm) spectra. The CDS samples had the highest S value, with a band range of 275–295 nm. Among the 3 BCs, slope S275–295 decreased with an increasing MW. LDS and HADS had the highest S, with a band range of 350–400 nm. However, the S values of the LDS in the different bands showed more variation. This could be because LDS had a clear peak from 250 to 300 nm, instead of a smooth exponential curve such as that of HADS, as shown in Figure 1.
[image: Figure 2]FIGURE 2 | Absorption coefficient spectra (dots) and corresponding exponential fit (lines).
TABLE 4 | Slopes derived from absorption spectra.
[image: Table 4]3.2.4 Correlations of elementary analysis and absorption properties
Table 5 lists the average values of the weight percentage of the elements and the ratio of hydrogen to carbon (H/C) and oxygen to carbon (O/C). The order of the H/C values from high to low was cellulose > lignin > humic acid; the order of the O/C values was cellulose > humic acid > lignin. Consistent with the molecular structure described in Section 2.1, cellulose had the highest H/C ratio; neither N nor S was present.
TABLE 5 | Elementary analysis of commercial BCs sample at a dry ash-free basis (duplicate sample on average value).
[image: Table 5]To investigate the relationship between spectroscopic parameters and chemical compounds of the three BCs, we performed a simple linear regression for the elementary ratios and spectroscopic parameters derived from the methods mentioned above. As shown in Table 6, SUVA254 had a strongly negative correlation with the H/C ratio, while S275–295 and E2/E3 had a strong positive correlation with the H/C ratio. Additionally, E4/E6 and SR strongly correlated with the O/C ratio, and all correlations were significant at the 0.01 level. However, there was no clear relationship between S300—700 and the H/C ratio (correlation coefficient = 0).
TABLE 6 | Correlation coefficients for the elementary ratios (H/C and O/C ratios) and spectroscopic parameters derived from the aforementioned methods.
[image: Table 6]3.3 Gaussian fitting
We input the LDS and HADS absorption coefficients into a Gaussian equation using two options in the ASFit software. The first is a Gaussian fit without an exponential curve (Gaussian-only fitting) and the second is a Gaussian with an exponential fit (Gaussian-exponential combining method). For both fitting models, we used the optimized option of the Gaussian peak number in the ASFit software to determine the number of Gaussian peaks. Supplementary Figures S2–S5 shows the optimization results. For CDS, the exponential fitting was sufficient. Therefore, the Gaussian method was not required for the CDS spectra.
3.3.1 Gaussian fit without exponential curve
Figures 3, 4 present the Gaussian curve fitting of the LDS and HADS absorption coefficient curves, which only use Gaussian equations. With the optimized Gaussian peak number, the LDS curves were decomposed into four Gaussian peaks (located at approximately 272, 318, 341, and 368 nm). The HADS curves were decomposed into two Gaussian peaks (located at approximately 215 and 327 nm). Supplementary Table S2 presents the details of the Gaussian fits. Supplementary Figures S2, S3 show the residuals and their root mean square errors (RMSE) between the fitting curve and the original curve.
[image: Figure 3]FIGURE 3 | Gaussian-only fitting for lignin-dissolved solution (LDS1 and LSD2 denote to the duplicated samples, LDS1 on the left and LDS2 on the right).
[image: Figure 4]FIGURE 4 | Gaussian-only fitting for humic acid-dissolved solution (HADS1 and HAD2 denote to the duplicated samples, HADS1 on the left and HADS2 on the right).
3.3.2 Gaussian combined with an exponential fit
As shown in Figure 5, the absorption spectrum of LDS was decomposed into one exponential curve and two Gaussian curves (located at approximately 271 and 342 nm). For the slope calculated from the fitted exponential curve (SGauss), the average SGauss of the LDS was 0.42 × 10−2 nm–1, with a standard deviation of 0.00 × 10−2 nm–1. In Figure 6, the absorption spectrum of HADS was separated into one exponential curve and four Gaussian curves (located at approximately 241, 332, 376, and 440 nm). The average SGauss of the HADS was 0.44 × 10−2 nm–1, with a standard deviation of 0.00 × 10−2 nm–1. Table SI3 presents the details of the Gaussian fit. Supplementary Figures S4, S5 show the residuals and their root mean square errors (RMSE) between the fitting curve and original curve.
[image: Figure 5]FIGURE 5 | Gaussian-exponential combining method fitting for lignin-dissolved solution (LDS1 and LSD2 denote to the duplicated samples, LDS1 on the left and LDS2 on the right).
[image: Figure 6]FIGURE 6 | Gaussian-exponential combining method fitting for humic acid-dissolved solution (HADS1 and HAD2 denote to the duplicated samples, HADS1 on the left and HADS2 on the right).
3.4 Derivative analysis for multiple components characterization
The first derivative can eliminate the linear background-like baseline shifts (Talsky et al., 1978). Second- and higher-order derivatives were used to determine the multiple components in the samples (Torrecilla et al., 2009). Fourth-derivative analysis is the most commonly used method for recognizing the inflection of a spectrum (Aguirre-Gomez et al., 1995; Cieslewicz and Gonet, 2004). First, the extremes of the fundamental spectrum are most easily recognized in even-numbered (2n) derivatives. Then, when a unipolar fundamental curve is converted to bipolar maxima and minima, the optimum conditions are generally reached (Talsky et al., 1978). To distinguish different components in a multicomponent sample, we must first acquire the absorption properties of a single BC component. Figure 7 shows the first to fourth derivations of the absorbance curve of the single BC component. The acquired absorbance data were divided into DOC concentrations before calculating the derivatives, indicating that it is a specific property of a single constituent independent of concentration. Figure 8 shows the derivative analysis of the six mixture samples. Supplementary Table S1 lists the proportions of their components. Supplementary Table S4 lists the peak position of the 3rd and 4th derivative curves.
[image: Figure 7]FIGURE 7 | (A) 1st derivative, (B) 2nd derivative, (C) 3rd derivative and (D) 4th derivative of smoothed specific absorbance spectra for blank and single component BCs in duplicate. CDS, LDS and HADS are cellulose-dissolved solution, lignin-dissolved solution and humic acid-dissolved solution respectively. 1 and 2 denote to the duplicated samples.
[image: Figure 8]FIGURE 8 | (A) 1st derivative, (B) 2nd derivative, (C) 3rd derivative and (D) 4th derivative of smoothed absorbance spectra for mixed BCs samples. MIX 1 to 6 denote to the mixture samples. The proportions of their component (cellulose/lignin/humic acid) are listed in Supplementary Table S1.
3.4.1 Derivative analysis of a single BC component
As shown in Figure 7, the CDS absorbance was close to zero. HADS had a clear signal and a long tail at a longer wavelength (>400 nm) in the first derivative curve. However, from the second derivative, the signal became relatively small compared with the first derivative curve. It also showed a trough at approximately 260 nm and a broad peak from 300 to 450 nm. The LDS curve had the strongest signal and several peaks and troughs in all of the deviation curves. LDS only had a positive signal at the first deviation.
3.4.2 Derivative analysis of multiple components mixture
Figure 8 shows the derivative results for the mixture samples. The lignin domains in these curves (the first two peak positions on the left are the same as those in the lignin derivative curves). However, we still observed a long tail in the first deviation and a weak peak in the second deviation, which corresponds to the absorption properties of HADS. Among these six samples, mixtures 1 (MIX1) and 2 (MIX2) had the lowest signal, but no apparent differences from the others. Mixtures 3 (MIX3) and 4 (MIX4) had the most prominent peaks and troughs and contained more lignin (Supplementary Table S1). Mixtures 5 (MIX5) and 6 (MIX6) had the most significant signal in the first derivative and showed a higher signal in the long-tail and weak peaks, which are properties of HADS; they contained higher acid. As cellulose had a negligible signal, the peak positions shifted minimally in mixtures 1 and 2 from Supplementary Table S4. The third and fourth peaks of mixtures 5 and 6 were dominated by the main component, which was humic acid.
4 DISCUSSION
4.1 Evaluation of spectroscopic parameters
Spectroscopic parameters are easily used and have historical precedence. As listed in Table 2, the specific absorption coefficients, especially SUVA254, had a strong linear correlation with the aromaticity of CDOM (Weishaar et al., 2003; Hur et al., 2006). However, DOC data were required to calculate the SUVA. DOC data can be difficult to acquire at a remote sensing (RS) scale. Therefore, remote sensing studies typically use ratios and slopes to express the absorption properties because they are independent of the DOC concentration.
The results of the ratios in Table 3 corresponded with previous studies that stated that E2/E3 and E4/E6 are negatively correlated with aromaticity and MW. E2/E3 decreased with an increasing MW because high MW had stronger light absorption at longer wavelengths (De Haan and De Boer, 1987; Peuravuori and Pihlaja, 1997). E4/E6 had an inverse correlation with CDOM aromaticity (Summers et al., 1987; Chin et al., 1994). Moreover, E4/E6 has been extensively examined (Chen et al., 1977) and does not use an ultraviolet (UV) band signal. Therefore, E4/E6 is more suitable for RS.
As different types of biomass sources lead to slope differences, slope has been used to trace the source of CDOM over a wide range using remote sensing data (Helms et al., 2008; Loiselle et al., 2009). The average slope value of the ocean is 0.014 ± 0.001 nm–1. In this study, the S300–700 CDS (0.0138 nm–1) was similar to the average value of the open ocean. The S300–700 of the LDS was 0.021 nm–1, which was significantly higher than the average slope. This was smaller than the average slope for HADS (0.0115 nm−1). The S275–295 values of CDS, LDS, and HADS were 0.0382, 0.017, and 0.0084 nm–1, respectively, which follow observations from a previous study (Helms et al., 2008). DOM showed specific absorption characteristics in the UV band, especially at 254 nm. Thus, S275–295 is preferred if the absorption data in the UV bands are available.
4.2 Evaluation of advanced mathematical tools
The Gaussian-only method is more suitable for obtaining preliminary knowledge of the absorption characteristics of a single component. The residual RMSE (Supplementary Figures S2–S5) calculated using the Gaussian-only method (Figures 3, 4) was slightly lower than that calculated using the Gaussian-exponential combining method (Figures 5, 6). This may have been because the Gaussian was better than the exponential fit for pure component solutions. After characterizing the Gaussian peaks, the same conditions for the Gaussian methods should be applied with or without using the ASFit software to obtain comparable results. During the Gaussian fitting of the absorption spectrum for the DOM, the results varied with the pre-set Gaussian fitting conditions. In this study, multiple parameters for optimizing the curve-fitting results were adjusted using the ASFit software. The exponential curve was adapted to the number and shape of the Gaussian curves selected in the software. Therefore, the slopes (SGauss) were significantly smaller than those commonly measured. To report the results in a comparable manner, we suggest creating a standardized mathematical or operational Gaussian fitting process and a preliminary analysis of known components.
Derivative analysis has been used to determine organic and inorganic components in analytical chemistry (Talsky et al., 1978). It is also used to enhance subtle spectral features and improve the sensitivity of absorbance spectra (Li and Hur, 2017; Chen and Yu, 2021). This permits the analysis of a spectrum with low spectral resolution, such as multispectral or hyperspectral remote sensing data (Torrecilla et al., 2009). We report the derivative curve details for dissolved cellulose, lignin, and humic acid in Figure 7. Based on this priori knowledge, we could distinguish the spectrum properties of LDS and HADS, but not CDS (Figure 8 and Supplementary Table S4). As the absorption signal of CDS is too low, it cannot discriminate cellulose from the other components.
In addition to applying only one mathematical tool, advanced mathematical methods can be used by combining two or more methods. For instance, the third derivative has been used as a tool to determine the peak number and position of the Gaussian fit (Omanović et al., 2019). Moreover, after Gaussian fitting combined with the differential spectrum, the derived slopes were used to track the metal-binding affinity (Yan et al., 2013). The combination of different mathematical methods for analyzing absorption data remains under investigation. Furthermore, by combining advanced mathematical methods with other analytical instruments, researchers can investigate the optical properties of functional groups and understand the environmental behavior of CDOM. However, these methods usually require a priori knowledge of the components presented, such that it is more challenging to couple them with remote sensing.
4.3 Mechanism and future possibility of CDOM source tracking in complex waterbodies
Developing a CDOM retrieval model from spectral reflectance data is more difficult than developing a pigment-retrieval model for four reasons. First, CDOM had a small scattering signal. Second, the CDOM absorption curve had no significant peaks or trough-like pigments. However, it only fits the exponentially decreasing curve. Third, the exponential curve had the highest absorbance in the UV and blue wavelength regions, which has a weak remote sensing signal in aquatic systems and is difficult to obtain due to strong atmospheric interference during the application of satellite remote sensing. Another challenge is that natural DOM originates from terrigenous or autochthonous plants (Sulzberger and Durisch-Kaiser, 2009; Stedmon and Nelson, 2015; Cartisano et al., 2018), with a complex composition. As a result, clearly identifying the chemical components of DOM is difficult, in contrast to many pigments, which show typical absorption spectra and known chemical structures (e.g., chlorophylls).
Two different photophysical models, the superposition model and charge transfer model, were used to explain the chemical mechanism in the optical properties of CDOM. The superposition model describes the spectra as a linear combination of non-interacting chromophoric moieties. The charge transfer model considers the optical signal due to electronically interacting moieties. These two models were critically reviewed until 2020 (McKay, 2020). The superposition model has been widely applied in previous studies, particularly in remote sensing (Mueller et al., 2003). If the optical properties of CDOM follow the charge transfer model, simply adding the different spectra of different components can be considered improper for identifying the CDOM chemical composition or quantifying their concentration using remote sensing applications.
Resolving the source of complex compounds, such as CDOM, is difficult. Therefore, we propose a bottom-up approach. First, combined with other chemical analyses, we investigated the absorption properties of simple biomass components and known organic components of CDOM sources. Different methods should be used in different scenarios. Large-scale remote-sensing data tend to use simple spectrum analysis. Mathematical methods are commonly used to obtain chemical compound information (well-examined components with a priori knowledge provided). With preliminary knowledge, we can discriminate the organic composition through absorption information. Finally, we can possibly link geographic data from remote sensing to track the sources of CDOM.
5 CONCLUSION
Several UV-VIS spectral analysis methods were applied to obtain commonly used spectroscopic parameters from the absorbance spectra of the dissolved solutions of three fundamental biomass constituents (BCs) in aqueous states. By combining these methods with elementary analysis, we found that the spectral slope S275–295 had the strongest correlation with the H/C ratio, and the spectral slope ratio (275–295 to 350–400 nm) SR and absorption ratio between 465 and 665 nm or E4/E6 had strong correlation with the O/C ratio. We also observed distinguishable differences in the spectroscopic parameters of the BCs’ solutions. While spectroscopic parameters use only a small part of the absorption spectrum, advanced mathematical tools can utilize the entire spectrum. Gaussian fitting is suitable for single CDOM components but not for complex mixtures. Moreover, it is unstable due to the variability in the parameters. On the other hand, derivative analysis is suitable for single-component discrimination and peak position localization, particularly for analyzing multicomponent samples. The peak positions of the third and fourth derivatives offer an excellent opportunity to retrieve information from multicomponent CDOM mixtures. However, more a priori chemical structure information of biomass or primary CDOM components is required and knowledge of these complex and slow decay compounds is currently still insufficient. Therefore, we suggest further studies on the optical properties of simple biomass constituents and known organic components of CDOM sources. Additionally, standard procedures for advanced mathematical tools are urgently needed to obtain valuable chemical compound information on CDOM in complex natural water bodies in the future.
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