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Black carbon (BC) is emitted to the atmosphere during biomass, biofuel, and fossil fuel combustion, and leaves the atmosphere via dry or wet deposition on land and on the ocean. On a global scale, wet deposition accounts for about 80% of the total atmospheric BC inputs to the ocean. The input of BC particles to the ocean can enrich surface waters with carbon and associated elements, and owing to high porosity and surface-active properties, BC can alter biogeochemical cycles by sorbing dissolved compounds and promoting aggregation. The rain-mediated input of BC to the ocean and its consequences on nutrient concentrations and particle dynamics were studied in Halong Bay, Vietnam, during a 24-h cycle impacted by short and heavy rainfall events. This study suggests that once introduced in the surface ocean via wet deposition, BC sorbs dissolved organic matter (DOM) and stimulates aggregation processes. The observed wet deposition events were characterized by sudden and pulsed inputs of BC particles that created a thin layer of sinking surface-active aggregates, acting as a net-like scavenger for DOM, nutrients (especially phosphate), and small particles. In addition, the wet deposition events coincided with an enrichment of nutrients in the surface microlayer, with an excess input of nitrogen relative to phosphorus leading to an increase of the molar N:P ratio from 24:1 to 37:1. In the underlying water, the molar N:P ratio also increased (i.e., from 39:1 to 64:1), and this can be attributed to the preferential scavenging of dissolved P-compounds on sinking BC-aggregates.
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INTRODUCTION

Black carbon (BC) is the product of incomplete combustion of fossil fuels, biofuels and biomass, and is a major component of soot. It is estimated that 2–29 Tg of BC particles are emitted per year (Bond et al., 2013). BC occurs in the atmosphere along a continuum from freshly emitted single nanospheres of ∼50 nm, to aged aggregates of a few micrometers, the chemical nature of which ranges from pure to highly functionalized aromatic rings, respectively (Goldberg, 1985). In addition to BC particles emitted to the atmosphere, aged BC that has been oxidized in soil can also return into the atmosphere associated with soil dust in the form of water soluble BC (WSBC; Bao et al., 2017). Both forms of BC leave the atmosphere via dry or wet deposition, on land and oceans.

The atmospheric lifetime of BC particles and dust associated WSBC, which is determined by the size spectra and the concentration of aerosols, and by the atmospheric conditions, ranges from a few days in rainy climates up to 1 month in dry regions (Ogren and Charlson, 1983; Ogren et al., 1984), providing enough time for BC particles and dust associated WSBC to reach the most remote oceanic sites. Deposition of BC particles on the surface of the ocean has been estimated to a global rate of 2 and 10 Tg BC yr-1, for dry and wet deposition, respectively (Jurado et al., 2008), and regional studies confirmed that wet deposition was the dominant mechanism leading to the direct introduction of BC particles into the ocean (Suman et al., 1997; Loosmore and Cederwall, 2004; Pan and Wang, 2015). The global atmospheric deposition of WSBC associated with dust is estimated to ∼1.8 Tg yr-1, with about 70% in the form of wet deposition (Bao et al., 2017). Therefore, wet deposition is the dominant input mechanism of atmospheric BC to the ocean.

In addition to direct atmospheric deposition on the surface of the ocean, BC can also reach the marine system via river runoff. While the fluvial input from large rivers may be the dominant source of BC particles in the coastal zone (Mitra et al., 2002, 2014; Mannino and Harvey, 2004; Coppola et al., 2018), atmospheric deposition is the most important source of open-ocean BC particles (Suman et al., 1997; Masiello and Druffel, 1998). On the global scale, it is estimated that the annual fluxes of BC particles to the ocean via the atmospheric and the river routes are 12 Tg BC yr-1 (Jurado et al., 2008) and 17–37 Tg BC yr-1 (Coppola et al., 2018), respectively. Therefore, the total annual flux of BC particles to the ocean may be on the order of 29–49 Tg BC yr-1, with the major fraction entering in the coastal zone. In addition, it has been shown that river runoff was efficient in mobilizing WSBC from soils and in delivering it to the ocean at a global rate of ∼26 Tg yr-1 (Jaffé et al., 2013). Considering that the total input of BC particles to the ocean is equivalent to the amount emitted to the atmosphere per year, the ocean appears as the main repository for BC.

While atmospheric BC is defined as particulates whose size spans from ∼50 nm for freshly emitted single nanospheres, to >5 μm for aged aggregates, the size-based separation of organic matter used in marine science for methodological convenience defines dissolved and particulate BC fractions. As a result, BC concentrations in seawater are reported for dissolved BC (DBC; BC in the <0.7 μm size fraction) and particulate BC (PBC; BC in the >0.7 μm size fraction). The marine DBC fraction may encompass WSBC and BC particles <0.7 μm, and the marine PBC fraction may encompass larger BC particles, but also BC particles <0.7 μm that aggregated with organic matter into marine aggregates, as well as WSBC sorbed onto large aggregates.

In marine sediments, BC can contribute from 5 to 30% of the total organic carbon concentration (Masiello and Druffel, 1998; Lohmann et al., 2009). In the water column, DBC represents from 1 to 7% of the pool of dissolved organic carbon (DOC) (Mannino and Harvey, 2004; Ziolkowski and Druffel, 2010). The contribution of PBC to the pool of suspended particulate organic carbon (POC) in surface waters decreases from >50% in highly BC-impacted coastal zones (Mari et al., 2017a) to <3% in oceanic surface waters (Fang et al., 2016). Finally, in the surface microlayer (SML), which represents the interfacial boundary layer (typically 40–100 μm thick) between the atmosphere and the ocean (Wurl et al., 2017, and references herein), and which constitutes the main entrance gate for BC into the ocean, BC concentration can be very high and contribute from 11 to 97% of the pool of POC (Mari et al., 2017a).

Considering the large amounts of BC continuously entering the ocean, and especially via wet deposition, one may expect this material to impact pelagic systems (Weinbauer et al., 2017). In the atmosphere, BC is associated with other aerosols, the input of BC to the marine environment may lead to an enrichment in BC-associated elements, such as organic carbon (Willey et al., 2000; Raymond, 2005), nutrients (Mahowald et al., 2008; Kanakidou et al., 2012; Wang et al., 2015), trace metals (Paytan et al., 2009; Ito, 2013), and even pesticides (Kunz et al., 2005), potentially altering the structure and activity of phytoplankton (Paytan et al., 2009; Guo et al., 2012) and bacterial (Cattaneo et al., 2010; Mari et al., 2014; Pradeep Ram et al., 2018) communities. In addition, it has been shown that the BC introduced into marine surface waters sorbs dissolved organic matter (DOM), nutrients and small particles, and stimulate aggregation processes (Mari et al., 2014, 2017a). The introduction of BC to the surface of the ocean may alter the initial steps of the biological carbon pump, i.e., DOM cycling and marine snow aggregate formation (Mari et al., 2014, 2017a).

While it is known that BC moves from the atmosphere to the ocean, and contributes significantly to the pools of dissolved and particulate organic carbon, its effects on element cycling and microbial processes in the sea are still largely unknown. To our knowledge this study is the first to assess the wet deposition of atmospheric BC, and its impacts on the concentration of nutrients and on particle dynamics. The lack of study on the effect of wet deposition of aerosols is largely due to the difficulty of timing in situ sampling to unpredictable rainfall events.

MATERIALS AND METHODS

The Study Site

This study has been conducted in Halong Bay, Northern Vietnam (Figure 1), in October 2012. Halong Bay expands to about 1,600 km2 and includes some 2,000 islands and islets. The climate in Halong Bay is wet tropical and strongly depends on the monsoon regime, with the northeast monsoon from November to May (dry season), and the southwest monsoon from May to November (wet season). The study site is located in one of the global hotspots of atmospheric BC concentration (Ramanathan et al., 2007; Ramanathan and Carmichael, 2008), with typical concentration >3 μg BC m-3 and highest concentration during the dry season (Hien et al., 2002, 2004; Gatari et al., 2006; Mari et al., 2017a). Meteorological data (wind speed and direction, and rainfall) were obtained from a weather station (Vantage Pro2; Davis Instruments) installed in Haiphong City, at 30 km from the sampling station.
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FIGURE 1. Maps showing the location of Halong Bay in North Vietnam, and the position of the sampling station (20°46′50′′N 107°10′16′′E; Black cross).



Sampling

Seawater samples were collected every 4 h (i.e., at 11:00, 15:00, 19:00, 23:00, 03:00, and 07:00) at a 4-m deep station located in Halong Bay (Figure 1), using a 15 m coastal vessel anchored at a fixed position during a 24-h cycle, between 19 and 20 October 2012. The vertical stratification was described using a CTD probe (SBE19+, Sea-Bird Electronics, Inc., Bellevue, WA, United States). Salinity was measured from 0.7 m below the surface (conductivity probe at 70 cm from the top of the CTD), down to the bottom. Surface microlayer (SML) samples were collected from the bow of the boat (1 m above sea level) using a glass plate sampler, by vertically dipping, slowly withdrawing, and collecting the SML adhering to the glass plate into Nalgene bottles (Cunliffe and Wurl, 2014). Because each SML sampler dipping allows collecting only about 8-mL of SML, the glass plate was repeatedly dipped through the SML in order to collect enough seawater (i.e., about 1 L) for conducting the different analyses. As a result, each 1 L SML sample is the sum of about 125 successive SML samplings. Because the waters around the anchored boat were slowly moving, the time required to fill up the 1 L Nalgene bottle (about 20 min) integrated a large surface area of SML, which can be estimated to about 25 m2 based on the surface area of the glass plate (i.e., 40 cm × 25 cm). Seawater samples were collected simultaneously in the underlying water (ULW), at 1.5 m depth, using a 5-L Niskin bottle.

Seawater samples were immediately processed for later analyses of dissolved organic carbon (DOC), dissolved BC (DBC), dissolved organic nitrogen and phosphorus (DON and DOP), inorganic nutrients (i.e., NO2-, NO3-, NH4+, PO43-), particulate organic carbon and nitrogen (POC and PON), and particulate BC (PBC). Details on chemical analyses are given below.

Atmospheric Black Carbon

Atmospheric BC concentration was continuously monitored for 24 h starting at 08:00 on the 19 October, using a field micro-aethalometer (MicroAeth® Model AE51; AethLabs, San Francisco, CA, United States) installed on the roof of the boat, at about 5 m above sea surface. During the 24-h cycle, the boat engine was turned off, and thus was not emitting BC. The sampling time interval was set to 1 min, and the atmospheric BC concentrations were averaged over 30 min intervals. The aethalometer provides a real-time measurement of light attenuation caused by the atmospheric BC continuously deposited on a quartz filter. BC aethalometer values have not been calibrated on site, and are therefore discussed as relative concentrations.

Bacterial and Viral Abundances

Samples (1 mL each) for determining the abundances of bacteria and viruses were fixed with paraformaldehyde (1% final concentration) and kept in the dark at 4°C for 30 min before flash-freezing in liquid nitrogen. Abundances were determined using a FACS Calibur flow cytometer (Becton Dickinson, Franklin Lake, NJ, United States) equipped with an air-cooled laser providing 15 mW at 488 nm with standard filter set-up (Brussaard et al., 2010). Briefly, samples were diluted with 0.2-μm pre-filtered TE buffer (10 mM Tris–HCL and 1 mM EDTA, pH 8) and stained with SYBR Green I (10,000-fold dilution of commercial stock, Molecular Probes, OR, United States). Dilution of water samples with TE buffer depends on the in situ viral and bacterial abundances, and sensitivity of the flow cytometer. Before proceeding with counts, we made a validity check and standardization. Dilution did not have any significant bearing on bacterial counts. This methodology has been previously validated and adopted for reporting bacterial and viral counts in Halong Bay (Pradeep Ram et al., 2018). The mixture was incubated for 5 min, heated for 10 min at 80°C in the dark, and cooled for 5 min prior to analysis. Bacteria and viruses differing in fluorescence intensity were detected by their signature in a side scatter versus green fluorescence (530 nm wavelength, fluorescence channel 1 of the instrument) plot. Flow cytometry list modes were analyzed using CellQuest Pro software (BD Biosciences, version 4.0). A blank was routinely examined to control for potential contamination of the equipment and reagents.

Inorganic Nutrients, and Dissolved Organic Nitrogen and Phosphorus

Analyses of nitrate (NO3-), nitrite (NO2-), ammonium (NH4+), phosphate (PO43-), dissolved organic nitrogen (DON) and dissolved organic phosphorus (DOP) were performed on duplicate 30-mL subsamples filtered through 47 mm pre-combusted (450°C overnight) Whatman GF/F filters and collected in acid washed 30-mL Nalgene flasks (soaked in 10% HCl). Samples were filtered onboard and the flasks were immediately placed in a cool box filled with ice prior to pasteurization (80 ± 3°C for 6 h; Daniel et al., 2005) in the laboratory after the end of the 24-h cycle. After pasteurization, the flasks were stored in the dark until analysis. For each sample, one 30-mL subsample was analyzed for dissolved inorganic nutrients, the other for total dissolved nitrogen and phosphorus.

Inorganic nutrient concentrations were measured with an Autoanalyzer III Seal Bran Luebbe (Mequon, WI, United States) according to Aminot and Kerouel (2007). To achieve reproducible nutrient measurements, standards were compared to commercially available products (OSIL). The detection limits of NO3-, NO2-, and PO43- were 0.05, 0.05, and 0.02 μmol L-1, respectively. Ammonium concentrations were determined by the sensitive fluorescence procedure according to Holmes et al. (1999) with a detection limit of 5 nmol N L-1. Standard curves were performed with six reference solutions prepared in the concentration range of samples.

Determination of dissolved (i.e., sum of organic and inorganic) nitrogen (DN) and phosphorus (DP) was carried out simultaneously on the same samples using the wet-oxidation procedure (Raimbault et al., 1999), where persulfate was used to digest the organic matter, and the inorganic end-products (i.e., PO43- and NO3-) determined by colorimetry as described above.

The concentrations of DON and DOP were calculated as DN and DP minus dissolved inorganic nitrogen (DIN; nitrate+nitrite+ammonium) or phosphate (i.e., dissolved inorganic phosphorus, or DIP) measured in the same samples. The analytical accuracy, determined on replicates of reference samples, was close to 0.5 and 0.05 μmol L-1 for DON and DOP, respectively.

Dissolved Organic Carbon

In order to distinguish between DBC and non-pyrogenic dissolved organic carbon (thereafter defined as DOC) within total dissolved organic carbon (T-DOC; i.e., sum of non-pyrogenic DOC and DBC), we used the following combination of analytical procedures. The concentrations of T-DOC were measured with a TOC VCPH analyzer (Shimadzu), and the concentrations of DBC were measured using an ultrahigh performance liquid chromatography system on DOM extracts obtained by solid-phase extraction. Non-pyrogenic DOC (i.e., thermally unaltered DOC) is defined as the fraction of T-DOC that is not targeted by the benzenepolycarboxylic acids (BPCAs) method used to quantify DBC concentrations (see below). The concentration of non-pyrogenic DOC was obtained by subtracting the concentration of DBC from that of T-DOC.

Analyses of T-DOC were performed on 20-mL subsamples immediately filtered through 47 mm pre-combusted Whatman GF/F filters and collected in pre-combusted (450°C, overnight) 24-mL glass tubes, preserved with 24 μL of 85% phosphoric acid (H3PO4). Samples were stored in the dark until analysis. T-DOC concentration was measured with a TOC VCPH analyzer (Shimadzu) with potassium phthalate calibration standards over the measurement range 0–400 μmol C L-1 (n = 15). Certified reference materials (Hansell Laboratory, University of Miami, FL, United States) were used as external standards to determine the machine blank. Both low carbon water (LCW; ∼1 μmol C L-1) and deep seawater (DSW; ∼45.5 μmol C L-1) standards were analyzed at the beginning of each sample run (i.e., every 10 samples). Ultrapure water (Milli-Q) blanks were regularly injected as “sample blanks” during the analysis sequence to ensure that no sample carry-over occurred. The machine blank, calculated for each run of 10 samples as [(LCWmeasured – 1) + (DSWmeasured – 45.5)]/2, averaged -8.3 ± 2.6 μmol C L-1. The reported T-DOC values are blank corrected by subtracting the machine blank obtained at the beginning of each sample run, and are the average (±standard deviation, SD) of two 20-mL subsamples.

Samples for DBC analyses were collected and prepared according to the solid-phase extraction (SPE) method (Dittmar et al., 2008). For each sampling occasion, 500 mL of SML and 500 mL of ULW samples were filtered through pre-combusted (450°C overnight) 47 mm diameter GF/F filters, directly into acid washed polycarbonate bottles and immediately acidified with hydrochloric acid (37%) to reach a pH of 2. The bottles were stored in a cool box filled with ice (<4°C) until SPE procedure in the laboratory. Solid phase extractable DOM is referred to as SPE-DOM in the following. Cartridges filled with Varian Bond Elut sorbents (PPL; sorbent consisting of a styrene divinyl copolymer used for the retention of highly polar to non-polar substances from large volumes of water) were used to concentrate DOM. The cartridges were rinsed with methanol (HPLC grade), and then flushed with pH 2 ultrapure water (LC/MS Reagent, JT Baker® 9831-03) immediately before use. The filtered and acidified samples were gravity processed through the cartridges at a flow rate of <15 mL min-1. Immediately after extraction, remaining salts were washed off the cartridges with 40 mL pH 2 ultrapure water. The cartridges were dried under a N2 stream, before elution of the SPE-DOM with 8 mL of methanol. The eluates were stored in acid rinsed 8-mL vials at -18°C until analysis. This method allows concentrating DOM molecules, including DBC, in salt free methanol extracts.

Dissolved BC was analyzed as benzenepolycarboxylic acids (BPCAs) after nitric acid oxidation following the method of Dittmar (2008). Aliquots of 1 mL extract, corresponding to ∼2–8 μmol of SPE-DOC, were transferred to combusted (450°C, 4 h) glass ampoules and dried overnight at 50°C. Dry extracts were dissolved in 500 μL of nitric acid (65%), ampoules were sealed and placed in a pressure bomb to be heated for 9 h at 170°C. After cooling, 450 μL of the solution were transferred to sample vials and evaporated to dryness in a vacuum centrifuge (Christ RV2-18). Samples were dissolved in 100 μl of phosphate buffer (pH 7.2) and analyzed on an ultrahigh performance liquid chromatography system (UPLC, Waters Acquity) equipped with a photodiode array absorbance detector. BPCAs were identified based on retention time and absorbance spectra (220–380 nm) and quantified using four-point calibration curves and the respective absorbance signal at 240 nm. DBC concentrations were calculated from BPCA concentrations as outlined in Dittmar (2008), with the modification detailed in Stubbins et al. (2015).

Particulate Carbon and Nitrogen

Total particulate organic carbon (T-POC), particulate BC (PBC), and particulate organic nitrogen (PON) were analyzed in duplicate 100-mL subsamples (i.e., one subsample was used to measure T-POC, the other was used to measure PBC) immediately filtered onboard onto pre-combusted (450°C overnight) 25 mm Whatman GF/F filters. After filtration, the filters were individually placed in 2-mL plastic tubes and were immediately frozen in liquid nitrogen. In the laboratory, filters were dried at 60°C for 24 h and stored in sealed plastic bags until analyses. The concentration of non-pyrogenic POC (thereafter defined as POC) was calculated for each sample by subtracting the concentration of PBC from the concentration of T-POC.

For PBC analyses, non-pyrogenic POC was removed by a chemothermal oxidation (CTO) pre-treatment of the filters at 340 ± 0.5°C for 2 h and under an oxidative gas (pure oxygen) flow to prevent charring during the treatment (Cachier et al., 1989; Kuhlbusch, 1995). According to Nguyen et al. (2004), this CTO pre-treatment in oxygen at 340°C (Kuhlbusch, 1995) yields similar results for soot and char as CTO in air at 375°C (Gustafsson et al., 1997), and the remaining carbon on the filters is operationally defined as PBC (Kuhlbusch, 1995; Gustafsson et al., 1997).

Prior to the determination of T-POC and PBC, all the filters were acidified with 100 μL of 0.5 N H2SO4 in order to remove inorganic carbon. Acidified samples were kept in a drying oven (60°C) until analyses. The concentrations of T-POC, PBC, and PON were determined by high temperature combustion (900°C) performed on a CN Integra mass spectrometer (Raimbault et al., 2008).

Particle Volume Concentration

Particle volume concentration profiles were measured in situ using a LISST-100X Type-C (Laser In-Situ Scattering and Transmissometry; Sequoia Scientific, Inc.). This equipment uses the technique of laser diffraction to obtain particles’ equivalent spherical diameter (μm) and enables measurement of volumetric particulate concentration distributed over 32 logarithmic size classes ranging from 2.5 to 500 μm. The acquisition frequency was set to 1 Hz. This probe performs a non-intrusive measurement of the volume concentration of suspended particles according to their size and per unit volume of water (μm3 mL-1). The data presented herein were normalized to the width of each size class. Because the probe was lowered vertically into the water column, the particle volume concentration profiles were measured from 0.7 m below the surface (optical measurement chamber at 70 cm from the top of the LISST, were the pressure sensor is located), down to the bottom.

RESULTS

Atmospheric Characteristics

At the start of the 24-h cycle, at 08:00 on 19 October, atmospheric BC concentration was high (average 5.1 ± 3.1 μg BC m-3) until the heavy rainfall event of 4 L m-2 that occurred after the first seawater sampling (Figure 2). During this heavy rainfall event that lasted for about one hour, atmospheric BC concentration decreased drastically by a factor of ∼9, i.e., from 5.8 ± 2.9 μg BC m-3 to 0.7 ± 0.4 μg BC m-3. After the end of this first rainfall event, the concentration of atmospheric BC increased rapidly from 12:30 to 13:00 to reach 3.1 ± 1.6 μg BC m-3. Two smaller rainfall events were recorded later during the cycle and also led to a decrease, although moderate, of the concentration of BC in the atmosphere.
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FIGURE 2. Atmospheric black carbon concentration (average for every 30 min ± SD) at the sampling station, and precipitation and wind speed measured in Haiphong City during the 24-h cycle. The vertical gray bars represent the six sampling occasions.



The two rainfall events recorded by the weather station on the 19 October at 12:00 and 14:00 were observed at the same time at the sampling station. This timing is reflected in the measured timing of atmospheric BC (Figure 2) and the variations of salinity, temperature and density of seawater (Figure 3). The actual timing of the third rainfall event is more difficult to confirm at sea. However, according to the measured diminution of salinity and seawater density, it can be assumed that it started to rain at the sampling station just before 03:00.
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FIGURE 3. Variations of salinity (A), temperature (°C) (B), and seawater density (kg m-3) (C) in the water column during the 24-h cycle. Each contour plot was obtained from a data grid of >3000 points (i.e., six sampling occasions on the x-axis, and >500 data points on the y-axis).



The temporal offset observed between the rainfall event that was recorded by the weather station the 20 October at 04:00, and the decrease of atmospheric BC concentration that was observed from 23:30 to 01:00 (concentration remained low until 07:00), is most likely due to the 30-km distance between the weather station that measured the rain and the sampling station in Halong Bay. This suggests that it was probably raining slightly all over the area from about 23:30, hence maintaining the overall atmospheric BC concentration at a low level. These rainfall events resulted in salinity drops at the top of the water column (Figure 3). However, since the salinity was measured from 0.7 m below the surface, the actual salinity in the top 70 cm and the SML is not known. As the first two rainfall events occurred between two consecutive samplings, they are considered as a single heavy rainfall event for interpreting the observed biogeochemical changes, and hence are referred as the “first rainfall event” hereafter. As a consequence, the third moderate rainfall event, is referred as the “second rainfall event” hereafter.

The average wind speed was relatively low (i.e., 1.3 ± 0.6 m s-1) during the 24-h cycle, but increased from the start of the two rainfall events (i.e., from ∼0.6 to 2.6 m s-1 after the first event, and from ∼0.5 to 1.5 m s-1 after the second) (Figure 2). The increased wind speed between the rainfall events and the subsequent increase in turbulence generated in the surface layer may explain the increased surface salinity between the two events.

Particulate and Dissolved Organic Carbon and Black Carbon

Over the course of the 24-h cycle, the concentrations of POC and PBC averaged 38 ± 12 and 28 ± 30 μmol L-1, respectively, in the SML, and averaged 11 ± 3 and 10 ± 3 μmol L-1, respectively, in the ULW (Figure 4). The contribution of PBC to the pool of T-POC was on average 37 ± 14% in the SML and 47 ± 8% in the ULW. The lower contribution of PBC to the pool of T-POC in the SML is due to the threefold higher concentration of POC in the SML in comparison to the ULW.
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FIGURE 4. Variations of non-pyrogenic particulate organic carbon (POC) and particulate BC (PBC) concentrations, and fraction of PBC in the pool of total POC (T-POC), (A) in the SML and (B) in the ULW.



At the start of the cycle (at 11:00), the concentrations of POC and PBC in the SML were 40 and 22 μmol L-1, respectively (Figure 4A), and were a factor of 3.4 higher than in the ULW (Figure 4B). After the first rainfall event, the concentrations of POC and PBC increased in the SML by a factor of 1.3 and 4.0, respectively, and in the ULW by a factor of 1.4 and 1.9, respectively. This suggests that the BC removed from the atmosphere during the rainfall ended up in the surface water of Halong Bay, and enriched the SML and the water column with both PBC and POC. This enrichment mainly occurred in the SML and was mostly due to the input of PBC, with the contribution of PBC to the pool of T-POC in the SML increasing from 35 to 62%.

The second rainfall event that occurred before the last sampling, and that induced a moderate decrease of atmospheric BC, was also followed by a small enrichment of POC and PBC in the SML and in the ULW (Figure 4).

Over the course of the 24-h cycle, the concentrations of DOC and DBC averaged 139.5 ± 19.6 and 1.8 ± 0.3 μmol L-1, respectively, in the SML, and averaged 101.4 ± 7.1 and 1.5 ± 0.4 μmol L-1, respectively, in the ULW (Figure 5). The contribution of DBC to the pool of T-DOC was relatively constant and averaged 1.3 ± 0.3% in the SML and 1.5 ± 0.5% in the ULW.
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FIGURE 5. Variations of non-pyrogenic dissolved organic carbon (DOC), and dissolved BC (DBC) concentrations, and fraction of DBC in the pool of total DOC (T-DOC), (A) in the SML and (B) in the ULW.



After the first rainfall event, the concentrations of DOC and DBC increased by a factor of 1.5 and 1.2, respectively, in the SML (Figure 5A). On the contrary, in the ULW, this rainfall event was followed by a moderate decrease (i.e., by a factor of ∼0.9) in DOC concentration (Figure 5B). This decrease coinciding with the drastic increase in the concentration of PBC suggests that DOC may have been sorbed by PBC and removed by sinking.

Wet deposition events coincided with enrichments of the SML in POC, PBC, DOC, DBC, with enrichment factors (EF, calculated as the ratio between the concentration of each variable after versus before the rainfall) due to the first rainfall of EFPOC = 1.3, EFPBC = 4.0, EFDOC = 1.5, EFDBC = 1.2 (Table 1). Assuming that the variations of concentration observed in the SML after the first rainfall event were caused by wet deposition, the carbon content of rainwater should have been distributed as 50% organic carbon (of which 21% are particulate and 79% are dissolved) and 50% BC (of which 99% are particulate and 1% is dissolved). This suggests that the rainwater was composed of 40% dissolved (1% BC and 99% of organic carbon or OC) and 60% particulate carbon (83% BC and 17% OC).

TABLE 1. Variations of dissolved and particulate inorganic and organic nutrients (DIP, DIN, DOP, DON, PON) and carbon concentrations (DOC, DBC, POC, PBC) in the SML and in ULW during the first rainfall event.
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Nutrient Concentrations

After the first rainfall event, the concentrations of DIN and DIP in the SML increased by a factor of 2.7 and 3.0, respectively, while in the ULW, they decreased by a factor of 0.8 and 0.6, respectively (Figure 6 and Table 1). A similar pattern was observed for DON and DOP, with an increase by a factor of 2.7 and 1.6, respectively, in the SML, and a decrease in the ULW by a factor of 0.8 and 0.4, respectively (Figure 7 and Table 1). The increase in the concentration of nutrients observed in the SML subsequent to the rainfall event suggests that rainwater was enriched in organic and inorganic nutrients.
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FIGURE 6. Variations of dissolved inorganic nitrogen (DIN) and phosphorus (DIP) concentrations (A) in the SML and (B) in the ULW.
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FIGURE 7. Variations of dissolved organic nitrogen (DON) and phosphorus (DOP) concentrations (A) in the SML and (B) in the ULW.



As for DOC, the decrease in DIN, DIP, DON, and DOP concentrations observed in the ULW subsequent to the first rainfall event suggests that, at this depth, nutrients may have been scavenged by sinking PBC.

According to the relative concentrations of dissolved nitrogen and dissolved phosphorus, the first rainfall event led to an increase of both organic and inorganic N:P ratios. However, while this increase was caused by an input of more nitrogen than phosphorus in the SML (Figures 6A, 7A), it was also linked to a differential removal of dissolved phosphorus and nitrogen in the ULW (Figures 6B, 7B).

Bacterial and Viral Abundances

The abundance of bacteria in the SML and in the ULW averaged 1.45 ± 0.13 × 106 bacteria mL-1 and 0.45 ± 0.06 × 106 bacteria mL-1, respectively (Figure 8). The abundance of viruses in the SML and in the ULW averaged 8.68 ± 1.21 × 106 viruses mL-1 and 2.78 ± 0.68 × 106 viruses mL-1, respectively. After the first rainfall event, the bacterial abundance increased by 14% in the SML and by 42% in the ULW, and the viral abundance increased by 36% in the SML, while it decreased gradually in the ULW by 47% until the last sampling. In the SML, these variations resulted in an alteration of the virus-to-bacteria ratio (VBR) characterized by an increase of VBR by ∼20% after both the first and second rainfall event. In the ULW, the VBR decreased by 33 and 13% after both the first and second rainfall event, respectively.
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FIGURE 8. Variations of viral and bacterial abundances, and virus-to-bacteria ratios (VBR) (A) in the SML and (B) in the ULW.



Particle Size Spectra

After the two rainfall events, changes in the particle volume concentration per size class were observed at ∼2.3 m depth at 19:00 the 19 October and at ∼1.8 m depth at 07:00 the 20 October (Figure 9). Apart from these changes observed at these two depths a few hours after the rainfall events, the particle volume concentration per size class in rest of the water column did not show any alteration in comparison with pre-rainfall characteristics. Therefore, rainfall events seem to only affect a thin layer of the water column. By comparison with the initial particle volume concentration per size class (i.e., at 11:00 the 19 October) at the depth where the changes occurred, these observed alterations were characterized by a decrease of the volume concentration of small particles (<5 μm; identified in Figure 10 as green maximum), and by concomitant increase in the volume concentration of large particles (from 120 to 390 μm; identified in Figure 10 as red maximum), mostly observed for particles with an equivalent spherical diameter of ∼300 μm. For example, these alterations of the particle size spectra corresponded to a diminution of the concentration of particles in 2.50–2.95 μm size bin by a factor of approximately 5, and to an increase of the concentration of particles in the 257.42–303.75 μm size bin by a factor of approximately 25.
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FIGURE 9. Vertical distributions of in situ volume concentration of particles (μm3 mL-1 μm-1) as a function of their equivalent spherical diameter (μm) in the water column during the 24-h cycle. Each contour plot was obtained from a data grid of about 1300 points (i.e., 32 size classes on the x-axis, and from 30 to 40 size spectra on the y-axis).
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FIGURE 10. Changes in volume concentration of particles per size class at 2.3 m depth in comparison with the initial volume size spectra (as recorded at 11:00 the 19 October) during the 24-h cycle. The green and red color scales represent decrease and increase of the concentration of particles in a given size class, respectively. The contour plot was obtained from a data grid of 192 points (i.e., 6 sampling occasions on the x-axis, and 32 size classes on the y-axis).



DISCUSSION

Wet Deposition-Induced Variations of Nutrient Regime

Combustion aerosols are now recognized as a source of nutrients for the surface ocean. It has been estimated that anthropogenic phosphorus and nitrogen emitted during combustion processes deposit at the surface of the ocean at a global rate ranging from 0.1 to 1.8 Tg P yr-1 (Mahowald et al., 2008; Kanakidou et al., 2012; Wang et al., 2015), and from 31 to 77 Tg N yr-1 (Dentener et al., 2006; Doney et al., 2007; Duce et al., 2008), respectively. In addition, atmospheric BC may constitute a vector for other aerosols toward the ocean. For example, it has been shown that organophosphates used in agricultural insecticides could be sorbed by combustion aerosols (Bossan et al., 1995), this pathway potentially contributing an additional 0.01 Tg P yr-1 to P-deposition (Kanakidou et al., 2012).

According to our estimates, the N:P ratios of the dissolved organic and inorganic fractions in rainwater were 71:1 and 21:1, respectively (overall N:P ratio = 54:1) (Table 1). These N:P ratios in rainwater are similar to N:P ratios reported for anthropogenic emissions of combustion aerosols in Asia, i.e., between 40:1 and 50:1, but much lower than those reported for North America and Europe (i.e., between 150:1 and 180:1) (Wang et al., 2015). The different N:P ratios observed for combustion aerosols from Asia and North America/Europe are attributed to the use of high-P fuels such as coal and biomass in Asia, and low-P fuels such as gas and oil in North America and Europe (Wang et al., 2015). The N:P ratio signature of rainwater retrieved from changes observed in the SML after the first rainfall suggests that rainwater was enriched with combustion aerosols emitted in Asia from high-P fuels.

During our study, the wet deposition events coincided with enrichments of the SML both in dissolved nitrogen (DN = DIN + DON) and dissolved phosphorus (DP = DIP + DOP), with rainfall-induced enrichment factors (EF) of EFDN = 2.7 and EFDP = 1.7 (Table 1).

While the first rainfall event induced nutrient-enrichment in the SML, it was followed by a diminution of nutrient concentration in the ULW, as evidenced by enrichment factors of EFDN = 0.8 and EFDP = 0.5 (Table 1). This suggests that the impact of wet deposition on nutrient regime in surface waters is twofold: (1) enrichment of the SML with soluble N and P (principally in the organic form) and atmospheric BC, and (2) removal of DN and DP in the ULW, with a more pronounced decrease for DP compared to DN. Both the SML-enrichment and ULW-depletion resulted in an increase of the N:P ratios from 24:1 to 37:1, and from 39:1 to 64:1, respectively. While the N:P ratio increase in the SML is caused by a proportionally larger input of DN than DP, in the ULW it is linked to a preferential removal of DP in comparison to DN. These changes in N:P ratios increase P-limitation and may alter primary production, and phytoplankton diversity and community structure (Arrigo, 2005).

The atmospheric anthropogenic nitrogen deposition to the ocean has increased by ninefold from 1860 to 2000 (Duce et al., 2008), and it is expected to further increase to reach a 11-fold increase in 2030, compared to 1860 (Dentener et al., 2006; Duce et al., 2008). Such an increase is primarily due to the use of fossil fuels and N-fertilizer, and is concentrated in Asia. As a result, surface waters of the North Pacific Ocean are expected to be highly impacted by anthropogenic N-deposition in excess to P-deposition, hence to be characterized by increasing N:P ratios. Kim et al. (2014) reported a significant increase in N concentration in the upper North Pacific Ocean, with a rate of increase of excess N relative to P highest nearby Asian coasts, and decreasing eastward. Our findings are in line with N-enrichment due to anthropogenic aerosol deposition, and decreasing N:P ratio near Asian coasts.

Sorption of Dissolved Compounds by

Particulate Black Carbon

Recent experimental and field studies have shown that PBC efficiently sorbs DOC in seawater. During a field study in the lagoon of New Caledonia, Mari et al. (2014) have shown that the supply of anthropogenic atmospheric BC originating from an oil-fired power plant to surface waters was followed by a decrease of the DOC concentration by ∼6% attributed to an enhanced transfer of DOC to the particulate phase, via sorption by PBC. The role of atmospheric BC for the removal of DOC observed in the field was confirmed during a laboratory experiment conducted using reference diesel-BC (Mari et al., 2014). During this experiment, the addition of 10 μg BC mL-1 resulted in the removal of 6.4 μmol C L-1 (i.e., diminution of 8% of the initial DOC concentration). A study conducted in Halong Bay, observed a positive correlation between non-pyrogenic POC:DOC ratio and PBC concentration, suggesting that the introduction of PBC to the water column may enhance the transfer of organic carbon from the dissolved to the particulate phase, via sorption of DOC by PBC (Mari et al., 2017a).

There is also indirect evidence that BC has high sorptive properties for dissolved compounds in marine waters. BC containing materials are known to sorb very efficiently a wide variety of dissolved compounds. For example, fly ash (in particular originating from coal combustion), which contains a significant fraction of BC (up to 60 wt% carbon; Külaots et al., 2004), is very efficient in sorbing molecules both from aqueous solutions and from the atmosphere (Wang and Wu, 2006; Ahmaruzzaman, 2010), and sorption by coal fly ash has been directly correlated to its carbon content (e.g., Hassett and Eylands, 1999; Külaots et al., 2004; Hower et al., 2010).

The increase of PBC concentration in the SML of 66.41 μmol L-1 measured after the first rainfall event was followed by a decrease of the concentrations of DOC, DON, DOP, DIN, and DIP (Table 1). Assuming that PBC is responsible for the removal of those dissolved compounds by sorption, and hence transfer to the particulate phase, one can give a crude estimate of the sorptive properties of PBC in the water column. Therefore, PBC may sorb 205.2 mg DOC g-1, 45.2 mg DON g-1, 4.5 mg DOP g-1, 6.4 mg DIN g-1, and 2.3 mg DIP g-1. Although these estimates have to be taken cautiously, they emphasize the potential strong impact of BC on the dissolved-to-particulate balance and on element cycling in the ocean, and in particular in BC-impacted coastal area, such as Halong Bay. Indeed, assuming that these estimates are robust and considering annual average concentrations of about 11 μmol PBC L-1, 93 μmol DOC L-1, 11 μmol DON L-1, 0.2 μmol DOP L-1, 6.4 μmol DIN L-1, 0.1 μmol DIP L-1 in Halong Bay (Mari et al., 2017a), the fraction of dissolved compounds associated with PBC in Halong Bay may average around 2% for DOC, 4% for DON, 1% for DIN, 24% for DOP, and 22% for DIP. This exercise suggests that PBC-sorption of dissolved compounds, and its subsequent transfer to the particulate phase, alleviates P-limitation for heterotrophic prokaryotes attached to particles, but deepens P-limitation for phytoplankton.

While at the global scale, the input of BC particles to the ocean may have a minor effect on DOC partition and export, and primary production, this phase-transfer mechanism may be significant in highly impacted coastal systems, where the regional input of BC can be orders of magnitude higher than average global estimates. However, to our knowledge, no study has been conducted so far to estimate this flux at the regional scale.

Potential Effect of Riverine Input and Biological Production

The changes observed for the surface salinity and the concentrations of DOC, DON, DOP, DIN, and DIP after the first rainfall event, seem attributable to wet deposition for the enrichment in the SML and decrease of surface salinity, and to sorption of nutrients by sinking PBC for the depletion in the ULW. However, other mechanisms may potentially induce similar variations, such as surface freshwater fluvial inflow for the observed enrichment in the SML, and biological activity for the decrease observed in the ULW.

A significant influence of the river discharge on the observed decrease of surface salinity and enrichment in the SML can be ruled out due to the features of the water body. Most of Halong Bay is shallow (less than 10 m) with a high density of islets. Under these conditions, the water flow is likely to develop turbulences that efficiently mix the water masses from the river mouth toward the open sea. Therefore, a vertical salinity gradient that may establish from the input of freshwater from the river mouth would disappear rapidly seaward. Hence, the salinity gradient observed in the surface layer at the sampling station subsequent to the rainfall events cannot result from horizontal advection of freshwater from the closest river mouth, which is more than 25 km away from the sampling site.

Moreover, the analysis of currents direction and speed, measured with an ADCP (RD Instruments, Workhorse Sentinel 1200 kHz) simultaneously with the surface water sampling (not shown), does not reveal any correlation between presence of surface freshwater and ebb tide. This supports the assumption that the observed episodic changes in surface salinity were due to rainfall events.

We interpret the observed diminution of the concentrations of DOC, DON, DOP, DIN, and DIP in the ULW after the first rainfall event as a result of sorption to PBC. Alternatively, this decrease could be explained by increased bacterial production, as observed in the field after dry deposition of BC and during BC-amendment in laboratory experiments (Mari et al., 2014; Malits et al., 2015). While we did not measure bacterial production, the observed increase of bacterial abundance by 14% in the SML (i.e., increase by ∼200,000 bacteria mL-1) and by 42% in the ULW (i.e., increase by ∼150,000 bacteria mL-1) after the first rainfall suggests that the input of BC and associated elements enhanced bacterial production, hence increasing the bacterial demand for DOC and nutrients in the ULW. Another mechanism that may have stimulated bacterial production in the ULW is a reduced viral lysis caused by the diminution of viral abundance. The viral abundance in the ULW decreased after the first rainfall leading to a decrease of the VBR from ∼10 to ∼5. As previously shown during field (Mari et al., 2014) and laboratory experiments (Malits et al., 2015), attachment of viruses to PBC reduces viral infection and production by inactivating viruses or preventing infection of bacteria.

Alteration of the Particle Size Spectra: The Sinking Net

Each wet deposition event of BC, identified by the concomitant decrease of atmospheric BC concentration and increase of PBC concentration in the bay, resulted in a decrease of the concentration of small particles (<5 μm) and an increase of the concentration of particles in the 120–390 μm size range. Simultaneous to this alteration of the particle size spectra, a decrease of the DOC concentration and of viral abundance was observed in the ULW, probably corresponding to a BC-enriched sinking layer sorbing DOC and small particles, and stimulating aggregation during sinking from the surface to deeper waters. Considering the time lag between the beginning of the two rainfall events (identified from the drop in surface salinity), and the occurrence and depth of these layers of altered particle size spectra (i.e., the layers observed at 2.3 and 1.8 m occurred 7 and 4 h after the beginning of the first and second rainfall event, respectively), and assuming that the large particles that appeared in the 120–390 μm size range were generated near the surface at the beginning of each rainfall event by aggregation induced by PBC introduced during the rainfall events, these aggregates would have settled down at an average sinking velocity of 9.3 m d-1 (i.e., at 7.9 and 10.8 m d-1, after the first and second rainfall event, respectively). As we estimated the sinking velocity of the aggregates formed by BC-induced aggregation by assuming they were starting to sink at the very beginning of the rainfall events (as identified from the observed drop in surface salinity), we could underestimate the actual sinking velocity if the aggregates were starting to sink later than the start of the rainfall events. Therefore, the above estimates should be considered as a minimum sinking velocity for such aggregates.

The estimated sinking velocity is within the lower range of the sinking velocities generally reported for marine aggregates (10–200 m d-1; Asper, 1987; Alldredge and Gotschalk, 1988; Armstrong et al., 2009; McDonnell and Buesseler, 2010). It has been shown that the sinking velocity of aggregates increases with water depth (Berelson, 2002) due to differential degradation rates of the low-density organic matter fraction (Mari et al., 2017b), and to the fact that >60% of the sinking POC flux near the surface ocean consists of slowly settling particles (0.7–11 m d-1; Alonso-González et al., 2010). Therefore, the sinking velocities estimated for the aggregates that appeared after the two rainfall events may even be high for newly formed aggregates in surface waters. A high sinking velocity of newly formed aggregates may be caused by the inclusion BC particles with a high density of ∼1.8 g cm-3 (Park et al., 2004; Schneider et al., 2006). Assuming a sinking velocity of 9.3 m d-1 for the aggregates formed by BC-induced aggregation, such aggregates would have reached a depth of 1.6 m at the time of the second sampling (i.e., at 15:00). Therefore, the observed decrease of DOC, DON, DOP, DIN, and DIP concentrations at 1.5 m (i.e., ULW) may be attributed to sorption by PBC-enriched sinking aggregates, as these aggregates would have already passed through the ULW.

This study of the impact of BC in surface waters of Halong Bay suggests that once introduced in the surface ocean via wet deposition, PBC sorbs DOM, inorganic nutrients, and small particles (<5 μm, down to viruses) and stimulates aggregation processes during differential settling. This is in line with previous observations of the effect of dry deposition of atmospheric BC. During their study in the lagoon of New Caledonia, Mari et al. (2014) have shown that dry deposition of atmospheric BC resulted in an increase of the volume concentration of particles by a factor of up to 30, and to an alteration of the particle size spectra along the water column. The BC-induced modification of the particle size spectra observed subsequent to the dry deposition of atmospheric BC was similar to the one observed in Halong Bay after the wet deposition event, with a decrease of the concentration of small particles and an increase of the concentration of large particles. Together, these findings support the idea that in the water column, PBC provokes a transfer of particles from the small size classes to the large ones, resulting in a bimodal size spectrum. However, contrary to dry deposition that is rather diffuse and long lasting, wet deposition is characterized by a sudden and pulsed input of PBC that seems to create a thin layer of sinking surface-active aggregates, acting as a net-like scavenger for DOM, nutrients and small particles.
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Enrichment factors (EF) were calculated as the ratio between the concentration of
each variable after the rainfall versus before the rainfall.





