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ABSTRACT: Elaborating the spatiotemporal variations and dynamic mechanisms of
black carbon (BC) in coastal seas, the geographically pivotal intermediate zones that
link the terrestrial and open oceanic ecosystems, will contribute significantly to refine
the regional and global BC geochemistry. In this study, we implemented a large
spatial-scale and multiseason and -layer seawater sampling campaign in high BC
emission influenced coastal China seas (Bohai Sea and Northern Yellow Sea) and
quantified the thermal/optical reflectance-based particulate BC (PBC) and benzene
polycarboxylic acids-based dissolved BC (DBC). We found that the climate and its
associated hydrological effects (including the intensive resuspension and coastal
current transport) largely regulate both PBC and DBC spatiotemporal variations and
dynamics. In combination with previous work on upstream rivers and downstream
open ocean, a significant and continuous decrease in the DBC aromatic condensation
was observed along the river-to-ocean continuum, probably due to the increment of
the photochemical degradation during the waterborne transport. Based on our DBC methodological development, i.e., the
determination and subsequent inclusion of the nitrated BC molecular markers, the magnitudes of the current global DBC fluxes and
pools were updated. After the update, the DBC fluxes from atmospheric deposition and riverine delivery were estimated at rates of
4.3 and 66.3 Tg yr−1, respectively, and the global oceanic DBC pool was approximately 36 Gt. This update will greatly assist in
constructing a more robust regional and global DBC and BC cycling and budgets.

1. INTRODUCTION

Coastal seas are the geographically pivotal intermediate zones
that link terrestrial and open oceanic ecosystems.1,2 Organic
carbon (OC) cycling in coastal seas has been identified as a
dynamic and disproportionally crucial component in the global
carbon cycling and budgets.1−4 Black carbon (BC) is the
thermally altered OC generated exclusively from the
incomplete combustion of organic matter, including biomass
and fossil fuels.5,6 It represents a complicated combustion
continuum, spanning from large pieces of char/charcoal to
submicron-sized soot particles.7−9 Due to the differences in the
formation conditions (e.g., temperatures), the physical and
chemical properties of BC vary significantly along the
continuum. BC has recently received increasing attention
due to its remarkably different biogeochemical implications
from other fractions of bulk OC and the realization that BC
plays much more dynamic roles in the global carbon cycle than
previously thought.9−11 It is thus of great importance and
necessity to refine the BC cycle, especially in coastal areas
characterized by high BC emission intensity, such as the
coastal China seas.2,12,13

China, with a gross population of 1.36 billion in East Asia, is
widely recognized as the world’s largest BC emitter.12,14 The
regions in Bohai Rim, consisting of the five provinces/

municipalities of Liaoning, Hebei, Shandong, Beijing, and
Tianjin (Figure 1a), rank not only the domestic but also the
world’s highest BC emission intensity.12,14 Specifically, these
regions account for merely 5% of the Chinese mainland but
contribute over 20% of China’s total BC emission.12 Due to
the integrated influences of the prevailing northerly/north-
westerly winter East-Asian monsoon and large amounts of
riverine discharge (such as the Yellow River (YR), Figure 1b),
a significant quantity of BC produced in Bohai Rim can be
easily mobilized into the adjacent Bohai Sea (BS) and
Northern Yellow Sea (NYS), rending them important BC
reservoirs.2,13,15

Increasing evidence has revealed that BC could experience
biotic and/or abiotic oxidation in soils and photo-oxidation in
the atmosphere.16−23 These oxidation processes increase the
number of oxygen-containing functional groups and overall
polarity for it to become soluble enough to be transferred to
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the dissolved phase, i.e., the dissolved BC (DBC). To date,
there have been numerous studies regarding particulate BC
(PBC) on the regional atmosphere, soils, rivers, wetlands, and
marine sediments in the Bohai Rim.2,13,15,22,24−28 Unfortu-
nately, however, the available studies have drawn little
attention to the PBC, let alone the analytically challengeable
DBC in coastal seawater,29 which is an essential passage/
matrix for BC transfer among these major reservoirs.9,30 This
spatial and componential gap might to a large extent result in
our partial understanding of the process-based BC behaviors,
such as the migration and transformation of the DBC from its
upstream rivers to downstream open ocean.5,6,31,32 To address
this geochemically important question, we implemented a large
spatial-scale and multiseason and -layer seawater sampling
campaign in high-intensity BC emission influenced coastal BS
and NYS. We simultaneously quantified and discussed both the
PBC and DBC, with more emphasis on DBC geochemistry.
The major objectives of the present study were (1) to

uncover the spatiotemporal variations and dynamics of both
PBC and DBC in coastal BS and NYS; (2) together with
previous work on rivers and the open Pacific Ocean,2,31 to
elucidate the molecular transformation of the DBC during
river-to-ocean continuum transport; and (3) to update the
magnitudes of current global atmospheric and riverine DBC
fluxes and oceanic DBC pools based on our DBC
methodological development. In comparison with the previous
method,33 our modified DBC method not only significantly
eliminates the complicated pretreatments, such as the
derivatization (methylation/silylation) and sample cleanup
after the HNO3 digestion, but can also quantify the nitrated
molecular markers of the DBC (i.e., the nitrated benzene
polycarboxylic acids, NO2-BPCAs), which were not involved
by most of the previous DBC-associated investiga-
tions.9,10,34−38 The inclusion of NO2-BPCAs fractions would
greatly assist in constructing a more robust regional and global
DBC and BC budgets.

2. MATERIALS AND METHODS
2.1. Seawater Collection and Preparation. The

stratified (i.e., surface, middle, and bottom) seawater samples
were collected from 113 sites in summer (August 11 to
September 6) and 44 sites in winter (18−26 December) in
2014. The summertime sites covered the whole BS, and the

wintertime sites located only within the central and eastern BS
(Figure 1b). Upon retrieval of the seawater samples from
Niskin bottles, they were immediately filtered through 47 mm
diameter precombusted (450 °C, 4 h) quartz fiber filters
(Whatman, a nominal pore size of 0.7 μm) on board to
implement the separation between the particulate and
dissolved phases. The particulate phase was reweighed under
the same conditions as those for the blank filters and stored at
−20 °C for the PBC determination. The mass concentrations
of the total suspended solids (TSS, mg L−1) were calculated by
dividing the dry weight of solids onto the filter by the total
filtered seawater volume. For the dissolved phase, an aliquot of
1 L was cautiously acidified with concentrated HCl (32%,
analytical grade) to pH 2. The acidified filtrate was extracted
for the DBC using the HPLC grade MeOH prerinsed solid-
phase extraction (SPE) cartridges (Supelco Supelclean ENVI-
Chrom P, 500 mg) at a flow rate of less than 5 mL min−1.
Following the extraction procedure, the SPE cartridges were
desalted with 20 mL of HCl with pH 2, dried under an
airstream, and stored at −20 °C for subsequent DBC
quantification.

2.2. PBC Measurement. The analytical procedures for the
bulk particulate OC (POC) and dissolved OC (DOC) are
detailed in Text S1. The TSS was measured for the PBC on a
Desert Research Institute (DRI) Model 2001 Thermal/Optical
Carbon Analyzer using the Interagency Monitoring of
Protected Visual Environment (IMPROVE) protocol.2,15,39−42

Prior to the instrumental analysis, the TSS was acidified with
HCl fumes (32%) for at least 24 h to completely eliminate the
inorganic carbon. The inorganic carbon-free TSS was first
heated in a pure He atmosphere. Then, the atmosphere was
switched to a mixture of 2% O2/98% He. Accordingly, three
BC subfractions (BC1, BC2, and BC3) were generated at three
temperature stages (580, 740, and 840 °C). During the pure
He environment, pyrolysis of organic carbon (OCPyro)
occurred and was monitored by the reflectance laser. The
quantity of OCPyro is defined as the carbon that evolves in the
oxidizing atmosphere until the reflectance laser signal returns
to its initial value.43,44 The protocol calculated PBC as the sum
of three BC subfractions minus the OCPyro. The relative
standard deviation (RSD) for PBC analysis averaged <5% for
duplicates.

2.3. DBC Measurement. The DBC was measured using
the BPCAs molecular marker method developed in our
laboratory, which was described in detail in Text S2. In brief,
the DBC was eluted with 10 mL of MeOH from the SPE
cartridges. The eluates were concentrated to ∼0.5 mL with a
high-purity N2 stream and then transferred into 2 mL Teflon
digestion tubes. After the eluates were evaporated to dryness,
0.5 mL of 65% HNO3 was added. The tubes were sealed and
heated at 170 °C for 7 h. After the tubes cooled, the remaining
HNO3 and water were evaporated under a high-purity N2
stream. Subsequently, 5 μL of biphenyl-2′2-dicarboxylic acid
(2 μg μL−1 in MeOH) was added as an internal standard. The
samples were redissolved in 1 mL of MeOH/water mixture (v/
v, 50:50) and then transferred into autosampler vials for
BPCAs analysis.
We used the LCQ Fleet Ion Trap HPLC-MS systems

(Thermo Scientific) to seek the optimal separation conditions
(Table S1) and identify the BPCAs target compounds (Table
S2). We then applied the same chromatographic settings to the
Waters Alliance E2695 HPLC system (outfitted with a
photodiode array ultraviolet absorbance detector and an

Figure 1. Map illustrating the study area and sampling sites. (a)
Riverine data are referenced from Fang et al.2 (b) SCC and LCC
denotes the Shandong Coast Current and Liaonan Coast Current,
respectively.58,59
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autosampler) to quantify the BPCAs in seawater samples. In
this study, a total of 14 BPCAs (including seven NO2-BPCAs)
with the −COOH numbers ≥3 were defined as DBC
molecular markers (Table S2). To establish the conversion
factor between the total BPCAs-C (tBPCAs-C, the carbon in
all quantified BPCAs) and DBC, seven BC reference materials,
including the two commercially purchased charcoals (charcoal
#1 and #2), three self-collected and then purified soot
materials (bus, tricycle, and ship), and two high-molecular-
weight PAH model substances (perylene and coronene)
(Table S3), which covered the whole BC combustion
continuum, were systematically analyzed. The RSD for DBC
analysis was on average <5% for duplicates.

3. RESULTS
3.1. Carbon Yields and BPCAs Distributions in Tested

BC Reference Materials. For the seven oxidized BC
reference materials, we calculated the carbon yields through
the tBPCAs-C divided by the initial BC content. For charcoals
and PAHs, we assume all carbon in them is BC; and for other
collected soot materials, the remaining carbon following
thermal purification treatment is regarded as BC, which is
quantified by elemental analysis. The carbon yields and BPCAs
distributions of these tested BC reference materials are
illustrated in Figure 2 and Table S3. The average carbon

yield was 25.4 ± 8.7%, with the individual carbon yields
varying by a factor of >2, ranging from 18.1% for charcoal #2
to 41.0% for PAH coronene. Here, we used the average
conversion factor of 4.0 (the inverse of the averaged carbon
yield) to convert the tBPCAs-C into DBC for our coastal
seawater samples ([DBC] = 4.0 × [tBPCAs-C]).
The two commercially purchased charcoals have similar

carbon yields (19.9 and 18.1%), but with different BPCAs
distributions. Charcoal #1 is characterized by lower B6CA but
higher B3CA and NO2-B3CA than charcoal #2. For soot, the
ship soot showed distinct carbon yield and BPCAs
distributions from those of bus soot and tricycle soot, with
the former having much higher carbon yield (33.6%) and
B6CA (73.2%). For PAHs, the carbon yield of the five-ring
perylene is 25.1%, while that of the seven-ring coronene is
much higher (41.0%). The exclusive production of B6CA and
B3CA (including NO2-B3CA) from perylene and B6CA and

B4CA (including NO2-B4CA) from coronene matches well
with earlier results reported by Ziolkowski et al.,33 who also
included NO2-BPCAs but with the GC-MS method. In
addition, the relative BPCAs distributions of these two high-
molecular-weight PAH substances are consistent with the
theoretical values calculated from their stoichiometry. The
results obtained from the various BC reference materials
covering the whole BC combustion spectrum clearly
demonstrated that NO2-BPCAs constituted a significant
fraction of tBPCAs (NO2-BPCAs/tBPCAs = 17.8−85.3%;
Table S3), implying that our determination and inclusion of
NO2-BPCAs will to a large extent promote the accuracy of
environmental DBC measurements. This will further refine a
more robust regional and global DBC cycling and budgets, like
updating the magnitudes of the current global atmospheric and
riverine DBC fluxes and oceanic DBC pools in this study (see
Section 4.4).

3.2. Spatiotemporal Variations of Coastal PBC and
DBC. A major problem in quantifying BC is due to its
physiochemical complexity as a combustion continuum, which
results in diverse BC methodological developments from
different disciplines for specific scientific questions.7−9,13 The
TOR method for PBC here has been tested by Han et al.,43,44

who demonstrated that it can effectively determine the entire
BC continuum, including the relatively labile charcoal and
highly aromatic soot condensates.40−42 The BPCAs method
for the DBC detects a window of the aromatic moieties with
varying degrees of polycondensation.33,38 The shortage of the
TOR-based measurements on the seven examined BC
reference materials limited our direct comparisons between
these two methods. Despite this absence, an integrated
intermethod comparison conducted by Ziolkowski et al.33

revealed that the inclusion of NO2-BPCAs into tBPCAs
yielded comparable (RSD < 16%) BC concentrations for
wood/grass char and hexane soot reference materials with
those obtained with the TOR method.7 This implied that, to a
large extent, the direct comparisons between the TOR-based
PBC and BPCAs-based DBC measured in this study are
believable.
For PBC, in summer, there were no apparent vertical

variations (Figure 3a−c). The PBC averages in surface, middle,
and bottom were 11.6 ± 8.6, 12.0 ± 8.2, and 13.4 ± 9.2 μg
L−1, respectively (Table S4). Also, there were no obvious
horizontal variations. In winter, however, the PBC values
increased drastically (t test, p < 0.001), with all layer-averages
augmenting by factors of ∼4 (Table S4). The PBC averages in
surface, middle, and bottom were 39.1 ± 36.8, 44.1 ± 39.7, and
53.1 ± 46.1 μg L−1, respectively. Meanwhile, the vertical
variations became very evident (Figure 3d−f), following an
increasing pattern of surface < middle < bottom, which was
particularly true in southern Bohai Strait. For instance, the
PBC in the southernmost site increased from 144.3 μg L−1 for
the surface, to 175.2 μg L−1 for the middle, and to 206.1 μg L−1

for the bottom, whereas it stayed relatively constant in the
northernmost site (13.5−15.9 μg L−1) (Table S5). Horizon-
tally, significantly higher values (nearly 1 order of magnitude; t
test, p < 0.001) occurred in southern (85.6 ± 58.7, 107.9 ±
67.3, and 128.7 ± 77.4 μg L−1) than those in northern Bohai
Strait (10.4 ± 3.1, 11.3 ± 2.8, and 13.9 ± 2.0 μg L−1 in the
surface, middle, and bottom, respectively; Table S5). The
spatiotemporal variations of TSS and POC (Figures S1 and
S2) are consistent with those of PBC, as also reflected from the

Figure 2. Carbon yields and BPCAs distributions of the seven
oxidized black carbon reference materials. Note: details on these black
carbon reference materials are referenced from the captions in Table
S3.
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significant positive correlations between themselves (Figures
S3 and S4).
Similar to PBC, DBC in summer also exhibit no apparent

vertical variations (Figure 3g−i). The DBC averages in surface,
middle, and bottom were 80.8 ± 30.5, 75.5 ± 25.8, and 80.0 ±
25.2 μg L−1, respectively (Table S4). Horizontally, in contrast
to the uniform distributions of PBC, DBC in the surface,
middle, and bottom all decreased seaward markedly (t test, p <
0.001), with highest (102.0 ± 22.5, 92.7 ± 15.2, and 98.8 ±
16.7 μg L−1) occurring in the river-influenced near-shore areas
but lowest (35.7 ± 16.4, 42.3 ± 9.9, and 46.3 ± 6.1 μg L−1) in
the central NYS (Table S5). In winter, however, in contrast to
the gradually elevated PBC from the surface to the bottom,
there were no obvious vertical variations for the DBC (Figure
3j−l). The DBC averages in surface, middle, and bottom were
67.8 ± 15.7, 61.4 ± 10.0, and 66.1 ± 15.3 μg L−1, respectively
(Table S4). The horizontal variations of the DBC in winter
largely resembled those of PBC, with significantly elevated
values in southern (82.8 ± 6.7, 75.5 ± 5.8, and 79.8 ± 2.5 μg
L−1) than those in northern Bohai Strait (50.4 ± 0.6, 53.5 ±
2.8, and 50.7 ± 5.3 μg L−1 in the surface, middle, and bottom,
respectively; Table S5). Moreover, consistent with that in
summer, the DBC in winter also showed a seaward decreasing
trend (DBC in surface, middle, and bottom in central NYS
were as low as 53.5 ± 4.3, 53.4 ± 1.2, and 51.2 ± 4.5 μg L−1,
respectively; Table S5). The spatiotemporal variations of DOC
(Figure S5) differed significantly from those of the DBC, and
there was no correlation between them (R2 < 0.07, p > 0.05;
Figure S6).
3.3. BPCAs Distributions along River-to-Ocean Con-

tinuum. The averaged BPCAs distributions in the coastal BS
and NYS were similar, irrespective of the sampling periods and
layers (Figure 4a). B5CA and B6CA, which are indicative of a
structurally high aromatic and thus condensed DBC,
constituted 22−24% of tBPCAs (Table S6). In comparison,
the upstream riverine DBC in Bohai Rim contained higher

quantities of B5CA and B6CA (28−35%),2 while the DBC
from the downstream open Pacific Ocean were B6CA-
depleted, with (B5CA + B6CA) less than 15%.31 The degree
of DBC aromatic condensation based on the ratio of (B6CA +
B5CA)/(tB4CA + tB3CA) decreased significantly (t test, p <
0.01) and continuously from rivers (0.40−0.55), to the coastal
seas (0.28−0.32), and then to the remote open ocean (0.15−
0.18) (Figure 4b).

3.4. Comparisons of the DBC Concentrations from
Three Different Methods. We compared the riverine and
coastal sea DBC concentrations calculated from three different
methods developed from this study (Text S2), Dittmar,34 and
Stubbins et al.45 (Text S3). Of which, the latter two were
widely used in the DBC concentration calculations.9,35,38,46−50

The DBC calculated by the method developed in the present
study correlated significantly (R2 ≥ 0.88, p < 0.01) with those
from both Dittmar34 and Stubbins et al.45 (Figure 5). Notably,

Figure 3. Spatiotemporal variations of PBC and DBC concentrations in coastal BS and NYS.

Figure 4. Comparisons of BPCAs distributions along the river-to-
ocean continuum. Note: (a) tB3CA (tB4CA) is the sum of B3CA
(B4CA) and NO2-B3CA (NO2-B4CA). (b) BPCAs data for the
riverine and open ocean are referenced from Fang et al.2 and
Ziolkowski and Druffel,31 respectively, both of which quantified the
NO2-BPCAs.
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however, the former was 2.3−3.0 times higher than those from
the latter two methods.

4. DISCUSSION
4.1. Dynamics of Coastal PBC. As a typical shelf marginal

sea, the BS is strongly influenced by river inputs. The Yellow
River (Figure 1b), ranking as the world’s second-largest river in
terms of sediment loads and representing ∼6% of the global
river sediment flux into the ocean,51 flows directly into the BS.
The sediment discharge from the Yellow River has distinct
seasonal variability.52 It is estimated that over 80% of the
annual Yellow River sediment release into the BS occurs in
summer.53 During this period, the BS water column exhibits
high stratification and vertical mixing is thus remarkably
weakened (Figure S7). Such hydrodynamic processes result in
the quick deposition of the river-derived sediments within the
river mouth (<30 km), even at the timing of the summer
“Water and Sediment Regulation Project”, a short duration
(∼20 days) in which 30−50% of the annual Yellow River
sediments are discharged into the BS.53−55 Therefore, the TSS
and associated PBC and POC in BS were of low levels in
summer, and they also had no obvious horizontal or vertical
variations (Figures 3a−c, S1a−c, and S2a−c).
In winter, however, the BS is strongly affected by the

prevailing northerly and/or northwesterly East-Asian mon-
soon.2,53 This strong wind produces waves up to 7 m that
transmit toward the coast of the Yellow River delta, resulting in
the intensive resuspension of the estuarine seabed sediments
off the Yellow River delta due to the elevated bottom shear
stress.53,56,57 Moreover, the intense vertical mixing (Figure S7)
maintains the sediments at a state of resuspension, facilitating
their long-range waterborne transport and subsequent
export.53,57 Driven by the monsoon-induced Shandong Coastal
Current (SCC) (Figure 1b),58,59 the sediments are readily
mobilized southward to the Laizhou Bay and then transported

eastward along the coast of the Shandong Peninsula to NYS
through the southern Bohai Strait. Therefore, higher levels of
particulates were measured in winter in comparison with those
in summer (Table S4), and horizontally higher TSS, PBC, and
POC occurred in southern than in northern Bohai Strait
(Figures 3d−f, S1d−f, and S2d−f). The significant positive
correlations between these particulate phases (R2 = 0.73−0.91,
p < 0.01; Figures S3 and S4) suggested the coupled
mechanisms controlling their dynamics. To conclude, the
integrated influences of the strong winter northerly and/or
northwesterly monsoon-induced sediment resuspension proc-
ess and coastal current transport largely regulate the sources
and dynamics of TSS and associated PBC and POC in coastal
BS in winter. In addition, these factors were found to exert a
crucial influence on the sorting of sedimentary BC with
different physical properties in this region.60 Within ∼30 km of
the Yellow River estuary, BC with larger particle size from
biomass burning decreased from 90 to 20%, and the smaller
fossil fuel combustion-derived BC increased from 10 to 80%.
Beyond ∼30 km, the relative proportions of these two types of
BC changed slightly.

4.2. Dynamics of the Coastal DBC. Our nearly
simultaneous investigations in 2014 have found that the river
DBC in Bohai Rim averaged 346 ± 157 μg L−1 in summer and
229 ± 90 μg L−1 in winter,2 both of which were ∼4 times
higher than the averages measured in the adjacent coastal
China seas (∼80 and ∼60 μg L−1 in summer and winter,
respectively; Figure S8). Such steep river-to-sea concentration
gradients, in combination with the significant negative
correlations between the DBC concentrations and salinity in
this study (R2 = 0.18−0.86, p < 0.01; Figure S9) and also in
our previous work29 conducted in the same region but from
different sampling periods, point toward river runoff as the
major source of the DBC to the coastal seas. This judgment
can further be testified by our preliminary constrained DBC
budget, in which we calculated that riverine discharge and
atmospheric deposition each delivered 6−16 and ∼0.9 Gg yr−1
of DBC to BS.2 The contribution of the DBC into BS from
riverine inputs was approximately 1 order of magnitude higher
than that from atmospheric delivery. From a global perspective,
the available DBC fluxes into the ocean from rivers and
atmospheric deposition are at 26.5 ± 1.8 and 1.8 ± 0.8 Tg
yr−1, respectively.35,47 Surprisingly, the relative proportions of
riverine discharge and atmospheric deposition of the DBC into
the BS corresponded well with the above global averages. This
manifests that the coastal BS serves as an ideal regional
template to study the global-scale DBC cycling.
When the overwhelmingly high levels of riverine DBC enter

the estuaries, it can be automatically diffused seaward due to
the significant differences between the river and coastal DBC
concentrations. This diffusion mechanism mainly results in the
observed distinct DBC decreasing seaward pattern (Figure
3g−l). In addition to the inherent diffusion mechanism, the
dissolving characteristic of DBC facilitates it to be transported
and redistributed along with the hydrodynamic forcings,29 like
the coastal currents. Driven by the eastward SCC (Figure 1b),
the DBC can be readily mobilized from BS to NYS through the
southern Bohai Strait. Because of no large rivers flowing
directly into the NYS and the resultant higher DBC levels in
BS compared with those in NYS (Figure 3g−l), the SCC-
driven eastward transport largely regulates the horizontally
spatial variations of DBC within the Bohai Strait.

Figure 5. Comparisons of riverine and coastal sea DBC concen-
trations calculated from three different methods. Note: (a) these
methods were developed in the present study, Dittmar,34 and
Stubbins et al.,45 respectively (Text S3). (b) Riverine data are
referenced from Fang et al.2
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4.3. Significant and Continuous Decrease of the DBC
Aromatic Condensation along River-to-Ocean Contin-
uum Transport. If the DBC quality is conservatively mixed
along with the river-to-ocean continuum transport, we would
expect that the BPCAs molecular ratios in coastal BS and NYS
remain relatively constant and also resemble those from the
upstream rivers in Bohai Rim and downstream the open Pacific
Ocean. However, this is not the case. The ratio of (B6CA +
B5CA)/(tB4CA + tB3CA) decreased with increasing salinity
in BS and NYS (Figures S10−S12). Most importantly, it
decreased significantly and continuously from rivers to the
coastal seas and then to the remote open ocean (Figure 3b).
The spatially continuous alterations in the DBC quality
evidently indicated the loss behavior of the DBC aromatic
condensation during its transport along the river-to-ocean
continuum.
The loss of the DBC aromatic condensation along the river-

to-ocean continuum transport could in large part be due to
their differing degrees of photochemical transforma-
tions.10,19,61,62 As aforementioned, river is the predominant
source of DBC mobilization from the land to ocean, and the
transport distances of the DBC reaching the rivers, coastal seas,
and open ocean, therefore, increase stepwise. Accordingly, the
durations of DBC exposure to solar radiation also increase
gradually. The modeled sunlight irradiation experiment has
uncovered that photodegradation preferentially removes the
polycondensed aromatic structures (i.e., B6CA and B5CA),
yielding a pool of DBC molecules that are less aromatic (i.e.,
B3CA and B4CA).19,20,62 As a result, the DBC in rivers
receiving the least solar radiation was characterized by the
largest aromatic condensation, exhibiting the highest (B6CA +
B5CA)/(tB4CA + tB3CA) ratio. In comparison, however, the
open oceanic DBC, which was subjected to the longest
sunlight exposure, was thus with the least aromaticity. The
photochemical-induced molecular transformations of DBC
have been also observed in the geographically wide-distributed
regions, such as the western South China Sea,48 the Atlantic
Ocean surface waters,63 and even the global-scale cryosphere.64

From a global perspective, the photodegradation process has
been identified as a dominant global oceanic DBC sink, with
an estimated flux of 20−490 Tg yr−1.19 Here, it is worth
mentioning that, in addition to the above-proposed photo-
oxidation pathway, the observed lower BPCAs molecular ratios
in aerosols together with the comparable ranges of δ13C
signatures between the aerosol BC and open oceanic DBC to
some extent point toward aerosol deposition as another
potential mechanism resulting in the less polycondensed open
ocean DBC.10,47,65,66 Despite this recognition, estimating the
relative contributions of these mechanisms remains an
enormous challenge and is yet to be resolved.
4.4. Implications for Updating Global DBC Fluxes and

Pools. The DBC concentrations used for estimating the
global-scale DBC fluxes35,47 and oceanic pools63 were
quantified by methods either from Dittmar34 or Stubbins et
al.45 The DBC determined by these two methods was 2.3−3.0
times lower than that determined by the method developed in
the present study (Figure 5), implying that the existing
estimates of the global DBC fluxes and pools were largely
underestimated.
The significant linear correlations of the DBC concen-

trations calculated from the three different methods (R2 ≥
0.88, p < 0.01; Figure 5) make updating the current global-
scale DBC fluxes and pools possible and reasonable.

Considering the original quantification and calculation
methods, factors of 2.4 (average of 2.5 and 2.3; Figure 5b,d)
and 2.5 (Figure 5a) were used for updating the global
atmospheric (1.8 Tg yr−1) and riverine (26.5 Tg yr−1) DBC
fluxes, respectively,35,47 and 3.0 (Figure 5c) was used for
updating the global oceanic DBC pool (12 Gt).63 Through
these revisions, the global DBC fluxes into the ocean from the
atmospheric and riverine delivery were estimated at rates of 4.3
and 66.3 Tg yr−1, respectively, and the global oceanic DBC
pool was approximately 36 Gt. The much higher values
obtained resulted primarily from the inclusion of NO2-BPCAs
fractions into tBPCAs. Regardless of the rivers or coastal seas,
NO2-BPCAs correlated significantly with both non-nitrated
BPCAs (R2 = 0.67−0.71, p < 0.01) and tBPCAs (R2 = 0.87−
0.91, p < 0.01) (Figure S13). The ratio of NO2-BPCAs/
tBPCAs was ∼34% in rivers and increased to ∼51% in coastal
seas, emphasizing the importance and necessity of the
determination and inclusion of the NO2-BPCAs into tBPCAs
on future DBC-associated studies. Despite the different DBC
calculating methods adopted by different groups, the direct
comparisons of their DBC concentrations are accessible if the
individual BPCAs fraction concentrations are provided, like
Table S6 in the present study. Only in this way can we
facilitate future researchers reanalyzing and recomparing the
literature-presented DBC data sets and eventually have a more
refined understanding of the DBC geochemistry, such as the
sources-to-sinks processes and fluxes.38
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