

  water-11-01988




water-11-01988







Water 2019, 11(10), 1988; doi:10.3390/w11101988




Article



CDOM Absorption Properties of Natural Water Bodies along Extreme Environmental Gradients



Ciren Nima 1,*[image: Orcid], Øyvind Frette 2, Børge Hamre 2, Jakob J. Stamnes 2, Yi-Chun Chen 2, Kai Sørensen 3, Marit Norli 3, Daren Lu 4, Qianguo Xing 5[image: Orcid], Dennis Muyimbwa 6, Taddeo Ssenyonga 6, Knut H. Stamnes 7 and Svein Rune Erga 8





1



Department of Physics, Tibet University, Lhasa 850000, China






2



Department of Physics and Technology, University of Bergen, 5020 Bergen, Norway






3



Norwegian Institute for Water Research, 0349 Oslo, Norway






4



Institute of Atmospheric Physics, Chinese Academy of Sciences, Beijing 100029, China






5



Yantai Institute of Coastal Zone Research, Chinese Academy of Sciences, Yantai 264000, China






6



Department of Physics, Makerere University, Kampala 7062, Uganda






7



Stevens Institute of Technology, Hoboken, NJ 07030, USA






8



Department of Biological Sciences, University of Bergen, 5020 Bergen, Norway









*



Correspondence: crnmtu@163.com







Received: 11 July 2019 / Accepted: 15 September 2019 / Published: 24 September 2019



Abstract

:

We present absorption properties of colored dissolved organic matter (CDOM) sampled in six different water bodies along extreme altitudinal, latitudinal, and trophic state gradients. Three sites are in Norway: the mesotrophic Lysefjord (LF), Samnangerfjord (SF), and Røst Coastal Water (RCW); two sites are in China: the oligotrophic Lake Namtso (LN) and the eutrophic Bohai Sea (BS); and one site is in Uganda: the eutrophic Lake Victoria (LV). The site locations ranged from equatorial to subarctic regions, and they included water types from oligotrophic to eutrophic and altitudes from 0 m to 4700 m. The mean CDOM absorption coefficients at 440 nm [   a CDOM   ( 440 )   ] and 320 nm [   a CDOM   ( 320 )   ] varied in the ranges 0.063–0.35 m    − 1    and 0.34–2.28 m    − 1   , respectively, with highest values in LV, Uganda and the lowest in the high-altitude LN, Tibet. The mean spectral slopes   S  280 − 500    and   S  350 − 500    were found to vary in the ranges of 0.017–0.032 nm    − 1    and 0.013–0.015 nm    − 1   , respectively. The highest mean value for   S  280 − 500    as well as the lowest mean value for   S  350 − 500    were found in LN. Scatter plots of   S  280 − 500    versus    a CDOM   ( 440 )    and    a CDOM   ( 320 )    values ranges revealed a close connection between RCW, LF, and SF on one side, and BS and LV on the other side. CDOM seems to originate from terrestrial sources in LF, SF, BS, and LV, while RCW is characterized by autochthonous-oceanic CDOM, and LN by autochthonous CDOM. Photobleaching of CDOM is prominent in LN, demonstrated by absorption towards lower wavelengths in the UV spectrum. We conclude that high altitudes, implying high levels of UV radiation and oligotrophic water conditions are most important for making a significant change in CDOM absorption properties.
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1. Introduction


Colored (Chromophoric) dissolved organic matter (CDOM) refers to a complex group of organic compounds dissolved in natural water. It exists in all natural water bodies and absorbs light over a broad range of visible and ultraviolet (UV) wavelengths [1,2,3,4]. Over wide geographical areas, CDOM shows considerable differences in composition [1]. The sources of CDOM can be terrestrial inputs (allochtonous) or in situ (auotochthonous) due to phytoplankton [5], zooplankton [6], bacteria, and coral reefs.



Absorption properties of CDOM have been reported in numerous studies of marine water bodies [3,4,7,8,9,10,11,12,13]. CDOM absorption and dissolved organic carbon (DOC) concentration are closely connected in coastal water and lake water [14,15], but not in oceanic water, since there seems to be a decoupling between DOC and CDOM when dissolved organic matter (DOM) is transported offshore [16]. However, we did not measure DOC because we were mostly interested in the absorption properties of the colored component of DOC (i.e., CDOM) in the UV spectral region. DOC can not be measured optically, but is obtained by high temperature (catalytic) combustion (HTC). In general, for oceanic waters DOM is determined as DOC, which is the major element of organic matter, and consists mainly of low molecular weight compounds [17]. CDOM released from an individual source has distinct absorption peaks. For instance, CDOM production released from colonial cyanobacteria Trichodesmium sp. has absorption shoulders at about 325 nm and 360 nm [6], while CDOM released from a variety of zoo-plankton taxa has absorption peaks at wavelengths shorter than 300 nm [6].



Absorption of CDOM in the UV spectral region reduces both the level and penetration depth of the underwater UV radiation, and serves to protect underwater light-sensitive organisms from harmful UV radiation. Such protection is particularly critical for life in mountain lakes, since the UV radiation level increases with altitude [18,19] and mountain lakes often have lower CDOM concentrations than low-altitude lakes. However, exposure of CDOM to sunlight can lead to photo-bleaching and photo-induced degradation, which may result in reduced absorption of UV radiation and visible light [20,21,22] and increased penetration of harmful UV radiation in mountain lakes. Simultaneously, CDOM absorption in the visible spectral region reduces the availability of photosynthetically active radiation (PAR) for photosynthesis, and hence can contribute to reduced primary production [23] provided there are no other limiting factors, such as nutrients and grazing.



CDOM absorption in the visible spectral region is of interest in optical satellite remote sensing and to ocean optics researchers because CDOM is one of the major absorbing components in natural water [9]. Furthermore, the CDOM absorption spectrum, particularly in the blue spectral region, overlaps with that of chlorophyll and influences the accuracy of satellite-based estimation of Chl-a concentrations within the upper layer of the water column [24].



The absorption spectral slope S of CDOM can be used as an indicator to characterize CDOM in natural water bodies and to reveal their origin [25,26,27]. In general, S values are found to be higher in open oceanic water than in fresh water or coastal water [28]. S can be a useful indicator of changes in the composition of CDOM due to mixing of water bodies of different origins [29] or photo-bleaching [26]. Also, S is related to the average molecular weight of CDOM [26], bacterial production and abundance [30]. Stedmon et al. [31] and Matsuoka et al. [32] found an inverse relationship between the CDOM absorption coefficient at a certain wavelength and the CDOM spectral slope, whereas Vodacek et al. [33] and Babin et al. [10] did not find such a relationship. Helms et al. [26] found the spectral slope ratio   S R   of   S  275 − 295    to   S  350 − 400    to be related to the molecular weight of dissolved organic matter and to photochemical induced shifts in molecular weight. Thus, upon light exposure of CDOM they found the percentage of CDOM in the low-molecular weight (LMW) (<1000 Da) fraction to increase, and the percentage in the high-molecular-weight (HMW) (>1000 Da) fraction to decrease, resulting in an increase of the   S R   value. Conmy et al. [29] found changes in the CDOM absorption spectral slope   S  280 − 312    with salinity to be a result of mixing of CDOM originating from freshwater and marine humics together with photo-bleaching in coastal water. Song et al. [34] discovered that the humic-like materials in CDOM tended to decrease with altitude in lakes.



For a specific water body, S values tend to be restricted to a narrow range [7,35]. However, when comparing slope values from different publications, one often finds large differences. A number of studies [28,36] have stressed that a direct comparison of optical properties of CDOM in different publications often is difficult due to methodological differences. To a certain degree, the application of different methods (i.e., the choice of wavelength interval for fitting, as well as the fitting method) obscures the true variability of the CDOM absorption spectral slope found in natural water bodies, and thus the variability in the composition of CDOM. Therefore, to obtain comparable and reliable data from large geographical areas, the same method should be used.



Previous studies on CDOM absorption properties for natural water bodies have been carried out in restricted areas and with differences in the methods used [10,32,37]. Thus, few studies have been conducted to study CDOM samples from areas with large differences in latitude, altitude, and trophic state, and by using the same method (i.e., the choice of wavelength interval for fitting as well as the fitting method). In the present study, we aimed at improving our knowledge on CDOM absorption properties for a wide range of water types, ranging from limnic to marine, and representing extreme gradients both in environmental conditions and geographical location. We believe this may provide new insights which are useful not only for a better understanding of CDOM dynamics, but also for application to ocean color remote sensing.




2. Data and Methods


2.1. Study Sites


In this study, we analyzed and compared absorption properties of 303 CDOM samples from six different water bodies, including two lakes, two fjords, and two coastal water bodies, having wide differences in optical properties, environmental conditions, and trophic state. These are: mesotrophic coastal-oceanic water around the island of Røst, Northern Norway (RCW), mesotrophic water of two western Norwegian fjords; the Samnangerfjord (SF) and the Lysefjord (LF), heavily polluted and eutrophic marine and limnic water; the Bohai Sea, China (BS), and Lake Victoria, Uganda (LV), and finally the oligotrophic high-altitude Lake Namtso, Tibet (LN). The locations of these six study sites are shown in Figure 1, and more information of each study site is given in Table 1. Their locations are as follows: (1) RCW, (2) SF, and (3) LF are at latitudes between 59 and 68   ∘   N and longitudes between 4 and 14   ∘   E in Norway; (4) BS and (5) LN are at latitudes between 30 and 41   ∘   N and longitudes between 90 and 122   ∘   E in China; and (6) LV is located close to the equator at latitudes between 0   ∘  30   ′   N and 2   ∘  30   ′   S and longitudes between 31   ∘  50   ′   E and 34   ∘  10   ′   E [38]. LN, which is situated on the Tibetan Plateau (TP) at 4718 m above sea level, has low contents of biota because of harsh environmental conditions with a short growing season (normally from mid-May until mid-September [39]), low temperatures (average annual temperature of −0.16    ∘  C [40]), and high UV exposure (UV index values above 15 on the TP [41]). The BS and LV study sites are close to big cities, implying that large amounts of wastewater from industry and sewage discharge into these two water bodies lead to high levels of nutrients. At the shallow sampling stations (7–9 m) in LV the water column was homogenously mixed with respect to temperature, nutrients, CDOM, and Chl-a [42]. Therefore, surface samples are representative for all depths for these parameters. The SF and LF represent side branches of extensive fjord systems, which again have good connections with coastal water and the North Sea to the west. The fjords are the main input sources of freshwater to the Norwegian Coastal Current (NCC), and they are therefore characterized by distinct stratification of the upper water column and estuarine circulation [43]. RCW is strongly influenced by NCC and Atlantic water, and is located just above the Arctic Circle. In this water body, the Northeast Arctic cod, representing the strongest cod stock in the world, comes in for spawning in March–April [44], making this area particularly important for fisheries and vulnerable to environmental threats. Due to few and variable sampling times at the various sites during the year, and the fact that LV, which is situated close to the Equator, has small seasonal variations, we decided not to include seasonal variations in our analysis.




2.2. Determination of CDOM Absorption Coefficient and Spectral Slope


Samples collected from SF and LF (Table 1) were analyzed as follows. Water samples were filtered through a 0.2  μ m Nucleopore filter and stored in opaque glass bottles at 4    ∘  C for a few days before analysis in the laboratory. CDOM absorbance spectra were measured at wavelengths within the interval between 250 and 650 nm with 2 nm increments using a 10 cm quartz cuvette and a Shimadzu MPS 2000 spectrometer [11]. The detection limit for abs in the Shimadzu MPS 2000 spectrophotometer is ±0.003.



Water samples collected from LV (Table 1) were filtered through a Nuclepore membrane filters with 0.2  μ m pore size and the CDOM samples were stored in acid cleaned glass bottles in a refrigerator until analysis. The CDOM absorption was determined for wavelengths between 200 and 900 nm using a dual-beam Perkin Elmer Lambda 40P spectrophotometer at the Norwegian Institute for Water Research (NIVA). The measurements were performed relative to distilled water [35].



Samples collected from LN, BS, and RCW (Table 1) were analyzed as follows. Water samples were filtered through Whatman Polycarbonate filters (diameter 47 mm, pore size 0.22  μ m) at low vacuum pressure on the day they were collected, and the filtrate was collected in pre-washed bottles. The bottles were pre-rinsed three times with filtered sample water to minimize the possibility of contamination. At some locations and depths, duplicate samples were prepared. The CDOM samples were stored in a dark refrigerator until analysis. Such preparation and storage of CDOM samples have been shown to be sufficient for avoiding microbial degradation for more than five months [48,49]. Prior to analysis, the CDOM samples and Milli-Q water were acclimated to room temperature. The absorbance spectra were recorded at wavelengths in the range from 200 to 900 nm with 2 nm increments using a dual-beam Shimadzu spectrophotometer (UV-1800) equipped with a 10 cm quartz cuvette. The detection limit for abs in the Shimadzu spectrophotometer (UV-1800) is ±0.008. Baseline data were obtained by filling Milli-Q water both in the sample and reference cells, and baseline correction was obtained by subtracting the offset from each sample spectrum.



All measured absorbance data were converted into absorption coefficients using


   a  CDOM , m    ( λ )  = 2.303 × A  ( λ )  / ℓ ,  



(1)




where the subscript ‘m’ stands for measured, and where    a  CDOM , m    ( λ )    and   A ( λ )   are the measured absorption coefficient [m    − 1   ] and absorbance, respectively, at wavelength  λ , and ℓ is the path length in [m] (ℓ = 0.1 m). In Equation (1), the number 2.303 is the conversion factor between the base 10 logarithm and the natural logarithm. The absorption coefficient for CDOM generally exhibits a behaviour according to which it decreases approximately exponentially with increasing wavelength in the near-UV and visible spectral regions, i.e., (Bricaud et al. [7])


   a CDOM   ( λ )  =  a CDOM   (  λ 0  )  exp  [ − S  ( λ −  λ 0  )  ]  .  



(2)







Here a    CDOM   ( λ )    and a    CDOM   (  λ 0  )    are the absorption coefficients at the wavelength of observation  λ  and a reference wavelength   λ 0  , respectively. The absorption coefficient a    CDOM   (  λ 0  )    is used to characterize the CDOM concentration in a specific water body, and the spectral slope S [nm    − 1   ], which is independent of   λ 0  , indicates how rapidly the absorption decreases with increasing wavelength. The absorption coefficient of CDOM at 440 nm is commonly used to characterize the CDOM concentration (see Table 3.2 in Kirk [1]), since this wavelength corresponds approximately to the mid-point of the blue waveband peak that most classes of algae have in their photosynthetic action spectra [1]. In water bodies where the CDOM absorption is low at longer wavelengths, the absorption coefficient can be measured in the near-UV spectral range (350–400 nm) with higher absorption, and a   CDOM  (440 nm) can then be estimated using Equation (2). In these cases the absorption coefficients at 355 or 375 nm are preferred [15].



To correct for scattering due to residual particles (<0.22  μ m) in CDOM samples, we used a method similar to that of Babin et al. [10] and Matsuoka et al. [32], according to which the measured CDOM absorption coefficient is corrected for scattering due to residual particles at all spectral values by subtracting the measured absorption coefficient averaged over a 5-nm interval around 685 nm. For the samples collected from SF the absorption spectra were measured between 250 and 650 nm [11], hence no scattering correction was performed.



After correction for scattering, two commonly used fitting methods [7,10,11], referred to as the linear fitting method and the nonlinear fitting method, were applied to all CDOM data to determine the CDOM absorption spectral slope S. The linear fitting method is based on fitting the natural logarithm of the measured CDOM absorption spectrum to a natural logarithm transformation of Equation (2), whereas the nonlinear fitting method is based on directly fitting the measured CDOM absorption spectrum to Equation (2). The CDOM absorption spectral slope S depends on the wavelength interval used for deriving it [9,36]. Therefore, we derived the spectral slope by fitting the measured absorption coefficients in two different wavelength intervals, i.e., 280–500 and 350–500 nm to Equation (2) using both the linear and the nonlinear fitting method. The S values derived using these two wavelength intervals are denoted S    280 − 500    and S    350 − 500   . A comparison of the CDOM spectral slopes derived by applying these two methods over the wavelength intervals 350–500 nm (S    350 − 500   ) and 280–500 nm (S    280 − 500   ) (data not shown), revealed that the S    350 − 500    derived by applying nonlinear and linear fitting agree quite well, but with slightly higher values obtained from nonlinear fitting. A comparison of the spectral slope S derived for the 412–650 nm interval by Twardowski et al. [36] and the 350–500 nm interval by Stedmon et al. [8] shows a similar agreement. However, as the wavelength interval used for fitting is further extended to wavelengths shorter than 350 nm, i.e., to obtain S    280 − 500   , the disparity between the values derived from these two methods becomes large; indicating that the spectral slope S derived for a wavelength interval including the short UV spectral region tends to be strongly affected by the fitting method. Therefore, clarification of the fitting method becomes particularly important for a water body such as LN in this study, which is exposed to high UV radiation levels and has a modest supply of CDOM from its catchment areas. Based on our testing, and in agreement with Stedmon et al. [8], Blough and Del Vecchio [28], and Granskog et al. [50], we found it best to apply nonlinear fitting to our data. To obtain the slope ratio S   R  , we first used nonlinear fitting to derive S    280 − 295    and S    350 − 400   , and then we calculated S   R   as S   R   = S    280 − 295   /S    350 − 400   .




2.3. Determination of Chl-a Concentration


In [46] a detailed description is given of how to determine the Chl-a concentration. A brief summary is as follows. Water samples were filtered on the day of collection, and sample filters were stored in a freezer with dry ice before and during transportation. Next, all samples were stored in a freezer at −78    ∘  C or −80    ∘  C. Both high pressure liquid chromatography (HPLC) and spectrophotometry were used to determine the Chl-a concentrations. For details, see [46].




2.4. Determination of the Vertical Diffuse Attenuation Coefficient for the Downward Irradiance K   d  


The K   d  (PAR) values shown in Table 1 for LN, BS, and RCW were calculated using the relationship K   d   = 1.44/Z    S D    derived by Holmes [51], where Z    S D    is the Secchi disk depth and K   d   is the vertical diffuse attenuation coefficient for the downward irradiance. For SF, LF, and LV, K   d  (PAR) values were calculated from 400–700 nm PAR sensor measurements between the surface and the lower part of the euphotic zone.





3. Results and Discussion


3.1. CDOM Absorption Characteristics of Different Water Types


Figure 2 shows the mean CDOM absorption spectrum for each study site obtained by averaging over all samples. Among the six study sites, the highest mean absorption coefficients for the wavelength range 280–500 nm were found in LV and the second highest values in BS. These two water bodies receive high amounts of water discharges from industry, agriculture, aquaculture, and sewage and often have high concentrations of organic matter, which, as shown in Table 1, are associated with extremely high concentrations of Chl-a in LV, low penetration of PAR indicated by K   d  (PAR) and shallow euphotic zone. It follows from Figure 2 that the mean CDOM absorption spectra for samples from SF and LF in western Norway were quite similar, but higher than those from RCW. However, it should be noted that maximum Chl-a concentrations around 2–10 times our value for RCW have been found during spring bloom in other years in many fjords of Northern Norway, including Vestfjorden, which is adjacent to RCW [52]. Further, LN on the TP had the lowest mean values of CDOM absorption, which can be attributed to a combination of low contents of organic matter, which is typical for high-altitude lakes, a high level of photo-bleaching resulting from high UV radiation levels on the TP [53,54], and a long water retention time due to the lack of outflow rivers [45]. The CDOM absorption is reduced upon exposure to sunlight [20,21,22], and the rate of photo-bleaching differs between spectral regions [22,55]. From Figure 2b, which shows semi-log plots of the CDOM spectra in Figure 2a, it can be seen that the mean absorption spectrum for LN has inflection points and approximately exponential behavior over short discrete wavelength intervals. Similar absorption spectra have been found for CDOM samples obtained from the deep ocean or from surface water after photo-bleaching [9]. It is known that mycospirine-like amino acids (MAAs), which absorb within the range 309–360 nm [56], are present in many diverse environments, and therefore could contribute to the CDOM absorption [57,58]. In our data there is a weak bump in the CDOM absorption spectra for LN around 340 nm (Figure 2), which may indicate the presence of MAAs.



As shown in Table 2, the measured mean CDOM absorption coefficients for LV and BS were found to be respectively 2.28 and 1.96 m    − 1    at 320 nm, and 0.35 and 0.29 m    − 1    at 440 nm. They were much higher than the corresponding values found in RCW and LN, for which the values were respectively 0.73 and 0.34 m    − 1    for    a CDOM   ( 320 )   , and 0.11 and 0.063 m    − 1    for    a CDOM   ( 440 )   . Still none of our    a CDOM   ( 440 )    water values are as high as those in Chinese rivers, which have mean values within the range 0.6–2.4 m    − 1    [59,60]. On the other hand, the absorption properties of our marine water bodies (Table 2) seem to be consistent with those of the Arctic Ocean, where    a CDOM   ( 440 )    values are typically <0.5 m    − 1    [32], and    a CDOM   ( 375 )    values ≤0.73 m    − 1    [61]. Among the marine study sites, salinity varied between 10–34 and 15–33, respectively, in SF and LF for the depth interval 0–30 m [11,43]. Monitoring of coastal water around Røst (Institute of Marine Research) at the times of our samplings shows salinity values in the range 30.1–33.4 for the depth interval 1–30 m (http://www.creativecommons.no/), while typical salinities for surface and bottom water of BS are within the range 24–31.5 [62]. The tendency of an inverse relationship between CDOM absorption and salinity can be seen at our near shore stations (SF, LF, and BS), which are strongly influenced by freshwater outlets, and this tendency is in accordance with Aksnes et al. [63], who concluded that Norwegian coastal water has “darkened” due to freshening during the period 1935–2007.



Comparison of our mean value for    a CDOM   ( 355 )    (1.27 m    − 1   ) in the eutrophic LV with mean values for    a CDOM   ( 350 )    in Chinese eutrophic lakes, which varies between 2.75 and 4.57 m    − 1    [64,65], shows that CDOM concentrations in LV are lower, even though the Chl-a concentrations are at the same level. The trophic state of an aquatic system can be described in terms of concentrations of the dissolved nutrients nitrogen and phosphorus. When the concentrations of these nutrients are low (oligotrophic), they limit algal growth, and when they are high (eutrophic), they trigger algal growth, resulting in respectively low and high concentrations of total phosphorus (TP) and Chl-a, and large and small Secchi depths, respectively [65]. For lakes in China, typical    a CDOM   ( 355 )    mean values for oligotrophic, mesotrophic (medium level of nutrients), and eutrophic water bodies are 1.47, 2.75, and 4.21 m    − 1   , respectively [15]. For coastal water of the Baltic Sea,    a CDOM   ( 375 )    values are within the range 0.41–7.92 m    − 1   , with a mean value of 1.61 m    − 1    [66]. This is much higher than our mean value for    a CDOM   ( 375 )    in Norwegian coastal water (Table 2), actually six times higher than in RCW and 2.5 times higher than in SF and LF. For coastal water of Hudson Bay, Granskog et al. [50] give an    a CDOM   ( 355 )    average of 1.81 m    − 1   , which is more than two times higher than our average of 0.85 m    − 1    for fjord water. In a trophic state perspective (see definitions above of oligotrophic, mesotrophic, and eutrophic), the use of CDOM absorption properties to classify water bodies does not seem to be appropriate in our case, since even LV will fall into the category oligotrophic (   a CDOM   ( 355 )    = 1.27 m    − 1   ) and so will Norwegian fjords.




3.2. Using Absorption Spectral Slope to Uncover CDOM Origins


Several authors [8,32,36] have pointed out that the CDOM absorption spectral slope S depends on the wavelength interval used for fitting, which is also confirmed by our data. Thus, scatter plots of the spectral slopes derived for the wavelength intervals 280–500 nm versus 350–500 nm show that the values of   S  280 − 500    are generally higher than the values of   S  350 − 500    for all water bodies (Figure 3). It can also be seen that all S values for the different water bodies are closely connected, except for the S value for LN. The reason why the CDOM absorption coefficients for LN water samples consistently are separated from those for the other water bodies, as revealed by high S    280 − 500    values in Figure 3, could be due to the fact that LN is a high-altitude mountain lake with very low levels of high molecular CDOM in the freshwater inlets. This is probably a consequence of extreme environmental conditions, characterized by a poorly developed soil and vegetation, and high UV radiation levels because of increased solar radiation with altitude [18,19], and the existence of a low total ozone column during summer [67]. Therefore as shown in Table 3, LN had both the highest mean value of   S  280 − 500    and the lowest mean value of   S  350 − 500   . Increases in the spectral slope of CDOM as a result of photo-bleaching have been reported [20,21,22]. However, the derived values of S    280 − 500    for LN water, are higher than corresponding values for lakes on the Yungui Plateau, where the mean value of   S  280 − 500    was found to range from 0.0146 to 0.0232 nm    − 1    [37]. Excluding LN, the mean value of S    280 − 500    for the other five study sites was found to vary in the range 0.017–0.022 nm    − 1   , and an even narrower range of 0.014–0.015 nm    − 1    was found for   S  350 − 500    (Table 3).



For a given water body, the S values tend to be restricted to a narrow range. Bricaud et al. [7] observed that   S  375 − 500    for oceanic water varied in the range of 0.010–0.020 nm    − 1    with an average value of 0.014 nm    − 1   . For various coastal water bodies around Europe (English Channel, Adriatic, Baltic, Mediterranean, and the North Sea), Babin et al. [10] found   S  350 − 500    to vary in the range 0.0114–0.0251 nm    − 1    with a mean value of 0.0176 nm    − 1   . From the equatorial to the subarctic Pacific regions, Yamashita and Tanoue [68] found   S  320 − 350    to vary between 0.017 and 0.036 with a mean value of 0.023 nm    − 1   . Zhang et al. [37] found   S  280 − 500    to vary in the range 0.0189 ± 0.0094 nm    − 1    for lakes on the Yungui Plateau with altitudes ranging from 1516 to 4591 m.



  S  350 − 500    values in the range 0.015–0.017 nm    − 1    are typical for the brackish Gulf of Bothnia in the Baltic Sea, while they vary within a wide range (0.013–0.021 nm    − 1    ) for the oceanic water of the Baltic proper [69]. According to Green and Blough [70],   S  290 − 360   values around 0.030 nm    − 1    and   S  290 − 500    around 0.014 nm    − 1    indicate water of oceanic and terrestrial (i.e., river outlets) origin, respectively. In the Arctic Ocean,   S  300 − 600    varies between 0.008 and 0.047 nm    − 1   , but in the Eurasian part of the Arctic Ocean and in the Greenland Sea the values are lower, 0.015–0.021 nm    − 1    [61] and 0.016–0.020 nm    − 1    [31], respectively, which are in good agreement with corresponding values for our marine sites (see Table 3), and also compare well with   S  300 − 600    = 0.017–0.026 nm    − 1    for the northeastern U.S. Atlantic coast [24].



For the Kattegat–Skagerrak area (eastern North Sea), mean   S  250 − 450    values around 0.023 nm    − 1    were found during spring and summer [71]. Closer to the river discharges, as in the Oslo fjord, Højerslev and Aas [71] found the average   S  250 − 450    value to be 0.0175 nm    − 1   , which is close to the mean   S  275 − 425    spring value of 0.018 nm    − 1    found for the NCC water off the southern coast of Norway [25]. The mean values of S    350 − 500    for our six water bodies, however, were found to be lower than those reported by Babin et al. [10] for coastal water around Europe (S    350 − 500    = 0.0176 nm    − 1   ), even though the same procedures (i.e., methods for correction of scattering due to residual particles, for fitting, and for choice of wavelength interval for fitting) were followed. The deviation could be due to different CDOM sources, but it should be noted that in the study of Babin et al. [10], the mean value of   S  350 − 500    for the North Sea site, which is closest to our study sites in Norway, was lower (0.0167 nm    − 1    ) than the other mean values in their study. The North Sea values were obtained from 96 samplings conducted during the phytoplankton growth season in April, May, and September, and they compare well with our number of samplings and sampling period.



Plots of    a CDOM   ( λ )    against S can give information about the CDOM origin. Figure 4a,b show scatter plots of the spectral slopes   S  350 − 500    and   S  280 − 500    for each study site versus the CDOM absorption coefficient at 440 nm [   a CDOM   ( 440 )   ], while Figure 4c,d show scatter plots of the spectral slopes   S  350 − 500    and   S  280 − 500    for each study site versus the CDOM absorption coefficient at 320 nm [   a CDOM   ( 320 )   ]. It can be seen that the degree of linear relationship between the base-10 logarithm of    a CDOM   ( 440 )    or    a CDOM   ( 320 )    and the spectral slope   S  350 − 500    or   S  280 − 500    is site dependent. There is a strong negative linear relationship between the base-10 logarithm of    a CDOM   ( 440 )    and either of the spectral slopes   S  350 − 500    and   S  280 − 500    for RCW with correlation coefficients r equal to −0.88 and −0.67, respectively. Figure 4b shows that the strongest negative linear relationship between the base-10 logarithm of    a CDOM   ( 440 )    and S    280 − 500    was found in LN (   r LN  = − 0.91  ) and the second strongest in LV (   r LV  = − 0.90  ).



Figure 4b,d show that when all study sites were considered, there was a strong negative linear relationship between the base-10 logarithm of    a CDOM   ( 440 )    and the spectral slope   S  280 − 500    (   r all  = − 0.76  ), as well as between the base-10 logarithm of    a CDOM   ( 320 )    and the spectral slope   S  280 − 500    (   r all  = − 0.71  ). It also can be seen in Figure 4b,d that the data points for the CDOM samples from RCW, LF, and SF have similar distribution patterns, while the corresponding data points for BS and LV tend to deviate from these patterns in both cases, with a narrow range of    a CDOM   ( 440 )    and    a CDOM   ( 320 )    values shifted towards the upper part of the scale, possibly implying that the composition of the CDOM samples in BS differed from that in the mesotrophic RCW, LF, and SF. Special for the BS near-shore water is the high occurrence of mineral particles, supported by rivers and sediment resuspension by winds and tides [72]. In this context, it is interesting to note that clay particles are found to preferentially adsorb the chromophoric part of dissolved organic carbon, and thereby contribute to its removal from the dissolved fraction [73]. Compared with    a CDOM   ( 443 )    and   S  350 − 500    data from Babin et al. [10], our value ranges for RCW, LF, and SF compare well with the characteristics given for the North Sea water, including a negative linear relationship. This confirms the strong coupling between Norwegian Coastal Water/Fjord Water and North Sea/Atlantic Water, which is known to be regulated by wind-driven water exchanges [74].



To find out more about the CDOM origin, we have plotted   S  300 − 650    for all water bodies against    a CDOM   ( 375 )    and included the model curve for mixing of autochthonous CDOM with oceanic CDOM derived by Stedmon and Markager [31] (Figure 4e). It can be seen that the distribution of points follow the pattern depicted by the Stedmon and Markager [31] curve quite well. Data points to the left represent water with low terrestrial inputs (low    a CDOM   ( 375 )    and high   S  300 − 650    values), while data points to the right represent water with high terrestrial inputs (higher    a CDOM   ( 375 )    and lower   S  300 − 650    values). In terms of Stedmon and Markager [31] classification of trophic state, water with   a CDOM  (375) < 0.1 m    − 1    and   S  300 − 650    > 25  μ m    − 1    contains oceanic CDOM, water with   a CDOM  (375) = 0.5–0.6 m    − 1    and    S  300 − 650   ∼   10  μ m    − 1    contains autochthonous CDOM, and water with    a CDOM   ( 375 )    > 0.6 m    − 1    and    S  300 − 650   =   15–21  μ m    − 1    (horizontal lines in Figure 4e) contains terrestrial CDOM. In our case, this means that the mesotrophic fjord water bodies (LF and SF), the eutrophic lake water (LV), and the coastal marine water (BS) are mainly dominated by terrestrial inputs, but with some contribution of autochthonous CDOM, and with BS being more influenced by terrestrial discharges than LF and SF. The mesotrophic coastal–oceanic Norwegian water (RCW), on the other hand, is less influenced by terrestrial CDOM, but more by a mixture of autochthonous and oceanic CDOM. Interestingly, the oligotrophic LN has CDOM characteristics resembling those of “oceanic”-autochthonous origin, implying a dominance of decomposed and low molecular CDOM.




3.3.   S  280 − 295   /  S  350 − 400    Ratios Used as Indicators of CDOM Photobleaching


To investigate possible effects of UV exposure on spectral CDOM absorption characteristics for different water bodies in this study, we calculated the ratio   S R   of   S  280 − 295    to   S  350 − 400   . According to Coble [75], only compounds absorbing below 300 nm could resist prolonged exposure in surface water, and Helms et al. [26] showed that both   S  275 − 295    and   S R   =   S  275 − 295   /  S  350 − 400    ratios are inversely related to the molecular weight of CDOM. Figure 5 shows the   S  280 − 295   /  S  350 − 400    ratio (we did not have CDOM absorption coefficient data below 280 nm) plotted against    a CDOM   ( 440 )   . The deviation of the data points for LN from those for the other water bodies, is probably due to photo-bleaching of CDOM. The high   S R   values (2.2–4.2) and low    a CDOM   ( 440 )    values (0.025–0.08 [m    − 1   ]) are indicative of decomposed humic-like substances, and the formation of low molecular compounds, due to strong solar irradiance at high altitudes [34]. With the exception of five outliers, four from SF and one from BS, all the other water bodies had values within the   S R   range 1–2.25, with corresponding    a CDOM   ( 440 )    values within the range 0.05–0.45 [m    − 1   ]. It should be noted that the highly polluted and eutrophic LV had values within narrow ranges, whereas the SF was characterized by larger    a CDOM   ( 440 )    variations. The fact that the BS data group closely together with values for other marine sites, such as LF and SF, but less closely with values for RCW, could be due to impacts of freshwater discharges, containing clay/mineral particles. RCW is dominated by coastal-oceanic water with lower content of terrestrial DOM [1]. If we ignore the five outliers, another interesting feature of our data is that there is no   S R   value <1, which means that   S  280 − 295     ≥  S  350 − 400    , and therefore there is an excess of low molecular weight CDOM at all sites. Also, RCW, BS, and, LV are more impacted by decomposed compounds, with mean values around 1.7, than the Norwegian fjords, where the water is close to its CDOM sources, and therefore less decomposed (i.e., more high molecular compounds) than farther out in the open ocean.



For the Chesapeake Bay river-estuary system,   S R   varies within the range 0.72–2.52 [26], which compares well with our data for BS, LV, LF, and SF. The surprisingly high similarities in   S R   values for the BS, LV, LF, and SF water bodies (Figure 5), despite large differences in trophic state, could be due to their content of suspended particulate matter, which may contribute to scattering of incoming UV light, and thereby to reduced photobleaching of humic-like substances (CDOM). The fact that LV had about 10 times larger Chl-a concentrations than BS, LF, and SF (Table 1), indicates that scattering by phytoplankton cell cover/walls and absorption by pigments were of minor importance in this context. Like BS, also LF and SF are supported by inorganic clay (<0.002 mm) and silt (0.063–0.002 mm) particles during the snow melting period [72,76].



It should be emphasized that more information on   S R   versus    a CDOM   ( 440 )    relationships for different water types is a prerequisite for development of algorithms for accurate retrieval of CDOM absorption and photobleaching from space. Unfortunately, so far there is no operational satellite color sensor with spectral absorption lower than 412 nm available for monitoring the upper layer of the ocean [27], but efforts are being made to include UV wavelengths in the next generation of ocean color sensors [24,27]. Also, for analysis of historical ocean color data for different water bodies, improved knowledge on CDOM absorption characteristics is vital, since site specific S plots can be used to extrapolate satellite retrieved CDOM absorption into the UV spectral region. We hope our data can contribute constructively in this context.





4. Conclusions


In our data set, which covers six different geographical regions, the mean CDOM absorption coefficients at 320 nm and 440 nm were found to vary in the ranges 0.34–2.28 m    − 1    and 0.063–0.35 m    − 1   , respectively. The highest mean value was found in LV and the lowest mean value in LN. Next to LN was RCW and next to LV was BS, while the fjord water bodies LF and SF were situated in between these two extreme groups. Our results indicate that for a water body it is important to specify the spectral range for which the spectral slope S is estimated, and that care should be taken when comparing S values in the literature, which are derived for different wavelength ranges. Thus, the mean spectral slopes   S  280 − 500    and   S  350 − 500    were found to vary in the ranges of 0.017–0.032 nm    − 1    and 0.013–0.015 nm    − 1   , respectively. The highest mean value for   S  280 − 500    as well as the lowest mean value for   S  350 − 500    were found in LN. Considering all study sites, we found a strong negative linear relationship between the base-10 logarithm of    a CDOM   ( 440 )    and the spectral slope   S  280 − 500   , and also between the base-10 logarithm of    a CDOM   ( 320 )    and the spectral slope   S  280 − 500   . Scatter plots of   S  280 − 500    versus    a CDOM   ( 440 )    and    a CDOM   ( 320 )    revealed a close connection between RCW, LF, and SF on one side, and between BS and LV on the other side. CDOM seems to originate from terrestrial sources in LF, SF, BS, and LV, while RCW is characterized by autochthonous-oceanic CDOM, and LN by autochthonous CDOM. Photobleaching of CDOM is prominent in LN, indicated by reduced absorption towards short wavelengths in the UV spectrum, resulting in very high   S  280 − 500    values and low    a CDOM   ( 320 )    values. For the other water bodies, only modest photobleaching was found. We conclude that high altitudes, implying high UV radiation levels, and oligotrophic water conditions are important to make a significant change in CDOM absorption properties.
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Figure 1. World map with solid red dots indicating the six study sites: LV = Lake Victoria, Uganda; LN = Lake Namtso, Tibet; BS = Bohai Sea, China; SF = Samnangerfjord, Norway, LF = Lysefjord, Norway; RCW = Røst Coastal Water, Norway. 
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Figure 2. (a) Mean colored dissolved organic matter (CDOM) absorption spectra for different locations. (b) Semi-log plots of the CDOM absorption spectra in (a). 
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Figure 3. Scatter plots of the CDOM absorption spectral slope derived using nonlinear fitting methods for all study sites for   S  350 − 500    versus   S  280 − 500   . 
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Figure 4. Scatter plots of (a)   S  350 − 500    and (b)   S  280 − 500    for all six study sites versus the CDOM absorption coefficient at 440 [   a CDOM   ( 440 )   ]. Scatter plots of (c)   S  350 − 500    and (d)   S  280 − 500    for all six study sites versus the CDOM absorption coefficient at 320 [   a CDOM   ( 320 )   ]. r is the correlation coefficient between   S  350 − 500    or   S  280 − 500    and the natural logarithm of    a CDOM   ( 440 )    or    a CDOM   ( 320 )    for each study site as specified by the subscript.   r all   is the correlation coefficient for all study sites. (e) Scatter plots of the CDOM absorption spectral slope   S  300 − 650    for all study sites versus the CDOM absorption coefficient at 375 [   a CDOM   ( 375 )   ]. Black curve is drawn after Stedmon and Markager [31]. 
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Figure 5. Scatter plot of S   R  (  S  280 − 295   /  S  350 − 400   ) versus the CDOM absorption coefficient at 440 [   a CDOM   ( 440 )   ]. 
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Table 1. For each study site, the columns show sampling periods, depths, number of samples, water type, Chl-a concentration, euphotic depth, trophic state and the vertical diffuse attenuation coefficient for photosynthetically active radiation (PAR). Capitalized letters in parentheses in the first column are abbreviations for the study sites. The symbols ‘0’, ‘hs’, and ‘s’ in the third column refer to measurements at the surface, at half the Secchi depth, and at the full Secchi depth, respectively. Euphotic depth is the depth at which PAR falls to 1% of its subsurface value. Trophic state: OT for oligotrophic, MT for mesotrophic and ET for eutrophic.
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	Study Site
	Sampling Periods
	Depths [m]
	Number of Samples
	Water Type
	Chl-a [  μ  gL     − 1    ]
	Euphotic Depth [m]
	Trophic State
	K    d   (PAR)[m     − 1    ]





	Samnangerfjord
	March 1999
	0, 10, 50
	85
	fjord
	0.01–6.3 [11]
	12–38
	MT
	0.12–0.4 *



	(SF)
	October 1999
	
	
	
	
	
	
	



	
	January 2000
	
	
	
	
	
	
	



	Lake Victoria
	October 2003
	surface
	8
	lake
	4.8–60.7 [35]
	2–2.4
	ET
	1.93–2.25 [42]



	(LV)
	November 2003
	
	
	
	
	
	
	



	
	December 2003
	
	
	
	
	
	
	



	
	January 2004
	
	
	
	
	
	
	



	Lysefjord
	January 2011
	1, 10, 25, 50
	29
	fjord
	0.5–5 [43]
	12–35
	MT
	0.13–0.38 [43]



	(LF)
	
	
	
	
	
	
	
	



	Bohai Sea
	September 2012
	0, hs, s
	36
	coastal
	0.97–8.80
	6–16
	ET
	0.29–0.72 **



	(BS)
	September 2013
	
	
	
	
	
	
	



	
	August 2014
	
	
	
	
	
	
	



	Lake Namtso
	July 2013
	0, hs, s
	36
	lake
	0.01–0.17 [45]
	29–38
	OT
	0.12–0.16



	(LN)
	August 2014
	
	
	
	
	
	
	



	Røst Coastal Water
	May 2013
	0, hs, s
	109
	coastal
	0.17–1.94 [46]
	26–51
	MT
	0.09–0.18 ***



	(RCW)
	October 2013
	
	
	
	
	
	
	



	
	April 2014
	
	
	
	
	
	
	



	
	October 2014
	
	
	
	
	
	
	



	
	March 2015
	
	
	
	
	
	
	



	Total
	
	
	303
	
	
	
	
	







* Values representative for maximum water column Chl-a concentrations from 0.2–6 [ μ gL    − 1   ](unpubl. data). ** BS-Yellow River: K   d  (PAR) > 1.8 [m    − 1   ] (this study). *** Jan Mayen Front in the Norwegian Sea (westwards from Røst): Chl-a = 0.2–3.5 [ μ gL    − 1   ], K   d  (400–600 nm) = 0.07–0.30 [m    − 1   ], K   d  (380 nm) = 0.13–0.20 [m    − 1   ], K   d  (465 nm) = 0.08–0.17 [m    − 1   ] [47].
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