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Pyrogenic carbon, also called black carbon (BC), is an important component in the global

carbon cycle. BC produced by biomass burning or fossil fuel combustion is transported

to oceans by the atmosphere or rivers. However, environmental dynamics (i.e., major

sources and sinks) of BC in marine environments have not been well-documented.

In this study, dissolved BC (DBC) collected from surface waters of the Chukchi Sea,

the Bering Sea, and the subarctic and subtropical North Pacific were analyzed using

the benzene polycarboxylic acid (BPCA) method. The DBC concentration and the

ratio of B5CA and B6CA to all BPCAs (an index of the DBC condensation degree)

ranged from 4.8 to 15.5µg-C L−1 and from 0.20 to 0.43, respectively, in surface

waters of the Chukchi/Bering Seas and the North Pacific Ocean. The concentration

and condensation degree of DBC in the Chukchi/Bering Seas were higher and more

variable than those in the subarctic and subtropical North Pacific, which implies that the

major factors controlling DBC distribution were different in these marine provinces. In

the Chukchi/Bering Seas, the DBC concentration was negatively correlated to salinity

but positively correlated to chromophoric dissolved organic matter (CDOM) quantity

and total dissolved lignin phenol concentration estimated by CDOM parameters. These

correlations indicated that the possible major source of DBC in the Chukchi/Bering Seas

was Arctic rivers. However, in the North Pacific, where riverine inputs are negligible for

most sampling sites, DBC was possibly derived from the atmosphere. Although spectral

slopes of CDOM at 275–295 nm (an index of the photodegradation degree of CDOM)

differed widely between the subarctic and subtropical North Pacific, the concentration

and condensation degrees of DBC were similar between the subarctic and subtropical

North Pacific, which suggests that photodegradation was not the only major factor

controlling DBC distribution. Therefore, DBC distributions of the North Pacific Oceanwere

considered to be mainly controlled by atmospheric deposition of BC and subsequent

losses by photodegradation and adsorption onto sinking particles. This study implies

that the main influence on DBC distribution in the open ocean and the coastal ocean are

atmospheric deposition and fluvial inputs, respectively.
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INTRODUCTION

Pyrogenic carbon (PyC), including soot, char, black carbon, and
biochar, is produced by incomplete combustion of organic matter
by biomass burning or fossil fuel combustion (Masiello, 2004).
The physical and chemical characteristics of PyC vary widely
and depend on formation temperature (Hedges et al., 2000;
Masiello, 2004). Less aromatic PyC (e.g., char) produced at lower
temperature is considered to be biologically degradable (Bruun
et al., 2008); however, PyC produced at higher temperature
forms more condensed polyaromatic compounds (e.g., soot and
elemental carbon) and is considered to be stable in reduced
carbon pools for at least thousands of years (e.g., Masiello
and Druffel, 1998). Although the values are largely variable
and depend on quantification methods, PyC content has been
determined to be <1–60% (Preston and Schmidt, 2006) and
generally 5–15% (Hockaday et al., 2007) of soil organic carbon
and 2–50% of sedimentary organic carbon (Kuhlbusch, 1998).
Recently, Reisser et al. (2016) generated a soil PyC database and
found that global PyC represents 13.7% of the SOC on average
and can even be up to 60%. Therefore, PyC has been considered
an important potentially slow-cycling refractory component of
the global carbon cycle, although the magnitude of key pools
and fluxes in the global cycle of PyC remain poorly constrained
(Kuhlbusch, 1998; Bird et al., 2015; Santín et al., 2016).

Recent studies have revealed occurrences of PyC in the
dissolved organic matter (DOM) fraction, and such dissolved
PyC has often been defined as dissolved black carbon (DBC)
in aquatic environments (e.g., Dittmar, 2008; Jaffé et al., 2013).
Fourier transform ion cyclotron resonance mass spectrometry
(FT-ICR-MS) identified condensed aromatic ring structures in
the DOM from soil pore water (Hockaday et al., 2006) and
riverine water (Kim et al., 2004), indicating that a part of PyC
in soils becomes water soluble during degradation and that the
soluble fraction of PyC (DBC) in soil pore waters is exported to
rivers (Hockaday et al., 2006, 2007).

To determine factors controlling riverine DBC concentrations
and fluxes, spatial and temporal distributions of riverine
DBC have been clarified from watersheds to global scales
using benzene polycarboxylic acid (BPCA) methods. The
method quantifies BPCAs produced through the oxidation of
polyaromatic compounds in PyC (Dittmar, 2008). Dittmar et al.
(2012a) determined the seasonal/annual variation of riverine
DBC from 1997 to 2008 in tropical Atlantic forest watersheds
that were extensively burned from the 1850s to 1973. They found
that DBC continues to be mobilized from a watershed every
year in rainy seasons, although widespread forest burning ceased
more than 20 years ago. From the highest DBC concentrations
in the wet season to the lowest in the dry season for the same
river, Marques et al. (2017) indicated the important role of
hydrology in DBC dissolution and migration. A strong linear
correlation between DBC concentration and dissolved organic
carbon (DOC) concentration has generally been found in rivers
regardless of differences in watershed size or type or climatic
provinces (Dittmar et al., 2012a,b; Ding et al., 2013, 2014, 2015;
Wagner et al., 2015). It has recently been estimated that DBC
contributes to the∼10% of DOC in global rivers (Jaffé et al., 2013;

Stubbins et al., 2015). The riverine DBC is finally transported to
oceans (Mannino and Harvey, 2004; Masiello and Louchouarn,
2013; Huang et al., 2016), and the global flux was estimated to be
26.5 ± 1.8 million tons, which is of the same order of magnitude
as the estimated range of the annual production of PyC from
vegetation fires (Jaffé et al., 2013).

In marine environments, Dittmar and Koch (2006) used
FT-ICR-MS and identified polyaromatic compounds with
hydrophilic functional groups as DBC fromDOM collected from
the Southern Ocean. Using the BPCA method, the percentage
of DBC in bulk marine DOM has been estimated to be 2.0–
2.6% (Dittmar, 2008; Dittmar and Paeng, 2009; Coppola and
Druffel, 2016), which is comparable to most chromatographically
identifiable compounds (i.e., amino acids and neutral sugars) in
marine DOM (Benner, 2002). Additionally, the apparent 14C age
of DBC was estimated to be 5,000–23,000 years (Ziolkowski and
Druffel, 2010; Coppola and Druffel, 2016). These findings imply
that DBC is likely a major fraction of refractory DOM in marine
environments and is possibly important as a long-term carbon
reservoir of the global carbon cycle.

Riverine and groundwater input (Dittmar et al., 2012a; Jaffé
et al., 2013; Huang et al., 2016), atmospheric deposition (Jurado
et al., 2008), and hydrothermal fluids (Dittmar and Koch, 2006;
Dittmar and Paeng, 2009) have been proposed as possible sources
of DBC in marine environments, whereas photodegradation
(Stubbins et al., 2012) and adsorption onto sinking particles
(Coppola et al., 2014) have been considered as potential sinks.
However, because spatial and temporal distributions of DBC have
scarcely been reported in marine environments (Dittmar and
Paeng, 2009), the environmental dynamics (i.e., major sources
and sinks) of marine DBC have not been well-documented, even
in possible ranges of DBC concentration. Such knowledge is
essential to evaluate not only the global PyC cycle but also the
global carbon cycle. Therefore, distribution patterns of DBC in
surface waters of the marginal seas (the Chukchi/Bering Seas)
and the open ocean (the North PacificOcean) were determined in
this study using the BPCA method to evaluate the range of DBC
concentration and its controlling factors in the surface ocean.
The major sources and possible loss processes are discussed from
the geographical patterns of DBC, chromophoric DOM (CDOM,
the UV, and visible light-absorbing constituent in DOM), and
salinity.

MATERIALS AND METHODS

Sampling
Sampling locations with observed salinities are shown in
Figure 1. Samplings of the Chukchi/Bering Seas and the subarctic
North Pacific Ocean were carried out during two cruises in July
2013 by the T/SOshoro-Maru (C255) and in July–August 2014 by
the R/V Hakuhou Maru (KH-14-3). Samplings of the subtropical
North Pacific Ocean were carried out at 10 sites in July 2016
during the R/V Shinsei Maru cruise (KS-16-9). Surface water
samples (n = 38) were collected using a towed fish metal-free
sampling system (1–3m below the surface, Tsumune et al., 2005;
Nishioka et al., 2011) or an underway pumping system (∼5m
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FIGURE 1 | Map of the study area showing sampling sites with

observed salinity.

below the surface). Some samples (n = 4 at 70.7◦N/161.3◦W,
70.1◦N/164.6◦W, 67.7◦N/167.9◦W, and 50.1◦N/170.1◦W) were
collected at 5–10m using a conductivity-temperature-depth
(CTD) system equipped with Niskin bottles. A deep seawater
sample was also collected at 2,000m at the subarctic western
North Pacific Ocean in March 2015 during the R/V Hakuhou
Maru KH-15-1 cruise. The deep seawater DOM sample was used
to examine the BPCA method under nitric oxidation conditions
as mentioned below.

Approximately 6–9 L of seawater was collected for DBC
analysis. Seawater samples were filtered using a pre-combusted
(450◦C, 3–5 h) Whatman GF/F filter (0.7 µm of nominal pore
size), and the filtrate was then poured into a 9-L acid-washed
polycarbonate bottle. The polycarbonate bottle was covered
with a black plastic bag to avoid photodegradation of DBC
during sampling. Immediately after sampling, the filtrate pH was
adjusted to 2 by HCl and the acidified filtrate was immediately
subjected to solid phase extraction, as discussed in Section Solid
Phase Extraction.

Samples for DOM optical analysis were filtered using a pre-
combusted GF/F filter (KH-14-3 and KS-16-9 cruises) or an acid-
washed 0.22-µm filter (C255 cruise). The filtered seawater was
poured into a pre-combusted glass vial with a Teflon-lined cap
after triple rinsing and then stored frozen (−20◦C) in the dark
until analysis.

Temperature was determined with CTD sensors during all
the cruises. Salinity was also determined with a CTD sensor
during the KS-16-9 cruise but was determined with a salinometer
(AUTOSAL8400B, Guildline Instruments, Smiths Falls, ON,
Canada) during the KH-14-3 and C255 cruises.

Solid Phase Extraction
A pre-concentration of DBC by solid phase extraction (SPE)
was performed aboard a ship using the method of Dittmar
(2008) with some modifications. The 6–9 L of acidified seawater

was passed through an SPE cartridge (1 g, Bond Elut PPL,
Agilent Technologies) pre-conditioned by two column volumes
of methanol. After the passage of acidified seawater, the cartridge
was rinsed by two-column volumes of 0.01 MHCl, wrapped with
aluminum foil, placed inside a plastic bag, and then stored frozen
(−20◦C) in the dark. In a laboratory on land, the frozen SPE
cartridge was thawed and then dried under an N2 stream. Two-
column volumes of methanol were passed through the cartridge
to elute the organic compounds, including DBC adsorbed on the
cartridge resins. The eluate was poured into a glass vial with a
Teflon-lined cap pre-cleaned by methanol and then stored frozen
(−20◦C) in the dark until DBC analysis by the BPCA method, as
discussed in the following two sections.

Nitric Oxidation for the Benzene
Polycarboxylic Acid (BPCA) Method
The BPCA method, a method for determining the molecular
pyrogenic carbon, was originally employed for the quantification
of PyC in soils (Glaser et al., 1998), but has been modified for
a DBC analysis by Dittmar (2008). Polyaromatic compounds in
PyC are oxidized to BPCAs by nitric acid, and the produced
BPCAs are separated and can be quantified by using a high-
performance liquid chromatograph coupled with a photodiode-
array detector (HPLC-DAD), a gas chromatograph (GC) coupled
with a flame ionization detector, or a GC coupled with mass
spectrometer (e.g., Dittmar, 2008; Ziolkowski et al., 2011).
BPCAswere not produced fromnon-thermogenic organicmatter
(Dittmar, 2008; Ding et al., 2013). In addition, the condensation
degree, which may help to evaluate the source/processing of PyC,
can also be obtained from the BPCAmethod (Glaser et al., 1998).

DBC analysis by the BPCA method was performed using the
method of Dittmar (2008) and Ding et al. (2013). The eluate
(3 ml) was transferred into a 2-ml glass ampoule over drying
under an N2 stream at room temperature; then, the ampoule
was flame-sealed after the addition of 0.5ml of concentrated
HNO3. The sealed ampoule was kept in an oven at 170◦C for
6 h. After the oxidation, HNO3 was evaporated under an N2

stream at 50◦C, and samples in the ampoules were re-dissolved
in 0.2ml of mobile phase A (see details in the following section)
for high-performance liquid chromatography (HPLC) analysis.

Different conditions have been reported for nitric oxidation
for the BPCA method, e.g., 160◦C for 6 h (Ding et al., 2013)
or 170◦C for 8 or 9 h (Glaser et al., 1998; Dittmar, 2008),
and 180◦C for 8 h (Ziolkowski et al., 2011). To compare the
oxidation efficiencies under different conditions, the Suwannee
River Humic Acid Standard II (SRHA, 2S101H) and the deep
seawater DOM sample collected in this study were analyzed
with various oxidation conditions of 160, 170, and 180◦C for
up to 10 h (Figure 2). The C-recovery of SRHA ranged from
3.9 to 5.3% (Figure 2A). Under oxidation at 160◦C, there were
no differences in C-recovery among the oxidation times (4.8–
5.1%). The C-recoveries of oxidation times of 4–8 h (5.2–5.3%)
were higher than those of 2 and 10 h (4.8%) at 170◦C. The
C-recovery under 180◦C oxidation decreased with increasing
oxidation time from 5.3% (2 h) to 3.9% (10 h). The oxidation
at 170◦C for 4–8 h showed the highest C-recovery of SRHA in
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FIGURE 2 | BPCA carbon-based recoveries (C-recovery, %) of

Suwannee River Humic Acid Standard II (SRHA) (A) and DBC

concentration of deep seawater (B) after nitric oxidation under various

temperatures and oxidation times.

this study and showed slightly higher C-recovery compared with
the highest value observed at 160◦C for 6 h reported by Ding
et al. (2013). The DBC concentration of deep seawater ranged
from 4.2 to 6.0 µg-C L−1 (Figure 2B). Under oxidation at 160◦C,
the DBC concentration increased with increasing oxidation time
from 4.2 µg-C L−1 (2 h) to 6.0 µg-C L−1 (10 h), and the DBC
concentration under 170◦C oxidation for 4–6 h (5.7–5.8 µg-C
L−1) was higher than that for other times (5.1–5.6 µg-C L−1).
From these two experimental results, the oxidation at 170◦C for
6 h was used as the condition of nitric oxidation for the BPCA
method. Note that the C-recovery and DBC concentration at
170◦C for 6 h were reproducible within±5% for triplicate runs.

High Performance Liquid Chromatography
to Quantify BPCAs
BPCAs were analyzed using an Agilent 1260 Infinity HPLC
system equipped with a photodiode array detector (DAD;
Dittmar, 2008). Briefly, samples/standards were eluted at a flow
rate of 0.18 ml min−1 following gradients from 94% mobile
phase A (4 mM tetrabutylammonium bromide, 50 mM sodium
acetate, and 10% MeOH) to 80% mobile phase B (MeOH) over
100 min with a C18 column (3.5 µm, 2.1 × 150 mm, Waters
Sunfire). A column oven of the HPLC system was set to 16◦C.
The quantification of the BPCAs was carried out with absorbance
at 235 nm using the calibration curve of the BPCA standards
mixture. The standards mixture of the BPCAs was prepared

with commercially available BPCAs (1,2,3-B3CA; 1,2,4-B3CA;
1,3,5-B3CA; 1,2,4,5-B4CA; B5CA; B6CA). Two commercially
non-available BPCAs (1,2,3,4-B4CA and 1,2,3,5-B4CA) were
identified by retention time and absorbance spectrum (220–380
nm; Dittmar, 2008). The quantification of these two BPCAs was
performed using the calibration curve of 1,2,4,5-B4CA.

The DBC concentration was estimated from BPCA
concentrations using an equation proposed by Dittmar (2008).
The contribution (ratio) of B5CA and B6CA to total BPCAs
was calculated as an index for condensation degree of DBC.
The analytical error of the methods determined using triplicate
seawater samples was <4% in terms of the DBC concentration.

Analysis of DOM Optical Properties
The absorbance spectrum between 200 and 800 nmwasmeasured
using a spectrophotometer (UV-1800, Shimadzu) with a 5-cm
quartz windowed cell using the method of Yamashita et al.
(2013). Briefly, water samples were thawed and allowed to stand
prior to analysis until they reached room temperature (∼23◦C).
Absorbance spectra of a blank (Milli-Q) and samples were
obtained against air, and a blank spectrum was subtracted from
each sample spectrum. The sample spectra were then baseline
corrected by subtracting average values ranging from 590 to 600
nm from the entire spectrum (Yamashita and Tanoue, 2009).
Absorbance was converted to the absorption coefficient a(λ)
(m−1) and then fitted to an exponential function as follows
(Green and Blough, 1994):

a(λ) = a(λi)e−S(λ−λi),

where a(λ) and a(λi) are the absorption coefficients at wavelength
λ and reference wavelength λi, respectively. S is the spectral slope
parameter. In this study, the absorption coefficient at 254 nm
(a254) was reported as a quantitative parameter of CDOM. The
S obtained between 275 and 295 nm (S275−295) was calculated
using the method of Helms et al. (2008). S275−295 has been
used as a proxy for the molecular weight of the DOM (e.g.,
Helms et al., 2008), a tracer for terrigenous DOM in coastal
environments (Fichot et al., 2013; Fichot and Benner, 2014),
and an index for the degree of photodegradation (e.g., Helms
et al., 2008; Yamashita et al., 2013). In this study, the value of
S275−295 was used as indexes for the contribution of terrigenous
DOM and the degree of photodegradation in the Chukchi/Bering
Seas and the North Pacific Ocean. A smaller value of S275−295

indicated a greater contribution of terrigenous DOM or a lower
degree of photodegradation and vice versa (Fichot et al., 2013;
Yamashita et al., 2013). Notably, the DBC determined by the
BPCA method is one of the constituents of CDOM. However,
although CDOM is a mixture of terrigenous organic matter
such as lignin (e.g., Fichot et al., 2016), autochthonous humic-
like materials (e.g., Yamashita and Tanoue, 2009), proteins (e.g.,
Yamashita and Tanoue, 2009), and so on, in addition to DBC,
the contribution of DBC to CDOM remains poorly constrained.
Thus, a254 and S275−295 were used for indexes of bulk CDOM
rather than DBC in this study.
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Total dissolved lignin phenol concentration (TDLP9,
nM), a proxy for terrigenous DOM (Meyers-Schulte and
Hedges, 1986; Opsahl and Benner, 1997; Fichot and Benner,
2012), was estimated using absorption coefficients and the
equation proposed by Fichot et al. (2016). Note that the
estimated TDLP9 concentrations for samples in the open
ocean most likely included some uncertainties because
the equation was established with samples obtained from
coastal environments while the autochthonous components
possibly occupy major fractions of CDOM in the open
ocean.

RESULTS

Oceanographic Characteristics of the
Study Area
Temperature and salinity of surface waters observed in the
Bering Sea showed relatively wide ranges, from 3.8 to 10.7◦C
(Supplemental Figure 1) and from 30.6 to 33.0 (Figure 1),
respectively. The Bering Sea has a deep basin in the south
and a shallow continental shelf in the northeast. The observed
salinities in the shelf were lower than those in the basin.
Levels of terrigenous CDOM are high in the shelf compared
with the outer shelf (D’Sa et al., 2014). Temperature and
salinity in the Chukchi Sea were lower than in the Bering
Sea and ranged from −0.09 to 4.6◦C and from 29.3 to 32.2,
respectively. In the Bering-Chukchi shelf, several water masses,
e.g., the Alaskan Coastal Water, the Bering Shelf Water, and
the Anadyr Water, flow from the Bering Sea to the Chukchi
Sea through the Bering Strait (Shimada et al., 2001; Grebmeier
et al., 2006). The Alaskan Coastal Water, characterized by low
salinity (Grebmeier et al., 2006), can be affected by riverine
terrigenous DOM (Shin and Tanaka, 2004; Tanaka et al.,
2016).

Sampling sites located between 39 and 51◦N can be defined
as within the subarctic North Pacific. In surface waters of the
subarctic North Pacific, temperature and salinity were variable
and ranged from 10.1 to 22.7◦C and from 32.2 to 34.2,
respectively. Sampling sites in this province were mainly located
in theWestern Subarctic Gyre (WSG), an area surrounded by the
East Kamchatka, the Oyashio, and the Kuroshio currents. Some
sites were located near the Aleutian Islands and are considered
affected by the Alaskan Stream (Onishi and Ohtani, 1999).

In the subtropical region of the North Pacific (south of 35◦N
in this study), the temperature and salinity of surface waters
ranged from 25.0 to 29.0◦C and from 33.6 to 34.9, respectively.
Sampling sites in this province were located at the western
edge of the North Pacific Subtropical Gyre (NPSG); the sites
covered the inside of the NPSG, the Kuroshio, and the outside
of the NPSG. The Kuroshio water is characterized as warmer
and more saline compared with the coastal water located at the
outside of the NPSG (Kawabe and Yoneno, 1987). As shown
in Supplemental Figure 2, five, two, and three sampling sites
in the subtropical North Pacific were located at the inside
of the NPSG, the Kuroshio, and the outside of the NPSG,
respectively.

Spatial Distribution of DOM Optical
Properties in Surface Waters
In the marginal seas, the levels of CDOM, expressed as a254,
were generally high in the Chukchi Sea (1.9–2.2 m−1) compared
with the Bering Sea (1.4–2.7 m−1), although the highest level was
observed at a site in the Bering Sea (Figures 3A,B). In the Bering
Sea, levels of CDOM in the shelf were higher than those in the
basin. The lowest level of CDOM was evident in surface waters
of the subtropical North Pacific (0.8–1.5 m−1); CDOM in surface
waters of the subarctic North Pacific (1.1–1.7 m−1) was in the
middle range. Overall, the distribution pattern of CDOM levels
in surface waters was similar to that of colored dissolved and
detrital material (CDM) observed by ocean color imagery (Siegel
et al., 2005) and that of humic-like fluorophores determined
by excitation emission matrices combined with parallel factor
analysis (Yamashita et al., 2017).

In analogy with the distribution pattern of a254, the TDLP9
concentration estimated from absorption coefficients was highest
in the Chukchi Sea (2.4–3.1 nM), except for two samples obtained
from the Bering Sea (3.0 and 4.1 nM), whereas the lowest
values were observed in the subtropical North Pacific (1.1–1.8
nM; Figures 3C,D). Among the middle ranges of the TDLP9
concentration, that of the Bering Sea (without two outliers,
1.7–2.1 nM) tended to be higher than that of the subarctic
North Pacific (1.3–2.2 nM). Although the TDLP9 concentration
observed in the Chukchi Sea was within the range previously
observed in the same region, the range of TDLP9 observed in this
study was extremely narrow compared with the range observed
in various coastal environments (1–500 nM; Fichot et al., 2016).

S275−295 was the lowest in the Chukchi Sea (0.025–0.027
nm−1; Figures 3E,F). In the Bering Sea and the subarctic North
Pacific, S275−295 had middle values and ranged from 0.026 to
0.035 nm−1 and from 0.029 to 0.040 nm−1, respectively. In the
subtropical North Pacific, S275−295 had the highest value with
greatest variability (0.031–0.055 nm−1). Overall, the S275−295

values observed in the Chukchi/Bering Seas were similar to
previous observations in the same region (Dainard and Guéguen,
2013; D’Sa et al., 2014; Tanaka et al., 2016) but were higher
than those in other Arctic margins, including the Eurasian Arctic
Ocean, the Beaufort Sea, and the Gulf of Ob (Fichot et al., 2013).
S275−295 values observed in the subarctic and subtropical North
Pacific were roughly the same as previously reported values in the
western North Pacific (Yamashita et al., 2013).

Spatial Distribution of DBC Concentration
and Composition in Surface Waters
Figures 4A,B show spatial distributions and box and whisker
plots of DBC concentration in surface waters of the Chukchi
Sea, the Bering Sea, and the subarctic and subtropical North
Pacific. Overall, DBC concentrations ranged from 4.8 to 15.5
µg-C L−1 and were largely different among marine provinces.
The DBC concentrations in the Chukchi Sea (7.9–12.1 µg-C
L−1) and the Bering Sea (4.8–15.5 µg-C L−1) were higher than
those in the subarctic and subtropical North Pacific (5.3–8.6 and
4.9–7.9 µg-C L−1, respectively). In this study, the highest DBC
concentrations were found at two sites in the shelf of the Bering
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FIGURE 3 | Spatial distributions of a254 (A), TDLP9 (C), and S275−295 (E), and box and whisker plots of a254 (B), TDLP9 (D), and S275−295 (F) in surface

waters of the Chukchi/Bering Seas, subarctic, and subtropical North Pacific (NP). In box and whisker plots, the central bold line represents the median of the dataset.

The upper and lower ends of the box represent the first and third quartiles of the dataset, respectively. The upper and lower whiskers represent the dataset maximum

and minimum, respectively. The open circle represents the outlier (more than 2 standard deviations).

Sea. Because the DBC concentrations in the shelf were generally
higher than those in the basin of the Bering Sea, the variability
in the DBC concentration was greatest for the Bering Sea. DBC
concentrations in the subarctic and subtropical North Pacific
were within a narrow range and were similar to those in the basin
of the Bering Sea.

Spatial distributions and box and whisker plots of the ratio of
B5CA and B6CA to all BPCAs in surface waters of the Chukchi
Sea, the Bering Sea, and the subarctic and subtropical North

Pacific are shown in Figures 4C,D. During nitric oxidation,
highly substituted BPCAs (i.e., B6CA and B5CA) are formed
from aromatic rings surrounded by many aromatic rings,
whereas poorly substituted BPCAs (i.e., B3CA) are formed from
aromatic rings surrounded by a few aromatic rings (Ziolkowski
et al., 2011). Therefore, the ratio of B5CA and B6CA to all BPCAs
can be used as an index for condensation degree of DBC. Overall,
the ratio of B5CA and B6CA to all BPCAs ranged from 0.20 to
0.43 and showed systematic differences among marine provinces
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FIGURE 4 | Spatial distributions of DBC concentration (A) and condensation degree (ratio of B5CA and B6CA to all BPCAs) of DBC (C), and box and whisker

plots of DBC concentration (B) and condensation degree of DBC (D) in surface waters of the Chukchi/Bering Seas, the subarctic and the subtropical North Pacific

(NP). In box and whisker plots, the central bold line represents the median of the dataset. The upper and lower ends of the box represent the first and third quartiles of

the dataset, respectively. The upper and lower whiskers represent the dataset maximum and minimum, respectively. The open circle represents the outlier (more than

2 standard deviations).

(Figures 4C,D). The ratio was high in the Chukchi Sea (0.36–
0.41) and Bering Sea (0.20–0.43) compared with the subarctic and
subtropical North Pacific (0.27–0.35 and 0.33–0.38, respectively).
In analogy with DBC concentration, the ratio in the Bering
Sea was highly variable because of large differences between the
shelf and the basin regions. The variability of the ratio in the
subarctic and subtropical North Pacific was smaller than in the
Chukchi/Bering Seas.

DISCUSSION

Characteristics of DBC in Surface Waters
of the Chukchi Sea, Bering Sea, and North
Pacific Ocean
DBC concentrations observed in this study were higher in
the Chukchi/Bering Seas compared with the North Pacific
Ocean (Figures 4A,B). The range of salinity (Figure 1), TDLP9
(Figures 3C,D), and S275−295 (Figures 3E,F) indicated that the
study area at the Chukchi/Bering Seas received some riverine
inputs. Previous studies reported DBC concentrations in riverine
and marine DOM using the BPCA method with the same
conversion method from BPCA to DBC concentration. Overall,
the range of DBC concentration in marine environments
observed in this study is one to three orders of magnitude
lower than those observed in terrestrial aquatic environments
(e.g., Jaffé et al., 2013; Stubbins et al., 2015), which indicates

that DBC in surface waters of coastal as well as oceanic
environments is possibly derived from terrestrial environments
by riverine inputs and/or atmospheric deposition, as previously
reported (Dittmar, 2008; Dittmar and Paeng, 2009). The DBC
concentrations in the Chukchi/Bering Seas (4.8–15.5 µg-C
L−1) were similar to a value reported for the open Gulf
of Mexico (14.4 µg-C L−1; Dittmar, 2008), and the DBC
concentration in the North Pacific Ocean (4.9–8.6 µg-C L−1)
was slightly lower than those observed in the Southern Ocean
(7.2–9.6 µg-C L−1; Dittmar and Paeng, 2009) and in the North
Atlantic Deep Water (12.5 ± 1.9 µg-C L−1; Stubbins et al.,
2012).

The condensation degree of DBC was higher in marginal seas,
i.e., the Chukchi/Bering Seas, compared with the open ocean,
i.e., the subarctic and subtropical North Pacific (Figures 4C,D).
Higher condensation degrees of DBC in coastal environments
compared with the open ocean have also been reported
(Dittmar, 2008; Dittmar and Paeng, 2009; Ziolkowski and
Druffel, 2010). Interestingly, higher DBC concentration was
generally accompanied by higher condensation degree of
DBC, and vice versa throughout the study area (Figure 4).
However, concentration and condensation degree of DBC
were more variable in the Chukchi/Bering Seas compared
with the North Pacific Ocean. Such a difference in variability
possibly reflects different environmental dynamics (source
and/or sink) of DBC between marginal seas and the open
ocean.
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Factors Controlling DBC Distributions in
Surface Waters of the Chukchi/Bering Seas
DBC concentration was negatively correlated with salinity but
was positively correlated with a254 and TDLP9 in the surface
waters of the Chukchi/Bering Seas (Figure 5). It has been recently
reported that a254 is strongly correlated with DBC concentration
in Arctic rivers (Stubbins et al., 2015). TDLP9 has been used
as a proxy of terrigenous DOM (Meyers-Schulte and Hedges,
1986; Opsahl and Benner, 1997; Fichot and Benner, 2012).
Therefore, relationships between DBC and salinity, a254, and
TDLP9 indicate that a major source of DBC in surface waters of
the Chukchi/Bering Seas is riverine input. Rivers carry a large
amount of DBC to global oceans, including the Arctic region
(Jaffé et al., 2013; Stubbins et al., 2015). The correlation coefficient
between DBC and salinity was lower than between DBC and a254

as well as TDLP9 (Figure 5). The DOC concentration was not
correlated to salinity in the Chukchi/Bering Seas because of the
complex mixing of water masses, including sea-ice melt water,
which can be characterized by low DOC concentration (Shin and
Tanaka, 2004; Mathis et al., 2005; Tanaka et al., 2016). Therefore,
it can be expected that the contribution of DBC in the sea-ice
melt water disturbs the relationship between DBC and salinity in
surface waters.

The plots were highly scattered between DBC concentration
and S275−295(Figure 5D). Fichot and Benner (2012) noted that
CDOM quality expressed as S275−295 is photochemically altered
in surface waters of salinities >30, regardless of origin. Several
water masses, e.g., Alaskan Coastal Water (salinity < 31.8),
Anadyr Water (salinity > 32.5), Bering Shelf Water (31.8–32.5
of salinity), have been known to distribute in the Chukchi/Bering
Seas as marine end-members (Grebmeier et al., 2006). Therefore,
scattered plots between DBC concentration and S275−295 suggest
the various degrees of photochemical degradation of DBC as well
as CDOM among water masses of marine end-members.

The DBC concentration of the Yukon River in summer was
430 µg-C L−1 (Stubbins et al., 2015). This value is higher than
the intercept (69.7 ± 19.3 µg-C L−1) of the linear regression
between DBC concentration and salinity (Figure 5A). DBC
concentrations in the glacier-fed and glacier-influenced rivers
have been lower than those in rivers draining Alaskan boreal
forest (Ding et al., 2015). Therefore, a part of the large difference
in DBC concentration between the Yukon River (Stubbins et al.,
2015) and the intercept (Figure 5A) is possibly a result of variable
DBC concentrations among Arctic rivers, although sea-ice melt
water should also contribute to the differences discussed above.

Factors Controlling DBC Distributions in
Surface Waters of the North Pacific Ocean
DBC in surface waters of the North Pacific Ocean was
characterized as having relatively low concentration and
condensation (Figure 4). Because condensation degree of DBC
becomes lower with photodegradation (Stubbins et al., 2010,
2012; Ward et al., 2014; Wagner and Jaffé, 2015; Fu et al.,
2016), the relatively low concentration and condensation degree
of DBC found in the North Pacific Ocean may result from
extensive photodegradation. A large difference in S275−295

was evident between the subarctic and subtropical North
Pacific (Figures 3E,F). Because S275−295 becomes larger with
photodegradation of CDOM in the open ocean (Helms et al.,
2008; Yamashita et al., 2013), the difference in S275−295 suggests
that the degree of photodegradation of CDOM (including DBC)
was largely different between the subarctic and subtropical North
Pacific. However, the DBC concentration and condensation
degree were similar between the subarctic and subtropical North
Pacific (Figure 4), which implies that photodegradation is not the
sole major factor determining concentration and condensation
degree of DBC in surface waters of the North Pacific Ocean. The
other factor shaping the concentration and condensation degree
of DBC in surface waters is adsorption onto sinking particles.
Coppola et al. (2014) suggested that the transfer of hydrophobic,
highly aromatic/condensed BC from DOC to particles is one of
the important loss processes of DBC. The annual average flux of
sinking particles from surface waters (at 60 and 100m) to beneath
the subarctic western North Pacific was similar or slightly higher
than that in the subtropical western North Pacific (Honda
et al., 2016). Thus, the similar ranges of the DBC concentration
and condensation degree between the subarctic and subtropical
North Pacific implies that the adsorption onto sinking particles
is one of the processes shaping the DBC distribution in surface
waters of the open ocean.

Atmospheric PyC (i.e., soot), produced during combustion
at high temperature, such as fossil fuel combustion, can be
characterized by a high condensation degree, and its oxidation
products (BPCAs) are rich in B6CA and B5CA (Ziolkowski
and Druffel, 2010; Roth et al., 2012). Therefore, we considered
that the condensation degree of DBC derived from atmospheric
deposition of PyC would be high. However, Ding et al.
(2015) have recently reported that water soluble organic carbon
extracted from atmospheric dust was rich in B3CA and B4CA
and suggested that riverine DBC, which was rich in B3CA and
B4CA, was the result of soot deposited onto the watersheds.
Additionally, Khan et al. (2016) observed BPCA composition in
recent freshwaters and ancient brines of perennially ice-covered,
closed-basin Antarctic lakes and noted that the condensation
degree of DBC derived from PyC of fossil fuel combustion
was lower than that derived from wildfires. It has been well-
recognized that soot particles in the atmosphere are rendered
hydrophilic with chemical and photochemical aging (e.g., Petters
et al., 2006; Weitkamp et al., 2007; Han et al., 2012). Thus, DBC
with a low condensation degree is possibly derived from aged
soot.

Salinity and S275−295 (a254 and TDLP9) in surface waters
of the North Pacific Ocean were higher (lower) than those
of the Chukchi/Bering Seas (Figures 1, 3), which implies that
riverine inputs are minor in the North Pacific Ocean compared
with those in the Chukchi/Bering Seas. Although the air-
sea gas exchange fluxes of polycyclic aromatic hydrocarbons
(PAHs) are high in the Arctic region, the PyC concentrations
in aerosol particles and dry deposition of particle-bound PAHs
in the North Pacific Ocean were greater than those in the
Chukchi/Bering Seas (Hadley et al., 2007; Ma et al., 2013;
Taketani et al., 2016). Low condensation degrees of DBC
observed in surface waters of the subarctic and subtropical
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FIGURE 5 | Relationships between DBC concentration and salinity (A), a254 (B), estimated TDLP9 (C), and S275−295 (D) in surface waters of the Chukchi Sea

(red circle) and Bering Sea (blue triangle).

North Pacific thus imply that atmospheric deposition of BC and
subsequent dissolution is an important source of DBC in these
provinces.

Distributional patterns of DBC concentration and
condensation in the subtropical North Pacific support this
conclusion. The sampling sites located at the outside of
the NPSG may exhibit greater influence of riverine water
compared with the sites located at the Kuroshio and the inside
of the NPSG (Supplemental Figure 2). If major sources of
DBC were riverine inputs in the subtropical North Pacific,
there would be large gradients of DBC concentration and
condensation from the outside to the inside of the NPSG.
However, gradients of DBC concentration and condensation
were not evident from the outside to the inside of the NPSG,
although salinities in the outside of the NPSG were lower than
those in the Kuroshio Current and the inside of the NPSG
(Figure 6). These spatial distributions indicate that atmospheric
deposition rather than riverine input is an important
source of DBC in the surface waters of the North Pacific
Ocean.

In summary, the relatively low concentration and
condensation degree of DBC in the surface waters
of the North Pacific Ocean are mainly because of
atmospheric deposition of BC, with substantial effects
of photodegradation and adsorption onto sinking
particles.

CONCLUSIONS AND REMARKS

DBC in the ocean is one of the important PyC pools on the Earth’s
surface. However, because ranges in DBC concentration and
factors controlling DBC distribution have scarcely been reported,
the environmental dynamics of marine DBC have not been well-
documented. This study provides important insights about the
environmental dynamics of DBC in surface waters of marginal
seas and the open ocean.

The riverine input of DBC as a major source affects the
distribution of DBC in the surface waters of the Chukchi/Bering
Seas, in addition to possible contributions of DBC from sea-ice
melt water, photodegradation of DBC in marine end-members,
and variable DBC concentration among Arctic rivers.

The atmospheric deposition of BC and subsequent losses
by photodegradation and adsorption onto sinking particles are
the major factors shaping the relatively low concentration and
condensation degree of DBC in the surface waters of the North
Pacific Ocean.

This study indicates that the major sources of DBC in the
open ocean and coastal ocean are atmospheric deposition and
fluvial inputs, respectively. For the major loss processes of DBC
in surface waters, photodegradation and adsorption onto sinking
particles are considered. However, since atmospheric deposition,
photodegradation, and adsorption onto sinking particles affect
DBC distribution, all of which lower the condensation degree
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FIGURE 6 | Distributions of salinity and temperature (A) and

concentration and condensation degree (ratio of B5CA and B6CA to all

BPCAs) of DBC (B) in surface waters of the subtropical North Pacific. The

outside of the North Pacific Subtropical Gyre (NPSG) is close to Japan.

of DBC, the possible contributions of these processes could
not be separated by the DBC proxy applied in this study
(i.e., the ratio of B5CA and B6CA to total BPCAs). A
new compositional proxy of DBC is needed to separately
evaluate the effect of atmospheric deposition, photodegradation,

and adsorption onto sinking particles. The evaluation of the
DBC concentration in sea-ice melt water, various riverine
waters, including glacier-fed and glacier-influenced water, and
marine end-members are also necessary to clarify the factors
shaping DBC distribution in the Arctic Ocean, including the
Chukchi/Bering Seas.
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