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A B S T R A C T   

The excited triplet-state of dissolved organic matter (3DOM*) is a major reactive intermediate in sunlit waters. Its 
quantum yield is important in understanding the fate of organic micropollutants. The degradation efficiency of 
its chemical probe, 2,4,6-trimeythlphenol (fTMP), is generally used as a proxy of the quantum yield. However, 
fTMP has been described and modelled only for freshwater systems. Therefore, this study quantified fTMP in inland 
freshwater and coastal seawater sampled in Japan by conducting steady-state photochemical experiments. Op-
tical properties of water were then used to model fTMP. Results indicated that the inland freshwater DOM 
originated mainly from terrestrial sources, while the coastal seawater DOM were microbial-dominated. On 
average, inland freshwater exhibited lower fTMP (61.2 M− 1) than coastal seawater (79.7 M− 1) and the coastal 
seawater exhibited significant variations in the proportion of high-energy 3DOM* (> 250 kJ/mol). In addition, 
E2:E3 (ratio of absorbance at 254 to 365 nm) was positively correlated with fTMP of inland freshwater, coastal 
seawater, and the overall dataset. Catchment conditions such as forest coverage also influenced the production of 
3DOM* and high-energy 3DOM* in inland freshwater. Furthermore, the developed models estimated fTMP based 
on the optical properties of both freshwater and seawater, providing valuable insights about 3DOM* photo-
chemistry in the aquatic environment.   

1. Introduction 

Dissolved organic matter (DOM) is ubiquitous in the aquatic envi-
ronment and plays a crucial role in global carbon cycling and other 
biogeochemical processes (Kieber et al., 1989). As DOM is generally 
capable of absorbing sunlight, DOM actively participates in numerous 
photochemical reactions. Upon absorption of light, chromophores 
within DOM become excited and undergo intersystem crossing, resulting 
in its triplet-state (3DOM*) (McNeill and Canonica, 2016). It can directly 
react with many organic micropollutants, ultimately leading to their 
degradation (Lian et al., 2020; McNeill and Canonica, 2016). 

Particularly, high-energy 3DOM* (Hi-3DOM*, triplet energy over 250 
kJ/mol), plays a critical role in the degradation of organic micro-
pollutants (via both energy transfer and oxidation reactions) due to its 
high reactivity (Guo et al., 2021; McNeill and Canonica, 2016; Wang 
et al., 2020; Zepp et al., 1985). Meanwhile, 3DOM* can serve as a pre-
cursor for several other reactive intermediates (RIs), such as singlet 
oxygen (1O2) and hydroxyl radical, all of which are involved in the 
degradation of organic micropollutants (Boreen et al., 2003; Guo et al., 
2023a; Vione et al., 2014; Yan and Song, 2014), inactivation of patho-
gens (Wenk et al., 2019), and global carbon cycling (Mopper and Kieber, 
2000). Thus, it is necessary to investigate the photo-production of 
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3DOM* in the aquatic environment to comprehensively understand 
3DOM*-induced biogeochemical processes. 

The apparent quantum yield coefficient for the photo-production of 
3DOM* describes the efficiency of environmental water in producing 
3DOM* and can be used to estimate its steady-state concentration under 
sunlit condition (Carena et al., 2023; Vione, 2020). This is commonly 
quantified using the quantum yield coefficient of the chemical probe, 2, 
4,6-trimethylphenol (TMP), for 3DOM* (denoted as fTMP). fTMP varies 
among water bodies, mainly depending on the quality of the DOM 
(Wang et al., 2019) and the coexisting components that act as 3DOM* 
quenchers. Previous studies have reported that fTMP of coastal seawater 
DOM is higher than that of inland freshwater DOM (Chen et al., 2019; 
Guo et al., 2021; Wang et al., 2019), which could be attributed to dif-
ferences in their composition and structure. DOM in inland freshwater 
such as rivers and lakes, in case of no major pollution, typically consists 
of lignin and tannin derivates from higher plants in their catchments 
(McCabe and Arnold, 2017; McKnight et al., 2001). In contrast, coastal 
seawater DOM generally contains polysaccharides, acetate, and lipids in 
certain proportions with abundant carboxyl-rich alicyclic molecules 
from cellular excretions of phytoplankton, algal, bacterial and so on 
(Aluwihare et al., 1997; Benner et al., 1992; Dittmar and Stubbins, 2014; 
Seidel et al., 2022; Thornton, 2014). Such distinct chemical structures 
determine the photo-reactivity of DOM (Osburn et al., 2011; Osburn and 
Bianchi, 2016; Wang et al., 2019). However, the relationship between 
fTMP and bulk DOM properties has been described only for freshwater 
systems; thus, the major DOM property responsible for the global vari-
ability of fTMP, including both freshwater and seawater systems, remains 
uncertain. 

Consequently, similar progress and limitations can be seen in the 
model development for estimating fTMP. Optical properties of DOM 
allow us to accurately estimate fTMP, which may provide insights into the 
mechanism of the photo-production of 3DOM* and reduce the cost of 
experimental determination of fTMP. This has advantages for the man-
agement of organic micropollutants. To date, almost all models for fTMP 
have been developed with a focus on freshwater systems, such as rivers, 
lakes, wetlands, and wastewater effluents (Berg et al., 2023; Chen et al., 
2020; McCabe and Arnold, 2018, 2016; McKay et al., 2017; Wang et al., 
2021; Wasswa et al., 2020). However, such an attempt has not been 
reported for coastal seawater, even though seawater possesses distinct 
DOM properties from inland freshwater. Recently, a machine-learning 
model was applied to fTMP of both inland freshwater and coastal 
seawater, although over 99 % of these data (i.e., fTMP and bulk water 
properties) was derived from inland freshwater (Liao et al., 2023). 

This limits our understanding and capacity to estimate the photo- 
production of 3DOM* in aquatic environments, given that pollutants 
have been detected in both freshwater and seawater. Therefore, a 
comprehensive investigation, including both inland freshwater and 
coastal seawater, is of practical significance for gaining deep insights 
into the relevant chemical structure of DOM and water properties for 
modeling fTMP. Development of fTMP estimation models that work across 
various aquatic environments will also help us accurately estimate the 
steady-state concentration of 3DOM* and the resulting degradation of 
organic micropollutants in a water environment. Furthermore, the 
3DOM*-induced degradation processes could become increasingly 
important for pollutant removal as the deoxygenation of natural waters 
due to climate change continues (Zhi et al., 2023) because less 3DOM* 
can be quenched by oxygen than before (Vione et al., 2023). Thus, 
characterization of 3DOM* in terms of reactivity (i.e., Hi-3DOM*) will 
help us gain insights into the disparate reactivities of 3DOM* from 
different waters (Erickson et al., 2018; Wang et al., 2019). 

Thus, this study aimed to understand the bulk water properties that 
determine the photo-production of 3DOM* and Hi-3DOM* by covering 
inland freshwater and coastal seawater. To achieve this, we sampled 
inland freshwater and coastal seawater in and around Japan and 
quantified and statistically modelled their fTMP as well as the contribu-
tion of Hi-3DOM*. Inland freshwater was collected in dam reservoirs as 

representatives of freshwater systems because dam reservoirs show 
characteristics of both rivers and lakes, two major freshwater bodies, in 
terms of DOM (Guo et al., 2023b). 

2. Materials and methods 

2.1. Chemicals and reagents 

Information on the chemicals and reagents is in Text S1. 

2.2. Water sampling and characterization 

For inland freshwater, sampling and characterization of 50 reservoirs 
(F1–F50) (Fig. 1) have been detailed previously (Guo et al., 2023b). The 
reservoirs vary in different aspects such as depth, elevation, latitude, 
and so on (Table S1). Their catchments encompass a wide range of areas, 
populations, and particularly land cover types (Table S2), which were 
quantified using the ArcMap software as detailed in Text S2. In addition, 
30 coastal seawater samples (S1–S30) were collected from the nearshore 
areas around the major islands of Japan from November 2022 to May 
2023. The nearshore surface water of eight lake/pond samples (L1–L8) 
were also collected mainly in November of 2022 (Fig. 1 and Table S3). 
All the water samples were filtered with 0.45 µm polytetrafluoro-
ethylene membrane filters (Omnipore, Merck Millipore Ltd., Ireland) 
immediately after arrival in the laboratory and stored at 4 ◦C before fTMP 
determination and water quality analysis. 

Bulk water properties were determined and used to develop fTMP 
estimation models. The determined properties included pH, dissolved 
organic carbon (DOC), inorganic ions, salinity, conductivity, and optical 
data namely, UV–vis spectra and excitation-emission matrices (EEMs) 
(details in Text S3). The UV–vis spectra and EEMs were used to calculate 
optical indicators of spectral slope coefficients (S275− 295, S350− 400, and 
S300− 600), spectral slope ratio of S275− 295 to S350− 400 (SR) (Helms et al., 
2008), biological index (BIX) (Huguet et al., 2009), humification index 
(HIX) (Ohno, 2002; Zsolnay et al., 1999), and peak intensities b, t, a, m, 
and c (Coble, 1996; Huguet et al., 2009), fluorescence index (FI) 
(McKnight et al., 2001), absorption coefficients at 254 and 300 nm (a254 
and a300), specific UV absorbance at 254 nm (SUVA254) (Weishaar et al., 
2003), and E2:E3. 

2.3. Determination of fTMP 

A photo-reactor (Helios.Xe, Koike Precision Instruments, Japan) 
equipped with a 300 W xenon lamp surrounded by 280 nm cut-off filters 
was used for photochemical experiments, as detailed by Guo et al. 
(2023b). The temperature was maintained at 20 ◦C using a water bath 
and the total irradiance from 280 to 400 nm was determined to be 1.71 
× 10− 5 Einstein L− 1 s− 1 using p‑nitroanisole/pyridine (Laszakovits 
et al., 2017) (Figure S1). The pH was adjusted to 8.0 ± 0.1, which is the 
average of reservoir and coastal seawater samples. 

50 μM of TMP was used to probe 3DOM* (De Laurentiis et al., 2013; 
Rosario-Ortiz and Canonica, 2016). At 50 μM of TMP or less, the 
quenching rate of 3DOM* was not significantly changed as dissolved 
oxygen is still the major quencher for 3DOM* (Text S4). TMP has been 
previously used as a 3DOM* probe for high-saline DOM solutions as well 
(Glover and Rosario-Ortiz, 2013) and the possible interference from the 
produced Br radicals was confirmed to be minor under the presented 
experimental conditions (detailed in Text S5). fTMP was calculated 
instead of quantum yield for the production of 3DOM* because of the 
diverse reactivities of 3DOM* from different sources (Erickson et al., 
2018). fTMP was calculated using the following equations (Eqs. (1) and 
(2)). 

fTMP = kTMP/Rabs (1)  
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Rabs =
1
l

∑

λ
I0,λ

(
1 − 10− αλl)Δλ (2)  

where kTMP (s− 1) is the first-order degradation rate constant of TMP, 
which was determined by high-performance liquid chromatography 
(Text S6); Rabs is the light absorption rate from 280 to 400 nm using Eq. 
2; l is the optical path length of the tube; I0,λ is the absolute spectral 
irradiance of the incident light (in (mol photons) s− 1 nm− 1 cm− 2); and αλ 
is the decadic absorption coefficient of the reservoir sample (in cm− 1). 

The proportion of Hi-3DOM* was investigated by adding 1 mM sorbic 
alcohol (SA) to quench Hi-3DOM* in the solutions (Zhou et al., 2019). 
The shift of fTMP (fHi-TMP) was attributed to the quenching of Hi-3DOM*. 

fHi− TMP = (kTMP − kTMP− SA)/Rabs (3)  

where kTMP-SA is the first-order degradation rate constant of TMP after 
the addition of 1 mM SA. 

2.4. Data analysis and empirical models 

Pearson’s correlation analysis was applied to fTMP, bulk water 
properties, and catchment characteristics, and significantly correlated 
properties (p < 0.05) were used to develop simple linear regression 
(SLR) models. Then, orthogonal partial least squares (OPLS) regression 
(ropls package) (Thévenot et al., 2015) validated by cross-validation, 
was used to identify the most influential bulk water properties as pre-
dictors for developing stepwise multiple linear regression (MLR) models 
(forward selection with a criterion of p < 0.1). These regressions were 
performed using the R programming (R 4.2.3). Furthermore, we 
employed the random forest (RF) method, which can capture the 
non-linear patterns in the dataset and is largely immune to collinearity 
among predicators (Lindner et al., 2022), to develop the fTMP estimation 
model for three datasets: freshwater, coastal seawater, and their com-
bined dataset. For each of them, the dataset was split into training set 

(80 %) and testing set (20 %) for fitting and evaluating models by using 
sklearn’s RandomForestRegressor function in Python package (detailed in 
Text S7). The performance of all models was evaluated using the coef-
ficient of determination (r2) and root mean square error (RMSE). The 
fTMP of the lake/pond and the reference natural organic matter (NOM) 
were employed to test the performance of the developed SLR, MLR, and 
RF models. 

3. Results and discussion 

3.1. Bulk water property of freshwater and coastal seawater 

The concentrations of NO3
− /NO2

− in coastal seawater samples were 
under detection limit of the applied method (< 0.01 mg L− 1, Table S4) 
and the highest concentrations of NO3

− and NO2
− were 3.98 mg L− 1 and 

0.40 mg L− 1 in freshwater samples (Table S5). The DOC ranged from 
0.46 mgC L− 1 to 2.10 mgC L− 1 in freshwater samples and 0.71 mgC L− 1 

to 1.47 mgC L− 1 in coastal seawater samples, with an average value of 
about 1 mgC L− 1 for both. Thus, the light absorption by NO2

− and NO3
−

was marginal (detailed in Text S8) and DOM was the major light- 
absorbing component. DOC, pH (≈ 8), S350− 400, S300− 600, and FI 
showed no significant difference between inland freshwater and coastal 
seawater samples (Fig. 2 and Tables S3, S6 and S7). In contrast, the 
averages of SUVA254, a300, and HIX of freshwater samples were signif-
icantly higher than coastal seawater samples (Fig. 2), indicating a higher 
degree of aromaticity and hydrophobic organic acids (SUVA254 and 
a300), and a longer period of humification (HIX) compared to DOM from 
coastal seawater (D’Andrilli et al., 2022; Spencer et al., 2012). Mean-
while, the averages of E2:E3, S275− 295, and BIX of freshwater samples 
were significantly lower than coastal seawater samples, suggesting the 
dominance of high-molecular-weight components in freshwater DOM 
compared to the coastal seawater DOM (Helms et al., 2008; Peuravuori 
and Pihlaja, 1997). Furthermore, BIX of the coastal seawater DOM was 

Fig. 1. Sampling map of the reservoir (F1–F50 in black), coastal seawater (S1–S30 in blue), and lake/pond samples (L1–L8 in red).  
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close to unity, demonstrating that the seawater DOM are predominantly 
microbial, whereas a mean of 0.65 for BIX of the freshwater DOM in-
dicates a terrestrial source (Huguet et al., 2009). In summary, the 
freshwater DOM originated mainly from terrestrial sources, while the 
coastal seawater DOM were microbial-dominated. Seawater DOM 
exhibited lower light absorption ability, contained a relatively higher 
abundance of low-molecular-weight components, and underwent less 
humification than freshwater DOM. 

3.2. Quantum yield coefficient of 3DOM* (fTMP) 

TMP degradation followed pseudo-first-order kinetics (r2 > 0.96, p <
0.05) (Figure S2). fTMP of the referenced Suwannee River Fulvic acid 
(SRFA) and Suwannee River natural organic matter (SRNOM) fell within 
the previously reported range (Table S8), indicating the reliable deter-
mination of fTMP in our experiments. fTMP of freshwater samples ranged 
from 31.3 M− 1 of Sameura dam (F40) to 168 M− 1 of Shimokubo dam 
(F22) with an average of 61.2 M− 1 (Fig. 3a and Table S9). This average 
was significantly lower (p < 0.01) than that of coastal seawater samples 
(79.7 M− 1), which ranged from 27.0 M− 1 of Mutsu Bay (S12) to 176 M− 1 

of Wakasa Bay (S6). This difference can be caused by the different 
average DOM properties of these two types of water (Section 3.1). 

Most of the fTMP (> 70 %) occurred between 30 M− 1 and 65 M− 1 for 
freshwater samples, whereas fTMP varied mainly (> 76 %) between 60 
M− 1 and 100 M− 1 for coastal seawater samples, inferring the presence of 
different major DOM components responsible for the photo-production 
of 3DOM*. This difference in 3DOM* precursors could be resulted from 
the tendency of the less aromatic and more branched aliphatic structures 
in seawater DOM than in freshwater DOM (Wang et al., 2019). Mean-
while, they showed a certain overlap in fTMP (i.e., 60 M− 1 to 70 M− 1), 
indicating either similar chemical components of DOM in terms of 

3DOM* production or different quenching effects of 3DOM*, which 
resulted in a similar fTMP (Wenk and Canonica, 2012). The different 
concentration levels of coexisting inorganic salts might be another factor 
because halide ions and TMP might competitively consume 3DOM* 
(Parker and Mitch, 2016). 

The average fTMP of the coastal seawater samples was higher than 
that of the freshwater samples, whereas it was significantly lower than 
that in previously reported studies focusing on seawater, wetlands, and 
stormwater (p < 0.05) (Fig. 4 and Table S10). The inconsistency be-
tween fTMP of coastal seawater in this study and literature in Fig. 4 is 
possibly due to the different terrestrial inputs (or sources) to these 
seawater DOM pools. Among the reported fTMP, we observed high fTMP 
from estuarine water samples drained through everglades (wetland) 
(McKay et al., 2017) while the coastal seawater samples collected in the 
current study were mostly from sandy shores (Fig. 1). Thus, it can be 
inferred that DOM generated in highly productive wetlands can be 
efficient in 3DOM* production, which is consistent with the high fTMP in 
the observation (Fig. 4). It should be noted that DOM in estuarine water 
and nearshore seawater, may contain different proportions of terrestrial 
input from disparate land covers, which may exhibit different fTMP. 
Thus, further study is recommended to investigate fTMP of estuarine and 
nearshore samples drained from disparate land covers. Furthermore, 
fTMP of offshore seawater (open ocean) is much less reported where 
pollutants were also detected (Biel-Maeso et al., 2018). 

Furthermore, the average fTMP of our freshwater samples (i.e., res-
ervoirs) was similar to that of rivers, lakes, and wastewater (mostly 
effluent from treatment plants in the data) in the literature but the 
ranges were slightly wider for the literature data especially for lakes 
(Fig. 4). It is reasonable that DOM as well as the fTMP show some simi-
larities among reservoirs, rivers and lakes because reservoirs show semi- 
lake/semi-river characteristics (He et al., 2020). The similarity between 

Fig. 2. Main bulk water property of inland freshwater (n = 50) and coastal seawater samples (n = 30). IQR: interquartile range. Significant differences between two 
sample sets were analyzed by t-test with significance level of 0.05. 
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Fig. 3. Distribution of the quantum yield coefficients for photo-production of (a) 3DOM* (fTMP) and (b) Hi-3DOM* (fHi-TMP) in inland freshwater (n = 50) and coastal 
seawater (n = 30) samples. The proportions were calculated within a bin size of 10 M− 1. SRFA: Suwannee River Fulvic Acid; SRNOM: Suwannee River Natural 
Organic Matter; UMRNOM: Upper Mississippi River Natural Organic Matter. For the sample codes, refer Tables S6 and S7. 

Fig. 4. Comparison of quantum yield coefficients (fTMP) in the inland freshwater and coastal seawater samples determined in this study and those in literature for 
other types of water bodies (IQR: interquartile range, and data in Table S18). 
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fTMP of reservoir and wastewater effluent is not well understood because 
they are generally from different sources (terrestrial and microbial 
sources for reservoirs and wastewater (Guo et al., 2023b; Zhou et al., 
2019)), which generally behave differently in quantum yield (Ossola 
et al., 2021). 

However, it is known that treatment methods such as UV irradiation, 
chlorination, and ozonation, affect fTMP of wastewater (Wan et al., 
2022). Thus, it is worth characterizing DOM from these natural waters 
and wastewater effluents to understand their similarity in fTMP. 
Furthermore, the wider ranges for freshwater data in the literature were 
likely due to the higher diversity of samples from regions in the world (e. 
g., 214 lake samples collected from North America, North, Central and 
South Europe, Central East Asia, and Antarctic). Our experimental re-
sults additionally supplemented the unknown fTMP of DOM in inland 
freshwater and coastal seawater in the northwestern Pacific region 
(Fig. 1). Nevertheless, additional investigation is still needed for quan-
tum yield data (not only fTMP) especially in tropical areas (South 
America, Africa, and East Asia) as pointed by Ossola et al. (2021). 

3.3. Quantum yield coefficient of Hi-3DOM* (fHi-TMP) 

fHi-TMP of the freshwater samples ranged from 13.5 M− 1 at the Ara-
kawa dam (F50) to 123 M− 1 at the Shimokubo dam (F22), while fHi-TMP 
of the coastal seawater samples was observed to be as low as 0.37 M− 1 in 
Sagami Bay (S5) and the highest fHi-TMP was 69.0 M− 1 at coastal 
seawater near Hachinohe city (S8) (Fig. 3b and Table S9). The average 
fHi-TMP of freshwater samples was 40.7 M− 1, which was not significantly 
higher than the average fHi-TMP (36.0 M− 1) in coastal seawater samples 

(p = 0.31). The corresponding proportions of Hi-3DOM* to 3DOM* 
(denoted as %Hi-3DOM*) ranged from 34.2 % at the Ikeda dam (F39) to 
76.3 % at the Yagisawa dam (F21) for freshwater and from 0.41 % at 
Sagami Bay (S5) to 74.8 % at the western part of Ise bay (S26) for coastal 
seawater samples. The overall averaged%Hi-3DOM* of 65.4 % in the 
freshwater samples was significantly higher than that in coastal 
seawater with an average of 45.4 %. 

The%Hi-3DOM* in the coastal seawater samples ranged wider 
(nearly 0 %–74.8 %) compared to the freshwater samples (34.3 %–76.3 
%), indicating a high variability in the reactivity of 3DOM* in coastal 
seawater. This could be attributed to the various sources (e.g., riverine 
input and algal production) of coastal seawater DOM that contribute to 
the varying amounts of Hi-3DOM* precursors. In addition, coastal 
seawater components, such as antioxidants (phenolic moieties) and the 
abundant halide ions possibly quench Hi-3DOM*. Given that the con-
centration of phenolic antioxidants was one order of magnitude lower in 
seawater DOM than that in freshwater DOM (terrestrially derived) (Guo 
et al., 2021), quenching of Hi-3DOM* by phenolic antioxidants may not 
be predominant in seawater. Furthermore, given the negative correla-
tion between salinity/conductivity and%Hi-3DOM* (Fig. 5), quenching 
of Hi-3DOM* by the abundant halide ions was highly probable, which 
could explain the lower average of%Hi-3DOM*in coastal seawater than 
in freshwater samples. 

The average%Hi-3DOM* for freshwater samples (65.4 %) was com-
parable to that of wastewater effluent organic matter (65 %) (Zhou et al., 
2019) despite their difference in the major sources (terrestrial fresh-
water samples vs microbial wastewater effluent organic matter). A 
previous study reported that microbial derived DOM showed a higher% 

Fig. 5. Correlation matrix between the quantum yield coefficients (fTMP, fHi-TMP, and %Hi-3DOM*) and bulk water property (including catchment and reservoir 
characteristics) in the overall dataset, inland freshwater, and coastal seawater samples (*: p < 0.05, **: p < 0.01). %Forest is the areal proportion of forests in a 
catchment, including evergreen/deciduous coniferous/broadleaf forests (natural and secondary forests and planation). Some insignificant correlations were not 
shown here and were detailed in Figure S2). 
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Hi-3DOM* than terrestrially derived DOM (Zhou et al., 2019). Thus, 
other factors such as degrees of photobleaching and humification may 
determine%Hi-3DOM* because these processes influence the contents of 
3DOM* precursors and quenchers (Helms et al., 2014). Since the pre-
cursors of Hi-3DOM* were suggested to be aromatic ketones (Zhou et al., 
2017; Zhou et al., 2019), humification of freshwater DOM likely con-
tributes more aryl ketones acting as Hi-3DOM* precursors (Cao and 
Schmidt-Rohr, 2018). These results serve as the first dataset ever 
showing comparable ranges of %Hi-3DOM* of freshwater and coastal 
seawater, which provides insights into the reactivity of 3DOM* in the 
aquatic environment. 

3.4. Correlation between quantum yield coefficients and bulk water 
properties 

3.4.1. fTMP and water properties in the overall dataset 
In the overall dataset, significant correlations were observed be-

tween fTMP and various bulk water properties, including a254, a300, E2:E3, 
S275− 295, S350− 400, S300− 600, SUVA254, a, m, c, FI, BIX, HIX, and salinity/ 
conductivity. Among them, strong correlations were observed between 
fTMP and E2:E3, S350− 400, and S300− 600 (r = 0.80,0.66, and 0.61, 
respectively) (Fig. 5 and Table S11). E2:E3 showed the strongest corre-
lation with fTMP (r = 0.80), whereas previous studies have often 
observed stronger correlations of fTMP with spectral slopes than E2:E3 
(Ossola et al., 2021; Peterson et al., 2012; Wasswa et al., 2020). Thus, 
these correlations suggest that rather than spectral slopes, E2:E3 could be 
a predicator suitable for modeling diverse water properties covering 
inland freshwater and coastal seawater. This could be because spectral 
slopes take all spectral information for a specific range (i.e., 275 to 295 
nm, 350 to 400 nm, and 300 to 600 nm) (Text S3), which could be 
different among particular sample types. On the contrary, E2:E3 only 
uses the absorbance at 254 nm and 365 nm of the DOM absorption 
spectra, which is not as specific as spectral slopes and thus describe a key 
optical property in a comparable manner. Moreover, this may also stem 
from the important roles that are closely related to aromatic structure of 
DOM as it can be characterized by light absorption at 254 nm (SUVA254) 
(Weishaar et al., 2003). Thus, the E2:E3 seems a better predicator for 
modeling quantum yield of diverse water types than spectral slopes. 

3.4.2. fTMP and water properties in freshwater samples 
In freshwater samples, fTMP was significantly correlated with multi-

ple bulk water properties, including a254, a300, E2:E3, S275− 295, S350− 400, 
S300− 600, SR, SUVA254, t, FI, BIX, HIX, and conductivity (Figs. 5 and 
Table S12). Strong correlations were observed between fTMP and E2:E3, 
S350− 400, S300− 600, and S275− 295 (r = 0.81, 0.85, 0.72, and 0.63, 
respectively), which were similar to those in the overall dataset, whereas 
fTMP showed the strongest correlation with S350− 400 (r = 0.85). A strong 
correlation was previously observed between S350− 400 and Φ1O2 (r =
0.84) in the same freshwater samples (Guo et al., 2023b). S350− 400 
represents the relatively refractory DOM that is resistant to photo-
degradation, while S275− 295 reflects photolabile components (Grunert 
et al., 2018; Helms et al., 2013). Thus, the refractory components of 
DOM seem influential in both the 3DOM* and 1O2 production in inland 
freshwater. fTMP was strongly correlated with the quantum yield for 
photo-production of 1O2 (Φ1O2), determined in the same freshwater 
samples previously (Guo et al., 2023b) (r2 = 0.87, Figure S3). This is 
consistent with the known mechanism by which 1O2 is produced via the 
energy transfer between 3DOM* and O2 (McNeill and Canonica, 2016). 
Considering the known reaction mechanism between 3DOM* and TMP 
(electron-transfer) (Rosario-Ortiz and Canonica, 2016), the strong cor-
relation indicates that the DOM molecules that can photochemically (via 
triplet-states) induce electron-transfer reaction can also induce 
energy-transfer to oxygen molecules in the freshwater samples. Inter-
estingly, the correlation with conductivity was stronger (r = 0.36) than 
that observed for the overall dataset (r = 0.28). This indicates that 
inorganic ions in the freshwater samples can accelerate the production 

of 3DOM*. This is possibly due to the decrease of decay rate constant of 
3DOM* along with an increase in ionic strength, which inhibits the 
3DOM*-induced electron transfer reactions within the DOM aggerates 
(Parker et al., 2013). 

The fTMP also significantly correlated with many catchment charac-
teristics of the freshwater, including land cover ratio of forests (%For-
est), paddy field, and naturally bare land, and catchment slope (Figs. 5 
and S3). fTMP showed a negative correlation (r = − 0.30) with forest 
cover (areal ratio: 45 %–97 %) in freshwater catchments (%Forest in 
Fig. 5), and the forest proportion was positively correlated to DOC 
concentration (Figure S4). Thus, forest coverage possibly determines 
DOM in reservoir catchments, which is characterized by a relatively low 
fTMP. In contrast, the proportions of paddy fields (0 %–20 %) and bare 
land (0 %–5 %) were positively correlated with fTMP (r = 0.31 and 0.52, 
Figure S4). The proportion of paddy fields correlated positively with 
molecular indicators (E2:E3, S350− 400, and S300− 600), inferring that more 
DOM input from paddy field cover contributes to more low-molecular- 
weight components (Peuravuori and Pihlaja, 1997). Meanwhile, the 
proportion of naturally bare land positively correlated with BIX and 
negatively correlated with HIX, indicating that DOM is likely 
microbial-derived (Figure S4). Hence, these results demonstrate that 
bare land and paddy fields contribute DOM with relatively 
low-molecular-weight components from microbial sources, which are 
efficient in 3DOM* production. 

Furthermore, the positive correlation (r = 0.32) between the catch-
ment slope (9.0◦–34◦) and fTMP indicates that inland freshwater from a 
steeper catchment is more efficient in 3DOM* generation. Additional 
analysis revealed a positive correlation between the catchment slope 
and E2:E3 and the three spectral slopes, as well as a negative correlation 
with HIX (Figure S4). These patterns indicate that a steeper catchment 
slope contributes DOM with fewer molecular sizes and fewer humified 
compounds to the reservoirs, possibly because of the shorter retention 
time of soil organic matter in the catchments. These relationships are 
consistent with previous studies reporting that DOM with more low- 
molecular-weight components is more efficient in producing 3DOM* 
(Ossola et al., 2021). 

3.4.3. fTMP and water properties in coastal seawater samples 
In contrast to freshwater samples, coastal seawater samples showed 

fewer correlations between fTMP and bulk water properties than the 
overall dataset and freshwater samples (Fig. 5 and Table S13). The fewer 
correlations with optical properties (i.e., a254, a300, and SUVA254, FI, 
BIX, and HIX) than that in freshwater can result from the relatively 
narrower ranges of optical properties for seawater samples. Only E2:E3, 
S275− 295, S350− 400, and S300− 600 showed significant correlations and 
correlations with E2:E3 and S300− 600 were strong with r of 0.80 and 0.77, 
respectively. Correlations with the optical properties of a254, a300, and 
SUVA254, FI, BIX, and HIX were not significant, in contrast to freshwater 
samples. Considering the relatively low SUVA254 for coastal seawater 
(Table S7), these results suggested that non-aromatic components 
possibly account for a major portion of coastal seawater DOM, among 
which carbonyl and olefinic structures are possibly responsible for 
3DOM* production, as previously reported (Seidel et al., 2022). Alter-
natively, this may suggest that the aromatic structures in coastal 
seawater DOM are efficient in utilizing light to produce 3DOM*. These 
findings indicate that the major DOM components responsible for 
3DOM* production differ between inland freshwater and coastal 
seawater, possibly in terms of their molecular size and aromaticity. It is 
also possible that forest-derived aromatic components mask and further 
quench the photo-reactivity of non-aromatic components, resulting in a 
lower fTMP. Since the contents of these structures acting as quenchers 
have been reported to be higher in terrestrial freshwater DOM than 
seawater DOM (Guo et al., 2021), such a quenching effect is highly 
probable. Thus, our next challenge is the investigation of specific 
organic components/structures controlling fTMP to better understand the 
photo-reactivity of environmental water, while the actual reactivity of 
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3DOM* in the water environment needs to be investigated in parallel 
with the determination of TMP. 

Among the spectral slopes, fTMP exhibited the strongest correlation 
with S300− 600 (r = 0.77), whereas in the freshwater samples, the stron-
gest correlation was shown with S350− 400 (r = 0.85). The correlation 
coefficient between fTMP and each spectral slope (e.g., S275− 295) for 
inland freshwater was different from the corresponding coefficient for 
coastal seawater (Fig. 6a) while the correlation coefficient between fTMP 
and E2:E3 in coastal seawater was similar to that in inland freshwater (r 
= 0.80) (Fig. 6b). This further indicates that E2:E3 could be a more 
practical predictor than spectral slopes for modeling fTMP in a diverse 
sample set containing freshwater and seawater. 

3.4.4. fHi-TMP and water properties 
fHi-TMP was significantly correlated with E2:E3, S350− 400, S300− 600, SR, 

and FI, among which only S350− 400 was strongly correlated with fHi-TMP 
(r = 0.66), in the overall dataset (Fig. 5). In freshwater samples, similar 
significant correlations were observed between bulk water properties 
and fHi-TMP as those observed for fTMP, which was reasonable considering 
the relatively high%Hi-3DOM* in freshwater DOM (> 34.2 %, Table S9). 
The correlation between fHi-TMP and the area of naturally bare land (r =
0.53) was slightly stronger than that of fTMP, indicating DOM originated 
from naturally bare land is abundant in Hi-3DOM* precursors. The 
conductivity was positively correlated to both fHi-TMP and fTMP (r = 0.35 
and 0.36, respectively), suggesting high conductivity is beneficial for 
both production of both 3DOM* and Hi-3DOM* in freshwater samples. 
This can be due to that an increase in ionic strength that can decrease the 
decay rate constant of 3DOM* (Parker et al., 2013). 

In the coastal seawater samples, more significant correlations were 
observed between fHi-TMP than fTMP and bulk water properties 
(Table S13). These water properties included a254, a300, S350− 400, SR, 
SUVA254, t, m, FI, DOC and salinity/conductivity. Notably, most of the 
correlation coefficients between fHi-TMP and bulk water properties were 
the inverse to those for freshwater samples. For instance, the correla-
tions with a254, a300, SUVA254, t, and m were positive for coastal 
seawater but negative for inland freshwater (Fig. 5). This indicates 
different Hi-3DOM* precursors in freshwater and coastal seawater DOM. 
Furthermore, the significant correlation between DOC concentration 
(range: 0.71 mgC/L–1.5 mgC/L) and fHi-TMP was confirmed only for the 
seawater samples (r = 0.51, p = 0.004), for which DOC concentration 
also showed a positive correlation with%Hi-3DOM* (Fig. 5). These re-
sults indicate that coastal seawater with higher DOC concentration can 
be more efficient in generating Hi-3DOM* and thus Hi-3DOM* pre-
cursors likely account for a major portion of coastal seawater DOM. 

Salinity/conductivity was negatively correlated with fHi-TMP, 
possibly indicating the consumption of Hi-3DOM* by salts in seawater, 
in contrast to the abovementioned possible promoting effect at low 
salinity levels in inland freshwater. The inhibitory effect in coastal 

seawater could be due to additional halide ions (Parker and Mitch, 
2016), which preferentially consumed the more reactive Hi-3DOM* 
(possibly microbial and algal origins) than low-energy 3DOM* (Zhou 
et al., 2019). As 3DOM* can react with halide ions to form halogen 
radicals (Parker and Mitch, 2016), we speculated that the reaction be-
tween Hi-3DOM* and halide ions could play a more critical role in 
halogen radical generation in seawater than that of low-energy 3DOM. 
Therefore, this reaction may be an important source of halogen radicals 
in sunlit seawater. Particularly, the Hi-3DOM* may play an important 
role in producing Cl⋅ (single Cl radical), as the energy requirement for 
oxidizing Cl− to Cl⋅ is high (2.5 VSHE) (Zhang and Parker, 2018). 

3.5. Empirical models of fTMP and their application 

In SLR modeling (Table S14), S350− 400 exhibited the best perfor-
mance for estimating fTMP-F-SLR in freshwater samples (r2 = 0.72, RMSE 
= 16.3, Eq. (4), Fig. 7). E2:E3 performed the best for estimating fTMP-S-SLR 
in coastal seawater samples (r2 = 0.63 and RMSE = 15.5 (Eq. (5))) and 
for the overall dataset (fTMP-SLR; r2 = 0.64 and RMSE = 18.2 (Eq. (6))). It 
is worth noting that E2:E3 exhibited a strong estimation ability for all 
three datasets though the parameters of E2:E3-based SLR models differed 
(Table S14). Thus, E2:E3 may be a practical predictor for both freshwater 
and seawater. The current fTMP-SLR model is the only available tool for 
estimating fTMP in seawater which is necessary for risk assessment of 
organic micropollutants in seawater. Further studies should be con-
ducted to comprehensively clarify the applicability of the fTMP-SLR model 
in other types of water environments. 

Inland freshwater :
fTMP− F− SLR = 7705 S350− 400 − 65.41 (4)  

Coastal seawater :
fTMP− S− SLR = 12.28E2 : E3 − 2.466 (5)  

Overall dataset :
fTMP− SLR = 15.44 E2 : E3 − 22.04 (6) 

Based on the OPLS analysis, E2:E3 and spectral slopes (S275− 295, 
S300− 600, and S350− 400) showed VIP scores greater than 1.0 
(Tables S15− S16 and Figures S5− S7); thus, they were used for stepwise 
MLR modeling for each of the three datasets. The MLR model employed 
S350− 400 and BIX as predictors for freshwater samples (fTMP-F− MLR, Eq. 
(7)), with an r2 of 0.84 and RMSE of 12.3, and employed E2:E3 and 
S300− 600 for coastal seawater samples, with an r2 of 0.66 and RMSE of 
14.5 (fTMP-S− MLR, Eq. (8)) (Fig. 7e and 7h). E2:E3 and S350− 400 were 
selected for modeling the overall dataset (r2 = 0.67 and RMSE = 17.4, 
fTMP− MLR, Eq. (9)). 

Fig. 6. Correlation plot between fTMP and (a) S275–295 and (b) E2:E3 of inland freshwater (n = 50) and coastal seawater (n = 30) samples.  
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Inland freshwater :
fTMP− F− MLR = 6980 S350− 400 + 170.6 BIX − 165.2 (7)  

Coastal seawater :
fTMP− S− MLR = 428.2 S300− 600 + 8.017 E2 : E3 + 16.79 (8)  

Overall dataset :
fTMP− MLR = 1584 S350− 400 + 12.50 E2 : E3 − 31.06 (9)  

Compared to the SLR models, fTMP-F− MLR (freshwater) exhibited a 
slightly increased performance, whereas fTMP− MLR (overall dataset) and 
fTMP-S− MLR (seawater) showed no substantial improvement. Expression 
of the MLR models depends on the data (i.e., water samples) because of 
the different bulk water properties between freshwater and coastal 
seawater samples (Fig. 2). Simultaneously, two of the MLR models suf-
fered from multicolinearlity which usually occurred in previous MLR 
modeling (Du et al., 2018; McKay et al., 2017; Wasswa et al., 2020). The 
S300− 600 and E2:E3 in fTMP-S− MLR were significantly correlated (r = 0.80, 
p < 0.01) and the E2:E3 and another spectral slope, S350− 400 were 
correlated (p < 0.01, r = 0.75) in fTMP− MLR. The S350− 400 and BIX in 
fTMP-F− MLR were not correlated (r = 0.23, p = 0.11). Thus, currently the 
SLR model based solely on E2:E3 (Eq. (6)) may be a practical model for 
estimating fTMP. 

RF models further decreased the RMSE from SLR and MLR, with r2 =

0.86, 0.80, and 0.82, and RMSE = 9.06, 11.5, and 10.5, for freshwater, 
coastal seawater, and the overall dataset, respectively. The most 
important features (feature importance > 0.1, Table S17) were E2:E3, 
S300− 600 and S350− 400 for the overall dataset, S350− 400, E2:E3 and 
S300− 600 for the freshwater samples, and S300− 600, t, and FI for the 
coastal seawater samples. In all RF models, spectral slopes were selected 
as influential predictors, which generally exhibited a stronger correla-
tion with quantum yield than E2:E3 (Ossola et al., 2021). However, 
overfitting has been observed for coastal seawater samples even after 
hyperparameter (Text S7). This is reasonable because a smaller dataset 
(i.e., coastal seawater samples vs freshwater samples) is more suscepti-
ble to overfitting (Kohavi and Sommerfield, 1995). Note that several 
water properties are needed in the estimation of fTMP using the RF 
models (at least E2:E3, S350− 400, S300− 600, t, and FI), which makes it more 
time-consuming than the application of the SLR models. 

The applications of linear regression and RF models to the samples of 
lakes (L3, L7, and L8), ponds (L1, L2, and L4− L6), and reference NOM 
(SRFA, SRNOM, and Upper Mississippi River natural organic matter 
(UMRNOM)) resulted in an RMSE of approximately 40 M− 1 (38.5 to 46.0 
M− 1), except for fTMP-F-SLR (Eq. (4)) showing the highest RMSE of 60.0 
M− 1 (Table S18). Interestingly, regarding SLR models, the functions of 
E2:E3 performed better for the lake, pond, and reference NOM samples 

Fig. 7. Performance of the developed models in the (a-c) overall dataset (fTMP), (d-f) inland freshwater samples (fTMP-F), and (g-i) the coastal seawater samples 
(fTMP-S). 
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than the function of S350− 400 (fTMP-F-SLR, Eq. (4)) (Table S18). This result 
also supports the significance of E2:E3 as a practical predicator for 
estimating fTMP in a diverse sample set while S350− 400 seems to be valid 
only for the reservoir samples. The MLR models slightly outperformed 
SLR models for the coastal seawater samples and the overall dataset. 
When estimating fTMP for lake/pond and reference NOM, the RF models 
did not obviously outperform SLR and MLR models, although RF showed 
better performance than the other models for freshwater and coastal 
seawater samples. Therefore, we concluded that the SLR model (i.e., the 
linear function of E2:E3, fTMP-SLR, Eq. (6)) could be a practical model for 
the wide estimation of fTMP, whereas the RF models are more accurate 
than the SLR models for the modelled samples. 

4. Conclusions 

This study comparably quantified quantum yield coefficient for 
photo-production of both 3DOM* and Hi-3DOM* in coastal seawater and 
inland freshwater and developed available fTMP estimation models that 
can be applied to both freshwater and seawater. Coastal seawater DOM 
was found to be mainly dominated by microbial DOM, which contained 
more low-molecular-weight components and was lower in light ab-
sorption compared with freshwater (reservoir) DOM which was mainly 
from terrestrial sources. fTMP in average was higher in coastal seawater 
(79.7 M− 1) than in freshwater samples (61.2 M− 1). For the first time, we 
observed the proportion of Hi-3DOM* varied greatly in coastal seawater 
(0.4 % to 71.8 %) compared to the range of 34.3 % to 76.3 % in fresh-
water samples. 

Catchment characteristics of inland freshwater such as different land 
covers and catchment slopes can affect fTMP. E2:E3 and spectral slopes 
were both significantly correlated with fTMP in coastal seawater and 
freshwater samples, which were used for further modeling fTMP. The 
model analyses revealed that E2:E3 was possibly a more reliable 
parameter in SLR modeling than spectral slopes for a wide estimation of 
fTMP including both freshwater and seawater, even though spectral 
slopes usually outperform than E2:E3. Machine-learning based RF 
showed the best performance in estimating fTMP regardless of sample 
types, while a larger dataset is recommended for a better model. Since 
3DOM* plays important roles in the natural degradation processes of 
organic pollutants and global carbon cycle in both inland freshwater and 
seawater, the modeling of fTMP and the investigation of highly reactive 
3DOM* are of practical significance in environmental management. 
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