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Abstract: Chromophoric dissolved organic matter (CDOM) plays a vital role in the 41 

biogeochemical cycle in aquatic ecosystems. The relationship between CDOM and 42 

dissolved organic carbon (DOC) has been investigated, and the significant relationship 43 

lays the foundation for the estimation of DOC using remotely sensed imagery data. The 44 

current study examined the samples from freshwater lakes, saline lakes, rivers and 45 

streams, urban water bodies, and ice-covered lakes in China for tracking the variation 46 

of the relationships between DOC and CDOM. The regression model slopes for DOC 47 

versus aCDOM(275) ranged from extreme low 0.33 (highly saline lakes) to 1.03 (urban 48 

waters) and 3.01 (river waters). The low values were observed in saline lake waters and 49 

waters from semi-arid or arid regions where strong photo-bleaching is expected due to 50 

less cloud cover, longer water residence time and daylight hours. In contrast, high 51 

values were found in waters developed in wetlands or forest in Northeast China, where 52 

more organic matter was transported from catchment to waters. The study also 53 

demonstrated that closer relationships between CDOM and DOC were revealed when 54 

aCDOM(275) were sorted by the ratio of aCDOM(250)/aCDOM(365), which is a measure for 55 
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the CDOM absorption with respect to its composition, and the determination of 56 

coefficient of the regression models ranged from 0.79 to 0.98 for different groups of 57 

waters. Our results indicated the relationships between CDOM and DOC are variable 58 

for different inland waters, thus models for DOC estimation through linking with 59 

CDOM absorption need to be tailored according to water types. 60 

 61 

Keywords: Absorption, CDOM, DOC, regression slope, saline water, fresh water 62 
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1. Introduction 64 

Inland waters play a disproportional role for the global carbon cycling with respect to 65 

carbon transportation, transformation and carbon storage (Tranvik et al., 2009; 66 

Raymond et al., 2013; Verpoorter et al., 2014; Yang et al., 2015). However, the amount 67 

of dissolved organic carbon (DOC) stored in the inland waters is still unclear or the 68 

uncertainty is still needed to be evaluated (Tranvik et al., 2009). Determination DOC 69 

concentration is straightforward through field sampling and laboratory analysis 70 

(Findlay and Sinsabaugh, 2003). However, there are millions of lakes in the world, and 71 

many of them are remote and inaccessible, making it impossible to evaluate DOC 72 

concentration using routine approach (Cardille et al., 2013; Brezonik et al., 2015; Pekel 73 

et al., 2016). Researchers have found that remote sensing might provide a promising 74 

tool for quantification of DOC of inland waters at large scale through linking DOC with 75 

chromophoric dissolved organic matter (CDOM), particularly for inland waters 76 

situating in remote area with less accessibility (Tranvik et al., 2009; Kutser et al., 2015; 77 

Brezonik et al., 2015). 78 

As one of the optically active constituents (OACs) in waters, CDOM can be 79 

estimated through remotely sensed signals (Yu et al., 2010; Kutser et al., 2015), and is 80 

acted as a proxy in many regions for the amount of DOC in the water column. As shown 81 

in Fig.1, CDOM and DOC in the aquatic ecosystems are mainly originated from natural 82 

external (allochthonous) and internal (autochthonous) sources, in addition to directly 83 

discharge from anthropogenic activities (Zhou et al., 2016). Generally, the 84 

autochthonous CDOM is essentially originatesd from algae and macrophytes, and 85 
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mainly consists of various compounds of low molecular weights (Findlay and 86 

Sinsabaugh, 2003; Zhang et al., 2010). While, the allochthonous CDOM is mainly 87 

derived from the surrounding terrestrial ecosystems, and it comprises a continuum of 88 

small organic molecules to highly polymeric humic substances. In terms of CDOM 89 

originating from anthropogenic sources, it contains fatty acid, amino acid and sugar, 90 

thus the composition of CDOM is more complex than that from natural systems (Zhou 91 

et al., 2016; Zhao et al., 2016a). Hydrological factors also affect the DOC and CDOM 92 

characteristic and particularly, the discharge, catchment area, land use and travel time 93 

are the important ones (Neff et al., 2006; Spencer et al., 2012). 94 

[Insert Fig.1 about here] 95 

CDOM is a light-absorbing constituent, which is partially responsible for the color 96 

in waters (Bricaud et al., 1981; Reche et al., 1999; Babin et al., 2003). The chemical 97 

structure and origin of CDOM can be characterized by its absorption coefficients 98 

(aCDOM(λ)) and spectral slopes (De Haan and De Boer, 1987; Helms et al., 2008). 99 

Weishaar et al. (2003) has proven that the carbon specific absorption coefficient at 254 100 

nm, e.g., SUVA254 is a good tracer for the aromaticity of humic acid in CDOM, while 101 

the ratio of CDOM absorption at 250 to 365 nm, i.e., aCDOM(250)/aCDOM(365), herein, 102 

M value, has been successfully used to track the variation in DOM molecular weight 103 

(De Haan and De Boer, 1987). Biodegradation and photodegradation are the major 104 

processes to determine the transformation and composition of CDOM (Findlay and 105 

Sinsabaugh, 2003; Zhang et al., 2010), which ultimately affect the relationship between 106 

DOC and CDOM (Spencer et al., 2012; Yu et al., 2016). With prolonged sunlight 107 
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radiation, some of the colored fraction of CDOM is lost by the photobleaching 108 

processes (Miller et al., 1995; Zhang et al., 2010), which can be measured by the light 109 

absorbance decreasing at some specific (diagnostic) wavelength, e.g., 250, 254, 275, 110 

295, 360 and 440 nm.  111 

It should be noted that aCDOM(440) is usually used by remote sensing community 112 

due to this wavelength is overlapped with pigment absorption at 443 nm, thus reporting 113 

aCDOM(440) has potential to improve chlorophyll-a estimation accuracy (Lee et al., 114 

2002).The relationship between CDOM and DOC varies since CDOM loses color while 115 

the variation of DOC concentration is almost negligible. Saline or brackish lakes in the 116 

arid or semi-arid regions are generally exposed to longer sunlight radiation, thus CDOM 117 

absorbance decreases, while DOC is accumulated due to the longer residence time 118 

(Curtis and Adams, 1995; Song et al., 2013; Wen et al., 2016). Compared to 119 

photodegradation of CDOM, the biodegradation processes by microbes are much more 120 

complicated, and extracellular enzymes are the key factors required to decompose the 121 

high-molecular-weight CDOM into low-molecular-weight substrates (Findlay and 122 

Sinsabaugh, 2003). With compositional change, the absorption feature of CDOM and 123 

its relation to DOC varies correspondingly, and the relationship between CDOM and 124 

DOC needs to be systematically examined (Gonnelli et al., 2013). In addition, the 125 

SUVA254 and M value may be used to classify CDOM into different groups and enhance 126 

the relationship with DOC based on CDOM absorption grouping. 127 

Some studies have investigated the spatial and seasonal variations of CDOM and 128 

DOC in ice free season in lakes, rivers and oceans (Vodacek et al., 1997; Neff et al., 129 
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2006; Stedmon et al., 2011; Brezonik et al., 2015), but less is known about saline lakes 130 

(Song et al., 2013; Wen et al., 2016). Even less is known about urban waters influenced 131 

by sewage effluent and waters with ice cover in winter (Belzile et al., 2002; Zhao et al., 132 

2016b). A significant relationship between CDOM and DOC was observed in the Gulf 133 

of Mexico, and stable regression model was established between DOC and aCDOM(275) 134 

and aCDOM(295) (Fichot and Benner, 2011). Similar results were also found in other 135 

estuaries along a salinity gradient, for example the Baltic Sea surface water (Kowalczuk 136 

et al., 2010) and the Chesapeake Bay (Le et al., 2013). However, Chen et al. (2004) 137 

found that the relationship between CDOM and DOC was not conservative due to 138 

estuarine mixing or photo-degradation. Similar arguments were raised for Congo River 139 

and waters across mainland USA (Spencer et al., 2009, 2012). In addition, seasonal 140 

variations were observed in some studies due to the mixing of various endmembers of 141 

CDOM from different terrestrial ecosystems and internal source (Zhang et al., 2010; 142 

Spencer et al., 2012; Yu et al., 2016; Zhou et al., 2016).  143 

As demonstrated in Fig.1, several factors influence the association between DOC 144 

and CDOM, thus the relationship between DOC and CDOM may vary with respect to 145 

their origins, photo- or bio-degradations, and hydrological features, which is worth of 146 

systematic examination. In this study, the characteristics of DOC and CDOM in 147 

different inland waters across China were examined to determine the spatial feature 148 

associated with landscape variations, hydrologic conditions and saline gradients. The 149 

objectives of this study are to: 1) examine the relationship between CDOM and DOC 150 

concentrations across a wide range of waters with various physical, chemical and 151 
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biological conditions, and 2) develop a model for the relationship between DOC and 152 

CDOM based on the sorted CDOM absorption feature, e.g., the M values with aiming 153 

to improve the regression modeling accuracy.  154 

2. Materials and Methods 155 

The dataset is composed of five subsets of samples collected from various types of 156 

waters across China (Table 1, Fig.2), which encompassed a wide range of DOC and 157 

CDOM. The first dataset (n = 288; from early spring 2009 to late October 2014) 158 

includes samples collected in freshwater lakes and reservoirs during the growing season 159 

with various landscape types. The second dataset (n = 345; from early spring 2010 to 160 

late mid-September 2014) includes samples collected in brackish to saline water bodies. 161 

The third dataset (n =322; from early May 2012 to late July 2015) includes samples 162 

collected in rivers and streams across different basins in China. In addition, 69 samples 163 

were collected from three sections along the Songhua Rive, the Yalu and the Hunjiang 164 

River during the ice free period in 2015 to examine the impact of river flow on the 165 

relationship between DOC and CDOM (see Fig.S1 for location). The fourth dataset (n 166 

= 328; from 2011 to 2014 in the ice frozen season) includes samples collected in 167 

Northeast China in winter from both lake ice and underlying waters. The fifth dataset 168 

(n = 221; from early May 2013 to mid-October 2014) collects samples in urban water 169 

bodies, including lakes, ponds, rivers and streams, which were severely polluted by 170 

sewage effluents. City maps and Landsat imagery data acquired in 2014 or 2015 were 171 

used to delineate urban boundaries with ArcGIS 10.0 (ESRI Inc., Redlands, California, 172 

USA), and water bodies in these investigated cities constrained by urban boundaries 173 
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were considered as urban water bodies. The sampling dates, water body names and 174 

locations of other types of water bodies were provided in supplementary Table S1-4. 175 

[Insert Fig.2 about here] 176 

2.1 Water quality determination 177 

Water samples were collected approximately 0.5m below the water surface at each 178 

station, generally locating in the middle of water bodies. Water samples were collected 179 

in two 1 L amber HDPE bottles, and kept in coolers with ice packs in the field and kept 180 

in refrigerator at 4℃ after shipping back to the laboratory. All samples were 181 

preprocessed (e.g., filtration, pH and electrical conductivity (EC) determination) within 182 

two days in the laboratory. Water salinity was measured using DDS-307 EC meter 183 

(μS/cm) at room temperature (20±2℃) in the laboratory and converted to in situ salinity, 184 

expressed in practical salinity units (PSU). Water samples were filtered using Whatman 185 

cellulose acetone filter with pore size of 0.45 μm. Chlorophyll-a (Chl-a) was extracted 186 

and concentration was measured using a Shimadzu UV-2600PC spectrophotometer, the 187 

details can be found in Jeffrey and Humphrey (1975). Total suspended matter (TSM) 188 

was determined gravimetrically using pre-combusted Whatman GF/F filters with 189 

0.7μm pore size, details can be found in Song et al. (2013). DOC concentrations were 190 

measured by high temperature combustion (HTC) with water samples filtered through 191 

0.45 μm Whatman cellulose acetone filters (Zhao et al., 2016a). The standards for 192 

dissolved total carbon (DTC) were prepared from reagent grade potassium hydrogen 193 

phthalate in ultra-pure water, while dissolved inorganic carbon (DIC) were determined 194 

using a mixture of anhydrous sodium carbonate and sodium hydrogen carbonate. DOC 195 
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was calculated by subtracting DIC from DTC, both of which were measured using a 196 

Total Organic Carbon Analyzer (TOC-VCPN, Shimadzu, Japan). Total nitrogen (TN) 197 

was measured based on the absorption levels at 146 nm of water samples decomposed 198 

with alkaline potassium peroxydisulfate. Total phosphorus (TP) was determined using 199 

the molybdenum blue method after the samples were digested with potassium 200 

peroxydisulfate (APHA, 1998). pH was measured using a PHS-3C pH meter at room 201 

temperature (20±2℃). 202 

2.2 CDOM absorption measurement 203 

All water samples were filtered at low pressure at two steps: 1) filtered at low pressure 204 

through a pre-combusted Whatman GF/F filter (0.7μm), and 2) further filtered through 205 

pre-rinsed 25 mm Millipore membrane cellulose filter (0.22 µm). Absorption spectra 206 

were obtained between 200 and 800 nm at 1 nm increment using a Shimadzu UV-207 

2600PC UV-Vis dual beam spectrophotometer (Shimadzu Inc., Japan) through a 1 cm 208 

quartz cuvette (or 5 cm cuvette for ice melted water samples). Milli-Q water was used 209 

as reference for CDOM absorption measurements. The Napierian absorption coefficient 210 

(aCDOM) was calculated from the measured optical density (OD) of samples using Eq. 211 

(1):  212 

( ) ( )( ) 2.303[ ] /CDOM S nulla OD OD                     (1) 213 

where β is the cuvette path length (0.01 or 0.05m) and 2.303 is the conversion factor of 214 

base 10 to base e logarithms. To remove the scattering effect from the limited fine 215 

particles remained in the filtered solutions, a necessitated correction was implemented 216 

by assuming the average optical density over 740–750 nm to be zero (Babin et al., 2003). 217 
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SUVA254 and M values were calculated to characterize CDOM with respect to their 218 

compositional features. In addition, aCDOM was divided into different groups according 219 

to M values by hierarchical cluster approach, which was performed in SPSS software 220 

package with the pairwise distance between samples was measured by squared 221 

Euclidean distance and the clusters were linked together by Ward’s linkage method 222 

(Ward Jr, 1963). The method has been applied to classify the waters into different types 223 

according the remote sensing spectra (Vantrepotte et al., 2012; Shi et al., 2013). 224 

3. Results 225 

3.1. Water quality characteristics 226 

Chl-a concentrations (46.44±59.71 µg/L) ranged from 0.28 to 521.12 µg/L. TN and TP 227 

concentrations were very high in fresh lakes, saline lakes and particularly urban water 228 

bodies (Table 1). It is worth noting that Chl-a concentration was still high 7.3±19.7 229 

µg/L even in ice-covered lakes in winter from Northeast China. Electric conductivity 230 

(EC) and pH were high in the semi-arid and arid regions, and they were 1067-41000 231 

µs/cm and 7.1-11.4, respectively. Overall, waters were highly turbid with high TSM 232 

concentrations (119.6 ± 131.4 mg/L), and apparent variations were observed for 233 

different types of waters (Table 1). Hydrographic conditions exerted strong impact on 234 

water turbidity and TSM concentration, thus these two parameters of river and stream 235 

samples were excluded in this study (Table 1).  236 

[Insert Table 1 about here] 237 

3.2. DOC concentrations in different types of waters 238 

DOC concentrations changed remarkably in the investigated waters (Table 1). The 239 
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concentration of DOC were low in rivers, and the lowest DOC concentrations were 240 

measured in ice melting waters. It should be noted that large variations were observed 241 

in water samples from rivers and streams (Table 2). Among the five types of waters, 242 

relatively higher DOC concentrations, ranging from 2.3 to 300.6 mg/L, were found in 243 

many saline lakes, in the Songnen Plain, the Hulunbuir Plateau and some areas in 244 

Tibetan Plateau (see Fig.2 for location). However, some of saline lakes supplied by 245 

snow melt water or ground water exhibited relatively lower DOC concentrations even 246 

with high salinity. Compared with samples collected in growing seasons, higher DOC 247 

concentrations (7.3-720 mg/L) were observed in ice-covered water bodies.  248 

[Insert Table 2 about here] 249 

3.3. DOC versus CDOM for various types of waters 250 

3.3.1 Freshwater lakes and reservoirs 251 

The relationship between DOC and CDOM has been investigated based on CDOM 252 

absorption at different wavelengths (Fichot and Benner, 2011; Spencer et al., 2012; 253 

Song et al., 2013; Brezonik et al., 2015). As suggested by Fichot and Benner (2011), 254 

CDOM absorptions at 275 nm (aCDOM(275)) and 295 nm (aCDOM(295)) have stable 255 

performances for DOC estimates for coastal waters. In current study, a strong 256 

relationship (R2 = 0.85) between DOC and aCDOM(275) was found in fresh lakes and 257 

reservoirs (Fig.3a). However, the inclusion of aCDOM(295) explains very limited 258 

variance, thus it is not considered in the regression models. Regression analyses of 259 

water samples collected from different regions indicated that the slopes varied from 260 

1.30 to 3.01 (Table 3). Water samples collected from East China and South China had 261 
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lower regression slope values (Table 3), and lakes and reservoirs were generally 262 

mesotrophic or eutrophic (Huang et al., 2014; Yang et al., 2012, and references therein).  263 

[Insert Table 3 about here] 264 

[Insert Fig.3 about here] 265 

3.3.2 Saline lakes 266 

A strong relationship between DOC and aCDOM(275) (R2 = 0.85) was demonstrated for 267 

saline lakes (Fig.3b) with much lower regression slope value (slope = 1.28). Further, 268 

the regression slopes exhibited large variations in different regions (Table 3), ranging 269 

from 0.86 in Tibetan waters to 2.83 in the Songnen Plain waters (see Fig.2 for location). 270 

As the extreme case, the slope value was only 0.33 as demonstrated in the embedded 271 

diagram in Fig.3b. Saline lakes in semi-arid or arid regions generally exhibit higher 272 

regression slope values, for example, the west Songnen Plain (2.83), the Hulunbir 273 

Plateau and the East Inner Mongolia Plateau (1.79). Whereas, waters in the west Inner 274 

Mongolia Plateau (1.13), the Tibetan Plateau (0.86) exhibited low slope values (Table 275 

3), and the extreme low value was measured in the Lake Qinhai in Tibetan Plateau.  276 

3.3.3 Streams and rivers 277 

Although some of the samples scattered from the regression line (Fig.3c), close 278 

relationship between DOC and aCDOM(275) was found for samples collected in rivers 279 

and streams. Compared with the other water types (Fig.3), rivers and streams exhibited 280 

the highest regression slope value (slope = 3.01). Further regression analysis with water 281 

samples sub-datasets collected in different regions indicated that slope values presented 282 

large variability, ranging from 1.07 to 8.49. The lower regression slope values were 283 
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recorded in water samples collected in rivers and stream in semi-arid and arid regions, 284 

such as the Tibetan Plateau, Mongolia Plateau and Tarim Basin, while the higher values 285 

were found in samples collected in streams originated from wetland and forest in 286 

Northeast China (Table 3).  287 

To investigate the dynamics of CDOM absorption and DOC concentrations, three 288 

sections were investigated in three major rivers in Northeast China (see Figure S1 for 289 

location). River flow exerted obvious effect on DOC and CDOM (Fig.4) and flood 290 

impulse brought large amount of DOC and CDOM into river channels. The 291 

relationships between DOC and aCDOM(275) in sections along three rivers in Northeast 292 

China were demonstrated in Fig.5. The sampling point in the Yalu River is near the 293 

river head source, thus strong relationship (R2=0.92) was exhibited with large slope 294 

(Fig.5a). The relationship between DOC and aCDOM(275) in the Songhua River at 295 

Harbin City section was much scattered (R2=0.64, Fig.5c). With respect to Fig.5b, it is 296 

an in-between case (R2=0.82). The sampling point was affected by effluent from 297 

Baishan City, thus the coefficient of determination (R2= 0.822) and the regression slope 298 

(3.72) were lower than that from the Yalu River at Changbai point, while higher than 299 

that from the Songhua River at Harbin point. 300 

[Insert Fig.4 and Fig.5 about here] 301 

3.3.4 Urban waters 302 

As shown in Fig.3d, relatively close relationship between DOC and aCDOM(275) was 303 

revealed in urban waters (R2= 0.71, p<0.001). Similarly, regression slope values for 304 

urban waters also changed remarkably, ranging from 0.87 to 2.45 (Table 3). High 305 
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nutrients in urban waters (Table 1) usually result in algal bloom in most urban water 306 

bodies (Chl-a range: 1.0-521.1µg/L; average: 38.9µg/L), which might contribute the 307 

high DOC concentrations in urban waters (Table 1). Thereby, the contribution from 308 

algal decomposition and cell lysis to DOC and CDOM should not be neglected for 309 

urban waters (Zhang et al., 2010; Zhao et al., 2016b; Zhou et al., 2016).  310 

3.3.5 Ice covered lakes and reservoirs 311 

The closest relationship (R2 = 0.93) between DOC and aCDOM(275) was recorded in 312 

waters beneath ice covered lakes and reservoirs in Northeast China (Fig.3e). 313 

Comparatively, a weak relationship between DOC and aCDOM(275) was demonstrated 314 

in ice melting waters (Fig.3f). Apparently, CDOM from ice melting waters were mainly 315 

originated from maternal water during the ice formation, also from algal biological 316 

processes (Stedmon et al., 2011; Arrigo et al., 2010). Interestingly, the regression slopes 317 

for ice samples (1.35) and under lying water sample (1.27) are very close. In addition, 318 

there was a significant relationship between DOC in ice and underlying waters (R2 = 319 

0.86), indicating the dominant components of CDOM and DOC in the ice are from 320 

maternal underlying waters.  321 

3.3.6 DOC versus aCDOM(440) 322 

CDOM absorption at 440 nm, i.e., aCDOM(440), is usually used as a surrogate to 323 

represent its concentration (Bricaud et al., 1981; Babin et al., 2003), and widely used in 324 

remote sensing community to quantify CDOM in waters (Lee et al., 2002; Binding et 325 

al., 2008; Zhu et al., 2014). Significant relationships between DOC and aCDOM(440) 326 

were found in different types of waters (Fig.5). Through comparing Fig.3 with Fig.6, it 327 
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can be found that the overall relationships between DOC and CDOM at 440 nm 328 

resembled that at 275 nm for different types of waters, but with relatively loose 329 

relationship as indicated by the coefficients of determination (see Table S5). Further, it 330 

can be noted that some of the samples in Fig.3b-f and Fig.6b-f may leverage the 331 

regression model performances. Thus, regression models without these samples 332 

appearing to leverage the relationships were evaluated and provided in Table S6. 333 

Comparing Table S5 and Table S6, the regression model performances were degraded, 334 

but still acceptable. 335 

[Insert Fig.6 about here] 336 

3.4 CDOM molecular weight and aromacity versus DOC 337 

3.4.1 CDOM versus SUVA254 and M value (aCDOM(250)/aCDOM(365)) 338 

The large slope variations of regressions between DOC and aCDOM(275) in different 339 

types of waters are probably due to the aromacity and colored fractions in DOC 340 

component (Spencer et al., 2009, 2012; Lee et al., 2015). As shown in Fig.7a, it can be 341 

seen that SUVA254 had high values in fresh lakes, and waters from rivers or streams as 342 

well. Saline water and ice covered waters in Northeast China showed intermediate 343 

SUVA254 values, while urban water and ice melting water exhibited lower values. The 344 

M value, i.e., aCDOM(250)/aCDOM (365) is another indicator to demonstrate the variation 345 

of molecular weight of CDOM components (De Haan, 1993). Compared to saline water, 346 

fresh lake water (t-Test: F = 631, p < 0.01), river and stream water (t-Test: F = 565, p < 347 

0.001), and urban water (t-Test: F = 393, p < 0.001) exhibited low M values (Fig.7b), 348 

which indicated that large weight molecules dominate in these three types of waters. 349 
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Saline water, ice covered water in Northeast China and ice melting water showed higher 350 

M values. Since SUVA254 is a proxy based on the ratio to DOC, it is inappropriate to 351 

establish the relationship between CDOM and DOC based on the SUVA254 352 

classification. Thereby, only M values, which reveal molecular weight and aromacity, 353 

might help to estimate DOC through CDOM absorption based on M values for various 354 

types of waters. 355 

[Insert Fig.7 about here] 356 

3.4.2 Regression based on M values 357 

Regression models between DOC and aCDOM(275) were established based on M value 358 

grouping. Four groups were achieved with hierarchical cluster approach, and each 359 

group occupied about 44.74% (M < 9.0), 34.24% (9.0< M < 16.0), 18.22% (16.0< M < 360 

25.0) and 2.80% (25.0< M < 68.0) of the total samples from group 1 to 4, respectively. 361 

Though only M values were used in the cluster which meant the feature space in 362 

classification only had one dimension and the groups were mainly divided according to 363 

the distribution of M values, the hierarchical cluster approach generated rational results. 364 

As shown in Fig.8, a close relationship (R2 = 0.90) between DOC and aCDOM(275) was 365 

revealed in dataset where M < 9.0. Likewise, close relationship regression model 366 

appeared in dataset with intermediate M values (Group 2 in Fig.8), revealing high 367 

determination of coefficients (R2 = 0.91). A relative weak relationship (R2 = 0.79) 368 

between DOC and aCDOM(275) appeared with M values ranging from 16.0 to 25.0. A 369 

very close relationship (R2 = 0.98) was found with extremely high M values (Group 4 370 

in Fig.8).  371 
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As noted in Fig.8, close regression slopes implicated that a comprehensive 372 

regression model with intermediate M values less than 16 may be achieved. As 373 

expected, a promising regression model (the diagram was not shown) between DOC 374 

and aCDOM(275) was achieved (y = 1.269x + 6.42, R2 = 0.909, N =1171, p < 0.001) with 375 

pooled dataset in group 1 and group 2 shown in Fig.8. Inspired by this idea, the 376 

relationship between aCDOM(275) and DOC also examined with pooled data. As shown 377 

in Fig.9a, a significant relationship between DOC and aCDOM(275) was obtained with 378 

the pooled dataset (N = 1504) collected from different types of inland waters. However, 379 

it should be noted that the extremely high DOC samples may advantageously contribute 380 

the better performance of the regression model. Thus, regression model excluding these 381 

eight samples (DOC > 300 mg/L) was acceptable (Fig.9b, R2 = 0.51, p < 0.001), but 382 

greatly degraded. In addition, regression model with power function was established in 383 

decimal logarithms log-log scale (Fig.9c, R2 = 0.77, p < 0.001).  384 

[Insert Fig.8 and Fig.9 about here] 385 

4. Discussion 386 

4.1 Variation of water quality parameters 387 

Different water types were sampled across China with different climatic, hydrologic, 388 

and land use conditions in various catchment, combined with different anthropogenic 389 

intensity, thus the biological and geochemical properties in the water bodies are quite 390 

diverse with large range values for each parameters (Table 1). Extremely turbid waters 391 

are observed for fresh waters, saline waters and underlying waters covered by ice, 392 

which were generally collected in very shallow water bodies in different parts of China. 393 
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As expected, large variations of Chl-a are observed for both fresh waters and urban 394 

waters, and particularly these samples collected in urban waters show large range (1.0-395 

521.1 μg/L). Our investigation also indicates that algal growth is still very active in 396 

these ice covered water bodies in Northeast China, which might result from high TN 397 

(4.3±5.4mg/L) and TP (0.7±0.6mg/L) concentrations in these waters bodies. It also 398 

should be noted that DOC, EC and pH were high in semi-arid or arid climatic regions, 399 

which are consistent with previous findings (Curtis and Adams, 1995; Song et al., 2013; 400 

Wen et al., 2016). 401 

4.2 DOC variation with different types of waters 402 

This investigation indicates that lower DOC were encountered with samples collected 403 

in rivers from the Tibetan Plateau (Table 2), where the average soil organic matter is 404 

lower, thus terrestrial DOC input from the catchment is less (Tian et al., 2008). However, 405 

high DOC concentrations were found in rivers or streams surrounded by forest or 406 

wetlands in Northeast China, the similar findings were also reported by Agren et al. 407 

(2007, 2011). Further, lower DOC concentration is also measured with ice samples, 408 

which is consistent with previous findings (Bezilie et al., 2002; Shao et al., 2016). But 409 

relatively high DOC concentration was observed for underlying waters covered by ice 410 

in Northeast China due to the condensed effect caused by the DOC discharged from ice 411 

formation (Bezilie et al., 2002; Shao et al., 2016; Zhao et al., 2016a). This condensed 412 

effect was particularly marked in these shallow water bodies where ice forming 413 

remarkably condensed the DOC in the underlying waters (Zhao et al., 2016a). It also 414 

should be noted that DOC concentration has a strong connection with hydrological 415 
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condition and catchment landscape features (Neff et al., 2006; Agren et al., 2007; Lee 416 

et al., 2015). It should be noted that large DOC variations were observed in saline lakes 417 

in different regions (Table 2). Much higher DOC concentrations were found in saline 418 

lakes in Qinghai and Hulunbir, while relative low concentrations were observed in 419 

Xilinguole Plateau and the Songnen Plain, which is consistent with previous 420 

investigations conducted in the semi-arid or arid regions (Curtis and Adams, 1995; 421 

Song et al., 2013; Wen et al., 2016). 422 

4.3 Variation of the relationships between CDOM and DOC 423 

As demonstrated in Fig.3, obvious variation is revealed for the regression slope values 424 

between DOC and aCDOM(275). Most of the fresh water bodies are located in East China, 425 

where agricultural pollution and anthropogenic discharge have resulted in serious 426 

eutrophication (Tong et al., 2017). Phytoplankton degradation may contribute relative 427 

large portion of CDOM and DOC in these water bodies (Zhang et al., 2010; Zhou et al., 428 

2016). Comparatively, fresh waters in Northeast and North China revealed larger 429 

regression slopes (Table 3). Waters in Northeast China are surrounded by forest, 430 

wetlands and grassland and therefore they generally exhibited high proportion of 431 

colored fractions of DOC. Further, soils in Northeast China are rich in organic carbon, 432 

which may also contribute to high concentration of DOC and CDOM in waters in this 433 

region (Jin et al., 2016; Zhao et al., 2016a). Compared with waters in East and South 434 

China, waters in Northeast China showed less algal bloom due to low temperature, thus 435 

autochthonous CDOM was less presented in waters in Northeast China (Song et al., 436 

2013; Zhao et al., 2016a). As suggested by Brezonik et al. (2015) and Cardille et al. 437 
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(2013), CDOM in the eutrophic waters or those with very short resident time may show 438 

seasonal variation due to algal bloom or hydrological variability, while CDOM in some 439 

oligotrophic lakes or those with long resident time may show a stable pattern. 440 

As shown in Fig.3b, smaller regression slope is revealed between DOC and 441 

aCDOM(275) for saline waters, indicating less colored portion of DOC was presented in 442 

waters in semi-arid to arid regions, especially for these closed lakes with enhanced 443 

photochemical processes, enhanced by longer residence time and strong solar radiation 444 

(Spencer et al., 2012; Song et al., 2013; Wen et al., 2016). The findings highlighted the 445 

difference for the relationship between CDOM and DOC, thus different regression 446 

models should be established to accurately estimate DOC in waters through linking 447 

with CDOM absorption, particularly for fresh and saline waters that showing different 448 

specific absorption coefficients (Song et al., 2013; Cardille et al., 2013; Brezonik et al., 449 

2015). 450 

DOC concentration is strongly associated with hydrological conditions (Neff et al. 451 

2006; Agren et al. 2007; Yu et al., 2016). The relationships between CDOM and DOC 452 

in river and stream waters are very variable due to the hydrological variability and 453 

catchment features (Agren et al., 2011; Spencer et al., 2012; Ward et al., 2013; Lee et 454 

al., 2015; Zhao et al., 2017). As shown in Fig.4, the relationship between river flows 455 

and DOC is rather complicated, which is mainly caused by the land use, soil properties, 456 

relief, slope, the proportion of wetlands and forest, climate and hydrology of the 457 

catchments (Neff et al., 2006; Sobek et al., 2007; Spencer et al., 2012; Zhou et al., 2016), 458 

with additional influence by sewage discharge into rivers. The close relationship for 459 
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head waters with higher regression slope value (Fig.5a) is mainly attributed to that the 460 

DOC and CDOM were fresh and less disturbed by pollution from anthropogenic 461 

activities (Spencer et al., 2012; Shao et al., 2016). However, both point and non-point 462 

source pollution complicated the relationship between DOC and DOM (Fig.5c). 463 

 464 

4.4 Regression models based on CDOM grouping 465 

As observed in Fig.3, the regression slopes (range: 0.33~3.01) for the relationship 466 

between DOC and aCDOM(275) varied significantly. The CDOM absorption coefficient 467 

is affected by its components and aromacity, thus the M values are used to classify 468 

CDOM into different groups, which turns to be an effective approach for improving 469 

regression models (Fig.8) between DOC and aCDOM(275). It also should be highlighted 470 

that the fourth group (Fig.8) is mainly from saline lakes (samples from embedded 471 

diagram in Fig.3b), thus the regression model slope is extremely low. From the 472 

regression model with pooled data, it can also be seen that relative accurate regression 473 

model for CDOM versus DOC can be achieved with data collected in inland waters at 474 

global scale (Sobek et al., 2007), which might be helpful in quantifying DOC through 475 

linking with CDOM absorption, and the latter parameter can be estimated from remote 476 

sensing data (Zhu et al., 2011; Kuster et al., 2015). Comparing Fig.8 and Fig.9b, it also 477 

should be noted that some of the saline waters with extremely low CDOM absorption 478 

efficiency (Group 4 in Fig.8) should be divided into different groups to achieve accurate 479 

DOC regression model through CDOM absorption. 480 

5. Conclusions 481 
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Based on the measurement of CDOM absorption and DOC laboratory analysis, we have 482 

systematically examined the relationships between CDOM and DOC in various types 483 

of waters in China. This investigation showed that CDOM absorption varied 484 

significantly. River waters and fresh lake waters exhibited high CDOM absorption 485 

values and specific CDOM absorption (SUVA254). On the contrast, saline lakes 486 

illustrated low SUVA254 values probably due to the long residence time and strong 487 

photo-bleaching effects on waters in the semi-arid regions.  488 

 The current investigation indicated that the relationships between CDOM 489 

absorption and DOC varied remarkably by showing very varied regression slopes in 490 

various types of waters. Head river water generally exhibits larger regression slope 491 

values, while rivers affected by anthropogenic activities show lower slope values. 492 

Saline water generally reveals small regression slope due to the photobleaching effect 493 

in the semi-arid or arid region, combined with longer residence time. The accuracy of 494 

regression model between aCDOM(275) and DOC was improved when CDOM 495 

absorptions were divided into different sub-groups according to M values. Our finding 496 

highlights that remote sensing models for DOC estimation based on the relationship 497 

between CDOM and DOC should consider water types or cluster waters into several 498 

groups according to their absorption features. 499 
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Figures  714 

Fig.1. The potential regulating factors that influence the relationship between CDOM 715 

and DOC. Note, CDOM sources are a subset of DOC sources, and hydrological feature 716 

includes flow discharge, drainage area, catchment landscape, river level, and inflow or 717 

outflow regions. 718 
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Fig.2. Water types and sample distributions across the mainland China. The dash line 738 

shows the boundary of some typical geographic units (i.e., Songnen Plain, and 739 

Hulunbuir Plateau). 740 
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Fig.3. Relationship between DOC and aCDOM(275) in different types of inland waters, 760 

(a) fresh water lakes, (b) saline water lakes, (c) river and stream waters, (d) urban waters, 761 

(e) ice covered lake underlying waters, and (f) ice melting lake waters. The regression 762 

metrics without these high DOC concentrations in Fig.3b-f were listed in Tables S6. 763 

 764 

 765 

 766 
 767 

 768 



37 
 

Fig.4. Concurrent flow dynamics for three rivers in Northeast China and the 769 

corresponding DOC and CDOM variations in 2015; (a) the Yalu River near Changbai 770 

County, (b) the Hunjiang River with DOC and CDOM sampled at Baishan City, while 771 

the river flow gauge station is near the Tonghua City, (c) the Songhua River at Harbin 772 

City.  773 
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Fig.5. The relationships between aCDOM(275) and DOC at sections across (a) the Yalu 780 

River, (b) the Hunjiang River, and (c) the Songhua River. The samples were collected 781 

at each station at about one week or around ten days in ice free season in 2015. 782 
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Fig.6. Relationship between DOC and aCDOM(440) in different types of inland waters, 805 

(a) fresh water lakes, (b) saline water lakes, (c) river and stream waters, (d) urban waters, 806 

(e) ice covered lake underlying waters, and (f) ice melting waters. The regression 807 

metrics without these high DOC concentrations in Fig.6b-f were listed in Tables S6. 808 
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 813 

Fig.7. Comparison of (a) SUVA254, and (b) M values (aCDOM(250) / aCDOM(365)) in 814 

various types of inland waters. FW, fresh lake water; SW, saline lake water, RW, river 815 

or stream water; UW, urban water; WW, ice covered waters from Northeast China; IMW, 816 

ice melt waters from Northeast China.  817 
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 841 

 842 

Fig.8. Relationship between DOC and aCDOM275 sorted by M (aCDOM(250)/aCDOM(365)) 843 

values, Group 1: M <9.0; Group 2: 9.0< M<16.0; Group 3: 16.0< M< 25.0; Group 4: 844 

25.0< M< 68.0. 845 
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Fig.9. the relationships between aCDOM(275) and DOC concentrations, (a) regression 860 

model with pooled dataset; (b) regression model with DOC concentration less than 300 861 

mg/L; (c) regression model with power fitting function based on log-log scale. 862 
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Tables 879 

 880 

Table 1. Water quality in different types of waters, DOC, dissolved organic carbon; EC, 881 

electrical conductivity; TP, total phosphorus; TN, total nitrogen; TSM, total suspended 882 

matter; Chl-a, chlorophyll-a concentration.  883 

 884 

Note: FW, fresh water lake; SW, saline water lake, RW, river or stream water; UW, urban water; 885 

WW, ice covered winter water from Northeast China; IMW, ice melt water from Northeast China. 886 

 887 

 888 

 889 

 890 

 891 

 892 

 893 

 894 

 895 

 896 

 897 

 898 

 899 

 900 

 901 

 902 

  DOC EC pH TP TN TSM Chl-a 

  (mg/L) µs/cm  (mg/L) (mg/L) (mg/L) (µg/L) 

FW 
Mean 10.2 434.0 8.2 0.5 1.6 67.8 78.5 

Range 1.9-90.2 72.7-1181.5 6.9-9.3 0.01-10.4 0.001-9.5 0-1615 1.4-338.5 

SW 

Mean 27.3 4109.4 8.6 0.4 1.4 115.7 9.0 

Range 2.3-300.6 1067-41000 7.1-11.4 0.01-6.3 0.6-11.0 1.4-2188 0-113.7 

RW 
Mean 8.3 10489.1 7.8-9.5 - - - - 

Range 0.9-90.2 3.7-1000 8.6 - - - - 

UW 
Mean 19.44 525.4 8.0 3.4 3.5 50.5 38.9 

Range 3.5-123.3 28.6-1525 6.4-9.2 0.03-32.4 0.04-41.9 1-688 1.0-521.1 

WW 
Mean 67.0 1387.6 8.1 0.7 4.3 181.5 7.3 

Range 7.3-720 139-15080 7.0-9.7 0.1-4.8 0.5-48 9.0-2174 1.0-159.4 

IMW 
Mean 6.7 242.8 8.3 0.19 1.1 17.4 1.1 

Range 0.3-76.5 1.5-4350 6.7-10 0.02-2.9 0.3-8.6 0.3-254.6 0.28-5.8 
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Table 2. Descriptive statistics of dissolved organic carbon (DOC) and aCDOM(440) in 903 

various types of waters. Min, minimum; Max, maximum; S.D, standard deviation. 904 

 905 

Type Region  DOC (mg/L)  aCDOM(440) [m-1] 

   Min Max Mean S.D  Min Max Mean S.D 

 

 

River 

Liaohe  3.6 48.2 14.3 9.49  0.46 3.68 0.92 0.58 

Qinghai  1.2 8.5 4.4 1.96  0.13 2.11 0.54 0.63 

Inner Mongolia  16.9 90.2 40.4 24.84  0.32 7.46 1.03 2.11 

Songhua  0.9 21.1 8.1 4.96  0.32 18.93 3.2 4.19 

            

 

 

Saline 

Qinghai  1.7 130.9 67.9 56.7  0.13 0.86 0.36 0.23 

Hulunbir  8.4 300.6 68.5 69.2  0.82 26.21 4.41 4.45 

Xilinguole  3.74 45.4 14.2 8.8  0.36 4.7 1.34 0.88 

Songnen  3.6 32.6 16.4 7.4  0.46 33.80 2.4 3.78 

 906 

 907 
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 924 
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 930 
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Table 3. Fitting equations for DOC against aCDOM(275) in different types of waters 931 

except ice covered lake underlying water and ice melting waters. 932 

Water types Region or Basin Equations R2 N 

Freshwater lakes 

Northeast Lake Region y = 3.13x-3.438 0.87  102 

MengXin Lake Region y = 2.16x-1.279 0.90  63 

East Lake Region y = 1.98x+7.813 0.66  69 

Yungui Lake Region y = 1.295x-44.56 0.71  54 
     

Saline lakes 

Songnen Plain y = 2.383x+1.101 0.92  159 

East Mongolia y = 1.791x+8.560 0.67  57 

West Mongolia y = 1.133x+3.900 0.81  46 

Tibetan Lake Region y = 0.864x+2.255 0.84  83 
     

Rivers or streams 

Branch of the Nenjiang River y = 7.655x-42.64 0.81  33 

Songhua River stem y = 3.759x-6.618 0.71  29 

Branch of Songhua River y = 8.496x-12.14 0.98  33 

Liao River Autumn 2012 y = 1.099x+3.900 0.80  38 

Liao River Autumn 2013 y = 1.073x-4.157 0.88  28 

Rivers from North China y = 3.154x-1.207 0.87  48 

Rivers from East China y = 3.037x-2.585 0.88  47 

Rivers from Tibetan Plateau y = 2.345x+2.375 0.87  41 

Urban waters 

 

Waters from Changchun 

 

y = 2.471x-2.231 

 

0.54 

 

48 

Waters from Harbin y = 1.413x-4.521 0.67 31 

Waters from Beijing y = 0.874x+11.12 0.63 27 

Waters from Tianjin y = 0.994x + 7.368 0.57 23 

 933 

 934 

 935 


