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Abstract High-resolution horizontal and vertical distribution of dissolved organic carbon (DOC),
chromophoric, and fluorescent dissolved organic matter (CDOM and FDOM) were investigated in the
western boundary current system of the tropical Northwest Pacific (<200 m) in autumn 2017. A strong
correlation between DOC and stratification index indicated that the vertical DOC profile was primarily
regulated by physical processes. The association of high acpom(254) with the maximum chlorophyll (Chl
a) layer infers phytoplankton-sourced dissolved organic matter (DOM). The acpom(325) and humic-like
FDOM (FDOMy) showed an accumulation in the deeper layer and positive correlations with apparent
oxygen utilization and Chl a concentration at the maximum chlorophyll layer, suggesting that these
components are related to microbial degradation of biogenic materials. Elevated Chl a at the frontal area
between the North Equatorial Current (NEC) and cold Mindanao Eddy enhanced DOM production.
Input waters from the NEC showed higher DOC, but lower FDOMy, than inflow waters from the New
Guinea Coastal Current/Undercurrent (NGC(U)C). A mass balance model estimated a 6-times higher
lateral DOC flux from the NEC tropical-gyre branch (12°N-7.5°N) than that from the subtropical-gyre
branch (12°N-17°N). Based on comparison with long-term (1994-2015) average DOC fluxes for the same
season, eddy and upstream processes contributed 38%, 46% and 40% of lateral DOC fluxes for the NEC
tropical-gyre branch, NGC(U)C and export North Equatorial Counter Current, respectively. These results
demonstrated that the quasi-permanent Mindanao and Halmahera eddies greatly enhance lateral export
of DOM with altered properties throughout this large conjunction area.

Plain Language Summary The tropical Northwest Pacific Ocean is a crossroads linking
large-scale water transport among the North, South and central Pacific, and tropical Indian Ocean.
Hydrological processes within this area are very dynamic due to mixing of multiple water currents

and the occurrence of mesoscale cold and warm eddies. In this study, we assessed how these complex
hydrological processes regulate the quality and quantity of dissolved organic matter (DOM) based on
high-resolution horizontal and vertical investigations of DOM optical properties. The mixed layer depth
largely regulated the vertical patterns for dissolved organic carbon and DOM optical properties. Notably,
elevated chlorophyll-a concentrations associated with mixing dynamics at the frontal area increased DOM
production. A mass balance model using field current velocity data revealed that dynamic eddy processes
greatly enhanced lateral export of DOM. This work highlights the importance of lateral and vertical
hydrodynamic processes in controlling carbon biogeochemistry of the surface ocean.

1. Introduction

Dissolved organic matter (DOM) is the largest reduced carbon (C) pool in the global ocean, with a dis-
solved organic carbon (DOC) inventory (662 + 32 Gt) similar to that of the atmospheric CO, pool (Hansell
et al., 2009). Previous basin-scale studies found distinctive horizontal and vertical variations in epipelagic
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DOM quantity and quality among different biogeographic provinces (Catald et al., 2016; Iuculano
et al., 2019; Kowalczuk et al., 2013). Various biological (planktonic population and productivity), chemical
(nutrient level, apparent oxygen utilization [AOU]), and photochemical factors were posited to regulate
the production-degradation dynamics of the epipelagic DOM pool (Catala et al., 2016; Mopper et al., 2015;
Rochelle-Newall & Fisher, 2002). Hydrodynamic processes, such as lateral, vertical (e.g., mesoscale eddies)
and frontal mixing between different currents, may further modulate epipelagic DOM quantity/composi-
tion through regulation of the aforementioned biogeochemical factors (Wang et al., 2017; Wu et al., 2015).
However, owing to the lack of data with high spatial resolution, the combined hydrological and biogeo-
chemical regulation of oceanic DOM cycling remains poorly understood.

The tropical Northwest Pacific Ocean encompasses complex current structures, which form the low-lati-
tude western boundary current system (Hu et al., 2015). As a crossroad linking large-scale water transport
among the North, South and central Pacific, and tropical Indian Ocean (~150 Sv, 1 Sv = 10° m* s™") (Qu
et al., 1998), the tropical Northwest Pacific is a dynamic area with considerable lateral transport and ex-
change of DOM with the global open ocean (Wang, 2019; Wijffels et al., 2008). In addition, the confluence
of different water currents in this region propagates the quasi-persistent cold Mindanao Eddy and warm
Halmahera Eddy (Kashino et al., 2013; Zhou et al., 2010). This mesoscale eddy pair could affect surface
DOM dynamics and its vertical transport by generating the upwelling and subduction of water masses,
thereby influencing nutrient supply, primary production, and microbial DOM production/degradation (Jiao
et al., 2014; Moutin & Prieur, 2012; Wang et al., 2017). Seasonal and interannual variations of the Mindanao
and Halmahera eddy pair could regulate the lateral DOM flux through modulating fluctuations in lateral
transport volumes of the associated currents (Kashino et al., 2013). Thus, the tropical Northwest Pacific is
an ideal laboratory for studying the hydrodynamic regulation of oceanic DOM transformation and transport
dynamics.

Optical analyses of DOM (i.e., absorption and fluorescence) are widely applied to characterize the sources
and transformation/transport dynamics of chromophoric DOM (CDOM) and fluorescent DOM (FDOM) in
the global ocean (Jorgensen et al., 2011; Nelson et al., 2010; Yamashita et al., 2017). Absorption coefficients
at different wavelengths (e.g., 254, 325, 350, and 443 nm) and fluorescence intensities at selected excita-
tion/emission wavelength pairs are commonly used as quantitative indicators of DOM components (e.g.,
humic-like peaks C and M [FDOMy] and protein-like peaks T and B) (Coble, 1996; Guo et al., 2007; Qu
et al., 2020). Similarly, the spectral slope (S,75-205), carbon-normalized absorbance (e.g., SUVA;,5) and fluo-
rescence indices (e.g., HIX) are widely used as qualitative proxies (Hansen et al., 2016; Helms et al., 2008;
Ohno, 2002). Ultraviolet A and visible chromophore levels (e.g., acpom(325)) and FDOMy generally increase
with depth in the open ocean (Jorgensen et al., 2011; Nelson et al., 2010), decrease during photo irradiation
(Helms et al., 2013), and increase during microbial dark incubation (Rochelle-Newall & Fisher, 2002). This
implies that these DOM fractions accumulate in the aphotic ocean and are photo-labile and bio-refractory.
Levels of ultraviolet C chromophores (e.g., acpom[254]) and protein-like FDOM (peak T) are largest in the
euphotic ocean and decrease both with depth and during microbial dark incubation (Cai et al., 2019; Shen
& Benner, 2019). This infers that these components are depleted in the dark ocean and are photo-refractory
and bio-labile. Thus, optical analyses can provide valuable information regarding the quantity, quality, and
biogeochemical reactivity of DOM.

In this study, high-resolution horizontal and vertical investigations of epipelagic (depth <200 m) DOC,
CDOM and FDOM were conducted in autumn 2017 along two orthometric transects in the tropical North-
west Pacific, which captures three different currents and two quasi-persistent mesoscale eddies. Combined
with hydrographical, nutrient, oxygen, and chlorophyll a (Chl a) data, the physical and biogeochemical
drivers shaping the three-dimensional fine structure of DOM parameters were elucidated. Lateral DOC
transport fluxes in this region were estimated using a simplified mass balance model, including the unob-
served Indonesian Throughflow. Comparison of model-simulated average velocity during the cruise period
to the long-term (1994-2015) climatic velocity data allowed us to evaluate the role of Mindanao and Halma-
hera eddy pair activities on DOM lateral transport.
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Figure 1. (a) Schematic of major currents and observation stations in the tropical Northwest Pacific Ocean during the cruise period (October-November 2017).
The background is the sea surface height (SSH, colored) and the surface geostrophic currents (vectors) from AVISO data. NEC, North Equatorial Current; KC,
Kuroshio Current; MC, Mindanao Current; NECC, North Equatorial Counter Current; ITF, Indonesian Throughflow; NGC(U)C, New Guinea Coastal Current
and Undercurrent. The Mindanao Eddy (ME) and cyclonic eddy 1 (CE1) are highlighted as blue circles, and the Halmahera Eddy (HE) is highlighted as a red
circle. All 38 stations are hydrographic stations, among which the 20 solid circles represent stations for biogeochemical sampling. (b and c) The variabilities of
simulated zonal velocity (u) and meridional velocity (v) in the upper 200 m along the zonal 18°N and meridional 130°E transects from HYCOM data. Positive

u and v values represent currents flowing from west to east and from south to north, respectively. Stations are divided into three currents (North Equatorial
Current, North Equatorial Countercurrent, and New Guinea Coastal Current and Undercurrent) and three eddies (ME, HE, and ACE1) and are labeled at the

top of subpanel (b).

2. Materials and Methods
2.1. Study Area

Two input currents and three export currents comprise the epipelagic tropical Northwest Pacific (Figure 1a)
(Hu et al., 2015). The North Equatorial Current (NEC) flows westward from the central to western Pacific.
Upon approaching the Philippine coast, the NEC splits into the poleward Kuroshio Current and the equa-
torward Mindanao Current. Part of the Mindanao Current converges with the northwestward-flowing New
Guinea Coastal Current and Undercurrent (NGC(U)C) from the South Pacific, retroflecting to support the
eastward-flowing North Equatorial Countercurrent (NECC) back to the central Pacific (Donguy & Mey-
ers, 1996; Ueki et al., 2003). The other part of the Mindanao Current flows into the Celebes Sea feeding
the main branch of the Indonesian Throughflow (Gordon & Fine, 1996; Wijffels et al., 2008). Due to their
large variability and strong interactions, these currents enhance mesoscale activities in this region (Qiu &
Chen, 2010; Zhou et al., 2021). In particular, the interactions of the Mindanao Current and NGC(U)C at
their retroflection points generate the quasi-persistent cold Mindanao Eddy and warm Halmahera eddy pair
(Arruda & Nof, 2003).

2.2. Identification of Currents and Mesoscale Eddies During the Cruise Period

Field observations were conducted onboard the R/V KEXUE from October 25 to November 12, 2017 along
the meridional 130°E transect (2°N-18°N) and a shorter zonal 18°N transect (126°E-130°E) in the tropi-
cal Northwest Pacific (Figure 1a). Since the synoptic current field derived from the cruise is a little noisy,
we obtained sea surface height and corresponding surface geostrophic current data from Archiving, Val-
idation, and Interpretation of Satellite Oceanographic data (AVISO) (Figure 1a) and simulated velocities
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from the Hybrid Coordinate Ocean Model (HYCOM) (Figures 1b and 1c) to identify the range of currents
and mesoscale eddies during the cruise period. Along the 130°E transect, the northwestward NGC(U)C
(2°N-4°N) and the northern subtropical-gyre branch (12°N-17°N) of NEC (NECy) showed negative zonal
(i.e., westward) and positive meridional (i.e., northward) velocities. In contrast, the southern tropical-gyre
branch (12°N-7.5°N) of NEC (NECsy), a transitional frontal area of the NEC with the Mindanao Eddy, had
negative zonal (i.e., westward) and meridional (i.e., southward) velocities. The eastward NECC (7.5°N-4°N)
had a positive zonal velocity. The zonal 18°N transect showed low southward velocity thus not covering the
main branch of the northward Kuroshio Current. The quasi-permanent Mindanao (centered at 7.5°N) and
Halmahera (centered at 4°N) eddies covered about 3°. Stations N4 and N5 were located at the south edge of
a transient cold eddy (CE1) centered at ~20°N, 128°E. Okubo-Weiss values indicated that these eddies were
stable and relatively active during the cruise period (Figure S1).

2.3. Field Observations, Data Acquisition, and Sampling

High resolution lateral observations at 0.25° intervals were conducted south of 8°N along the 130°E transect
where the water currents showed large variations (Hu et al., 2015); the interval was 1° for the other stations.
Profiles of temperature, salinity, dissolved oxygen (DO), and Chl a fluorescence were obtained at 38 hydro-
graphic stations (black dots and circles in Figure 1a) in the upper 200-m water column using a calibrated
SBE 911plus CTD unit, fitted with a Chl a fluorometer (WETLab, USA) and dissolved oxygen sensor (Sea-
Bird SBE43). The conductivity, temperature and pressure sensors were calibrated in the laboratory before
the cruise. The factory-supplied Scale Factor (WETlab, USA) was used to calibrate the Chl a fluorescence
intensity (RFU) determined by an in situ fluorometer as Chl a (ug L™"). Chl a concentrations of 20 discrete
samples were determined by a Turner Trilogy fluorometer (Welschmeyer, 1994). Linear regression analysis
of fluorescence versus extractable Chl a generated a slope of 1.12 + 0.06, hence the factory-supplied Scale
Factor was deemed appropriate. Oxygen sensor calibration was carried out with 176 discrete samples meas-
ured on board with the Winkler titration method (Carpenter, 1965). Dissolved oxygen saturation was calcu-
lated from the salinity and potential temperature with the equation of Benson and Krause (1984). Apparent
oxygen utilization (AOU) was calculated as the difference between the calculated saturation and measured
dissolved oxygen concentrations.

The depth of the mixed layer was calculated as the depth where the potential density exceeded the value at
1 mby 0.1 kg m~* (Liu et al., 2017). The squared Brunt-Viisili frequency (N?) is commonly used to quantify
the degree of water column stratification (Catald et al., 2016; Lonborg et al., 2015). Higher N?values indicate
stronger stratification. Following Millard et al. (1990), N* was calculated as:

yi_ & 20 __, 2i(p) M

p Oz e
where g is the gravity acceleration constant (9.8 m s™), z is the water depth, and p is the water density at
depth z. Integration of Equation 1 between two depth levels (z; and z,): N> = —g In(p,/01)/(z2—2z1), provides
an average stability of the epipelagic tropical Northwest Pacific between 3 m (z;) and 200 m (z,).

Water samples for inorganic nutrients (nitrate, nitrite, and phosphate), DOC, CDOM, and FDOM were col-
lected at 20 biogeochemical stations (black dots in Figure 1a). Typically, seven to nine depths were sampled
at 18 stations with a 24 (10 L) Niskin bottles rosette. High-resolution vertical sampling was conducted at
station N27 (5.25°N, 130°E) and N35 (3.25°N, 130°E) at 5-10 m intervals in the upper 200 m. Samples for
inorganic nutrient analyses were filtered through MF-Millipore™ filters (0.45 um) and stored frozen until
analysis. Samples for DOC, CDOM and FDOM analyses were filtered immediately through pre-combusted
(500°C, 5 h) GF/F filters (nominal pore size ~0.7 um) into pre-combusted glass vials with Teflon-lined
caps under a gentle vacuum of <150 mm Hg (Catal4 et al., 2018; Martinez-Pérez et al., 2019; Yamashita
et al., 2017). DOC samples were acidified with H;PO,4 (85%, Merck) to pH < 2 and stored frozen until analy-
sis. CDOM and FDOM samples were stored in the dark at 4°C until analysis within 1 month after the cruise
(Spencer & Coble, 2014).
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2.4. Inorganic Nutrients and DOC Analyses

Inorganic nutrients were analyzed onboard using a four-channel continuous flow Technicon AA3 Au-
to-Analyzer (Bran-Lube GmbH). Detection limits for nitrate plus nitrite (N + N) and soluble reactive phos-
phate (SRP) were 0.03 umol L. DOC concentrations were measured on a Shimadzu TOC-V analyzer in
high temperature catalytic oxidation mode (Wu et al., 2015). A five-point standard curve was generated
using potassium hydrogen phthalate standards on a daily basis. DOC concentrations were obtained by sub-
tracting the running blank from the average peak area of the samples (injected 3-5 times) and dividing by
the slope of the standard curve. The coefficient of variation for DOC analysis based on replicate measure-
ments was ~2%. The running blank was determined as the average of the peak area of the Milli-Q water
acidified with H;PO,. The precision of the DOC analysis was +0.8 pmol C L™" based on DOC Consensus
Reference Material (CRM) provided by D.A. Hansell from the University of Miami (https://hansell-lab.
rsmas.miami.edu/consensus-reference-material/index.html). All data are reported as mean +SD and all
“differences” referred to in presentation of the results denote a statistically significant of p < 0.05, unless
otherwise stated.

2.5. DOM Optical Measurements

Absorbance spectra for CDOM were determined using a 2310 UV-Visible spectrophotometer (Techcomp,
China) equipped with a 10-cm pathlength quartz cuvette at room temperature. Absorbance scans were
acquired from 240 to 800 nm with a spectral resolution of 1 nm. Milli-Q water was measured every five sam-
ples to provide a blank to correct for any baseline drift. Spectra were corrected by subtracting the absorption
of Milli-Q water from the sample spectra. CDOM data are reported as Napierian absorption coefficients
(acpom[A]) in m™%, calculated as:

acpom (4) = 2.303x A(L’l), (2

where A(1) is the absorbance (unitless) at a specified wavelength 4 (nm) obtained directly from the spec-
trophotometer and L (m) is the cuvette pathlength (0.1 m). Absorption coefficients at 254, 325, 350, and
443 nm are reported as they have been widely reported for marine DOM samples (ITuculano et al., 2019;
Nelson et al., 2010). The spectral slope over the range 275-295 nm (S,75_,95) Was calculated by linear regres-
sion of the natural log-transformed absorption spectra (Helms et al., 2008). Specific ultraviolet absorbance
at 325 nm (SUVAs;,s5) was calculated by dividing the decadal absorption coefficient (i.e., A(1)/L from Equa-
tion 2) by the DOC concentration in units of mg C L™' (Hansen et al., 2016).

Fluorescence excitation-emission matrices (EEMs) were measured using a Varian Cary Eclipse spectrofluo-
rometer according to Wang et al. (2017). Briefly, emission scans from 280 to 600 nm were recorded at 2-nm
intervals with excitation wavelengths ranging from 240 to 450 nm at 5-nm intervals using a 1-cm pathlength
quartz cuvette. Slit widths were 10 nm for the excitation and emission. Inner filter corrections were not ap-
plied because of the low absorbance (A < 0.005 at 240 nm for a 0.5-cm pathlength) for open ocean samples
(Catala et al., 2016; Yamashita et al., 2017). The EEMs were normalized and blank corrected using daily
Raman spectra of freshly generated Milli-Q water; hence data are presented in Raman Units (RU) (Lawaetz
& Stedmon, 2009). The coefficient of variation for the area under the water Raman peak during analyses
was 1.7% (n = 29).

We determined two humic-like components (peak C, ex/em: 355/456 nm and peak M, ex/em: 320/400 nm)
and one protein-like component (peak T, ex/em: 275/340 nm) based on contour plots, which are ubiquitous
in the open ocean (Catala et al., 2016; Coble, 1996; Jorgensen et al., 2011). The humification index (HIX)
was calculated as the integrated emission spectra area at 435-480 nm divided by the sum of 300-345 nm
plus 435-480 nm emission areas when excited at 254 nm (Ohno, 2002). DOC-normalized fluorescence in-
tensity of FDOMy (FDOMy*, RU m® g™* C) was calculated by dividing the sum of peak C and peak M inten-
sities by the DOC concentration (Hansen et al., 2016).
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Figure 2. Sectional distributions of (a) Potential temperature (), (b) Salinity, (c) Apparent oxygen utilization (AOU), (d) Nitrate plus nitrite (N + N), (e)
Soluble reactive phosphate (SRP) and (f) Chl a concentration along the zonal 18°N and meridional 130°E transects. Black dots denote the locations of
biogeochemical discrete samples in subpanels (d and e). The other subpanels (a-c, f) were created using CTD sensor data (1-m interval). White and purple lines
indicate the depth of the mixed layer and subsurface Chl a maximum (DCM) layer, respectively. Stations are divided into three currents and three eddies, and
are denoted along the top. Images created using Ocean Data View (https://odv.awi.de).

3. Results

3.1. Physical, Chemical, and Biological Parameters Along the Meridional 130°E and Zonal 18°N
Transects

Temperature, salinity, AOU, nutrients, and Chl a along the meridional 130°E and zonal 18°N transects
showed a close relationship with the depth of the mixed layer (45-107 m), which was shallow in the two
cold eddies (Mindanao Eddy: 67 m; south edge of CE1: 45 m), the zonal 18°N transect (59 + 10 m), NECC
(76 + 8 m) and NGC(U)C (77 + 9 m), and deeper in the NECy (87 + 14 m). The N* value showed decou-
pling within the depths of the mixed layer. A higher N* was found in Mindanao Eddy (0.97 min~?) (¢-test,
p < 0.05), whereas the south edge of CE1 showed comparable N* values with the surrounding waters (Fig-
ure S2). N” was low in the zonal 18°N transect (0.56 + 0.05 min~2) and NECy (0.63 + 0.07 min~?), but higher
in the NECC (0.86 + 0.06 min~*) and NGC(U)C (0.82 + 0.04 min~?).

Potential temperature (6) was high within the mixed layer and decreased with depth (Figure 2a). A dome-
like distribution of colder 6 was pronounced below the mixed layer at Mindanao Eddy and the south edge
of CE1. A subsurface salinity maximum (>35) in the 90-150-m depth range was well-developed below the
mixed layer, especially in NECy and NGC(U)C (Figures 2b and S3). This layer became thinner at Mindanao
Eddy due to strong upwelling of low-salinity (<34.5) North Pacific Intermediate Water. Such a dome-like,
low salinity feature was absent at the south edge of CE1, whereas a higher salinity region occurred in its
mixed layer (Figure 2b). The 6 and salinity profiles in Halmahera Eddy were similar to the surrounding
waters both within and below the mixed layer.
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Dissolved oxygen was nearly saturated or slightly oversaturated in the mixed layer along both transects.
Below the mixed layer, AOU generally increased with depth and ranged from 0 to 173 umol kg™ (Fig-
ure 2c). The average AOU values below the mixed layer depth for NECC (74 + 16 umol kg™") and NGC(U)
C (67 £ 16 umol kg"l) were much higher than the NECy (28 + 9 umol kg"l) and zonal 18°N transect
(22 + 3 umol kg™") (t-test, p < 0.05). Nutrients were largely depleted in the mixed layer along both transects
(<0.2 pmol N 4+ N L™ and <0.05 umol SRP L") (Figures 2d and 2e). Below the mixed layer, the zonal
18°N transect and NECy were characterized by lower nutrient concentrations (11 + 4 umol N + N L™" and
0.8 + 0.3 umol SRP L™) and a deeper nutricline depth (~200 m) compared to the NECC and NGC(U)C
(t-test, p < 0.05). The Mindanao Eddy, characterized by high AOU and nutrient concentrations and a dome-
like nutricline, showed strong AOU and nutrient gradients at the frontal area with the NECs. However,
there were no significant differences for AOU and nutrients among the south edge of CE1, Halmahera Eddy
and the surrounding waters (¢-test, p > 0.05) (Figures 2c-2e).

A subsurface Chl @ maximum (DCM) was well developed between 47 and 113 m in the two transects, with
Chl a concentrations ranging between 0.39 and 0.98 ug L™" in this layer. The DCM was generally above the
depth of the mixed layer to the south of 6°N (NGC(U)C and Halmahera Eddy) and below the mixed layer
to the north (NEC and Mindanao Eddy) along the 130°E and zonal 18°N transects (Figure 2f). The DCM of
NECC (0.73 + 0.15 ug L™") and NGC(U)C (0.78 + 0.12 mg m ) had larger Chl a concentrations than the
NECy (0.53 + 0.08 ug L™") and zonal 18°N transect (0.66 + 0.06 ug L") (t-test, p < 0.05). Notably, the frontal
area between the NECs and Mindanao Eddy showed a remarkably high Chl a concentration (0.87 + 0.08 ug
L") at the DCM.

3.2. DOC, CDOM, and FDOM Distributions Along the Meridional 130°E and Zonal 18°N
Transects

DOC concentration varied from 50 to 81 umol L™" in the upper 200 m along the 130°E transect (Figures 3a
and S4). DOC concentrations in the mixed layer were higher and varied minimally. DOC generally decreased
with depth below the mixed layer, with NECy having a higher DOC concentration (67 + 9 umol L") than
NGC(U)C (58 + 5 umol L™") and NECC (60 + 2 umol L™) (t-test, p < 0.05). The acpom(254) ranged from
0.91 to 1.72 m™" along both transects and displayed a subsurface maximum around the depth of the DCM
(Figures 3b and S4). Within the mixed layer, the acpom(254) in NECy (1.13 + 0.04 m™") was comparable to
that in NECC (1.12 + 0.05 m™"), but both were slightly lower than that in the NGC(U)C (1.21 # 0.09 m™)
and zonal 18°N transect (1.20 + 0.10 m™") (t-test, p < 0.05). Below the mixed layer, the NECy and zonal 18°N
transect showed higher average acpom(254) (1.12 # 0.05 m™ and 1.14 + 0.14 m™") than the NGC(U)C and
NECC (1.06 + 0.05 m™) (t-test, p < 0.05).

Strong positive correlations (p < 0.001, n = 171) were found among CDOM absorption coefficients at the
three longer wavelengths (acpom[325], acpom[350], and acpom[443]). Thus, for simplicity, we report only
the acpom(325) results. The acpom(325) values (0.07-0.13 m™") were low in the mixed layer and generally
increased with depth (Figure 3d). There was a strong vertical gradient in acpom(325) at the base of the mixed
layer, which separated the water column into an upper acpom(325)-depleted layer and deeper acpom(325)-en-
riched layer (Figures 3d and S4). In the mixed layer, acpom(325) values in NGC(U)C (0.13 + 0.01 m ™) were
higher than in NECy, NECC and zonal 18°N transect (0.09 + 0.01-0.11 + 0.02 m™") (t-test, p < 0.05). In
contrast, acpom(325) below the mixed layer of NECC and NEC; (0.18 + 0.01 m™") was higher than the other
currents (0.15 + 0.02 m™-0.16 + 0.02 m™) (t-test, p < 0.05).

The spectral slope S,7s.205 (23-56 um™") in the upper 200 m showed a contrasting vertical pattern with
acpom(325), whereas SUVA3,5 (0.03-0.15 m* g7 C) and acpom(325) showed a similar pattern (Figures 3d
and 3e) (Hansen et al., 2016; Helms et al., 2008). NECy showed the highest S,75 595 and lowest SUVA,s, both
within (48 = 4 um™" and 0.05 % 0.01 m*g™' C) and below (38 = 2 um ™" and 0.09 % 0.01 m* g~' C) the mixed
layer. The lowest S,7s.205 and highest SUVA,,s were found in NGC(U)C within the mixed layer (41 + 4 um™*
and 0.07 + 0.002 m* g™' C) and in NECC below the mixed layer (32 + 3 um™" and 0.11 + 0.004 m* g™' C),
respectively.

The intensity of the protein-like peak T was nearly homogeneous in the upper 200-m water column, ex-
cept for a few high or extremely low values at several stations (Figure 3f). The humic-like peaks C and M
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Figure 3. Sectional distributions of (a) Dissolved organic carbon (DOC), (b) S»7s.205, (€) acpom(254), (d) acpom(325), (e) SUVAss, () Peak T, (g) Peak C, (h) Peak
M, (i) HIX and (j) Carbon-normalized humic-like FDOM (FDOMy*) along the zonal 18°N and meridional 130°E transects. Black dots denote the locations of
biogeochemical discrete samples. White and purple lines indicate the depth of the mixed layer and Chl @ maximum (DCM) depth, respectively. Stations divided
into three currents and three eddies as denoted along the top. Images created using Ocean Data View (https://odv.awi.de).

(FDOMp) were highly correlated in the upper 200 m (r = 0.95, n = 174, and p < 0.001). Both components
had low intensities in the mixed layer and rapidly increased with depth (Figures 3g and 3h). The maximal
gradient variation at the base of the mixed layer divided the water column into an upper FDOMy-depleted
layer and deeper FDOMg-enriched layer (Figure S4). Within the mixed layer, the NECy and zonal 18°N
transect had lower FDOMy; intensity ([2.9 + 1.3] X 107 RU) than that in NGC(U)C ([4.4 + 0.7] x 107 RU)
and NECC ([3.9 + 1.5]x10* RU) (t-test, p < 0.05). Below the mixed layer, the NECy and zonal 18°N transect
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had lower FDOMy intensities ([8.6 + 2.0] x 10~° RU) than NGC(U)C and NECC ([11.4 + 1.2] X 107 RU)
(t-test, p < 0.05).

HIX and DOC-normalized intensity of the humic-like peaks C and M (FDOMy*) showed similar distribu-
tion patterns to FDOMy (Figures 3i and 3j). The lowest average HIX value occurred in the NECy and zonal
18°N transect both within (0.41 + 0.04) and below (0.58 + 0.07) the mixed layer. The highest average HIX
value within and below the mixed layer was found in NGC(U)C (0.49 + 0.04) and NECC (0.67 + 0.07). NECy
showed the lowest FDOM;;* both within ([3.4 + 1.4] x 107> RU m® g™' C) and below ([10.7 + 2.6] x 10™°
RU m® g™ C) the mixed layer, whereas NGC(U)C had its highest FDOM;* within ([5.2 + 0.6] X 10~ RU m®
g™ C) and below ([16.7 + 3.4] X 107> RU m’ g™* C) the mixed layer.

Dome-like isolines for DOC, CDOM, and FDOM were pronounced in Mindanao Eddy and the south edge
of CE1 compared to the surrounding waters (Figure 3). As a result, DOC, CDOM, and FDOM showed large
vertical gradients in the frontal area at NECs (Figure 3). Levels of DOC, acpom(254), acpom(325), and peaks
T, C and M in the Mindanao Eddy were significantly higher than in the surrounding waters below the mixed
layer (t-test, p < 0.05). Consistently lower S,7s 295 and higher SUVA;,s, HIX and FDOMy* were also observed
in the Mindanao Eddy below the mixed layer (t-test, p < 0.05). However, these parameters were comparable
to the surrounding waters in the mixed layer (¢-test, p > 0.05). At the south edge of the CE1 mixed layer,
there were no statistic differences for DOC, acpom(254), acpom(325), and peak C and M levels compared to
those in the surrounding waters (¢-test, p > 0.05). Below the mixed layer, only lower acpom(254) was found
in the south edge of CEL1 versus the surrounding waters (¢-test, p < 0.05). There were no significant differ-
ences between DOC, CDOM, and FDOM parameters between the core and edge areas of Halmahera Eddy,
either within or below the mixed layer (¢-test, p > 0.05) (Figure 3).

4. Discussion
4.1. Factors Shaping the Epipelagic Profiles of DOC and DOM Optical Properties

Four distinct vertical patterns were observed for bulk DOC and optical properties of DOM in the tropical
Northwest Pacific (Figure 3), inferring that their distributions in the epipelagic ocean are subject to multiple
biogeochemical processes once produced by photosynthesis (Carlson & Hansell, 2015). The DOC profile
monotonously decreased with depth and was unique from all other CDOM and FDOM parameters (Fig-
ure 3). The station-averaged DOC concentration was negatively correlated with the squared Brunt-Viisild
frequency (N?, r = —0.68, and p = 0.003, Figure 4a), but not correlated with Chl a (p > 0.05), suggesting that
the water column stability has a strong influence on DOC distribution of the upper ocean. The acpom(254)
profile displayed a subsurface maximum coincident with the DCM layer as corroborated by the positive
relationship between station-averaged acpom(254) and Chl a in the subsurface maximum zone (50-150 m)
(r = 0.67, p = 0.002, Figure 4b). Since acpom(254) is purported to correspond to absorbance by relatively
small, simple compounds (conjugated carbon double bonds) (Lakowicz, 2006; Lenborg et al., 2015), the
positive relationship between acpom(254) and Chl a infers that acpom(254) could be used as an indicator
for the relatively bio-labile pool of DOM (Guallar & Flos, 2019; Lenborg et al., 2015). Recent studies in the
Northeast Atlantic Ocean and Mediterranean Sea indicated that acpom(254) was an effective proxy for DOC
concentrations in the open ocean (Catala et al., 2018; Galletti et al., 2019). However, acpom(254) in this study
explained only 36% of the variance in DOC concentrations in the upper 200-m water column. These results
indicate that acpom(254) was not a good proxy for DOC in the tropical epipelagic Northwest Pacific, which
may result from the DOC in the upper ocean containing a large proportion of non-chromophoric com-
pounds (e.g., carbohydrates, amino acids) (Kaiser & Benner, 2009) whose behaviors are primarily regulated
by physical processes. The inventory of peak T in the upper 200-m water column showed a weak positive
correlation with Chl a inventory (r = 0.54, p = 0.02, Figure 4c). This result is consistent with a previous
culture experiment that demonstrated primary production contributed to peak T fluorescence (Nieto-Cid
et al., 2006).

The acpom(325) and FDOMy showed similar vertical distributions and strong correlations (r > 0.80,
p < 0.001). The most prominent features for these parameters were sharp vertical gradients near the base
of the mixed layer. Above the mixed layer, acpom(325) and FDOMy were highly depleted and homoge-
neous due to strong photobleaching (Helms et al., 2013), which was also consistent with the high S,75205
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Figure 4. Relationships between dissolved organic matter (DOM) properties and water quality/hydrodynamic parameters. (a) Station-averaged dissolved
organic carbon concentration in the upper 200 m versus the squared Brunt-Viisili frequency (N?) in the upper 200 m; (b) Station-averaged acpom(254) in the
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represent the linear fit lines and 95% confidence bands. Three outlier points are labeled and were excluded from the analysis.

WANG ET AL.

10 of 18



Ay
AUV
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Oceans 10.1029/2021JC017458

(Figures 3d, 3e and 3j). These components accumulate below the mixed layer resulting in a simultaneous
increase of HIX and SUVA;,s (Figure 3e). Their values showed positive relationships with Chl a concentra-
tion at the DCM and with AOU below the mixed layer (Figures 4d-4i). This evidence indicates that these
components are associated with microbial metabolism of sinking biogenic materials in the nutrient-deplet-
ed, lower euphotic layer, thereby representing relatively bio-refractory DOM fractions (Guallar & Flos, 2019;
Tuculano et al., 2019; Jorgensen et al., 2014; Romera-Castillo et al., 2010). This interpretation is consistent
with results from a global-scale, generalized additive model that determined AOU and Chl a to have the
largest effects on the distribution of humic-like fluorescence in the epipelagic ocean (Catala et al., 2016).
Thus, vertical DOM profiles represent interactive responses to production and degradation (photochemical
and biological) processes in the epipelagic tropical Northwest Pacific.

4.2. Vertical Transport of DOC, CDOM, and FDOM by Mesoscale Eddies

Two quasi-permanent mesoscale eddies (cold Mindanao and warm Halmahera) and one transient cold
eddy (CE1) showed contrasting vertical distributions of DOM parameters (Figure 3). The lower sea surface
height at the core of the Mindanao Eddy and south edge of CE1 suggests a strong upwelling (eddy pumping)
in the eddy interior (Figure 1a). For Mindanao Eddy, significantly higher acpom(325), CDOM, and FDOMy
values were found below the mixed layer compared to the surrounding waters. These elevated values were
not apparent within the mixed layer suggesting that the upward transport of photo-sensitive DOM com-
pounds from the deeper ocean was restricted to below the mixed layer as a result of stable stratification
conditions within the cold eddy area (Figure S2). However, mesoscale eddy processes along the edges of the
convergence frontal area between Mindanao Eddy and NECs may contribute to the asymmetrically higher
DCM Chl a concentrations, and therefore to the addition of phytoplankton-derived DOM materials (Fig-
ures 2c, 3b and 3f). These processes mix the phytoplankton through near-surface eddy advection, mostly
along the eddy periphery (Chelton et al., 2011; Gaube et al., 2014; He et al., 2016). Unlike the Mindanao
Eddy, the south edge of CE1 showed elevated acpom(325) and FDOM in the mixed layer. This suggests
enhanced diapycnal mixing along the south edge of CE1 that entered the pycnocline creating the surface
salinity maximum and concurrent alterations to DOM patterns in the mixed layer. Similar patterns were
previously documented for cold eddies in the South China Sea (Wang et al., 2017).

The warm Halmahera Eddy showed a comparable sea surface height to its surrounding waters, thereby
suggesting a weak downwelling system inside the eddy (Figure 1a). As a result, inventories of Chl a and
nutrients, as well as DOC, CDOM, and FDOM, in the upper 200 m of the Halmahera Eddy region were
similar to those in the surrounding waters (Figures 2 and 3). Hence, the warm Halmahera Eddy showed
minimal effects on the downward transport of DOM, although it was active during the cruise period (Fig-
ure 1a). These findings are in sharp contrast to warm eddies in the marginal South China Sea where DOC
enrichment and FDOMy; deficits occur inside the eddy core area, with associated enhancement of export
productivity at the eddy edge (Wang et al., 2017; Zhou et al., 2013).

4.3. Lateral Variation of DOM Pools in the Three Currents Along the 130°E Transect

The northern NECy and NGC(U)C input currents along the 130°E transect contained two-separate layers
with respect to nutrients, acpom(325) and FDOMy (Figures 2e, 2f and 3). In the mixed layer, the NECy
showed comparable levels of DOC and peak T, lower acpom(254), acpom(325) and FDOMjy levels compared
to the NGC(U)C (Figure 5). The higher S,75,9s and lower HIX, SUVA;,; and FDOMy* values observed in
NECy versus NGC(U)C demonstrate that the DOM in the NEC source area was highly photodegraded with
a lower average molecular weight, humification degree, and aromaticity. The NECy in this study showed
similar DOC-rich, acpom(325)-depleted, and FDOMy-depleted features to the Kuroshio Current to the east
of the Luzon Strait (Wang et al., 2017; Wu et al., 2015). As the N-rich DOM in the Kuroshio Current is read-
ily consumed by bacteria when entering the nutrient-rich South China Sea (Xu et al., 2018), we posit that
DOM in the mixed layer of the NEC may have similarly high microbial utilization potential.

The NGC(U)C represents the features of water masses from the South Pacific and flows close to the land
(Figure 1a). Thus, it has a greater opportunity to receive humic materials from the land and shelf area.
These humic materials may be responsible for the higher acpom(325) and FDOMy in the mixed layer of
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Figure 5. Comparison of dissolved organic carbon (DOC), chromophoric dissolved organic matter (CDOM), and
fluorescent dissolved organic matter (FDOM) parameters among three currents (North Equatorial Currenty, North
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Columns and error bars represent the averages and standard deviations of DOC, CDOM, and FDOM for all stations
within a given current system. The significance levels for difference of averages among three currents are labeled at the
top of columns.

NGC(U)C. The higher levels of acpom(254) in the mixed layer of NGC(U)C were more likely sourced from
enhanced primary production (Huang et al., 2019). Although the mixed layer of NGC(U)C was charac-
terized as nutrient-depleted like the NECy (Figures 2e and 2f), its slower water mixing due to lower wind
shear could lead to a greater Chl a inventory in the DCM layer located above the base of the mixed layer
(Figure 2c), thus contributing to an increase of phytoplankton-sourced components (Figures 4b and 4c).

Below the mixed layer, the NECy consisting of North Pacific Tropical Water showed lower AOU and nu-
trient concentrations than the NGC(U)C dominated by South Pacific Tropical Water (Figures 2d-2f) (Qu
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et al., 1999; Zhou et al., 2010). This suggests that DOM below the mixed layer of the NECy experiences less
microbial reprocessing (Huang et al., 2019). The lower microbial processing concept is fully consistent with
the higher DOC, acpom(254) and Sy;s.295 values, but lower acpom(325), FDOMy, HIX and FDOMy* levels in
the NECy compared to the NGC(U)C (Figure 5). The higher community respiration and bacterial produc-
tion below the mixed layer of the NGC(U)C (Huang et al., 2019) result in higher AOU and nutrient concen-
trations (Figures 2d-2f). This further contributes to more highly microbially processed DOM compounds
having a lower carbon content and higher average molecular weight and humification degree (Figure 5).

The NECC is the largest export pathway in the tropical Northwest Pacific (Qiu & Lukas, 1996; Qu et al., 1998).
In the mixed layer, the moderate levels of DOC, CDOM, and FDOM in the NECC compared to the NEC and
NGC(U)C currents suggest that its DOM pool is affected by appreciable lateral water mass mixing. Alter-
natively, loss of DOM to biological degradation is deemed minimal due to the low nutrient levels that limit
microbial activity (Figures 2c-2f). Below the mixed layer, the NECC showed higher acpom(325), FDOMy,
HIX and SUVA;;;s levels, and lower S,75.,95 values compared to the NEC and NGC(U)C waters (Figure 5).
This infers that processes other than direct lateral mixing of NEC and NGC(U)C waters regulate the DOM
quality and quantity of the NECC. As the NECC is found at the frontal area between the Mindanao and
Halmahera eddy pair, the upwelling driven by this strong cold eddy injects considerable nutrients that in
turn enhance microbial activities and corresponding alterations to DOM pools below the mixed layer of the
NECC (Figure 3) (Huang et al., 2019). These factors contributed to the NECC having the highest aromatic
degree for DOM accumulated below the mixed layer among the three investigated currents.

4.4. Estimates of Lateral DOC Transport Flux in the Upper 200 m: Significance of Eddy
Processes

4.4.1. Lateral DOC Flux Estimated by Mass Balance Model

The main currents of the tropical Northwest Pacific fall within an area bounded by the zonal 18°N and
meridional 130°E transects, the Philippine Islands to the west and Indonesia to the south (Figure 1a). Given
that vertical velocities are at least an order-of-magnitude lower than lateral velocities in this system (Fig-
ure S5) and there are no large river inputs to this system (Raymond & Spencer, 2015), a constrained mass
balance for lateral water (volume) transport is expected. We also assume that DOC diffusion fluxes are negli-
gible compared to the much larger lateral DOC transport processes (Hansell et al., 2009). Thus, a simplified
mass balance model was developed to estimate the DOC budget for the study area:

30, % DOC, =0, )

i=1
where Q; represents the volume transport for inputs (4, northern NEC [12°N-17°N], southern NEC
[7.5°N-12°N], and NGC(U)C) and outflows (—, NECC, Kuroshio Current, and Indonesian Throughflow)
over the upper 200 m of the tropical Northwest Pacific. HYCOM-simulated average velocity data were avail-
able for the entire cruise period (October 25-November 12, 2017). The HYCOM-velocity data were compa-
rable to field-observed velocity data acquired by the shipboard Acoustic Doppler Current Profile (SADCP)
between 50 and 200 m (Figure 6). Thus, we used the HYCOM-velocity data for the calculation of lateral
volume transport (Q;). Except for unknown data from the Indonesian Throughflow, DOC concentrations
for the end-members (NEC, NECC, and NGC(U)C) and the Kuroshio Current were available from this study
and previously published results (Wu et al., 2015).

Model results indicated that DOC transport fluxes from the central Pacific into the tropical Northwest Pa-
cific by the NECs (1.9 + 0.9 Tg C d™"), the frontal area associated with the Mindanao Eddy, was six times
higher than the NECy (0.3 + 0.2 Tg C d™") (Figure 7). This demonstrates that eddy processes can greatly
enhance lateral DOC transport in the western boundary current system. The DOC inputs from the NECy
were subsequently exported by the Kuroshio Current, influencing the carbon biogeochemistry in marginal
seas (e.g., South China Sea, East China Sea) and the subtropical and subpolar Pacific (Ding et al., 2019; Xu
et al., 2018; Yamashita et al., 2017).

The westward-flowing Indonesian Throughflow is the only low-latitude inter-ocean current, flowing from
the Equatorial Pacific Ocean into the southeastern Indian Ocean. Our model estimated a DOC transport
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(blue line) represents the average value during the cruise period (October 25 to November 12, 2017). The long-term
average velocity (gray shadow) was the average value from 1994 to 2015 for the same season (October to November) as
simulated by HYCOM.

flux and average DOC concentration for the Indonesian Throughflow of 0.8 + 1.0 Tg C d™' and ~64 wmol
L™, respectively (Figure 7). This flux could increase when river inputs from Indonesian Islands converge
along its pathway. Although this estimate may have some uncertainties from disregarding the vertical trans-
port and diffusive terms, such a flux estimate is deemed reasonable as no large fluvial DOM discharge exists
(e.g., from west Australia) in the southeastern Indian Ocean (Raymond & Spencer, 2015). Lack of strong
terrestrial contributions make this “source” flux of great importance to the biogeochemistry of the receiving
Indian Ocean.

4.4.2. Comparison of the 2017 Lateral DOC Budget to the Long-Term (1994-2015) Average

Past hydrological observations demonstrated that the quasi-permanent Mindanao and Halmahera eddy pair
and associated instabilities exert considerable impacts on lateral material transport in the study area (Kash-
ino et al., 2013; Liu et al., 2021). To quantify the contributions of Mindanao and Halmahera eddy transport
on lateral DOC fluxes across the 130°E transect specifically relevant to the eddy pair, we compared 2017
current velocities with the long-term (1994-2015) climatological average velocities during the cruise period
(October-November) based on the 22-years data-assimilative HYCOM NCODA product. This product effec-
tively assimilates satellite altimetry and other miscellaneous observations to create a long record of ocean
circulation fields (Chassignet et al., 2007). The long-term average circulation field eliminates high-frequen-
cy fluctuations of latitudinal displacements for the Mindanao and Halmahera eddy pair, as well as the ef-
fects from transient eddies. Hence, the NECy, NECC, and NGC(U)C may be viewed as static current systems
(Liu et al., 2021). In a sense, the current anomalies, obtained by subtracting the long-term average from
the 2017 currents, represent the eddy transport anomalies associated with eddy activities and upstream
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Figure 7. Estimates of lateral dissolved organic carbon transport flux in the epipelagic tropical Northwest Pacific. Note:
1Sv=10°m’s™".

processes. For example, some anomalies may be closely associated with modes of the 2017 La Nifia event.
Thus, DOC transport anomalies can be estimated by assuming that the 2017 DOC concentrations from the
study area were not different from the long-term average.

The average zonal velocity (—0.02 + 0.15 m™") and therefore volume transport flux by the NECy over the
cruise period showed a comparable magnitude to the climatology-based velocity (—0.09 + 0.03 m™). This
infers that transient eddies have a limited effect on lateral DOM transport along the northern edge of the
130°E transect. The contributions of eddy and upstream processes to lateral DOC transport fluxes of the
NECs, NECC, and NGC(U)C currents accounted for 38%, 40% and 46% of the total flux during the cruise
period, respectively. This implies that eddy activities associated with the instability of the Mindanao and
Halmahera eddy pair played an important role in lateral DOM transport dynamics of the tropical Northwest
Pacific. In particular, current anomalies accelerated the transport of DOC sourced from the South Pacific
into the eastward-flowing NECC (2.3 + 0.7 Tg C d™') by the narrow northwestward-flowing NGC(U)C
(1.1 £ 0.8 Tg C d™%). As a result, the NECC is enriched in aromatic carbon (higher absorbance and FDOMy,)
compared to the westward-flowing NEC, which may affect the underwater light field and related ecolog-
ical processes in the central equatorial Pacific. Further study is required to quantify the high-resolution
variability of the Mindanao and Halmahera eddy pair on lateral DOM transport at seasonal, interannual
and longer time scales (e.g., El Nifio and La Nifia events). Further, we assumed that the background DOC
concentrations in 2017 were similar to the long-term average. There also may be discrepancies in our calcu-
lations associated with regime shifts in the DOM, which may account for eddy transport of DOM as well.
Thus, future research can constrain several of our model assumptions and provide critical data to assess the
consequences of hydrodynamic and biogeochemical variability (spatial and temporal) on modeled fluxes.

5. Conclusions

This study demonstrated large vertical and horizontal DOM variations in the surface layer (<200 m) of
the western boundary current system of the tropical Northwest Pacific. High spatial-resolution observa-
tions revealed four distinct vertical patterns for DOC, CDOM, and FDOM parameters, which were joint-
ly regulated by physical processes, phytoplankton production, photochemical reactions and microbial
processes. DOC-enriched and FDOMg-depleted NEC waters from the central Pacific and DOC-depleted
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and FDOMy-enriched NGC(U)C waters from the South Pacific converged to supply DOM to the tropical
Northwest Pacific. These water inputs dominate the overall quantity and quality of DOM in the NECC
flowing back to the central Pacific. A mass balance model using HYCOM-simulated velocity data during
the cruise period revealed that the western boundary current system had large DOM exchange fluxes with
altered DOM properties to the open North Pacific and Indian Ocean, thereby emphasizing the importance
of lateral DOM alteration and transport in the regional oceanic carbon cycle. The quasi-permanent Min-
danao and Halmahera eddy pair had different regulating effects on DOM profiles, but both enhanced lat-
eral DOM transport fluxes carried by the NEC, NECC, and NGC(U)C. Because of the dynamic nature in
water exchange predicted for the tropical Northwest Pacific under various climate change scenarios (Feng
et al., 2017), further studies are needed to elucidate such climate-driven influences/feedbacks on the marine
carbon cycle.
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