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Abstract. Based upon eight field surveys conducted betweenl Introduction
May 2011 and May 2012, we investigated seasonal varia-
tions in pH, carbonate saturation state of aragorfitgdy, Both pH and CaCe@ saturation states¥) are essential pa-
and ancillary data on the Chinese side of the North Yel-rameters for the health of aquatic environments. Here pH is
low Sea, a western North Pacific continental margin ofthe negative logarithm of the total concentration of End
major economic importance. Subsurface waters werg-CO HSO4™ ions, i.e. pH = —logio [H* 1T, where [H ]t = [H™]
undersaturated in May and nearly in equilibrium with at- +[HSGO;]. It affects chemical/biochemical properties of sea-
mospheric C@ in June. From July to October, the fugac- water, including chemical reactions, equilibrium conditions,
ity of CO, (fCO,) of bottom water gradually increased and biological toxicity. In response to increasing atmospheric
from 438444 patm to 63@ 84 patm, and pil decreased COp, the effect of decreasing pH has received considerable
from 8.02+0.04 to 7.88+ 0.06 due to local aerobic rem- attention during the past decade (e.g. Caldeira and Wick-
ineralization of primary-production-induced biogenic parti- ett, 2003; Orr et al., 2005; Doney et al., 2009; Duarte et al.,
cles. The subsurface community respiration rates in summe2013).
and autumn were estimated to be from 0.80 to 1.08 umol- € is defined as the product of calcium and carbonate
O, kg~1d~1 within a relatively high salinity range of 31.63 ion concentrations divided by the apparent solubility prod-
to 32.25. From November to May in the next year, however,uct (Kgy) of calcium carbonate, i.€2 = [Ca2+][CO§‘]/K;‘p.
subsurfacef CO, gradually decreased and pH increased dueWithout protective mechanisms, calcifying organisms are
to cooling and water column ventilation. The correspond-vulnerable to corrosive CaGeundersaturated seawaters
ing bottom water2aragwas 1.85+0.21 (May), 1.79:0.24  with @ <1 (Feely et al., 2002, 2008; Yamamoto-Kawai et
(June), 1.75:0.27 (July), 1.76:0.29 (August), 1.430.31  al., 2009; Gruber et al., 2012).
(October), 1.52-0.25 (November), and 1.4#0.12 (Jan- CaCQG occurs in marine environments as three poly-
uary). Extremely lowQgrag values (from 1.13 to 1.40) were morphs, i.e. calcite, aragonite and magnesian calcite. Pure
observed mainly in subsurface waters within the high salin-calcite (>99mol% CaCg¢) is more stable than aragonite,
ity range of 31.63 to 32.25, which covered a major fraction of while high-Mg calcite (>12mol% MgC¢) is more solu-
the study area in October and November. Of the China seadjle than aragonite (Morse et al., 2006, 2007; Woosley et al.,
the North Yellow Sea represents one of the systems most vul2012). Since aragonite is usually the most abundant carbon-
nerable to the potential negative effects of ocean acidificaate mineral in shallow sea areas (Morse et al., 2006), we
tion. adopted the carbonate saturation state of aragdigd to
measure its potential to corrode Cagshells and skeletons
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of marine organisms. In the Pacific Ocean, the present sur-pepy == ; — — 41°N
face Qarag values are 1 to 2 in high-latitude regions and 3 (m) Liaoning Province

to 4.5 in low-latitude regions (Feely et al., 2012). In high- 1% | e 1u River | 40
latitude regions, sea surface waters absorb a considerabl 10 Wi o)1 Yl River
amount of CQ from the atmosphere due to the high solu- 20 i ol 4/(‘:@“Korea 7 139
bility of CO, at low temperatures, leading to |04yag val- jg BthfS . 2 1 0'99
ues. Marine calcifying organisms may requir@aagmuch S e ’f“
higher than 1 for optimal growth (Shamberger et al., 2011), l¢, [ . 138
while carbonate biominerals in calcic shells and skeletons | | Yellow Shandong Province

may undergo dissolution even at relatively high levels of Mg, [ X I 137
Qarag (between 3.0 and 3.2) (Yamamoto et al., 2012). This Mg

is partially because, in present oceans with seawater Ca: Mcl,, 118 120 122 124 126305E

molar ratios of about 1:5 (Steuber and Rauch, 2005), many

carbonate biominerals are composed of instable high-Mg calFig. 1. North Yellow Sea (NYS) together with the Bohai Sea and

cite (Morse et al., 2006, 2007; Long et al., 2011). sampling sites. The study focused on the area enclosed within the
Low pH andQaragvalues may occur in coastal zones due red polyg_or_l. A major marir_le aquaculture_ zone in the N\_(S is en-

to local oceanographic processes, e.g. coastal upwelling anglosed within the yellow ellipse. Closed circles m_ark stations that

water mixing with fresh waters (Feely et al., 2008, 2010 {02 A8 2 T o B Bl ne e o1, and

Saishury o b, 2008 Yamamoto Kawl et . 2008, G e

: - ] . ] . uary 2012. The Bohai Sea inflow current (1), Bohai Sea outflow
Taguchi and Fujiwara, 2010; Cai et al.,, 2011; Zhai et al., ¢ ;rrent (2) and wintertime Yellow Sea Warm Current (3) were mod-

2012), and regional environmental changes, such as eutropled from Chen (2009). Two northern stations enclosed by the pur-
ication (Borges and Gypens, 2010; Sunda and Cai, 2012)ple ellipse were subject to frozen temperatures during the January
In eutrophicated regions, algal blooms and red tides absorlruise. Several southwest stations enclosed by the blue ellipse were
CO; on the sea surface, producing large amounts of sinkindikely influenced by the outflow of Bohai Sea water. A bottom-
organic matter, which is remineralized below the euphoticwater oxygen-depletion region in August 2011 in the Bohai Sea is
depth (e.g. Feely et al., 2010; Taguchi and Fujiwara, 2010sketched with the grey shadowed area (Zhai et al., 2012).

Cai et al., 2011; Zhai et al., 2012). The aerobic remineral-

ization process can be roughly characterized by the Redfield

equation (Redfield et al., 1963): and economic_impo_rtance in these N_YS coastal ecosystems.

Scallop-breeding failures have occasionally been reported in
(CH20)106(NH3)16H3POs + 1380, (1) this region (Du et al., 1996). Thus far, however, information
— 106CQG + 16HNG; + H3POy + 122H,0. regarding pH an® in this region remains limited. We inves-

tigated seasonal variations in pH afid;ag on the Chinese

Clearly, the release of CQOncreases carbonic acid levels in ™ 8
side of the NYS, revealing controls of subsurface pH and

subsurface waters. If local hydrodynamic conditions do not AN : ) e -

enable outgassing of subsurface £@ significant pH de-  $2aragdynamics in this continental margin. This high-quality

crease (by 0.2 to 0.3 units) can occur on seasonal or shortéfarag data set IS the first reported for this important marine

time scales (e.g. Taguchi and Fujiwara, 2010; Cai et al,2duaculture region.

2011; Zhai et al., 2012). These seawater acidification pro-

cesses may threaten marine calcifying species (e.9. Gao &t \aterials and methods

al., 1993; Green et al., 2009; Dias et al., 2010; Liu and He,

2012; Andersen et al., 2013; Xu et al., 2013) and even non2.1  Study area

calcifying species (e.g. Munday et al., 2009, 2010; Baumann

et al., 2012; Briffa et al., 2012; Domenici et al., 2012). The NYS is a shallow marginal sea of the western North
So far, only a few mechanistic studies have been conducte®acific, surrounded by Liaoning and Shandong provinces

to investigate the dynamics of pH afin continental mar-  of China and the Democratic People’s Republic of Korea

gins of eastern Asia (Cao et al., 2011; Zhai et al., 2012; Choy(Fig. 1), with an area of 71300 Kmand a mean depth of

et al., 2013), although this region sustains numerous com38m (He and Yu, 2013). Climatic variations of the NYS

mercially valuable and acidification-sensitive fisheries, e.g.are primarily dominated by the East Asian Monsoon (Chen,

of bivalve molluscs and crustaceans. Surrounding the Nortt2009). The rain-bearing southwest monsoon lasts from June

Yellow Sea (NYS), the Liaoning and Shandong provinces ofto September (Fig. 2a), while the strong northeast monsoon

China are teeming with fast-developing marine aquacultureprevails in winter, from November to March of the next year.

activities, and are highly populated (Fig. 1). Acidification- The NYS is connected to the Bohai Sea through a

sensitive bivalve molluscs of the family Pectinidae and echin-relatively narrow channel, whereas it is more open to

oderms of the class Holothuroidea are of major ecologicalthe South Yellow Sea (SYS) (Fig. 1). In addition to the
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0 F — The high frequency of algae blooms has been noted in the
past 30yr (Zhang, 1994; State Oceanic Administration of
China, 2012). Besides the limited effects of nutrient inputs
200 | from Yalu River (Zhang et al., 1997), both atmospheric de-
position of nutrient elements and nutrient regeneration from
benthic processes may have significant impacts upon phy-

250

150

Monthly rainfall (mm)

100 | toplankton growth in the NYS (Zhang, 1994; Zhang et al.,
2002; Tan et al., 2011). The atmospheric @ncentration
50T ( ( in 2011 fluctuated from 383 ppmv (parts per million volume
o L_m, HH Nl = [ H in dry air) in late July to 408 ppmv in mid-May and mid-
JFMAMIJ JASONDIJFMAM November according to flask analyses at the adjacent Tae-ahn

3500

Peninsula (TAP) site (3@4 N 126°08 E), and had an an-
nual average of 398 ppmv (data from NOAA/ESRL’s Global
Monitoring Division, http://www.esrl.noaa.gov/gmyd/

The western and central parts of the NYS (study area)
exchange water and other materials with the semi-enclosed
Bohai Sea (Fig. 1). The Bohai Sea has a volume of
1.4x 102 m3 (Wei et al., 2002; Chen, 2009) and a very
long water exchange half-life of 17 to 21 months (Wei et
al., 2002). It is fed by more than a dozen rivers of mod-
erate or high alkalinity (1470 to 6300 pmolky (Wang
et al., 2005; Xia and Zhang, 2011), including major runoff
Fig. 2. Monthly rainfall in the study areéa); real-time water dis- ~ contributions from the Yellow River. During the past 60yr,
charge from the Yellow River into the Bohai Sea (brown line) from annual water discharge from the Yellow River has signifi-
January 2011 to May 201@). The usual variation range of wa- cantly declined; it was 5& 20 x 10° m3yr—1 in the 1950s
ter discharge from Yalu River is shown by the indigotic shadowed and 1960s, and only $ 10° m®yr—1 in the late 1990s (Wu
area in pane(b), based on real-time data between September 201%t al., 2004; Wang et al., 2007). Over the last 10yr, annual
and July 2013. All data are from the China Bureau of Hydrology \ater discharge from the lower Yellow River has been ma-
_(http://>_<xfb.hydroinfo.gov.cr)l Vertical grey columns show survey- nipulated at approximately 2010° m3 yr—1 (based on daily
ing periods. water discharge data from the China Bureau of Hydrology,
http://xxfb.hydroinfo.gov.cr)/ These remarkable freshwater

600 to 800 mmyrl of rainfall (Zhang, 1994; Fig. 2a), and alkalinity fluxes circulate in the Bohai Sea for more

; : . than 1.5yr (Wei et al., 2002; Mao et al., 2008), supporting
the NYS is fed by freshwater discharge of approximately ; -
33x 1@ mPyr-L from Yalu River (Liu and Liu, 1992; the relatively homogeneous low salinity of 30.50 to 31.50

. ; . (Chen, 2009; Zhai et al., 2012) and relatively high alkalin-
Zhang, 1996; Zhang et al., 1997), with the runoff havmg.( 1 s
a relatively low alkalinity of approximately 740 pmolkg ity (~2400puimol kg, this study). Therefore, the outflow of

(zhang, 1997). Due to these freshwater inputs, the typicaIBOhai Sea water (Fig. 1) can serve as an alkalinity source in
NYS water mass has a relatively low salinity (31.50 to 32.50)the study area.

(Miao et al., 1991; Chen, 2009) compared with open oceanss 5 g ey desian
The general circulation in the NYS is a nearly year-round y ¢

weak counter clockwise gyre (Fig. 1; Miao et al., 1991; getween May 2011 and May 2012, eight field surveys (Ta-
Zhao, 1996; Qiao et al., 1998). The summertime hydrograpje 1) were conducted in late spring (May), early summer
phy across the NYS is characterized by a pronounced straityune), mid-summer (July), late summer (August), autumn
ification in the deeper region. A cold pool, typically 5 to (October and November) and winter (January). This hydro-
11°C, is overlain by 20 to 25m of warm water (Miao €t |ogical year was characterized by a wet summer (total rain-
al., 1991; Chen, 2009), which is regarded as the remnanfy|| of ~ 610 mm in June, July, and August 2011) and a dry
of winter cooling and documented as the NYS cold wateryyinter (total rainfall of~ 10 mm in December 2011, January
mass (NYSCWM; Miao et al., 1991; Zhao, 1996; Qiao et al., 2012, and February 2012) (Fig. 2a). Both spring and autumn
1998). Wintertime circulation is characterized by the Yellow \yere transitional seasons between the wet summer and dry
Sea Warm Current (YSWC), which is considered a compenyyinter, However, water flow in the lower Yalu River was reg-
sating current of the northeast monsoon driven coastal curgated by several major dams (including Sup’ung, Yunfeng,
rents (Hsueh, 1988; Yuan et al., 2008), transporting salinquiyuan, and Taipingwan), usually varying little within a
SYS water to the NYS (Fig. 1; Chen, 2009). narrow range of 1008 250 n¥ s~1 (Fig. 2b).
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Table 1. Summary of the sampling cruises.

Surveying period R/V Stations in NYS  Field-measured data
10-17 May 2011 Yixing 26 T, S, TAlk, DIC, pH, chla
22-24 Jun 2011 Dongfanghong 2 17 T, S, TAl, DIC, pH, DO
24-31 Jul 2011  Yixing 24 T, S, TAlk, DIC, pH, chla
20-22 Aug 2011 Yixing 16 T, S, TAlk, DIC, pH, DO
18-23 Oct 2011  Yixing 25 T, S, TAI, DIC, pH, DO, chla
22-25 Nov 2011 Dongfanghong 2 21 T, S, TAl, DIC, pH, DO
9-13 Jan 2012 Yixing 8 T, S, TAIk, pH, DO, chla
13-15 May 2012 Dongfanghong 2 23 T, S, TAlk, DIC

During these surveys, water samples were collected at ©rion” 8102BN Ross combination electrode (Thermo Elec-
to 26 grid stations for pH, total alkalinity (TAIk), dissolved tron Co., USA) against two or three standard buffers. Dur-
inorganic carbon (DIC), dissolved oxygen (DO), and chloro-ing field surveys, two pH buffer sets were used. The first
phyll a (chla) testing (Table 1). Most sampling stations had a set included three NIST (National Institute of Standards and
water depth of 25to 78 m (Fig. 1). The northern sampling sta-Technology)-traceable buffers (pH 4.01, 7.00, and 10.01
tions were near a highly developed marine aquaculture zonat 25.0°C; Thermo Fisher Scientific Inc., USA), which were
around Dalian City (Fig. 1). To examine the influences of theused during all surveys. The second set was used only during
Bohai Sea water mass on the carbonate system in the studie June and November surveys, and included two carefully
area, TAlk data collected in the eastern part of the Bohai Segrepared solutions of 2-amino-2-hydroxy-1,3-propanediol
(Fig. 1) were also included in this study. (tris) and 2-aminopyridine, which are used by chemical
oceanographers as pHuffers (Dickson et al., 2007). Based
on parallel measurements in June and November using the
two pH buffer sets, the pHdata were lower than the NIST-
Depth profiles of temperature and salinity (practical salinity traceable pH data by 0.1430.003 pH units (meag: stan-
scale of 1978) were determined with calibrated conductivity-dard deviationn = 62) in the study area (Fig. A1), which
temperature-depth/pressure (CTD) recorders (SBE9NL  was comparable to Bohai Sea results (Zhai et al., 2012) and
June 2011, November 2011, and May 2012, and SBE19 the commonly accepted value for this difference (Lewis and
during other surveying periods, Sea-Bird Co., USA) aboardWallace, 1998). Based on this result, we transferred the other
R/V Dongfanghon@ (June 2011, November 2011, and May NIST-traceable pH data to the ptcale, although the pH
2012) and R/VYixing (other surveying periods). Water sam- buffers were not used during those surveys. The overall un-
ples were obtained at three to four different depths usingcertainty of the pH data set was estimated to be 0.01 pH units
rosette samplers fitted with 8 L or 2.5 L Niskin bottles, which (Marion et al, 2011; Zhai et al., 2012).
were mounted with CTD units. The bottom-water samples Water samples for DIC and TAlk analyses were also col-
were collected from a depth of 2 to 5 m above the sea bed. lected aboard. They were unfiltered but allowed to settle be-

Water samples for DO analyses were collected, fixed, andore measurement. As recommended by Huang et al. (2012),
titrated aboard following the classic Winkler procedure. A they were stored in 60 mL borosilicate glass bottles (for DIC)
small quantity of NaN was added during subsample fix- and 140 mL high-density polyethylene bottles (for TAIk).
ation to remove possible interference from nitrites (Wong, They were mixed with 50 uL saturated HgCind sealed
2012). Based on repeat determinations of thex@s titra- with screw caps and preserved at room temperature. DIC
tion reagent concentration, the uncertainty of the DO datawvas measured by infrared detection following acid extraction
was estimated to be at the satisfactory level of <0.5% (Zhaiyf 5 0.5 mL sample with a KIoeﬁ@ndigitaI syringe pump,

etal., 2012). The DO saturation (DO%) was calculated fromas described in Cai et al. (2004). TAlk was determined by
the field-measured DO concentration divided by the DO con-gran acidimetric titration on a 25 mL sample with another

centration at equilibrium with the atmosphere, as per the ® . . . . .
Benson and Krause (1984) equation and the standard sea su@-Oehn d_lggal syringe pump, using the preC|S|o_n PH mgter
face barometric pressure (i.e. 1.0430° Pa). and an Orion 8102BN Ross electrode for detection. During

Water samples for pH analyses were collected in 140 mLDIC and TAIk determinations, Certificated Reference Mate-

brown borosilicate glass bottles using a procedure similafia!s from A. G. Dickson’s lab were u?ed for quality assur-
to that used for DO. They were preserved with 50 pL satu-21C€ at a precision level @2 umol kg™ (Cai et al., 2004;
rated HgCp, sealed with screw caps, and measured at25.0  Dickson et al., 2007).

within 6h of sampling. The precision pH meter (Orion

Star", Thermo Electron Co., USA) was equipped with an

2.3 Sampling and analyses

Biogeosciences, 11, 1108423 2014 www.biogeosciences.net/11/1103/2014/
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For chl a determination, water samples from 300 to 3 Results
1000 mL were filtered on board, depending on theacbbn-
centration. Filters were folded and wrapped in aluminium 3.1 Environmental settings
foil, and stored in liquid nitrogen until analysis. After extrac-
tion by acetone, concentrations of ehivere measured us- The surveys covered four seasons fully. In January, a win-
ing a TD-700 laboratory fluorometer (Turner Designs, USA) ter month, water temperature at deeper stations (water
with excitation and emission wavelengths set at 430 anddepth >25m, the same below) ranged between 318nd
670 nm, respectively (Parsons et al., 1984). 6.74°C (Fig. 3). Lower temperatures — betwee1.45°C
and 0.64C — were also measured (Fig. 3g) at two north-

2.4 Calculation of other carbonate system parameters  ern stations (enclosed by the purple ellipse in Fig. 1). From

) o late spring to late summer, sea surface temperature (SST) in-
The seawater fugacity of GX(fCOQ), pHr (in situ), and  rea5ed from 6.6213.46°C in May to 11.24-19.75°C in
Q2arag Were calculated from DIC, TAlk, seawater tempera- j,ne and to 19.2224.83°C in July—August (Fig. 3a—d, 3g),

ture, and salinity using the calculation program CO2SYS.XIs pije the mean bottom-water temperature of deeper stations
(Pelletier et al., 2011), which is an updated version of thej, reased from 5.4& 1.23°C in May and 6.95¢ 2.43°C in
Original CO2SYS.EXE (LeWiS and Wallace, 1998) For the June to 8.98-3.21°C in JUly and to 13.65-4.92°C in Au-

January 2012 cruise, however, DIC data were not availablgy st (Fig. 4a). Therefore, it is evident that strong water col-
due to sample loss. Therefore, i€ Oy, pHr (in situ), Qarag  ymn stratification occurred at most stations in the summer
and DIC values from this spemﬂg cruise were calculgtedmomhs (June to August) (Fig. 3b—d), except for a well-mixed
based on pHi (at 25°C) and TAlk, using the same calculation gyation at the northeast corner during the June cruise. Sum-

program. The dissociation constants for carbonic acid Werg,artime NYSCWM in bottom waters at a temperature of
those determined by Millgro et al. (2006)., and the diss.,ocia—< 11°C was identified in the study area (Fig. 5). From June to
tion constant for the HSPpion was dete_rmlned as per Dick- August, the area occupied by NYSCWM declined consider-
son (1990). Theks, values for aragonite were taken from oy (Fig. 5h-d), while the lowest bottom-water temperature
Mucci (1983), and the G4 concentrations were assumed increased from 3.82C in June to 4.21C in July and 5.07C
to be proportional to salinity. By comparison with measuredin August (Fig. 3b—d). In October, despite the fact that sur-
Cé&t data for our June, August, and November cruises (Zhaiface waters had cooled to between 14.73 and 1’3 Wa-
unpublished data), nearly all relative deviations of calculatedier column stratification still persisted (Fig. 3e). In Novem-
Cé* values were at satisfactory levels (<2 %; plots not re-per, SST further declined to between 11°€7and 14.53C
ported). (Fig. 3f), while temperature-induced water column stratifica-
All available information and measured and calculatedtion started to disappear at the northern or western stations
data in the sampled bottom waters are presented in the Sugyith bottom-water temperatures of >1@ (Fig. 5f). Note
plement for public reference. To further assess the qualitythat in the two autumn months, another bottom cold water of
of this data set, the calculated DIC (from field-measured<11°C was constructed in the southeastern part of the study
pH at 25°C and TAIK) versus measured DIC, calculated area (Fig. 5e—f), presumably influenced by the adjacent SYS
pH (from DIC and TAIk) versus field-measured pH, and bottom waters (Chen, 2009).
Qarag values from DIC and TAlk versus those from field-  Compared with the significant seasonal variation in
measured pH (at 2%C) and TAlk were compared (Fig. A2). pottom-water temperatures (from 548.24°C in May
For DIC and pH, most measured data and calculated re2p11 to 13.65:4.92°C in August 2011 at deeper sta-
sults were consistent with each other at deviation levels otjons), bottom-water salinity at the deeper stations only
+15umol kg ! (DIC) and+0.05 (pH). These deviation lev- changed on average between 3H3260 in August 2011
els were reasonably higher than the precision of DIC de-and 31.89 0.33 in May 2011 (Fig. 4a). However, bottom-
termination ¢-2 umol kg™t) and the uncertainty of the mea- water salinity at shallower stations in the southwestern part
sured pH data£0.01 pH units). Furthermore, the two sets of of the study area showed seasonal variations (Fig. 5a—f); in
QaragVvalues were mostly consistent with each other at a mi-May and June, bottom-water salinity values were at rela-
nor deviation level of-0.1. SomeRaragvalues from DIC and  tively high levels (31.50 to 32.00; Fig. 5a—b), but showed
TAlk were slightly higher than those from field-measured pH relatively low levels (30.50 to 31.50) from July to November
(at 25°C) and TAIk by 0.1 to 0.2. These comparisons sug- (Fig. 5¢—f). This was roughly consistent with the seasonal
gested that the measured data and calculated results of thgrriation of water discharge from the Yellow River (Fig. 2b).
carbonate system parameters were reliable. In 2011, both late June and late September showed peak
water discharge ~3000n?s1) from the Yellow River.
River discharge of 3.78 10° m3 over 18days (24 June to
11 July) and 2.34 10° m® over 14 days (17 to 30 Septem-
ber) enhanced the outflow of the relatively low-salinity Bo-
hai Sea water along the southern coastline of the study area

www.biogeosciences.net/11/1103/2014/ Biogeosciences, 11, 1132014
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(t-2).

(Fig. 5¢—f). On seasonal or shorter time scales, this water was As an indication of primary production levels, sea surface
generally confined to the southwestern part of the study areahl ¢ data were also collected in May, July, and October
(enclosed by the blue ellipse in Fig. 1), which was further 2011, and January 2012 (Fig. 7). They were measured at 0.75
evidenced by our temperature—salinity diagrams (Fig. 6a—h)to 8.17 ugl-! (average 1.96-1.42uglL-1) in May, 0.44

Sea surface DO% ranged between 85% (in November}o 6.32 ug - (average 1.8% 1.58 ugL-%) in July, 0.81 to
and 154 % (in August) (Fig. 3h-). In subsurface waters, rel-10.97 ug I-! (average 3.29-2.70 ug L-1) in October, and
atively high DO% (from 86 % to 112 %) was observed in 0.33to 2.81 g L! (average 1.06: 1.01 ug 1) in January.
both June and January (Fig. 3h, 3I). However, relatively low These seasonal values were all comparable to or higher than
subsurface DO% values were observed in August (68 % tahose from the shelf of the subtropical East China Sea, where
95 %, Fig. 3i), October (54 % to 104 %, Fig. 3j), and Novem- the sea surface chlwas determined at 0.26 to 2.09 pg'lin
ber (51 % to 98 %, Fig. 3k). In January, DO% values rangedDecember 1997 (winter), 0.15 to 1.85 pg'Lin March 1998
between 94 % and 105 % in water columns (Fig. 3l), indicat-(early spring), 0.11 to 8.03 ugt: in July 1998 (summer),
ing that winter DO was in equilibrium with the atmosphere. and 0.28 to 2.75ugt! in October 1998 (autumn) (Gong
The high sea surface DO% values (from 110% to 154 % inet al., 2003). Earlier survey-based and satellite-based stud-
June, August, and October; Fig. 3h—j) were consistent withies also revealed high chland primary production levels in
the high chle and primary production levels in the study area the study area (e.g. Gao and Li, 2009; Yang et al., 2009; Tan
(Gao and Li, 2009; Yang et al., 2009; Tan et al., 2011; He etet al., 2011; He et al., 2013).

al., 2013; Fig. 7). In November, however, the mixing of sur-

Significantly, extremely high sea surface ahalues (4.12

face and oxygen-depleted subsurface waters led to undersab 6.32 ug -1 in July in the northern and southwestern parts,
urated DO (DO% ranged from 85 % to 98 %) in sea surfaceand 10.97 pg 1 in October in the northern part of the study
area) (Fig. 7c¢) indicated very high primary production levels

waters (Fig. 3K).

Biogeosciences, 11, 1108423 2014
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in the northern and southwestern areas in 2011. According
to the marine environmental status bulletin released by the
State Oceanic Administration of China, seven cases of red
tide were recorded in 2011 in the northern part of the study
area (State Oceanic Administration of China, 2012), which
was generally consistent with the dhlresults. This is de-
tailed in the Supplement. These red tides probably produced
large sinking fluxes of particulate organic matter, leading to
bottom-water DO depletion and pH decline (Eq. (1)). The
relationship between bottom-water DO depletion and pH de-
cline shall be discussed in detail in Sect. 4.2.

3.2 TAIk and DIC and their water mixing behaviours

In the study area, TAlk ranged between 2073 pmolk@t a
salinity of 28.34 in August) and 2346 umolky(at a salin-

ity of 31.47 in May 2011) (Fig. 6i—p), while DIC ranged be-
tween 1809 pmol kgt (at a salinity of 28.34 in August) and
2214 pmolkg? (at a salinity of 31.77 in October) (Fig. 60—
w). In the adjacent eastern Bohai Sea, however, relatively
high TAIk — from 2222 umolkg? (at a salinity of 30.56 in
October) to 2447 pmol kgt (at a salinity of 29.16 in May
2012) — was obtained (Fig. 6i—p).

TAIk, a nearly conservative parameter, showed compli-
cated water mixing behaviours in the study area. Ideally,
three-endmember or even four-endmember mixing models
were needed to fully describe the complicated water mixing
behaviours of the water column TAlk under multiple influ-
ences of river discharge (from Yalu River), the outflow of Bo-
hai Sea water, and the intrusion of SYS water (Fig. 1). Fortu-
nately, most bottom-water TAIKk versus salinity at deeper sta-
tions followed several simple two-endmember mixing lines
(Fig. 6i—p). From May to October 2011, the simplified water
mixing line was

TAIk (umolkg™t) = 61.745 x Salinity @
+ 320 (from May to October 2011

This is much higher than the water mixing line be-
tween nearby open ocean surface waters (TAIR300 to
2310 umol kg ! at the salinity of 35) (Chen and Wang, 1999)
and rainwater. During the late autumn and winter cruises,
however, the bottom-water mixing lines at deeper stations

deeper stations (water depth > 25 m). Error bars denote standard gghifted from Eq. (2) to Eq. (3) in November 2011 and Eq. (4)
viations. NTAIk and NDIC were calculated according to Egs. (6)— in January 2012 (Fig. 6n-o).

(11) (Sect. 3.2). Dashed line in par(e) shows monthly mean air
pCOy, (partial pressure of C9), i.e. air-equilibrated level of CO,
calculated from the flask analysis data of atmospherie €@n-
centration at the adjacent Tae-ahn Peninsula (TAP) site4@6l

TAIk (umol kg™!) =56.814 x Salinity 3
+ 452 (n =19, r = 0.95, in November 2011

126°08 E), and corrected to survey-based barometric pressure at
10 m above the sea surface and 100 % humidity at sea surface tenTFA|k (umol kg—l) = 45.404 x Salinity
perature and salinity, following the procedure described in Zhai et 795 (; = 6, r = 0.99, in January 2012 (4)

al. (2009).

www.biogeosciences.net/11/1103/2014/
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pH; (in situ)

Nov | Nov |
| |

Fig. 5. Distributions of salinity/temperatur@—f), salinity-normalized total alkalinityg—I), pHy (m-r), and carbonate saturation state of
aragonitg(s—x)in bottom waters in May, June, July, August, October, and November 2011. Calculation of NTAIk is detailed in Sect. 3.2.

Therefore, the high-salinity endmembe¥ £ 32.1) with consistent with the low TAIk features of both the river plume
high TAlk exhibited declining TAlk in the northeast monsoon from Yalu River and rainwater.
seasons, which decreased by20 umolkg? in Novem- A typical nonconservative parameter, DIC is largely af-
ber and ~60umolkg? in January compared with the fected by both sea surface photosynthesis and subsurface res-
usual value in the southwest monsoon seasons (FAIk piration/remineralization. To characterize water mixing be-
2302 umolkg? at the salinity of 32.10 from May to Octo- haviours of water column DIC in the study area from May
ber 2011) (Fig. 6i—0). These changes likely indicated the in-to October 2011, a two-endmember water mixing line was
fluences of the SYS water intrusion via YSWC in the north- assumed (Eq. (5)).
east monsoon seasons (Fig. 1; Chen, 2009), as evidenced by
the relatively high-salinity water intrusiors &32.0) at the ~ DIC (umol kg™!) = 56.161 x Salinity ®)
bottom in the southeastern part of the study area in Octobert 320 (from May to October 20111
and November (Fig. 5e—f). In addition, the TAIk values from
320 to 795 pmol kgt at the extrapolated freshwater end were

Biogeosciences, 11, 1108423 2014 www.biogeosciences.net/11/1103/2014/
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Fig. 6. Plots of temperature versus salin{e-h), total alkalinity versus salinityi—p), and dissolved inorganic carbon versus salifigw)

for each cruise. Open rectangles show all data in water columns in the study area, and grey circles represent bottom-water data in the stud:
area. Yellow triangles denote the adjacent Bohai Sea data. Black dashed lines are TAIk (I&\)l@H@LMSx Salinity + 320 (i—-p) and

DIC (umol kg~1) = 56.161x Salinity + 320(q—w), which are supposed as the bottom-water mixing lines from May to October. Red dashed
lines in panel¢n—o) are regression lines of total alkalinity in bottom waters, i.e. TAlk (umoikg= 56.814x Salinity + 452 in November,

and TAIK (umol kg‘l) = 45.404x Salinity + 795 in January. Blue dashed lines in par{atsp) are TAlk (umol kg‘l) = 2305/35x Salinity,

which is the ideal mixing line between adjacent open ocean surface waters and rainwater (Chen and Wang, 1999; Lee et al., 2006).
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Fig. 7. Distributions of sea surface chlorophyllconcentrations in
May, July, October 2011 and January 2012.

NDIC = (DIC — 795 pmol kg1) 1
x 32/ Salinity+ 795 pmol kg'2. (11)

In the southwestern part of the study area, a tongue-
like region with a relatively high NTAIk from 2310 to
2370 umolkg?! was identified in bottom waters (Fig. 5g—
[). This region was rather shallow (water depth mostly
<25m) and likely influenced by the outflow of the rela-
tively low-salinity Bohai Sea water. Focusing on the deeper
stations, 75% of the bottom-water NTAIk values were in
a compact range of 229925umolkg?! (Fig. 8). This
specific value was slightly lower than the cruise mean
bottom-water NTAIk values of deeper stations from May
to August 2011 (between 22959 pmolkg ! in July and
2303+ 22 umolkg?! in May), but quite consistent with

That is, a simple water mixing between an ideal freshwaterthe cruise mean bottom-water NTAIK values of deeper

endmember with DIC of 320 pmol kg (equal to the above-

stations in October 2011 (229015 umolkg ™) and May

mentioned freshwater endmember value of TAlk from May 2012 (2292 20 umol kg 1) (Fig. 4b). During the Novem-

to October 2011) and a seawater endmember with DIC ober and January cruises, the mean bottom-water NTAIkK
2123 pumol kg? at the salinity of 32.10. As shown in Fig. 6g— values were only 2278 9umolkg™! in November and

w, most DIC values in the water columns were lower than the22484+ 2 umol kgt in January (Fig. 4b), likely reflecting the
predicted values due to sea surface biological uptake as indinfluence of the SYS water intrusion, as mentioned above.

cated by relatively high cht levels (Fig. 7). However, many

The cruise mean bottom-water NDIC values of deeper

bottom-water DIC values were higher than the predictedstations increased from 213722 umolkg?® in May 2011
values (Fig. 6r—v), indicating respiration/remineralization- to 2176+ 31 umolkg? in October 2011, and then gradu-

induced addition of DIC (Eq. (1)).

ally declined to 2122 33 pmol kgt in May 2012 (Fig. 4b).

To eliminate the dilution and concentration effects of river Therefore, a baseline value of NDIC (2130 pmotkpwas
discharge and precipitation and evaporation on the seawasbtained for this study, which was roughly free from the
ter carbonate system, we normalized bottom-water TAlk andmodulation of sea surface photosynthesis and subsurface res-

DIC to a uniform salinity of 32. Following Friis et al. (2003),

piration/remineralization. In August, October and November,

the salinity-normalized parameters (NTAlk and NDIC) were most bottom-water NDIC data at the deeper stations were

calculated as below.

higher than the baseline value, especially at the salinity range

In May, June, July, August, and October 2011, and Mayfrom 31.63 to 32.25 (Fig. 8), which was possibly due to

2012,

NTAIk = (TAlk — 320 umol kg1)
x 32/ Salinity+ 320 pmol kg2,

NDIC = (DIC — 320 pmol kgt
x 32/ Salinity 4+ 320 umol kg*.

In November 2011,

NTAIk = (TAk — 452 umol kg?)
x 32/ Salinity+ 452 pmol kg2,

NDIC = (DIC — 452 pmol kg1
x 32/ Salinity 4 452 umol kg'*.

In January 2012,
NTAIk = (TAIk — 795 pmol kg1)
x 32 / Salinity+ 795 pmol kg%,

Biogeosciences, 11, 1108423 2014

(6)

(7)

(8)

(9)

(10

the community respiration- and/or aerobic remineralization-
induced addition of DIC in bottom waters (see Sect. 4.2).

3.3 Seasonal variations of bottom-water
fCOg2, pHt and L4rag

Figure 4c shows seasonal variations of bottom-water
fCO, and pH at the deeper stations. On average,
bottom-water fCO, increased from Ce@undersaturated
339+ 22 puatm in May 2011 and 34249 patm in May
2012 to nearly air-equilibrated 38730 patm in June to
COy-supersaturated 4384 patm in July, 52649 patm in
August, and 63@& 84 patm in October. In November and
January, bottom-wateyCO, declined to 56@t 100 patm
and 468+ 61 patm, respectively. Overall, bottom waterspH
mirrored fCOy (Fig. 4c), which declined from relatively
high levels of 8.11#0.03 in May 2011 and 8.1+ 0.06

in May 2012 to 8.06t 0.04 in June, 8.02 0.04 in July,
and 7.94-0.04 in August, reaching the lowest value
of 7.88+0.06 in October. In November and January,

www.biogeosciences.net/11/1103/2014/
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deeper stations (water depth >25m). Calculations of NTAk andO2kg™). In August, a rather uniform bottom-water DO level
NDIC are detailed in Sect. 3.2. Grey dashed lines show a rangef 243+ 7 pmol-Q kg~ (n = 5, DO% range 83 % to 89 %)

of 25 umol kg2, while the dark dashed line shows the assumed corresponded to a narrow salinity range (from 31.78 to 31.89;
baseline value of NDIC in this study.

bottom-water pht increased to 7.92 0.07 and 7.98: 0.06,

respectively.

Seasonal variation in bottom-wat€Xarag (Fig. 4d) was
more complicated than pHand f CO,. From spring to sum-
mer, bottom-wate€2a:ag declined slightly from 1.86-0.14
in May 2011 and 1.85:0.21 in May 2012 to 1.79-0.24

in June, 1.75:0.27

in July, and 1.76 0.29 in August. In

autumn and early winter, cruise mean bottom-wagfag
was 1.45+ 0.31 in October, 1.52 0.25 in November, and
1.41+0.12 in January.

Figure 5 also shows seasonal variations in bottom-watewertical mixing was possibly negligible during these months.
pHt andQaragdistributions. The low pH area (pH <7.90)
and lowQaragarea (arag < 1.40) reached peaks in October as a rough estimate of the subsurface community respiration
(Fig. 5). In this month of maximum acidification, low gH
values of 7.81 to 7.90 were detected at 15 stations, covering Based on Fig. 10, the bottom-water community respiration
the main body of the study area (Fig. 5q). In these stationsrates at different salinity ranges were estimated in Table 2.
bottom-water pH declined by 0.17 to 0.30 units from May All results were in the narrow range of 0.80 to 1.08 umol-
to October, demonstrating significant increases in bottom-O>kg=1d~! (overall salinity range from 31.63 to 32.25),
water total-hydrogen-ion concentrations by 48% to 100 %suggesting relatively low community respiration rates in the
over the six months. In November, low pHalues (7.79 to
7.90) were detected at six northern stations and two southpared to the earlier values of 2.00 to 2.80 pmelkg 1 d—1
eastern stations (Fig. 5r). Lof2yag values (1.13 to 1.40)
were detected at ten stations in October and seven statioredjacent Bohai Sea (Zhai et al., 2012).

www.biogeosciences.net/11/1103/2014/
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in November (Fig. 5w—x), while such loRqragvalues were
rarely observed in spring and summer (Fig. 5s—-V).

Vertical profiles suggested that most pialues of less
than 7.90 and2arag values of less than 1.40 were observed
from July to October and were confined to subsurface waters
(below 25m depth) due to stratification (Fig. 3). They be-
came higher in November and January, when bottom waters
were mixed with sea surface waters (Fig. 3r—s, 3y-z).

In the previously mentioned tongue-like region in the
southwestern part of the study area, bottom-wggsgwas
at relatively high levels (1.80 to 2.40; Fig. 5s—x), although
low pHr values (from 7.82 to 7.90) were also detected in Au-
gust (Fig. 5p). Salinity distributions suggested that both the
highestf CO, values and lowest pHandaragvalues were
associated with relatively high salinity (31.63 to 32.25) in
bottom waters (Fig. 9), where significant DO depletion was
observed (Fig. 10).

3.4 Subsurface community respiration in summer
and autumn

Variations in bottom-water DO following changes in salinity
are shown in Fig. 10. In June, the average bottom-water DO
was 291+ 12 umol-@ kgt (n = 13, salinity range 31.65

to 32.15, DO% range 88% to 110%), which was simi-

Fig. 10). In October, three bottom-water DO clusters were
identified at different salinity ranges (Fig. 10). Of these clus-
ters, one with relatively high salinity (32.13 to 32.23) ex-
hibited an average DO of 1985 umol-G& kg~ (including
two DO values of 188 and 198 pmok®g 1, with a DO%

of 63% and 66 %, respectively). The second cluster had
DO values of 176 and 181 pmol>®g ! (average 178 umol-
Oo kg1, with DO% of 61% and 64 %, respectively) and
salinity values of 31.87 and 31.88. The third cluster, with
relatively a low salinity (from 31.65 to 31.73) had an aver-
age DO of 162 7 pmol-Q kg~ (n = 4; DO% range 57 %

to 62 %). Since water column stratification was intensified
from June to October (Fig. 3), replenishing of oxygen via

Therefore, the apparent DO depletion rate can be regarded

rate.

high-salinity bottom waters from summer to autumn, as com-

observed in summer oxygen-depleted bottom waters in the

Biogeosciences, 11, 11232014
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, | " e o tive. Figure 9 shows that a temperature increase fro@ 5
14C o o'e . :_ - __O_gt%—:.é to.14°C led to a seawatefCOp incregse o_f 155:8u§tn"!
Jl8F === P 2= 3 s Lol (Fig. 9a) and a pH drop of 0.137 units (Fig. 9b). This is
g 5oc a D.E*' ~p" because increasing temperature added a greater proportion of
o ] . . . .
16 . @ g_‘%';a free CQ than that of C@f in water at a given salinity, TAIK,
14 | ®May2011 sJun2011 = .%D';.' . and pressure. Based on the seasonal increase in bottom-water
©Jul2011 e Aug 2011 o o 0B e temperature from May to August (5.481.23°C in May
1.2 | =Oct2011 e Nov 2011 ® o o © 2011, 8.98t 3.21°C in July, and 13.65-4.92°C in August,
| LoJan2012 = May 2012 . . Fig. 4a), we roughly predicted bottom-wate€0; and pH
30 30.5 31 315 32 325 n May, July, and AUgUSt (Flg 9a, gb)
Salinity However, the temperature-based prediction was not ver-

ified by our autumn data. From late summer (August) to
Fig. 9. Fugacity of CQ versus salinitya), pHr versus salinityb),  autumn (October and November), although bottom temper-
carbonate saturatior_l state of aragonite versus sa(iclity _bottom ature declined by~ 2°C (Fig. 4a), fCO, increased from
water f’;lt degper s.tatlons (water depth >25m). Dashed lines are COo6+ 49 patm (August) to 63@ 84 patm (October) and
servative mixing lines atSC? (_blue_), PC (black), and 14C (red), 559+ 101 patm (November) (Fig. 4c), and pHiecreased
based on bot_tom-wate_r mixing lines of TAIk a_nd I_DIC_from May from 7.95+0.04 (August) to 7 8&0,06 (October) and
to October (Fig. 6), while the unbroken turquoise line in pgogl : : . ’ ’
shows the best-fitted conic for October data. _7'92i 0.07 (Novembe.r) (Fig. 4c). The bottom-wate€0,
increase and pH decline from late summer to autumn were
both caused by local community respiration and/or aerobic
At the relatively low salinity range of 30.80 to 31.40, fairly remineralization, which induced an addition of DIC in bot-
low bottom-water DO values of 138 to 168 pmop-ky—* tom waters (see Sect. 4.2).
(DO% range 54 % to 63 %) were also observed in Octo- From late autumn to winter to early spring, tempera-
ber and November (Fig. 10), suggesting community respi-ture also had major effects on the bottom-waf&0O, de-
ration. Unfortunately, the rate within this salinity range was cline. As indicated by Fig. 4a, the average bottom-water
not calculable due to data limitation and potential water dis-temperature decreased by 5°ZDfrom November to Jan-
turbance. uary (11.20C minus 6.00C). According to the approxi-
mate temperature coefficient O, (4.23 % °C~1) (Taka-
hashi et al., 1993), this temperature decline could solely
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Table 2. Calculation of bottom-water apparent dissolved oxygen (DO) depletion rates at deeper stations (water depth >25m). See Fig. 10
for details.

Serial Salinity Duration DO changes Apparent DO depletion rate
number (umol-Gkg~1) (umol-O kg~ d—1)

(2) between 31.78 and 31.89  June to August (60 d) 291 =248 0.80

(2) between 31.78 and 31.89  August to October (60 d) 243 =188 1.08

) between 31.63 and 31.72  June to October (120 d) 291 =169 1.08

4) between 32.13 and 32.25 June to October (120 d) 291 =198 0.82

account for the bottom-watgCO, drop of ~ 100 patm (av- crease from 500 patm in late August to 670 patm in late
erage 560 patm in November versus 467 patm in JanuaryOctober, a pH decrease from 7.97 to 7.85, and &rag
Fig. 4c). In the northeast monsoon season, supposing thdecline from 1.76 to 1.38. All latter values were close to
initially CO2-equilibrated YSWC water quickly cooled from the field-based data in Octobef €O, 630+ 84 patm, pH
9°C to 5°C and then submerged in the study area, the lower7.88+ 0.06, and2arag1.45+ 0.31 at deeper stations, Fig. 4).
temperature could lead tofefCO, drop of~ 17 % or 68 patm, ~ On average, however, the field-baseglagdecline from Au-
which may explain the C®undersaturated bottom waters gust to October (1.761.45 = 0.31, Fig. 4d) was equal to
observed in May (average 340 patm, Fig. 4c). only 82 % of the predicte@aragdecline value (1.761.38 =
In contrast with its major effects ofiCO, and pH, tem-  0.38), suggesting other processes counteracting the season-
perature had only minor effects dRarag (Figs. 4d, 9¢). If  ally and locally intensified acidification. This issue will be
bottom-watei2aragWas calculated for a temperature 6fG ~ discussed in Sect. 4.3.
or 15°C instead of the in situ temperature, the changes in
QaragWould only be—3 % or 5% (Fig. 4d). 4.3 Potential precipitation/dissolution of CaCQG; and
influences of water mixing
4.2 Controlling effects of community respiration
on subsurface pH andRarag declines from Bottom water NTAIK, pH (at 25°C) andQaragversus NDIC
summer to autumn showed diverse patterns at a relatively high salinity range
(31.63 to 32.25) (Fig. 12) and a relatively low salinity range
To reveal the influences of community respiration and/or aer{30.31 to 31.59) (Fig. 13). To further discuss the impacts
obic remineralization on carbonate system dynamics in subef biogeochemical processes (including water mixing) on
surface waters, the bottom-water DIC, TAIK, pH, afghag bottom-water pH and2arag Several stoichiometric relation-
data in the narrow salinity range of 31.63 to 32.25 were plot-ships were modelled based on ideal changes of DIC and TAlk
ted against DO (Fig. 11). Field-measuredpkhat 25°C) associated with community respiration and aerobic reminer-
were used to eliminate the influence of temperature on pHalization, calcification, and CaGQdissolution in different
To quantify the respiration-derived changes, relevant Redwaters (Figs. 12, 13).
field lines based on Eq. (1) were also plotted. As shown in
Fig. 11, the plots of the four carbonate system parameterg.3.1 Relatively high salinity bottom waters
versus DO in relatively high salinity (31.63 to 32.25) bottom
waters in June, August, October, and November satisfactoin the relatively high salinity (31.63 to 32.25) bottom wa-
rily followed the Redfield lines, suggesting controlling ef- ters, pH-/ Qaragversus NDIC plots suggested that three bio-
fects of community respiration and/or aerobic remineraliza-geochemical processes affected carbonate system dynamics
tion on pH andQarag declines in these waters from summer (Fig. 12). In addition to the major effects of community res-
to autumn. piration and/or aerobic remineralization, signals of precipita-
From August to October, changes in bottom-watertion and dissolution of CaCfwere revealed. As mentioned
DIC/TAlk and thereby bottom-watef COx/pHr/Qaragat the above, the study area is abundant in bivalve molluscs that in-
deeper stations were modelled based on Eg. (1) and thbabit bottom waters. Although no direct measurement was
lower limit of the community respiration rate (0.80 umol- made, bottom-water calcification was possible in spring due
Ookg~1d~1). During simulation, initial NTAIk and NDIC  to the relatively high2arag0f 1.69 to 2.19 (Fig. 5s). In sum-
were set to the August values of 2300 pumotkgand mer and autumn, however, bottom-watRgrag declined to
2150 umol kg?, respectively (Fig. 4b), while salinity and between 1.13 and 1.40 at many stations (Fig. 5u—x), where
temperature were replaced by constant values of 31.50 an@aCQ; biominerals in native-born calcic shells may have un-
12.50°C, respectively (Fig. 4a). The simulation results (plot dergone dissolution (Xu et al., 2013).
not reported) suggested that community respiration and/or As represented with chemical reaction equations, calcifi-
aerobic remineralization led to a bottom-watgé€O, in- cation lowers TAlk by two equivalents and DIC by one mole
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Fig. 11. Bottom water TAIK/DIC and phl/QaragVversus DO at the
salinity range of 31.63 to 32.25. Dashed lines are modelled rela-

tionships based on the Redfield equation. To eliminate temperature. 2+ -
effects on pH, field-measured pHat 25°C) instead of pHt (in e +2HCG; — CaCQ+CO +H0 (13)

situ) were used in pane(s).

CaCQ+ CO; +H20 — Caft +2HCOy (14)
for every mole of CaC@ precipitated (Egs. (12) and (13)).
In addition, CaCQ@ dissolution raises TAIk by two equiva- At the relatively low NDIC range of 2070 to 2137 pmoliy
lents for every mole of DIC increase (Eq. (14)). As indicated (with relatively high Qarag of 1.69 to 2.19) during the two
by the arrows in Fig. 12, the precipitation of Cag@w- spring cruises, several bottom-watgag values were 6 %
eredQaragand pH due to the decline in ion concen-  to 11 % lower, and several bottom-waterpkt 25°C) val-
tration (Eq. (12)) or the increase in free €Concentration  ues were 0.02 to 0.05 units lower than those predicted by
(Eq. (13)), and vice versa for Ca@@issolution (Eqg. (14)).  the Redfield relationship (Fig. 12). Both were influenced by
possible calcification. However, moSt;;ag and pH values

Ce™ +C0O; — CaCQ (12)  with relatively high NDIC values of 2143 to 2228 pmolily
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dissolution (Eq. (14)). In November, however, NTAIK de-

2400 ® May 2011 clined by~ 20 umol kgt compared with the specific value
® Jun 2011 ST m— (2290 pmolkg?t) in southwest monsoon seasons (Fig. 8),
T fﬂ:%il /// °m o ,7 leading to a downward shift in Redfield lines (Fig. 12).
g’ 2350 s Oct 2011 L ug L 7 Therefore, the November bottom-water data also suggested
g °Nov201l 7 e * o /-// CaCQ dissolution as discussed above.
3 = May 20127 _ ® ;/ In summary, the carbonate system parameters versus DIC
= o ¥ F® —= plots suggested that high-salinity bottom waters in the study
i‘ 2300 o * % = ° area may undergo both precipitation (in spring) and dissolu-
< *° . L * = o tion (in summer and autumn) of Ca@OThe latter process
@ ° ° e e may be utilized to combat locally intensified acidification and
2250 ) ! ! to mitigate its impacts on valuable bivalve molluscs (Green
8 etal., 2009; Kelly et al., 2011).
79 4.3.2 Relatively low-salinity bottom waters
g 78 In the relatively low-salinity (30.31 to 31.59) bottom waters,
o data points of NTAIk versus NDIC were divided into two
£ 77} clusters (Fig. 13a), corresponding to the above-mentioned
= two low-salinity regions (Fig. 5a—f). Very high NTAIk val-
76 L ues (from 2315 to 2379 umolkg) were observed in the
southwestern region of the study area, which was likely in-
. (b) fluenced by the outflow of Bohai Sea water (enclosed by the
2'5 blue ellipse in Fig. 1). Other NTAIK values were obtained
' in the northeastern study area under the influence of water
discharge from Yalu River (Fig. 1). Accordinglfarag and
pHr (at 25°C) versus NDIC showed two different relation-
2 L ships (Fig. 13b—c). In the area under the possible influence
o of the outflow of Bohai Sea water, the bottom-wasyrag
o) was at relatively high levels of 1.73 to 2.39 (Fig. 13c). Sim-
ilarly, the bottom-water pld (at 25°C) in the southwestern
15 1 region was 0.04 to 0.24 higher than the Redfield prediction
values in another low-salinity region near the Yalu River es-
tuary (Fig. 13b). Therefore, the outflow of Bohai Sea water
1 © could counteract the long-term reduction of subsurfaggg
2050 2100 2150 2200 2250 in the study area if mixed with NYS bottom waters in late

autumn and winter (Fig. 3). This issue needs further investi-
NDIC (umol kg ) gation.

Fig. 13.Bottom water NTAIK/pH/Qaragversus NDIC at the salin- . . . .

ity range of 30.31 to 31.59. Calculations of NTAlk and NDIC are 4-4 Air-sea re-equilibration of CO-rich waters

detailed in Sect. 3.2. To eliminate temperature effects on pH, field- In winter

measured phl at 25°C instead of pH (in situ) were used. Data

points enclosed by brown quadrangles are from the southwestergrom |ate November to January, water cooling and the strong
region of the study area (enclosed by the blue ellipse in Fig. 1).northeast monsoon destratified the water column (Fig. 3f-g),
Gre_y lines show the Redfield relationship outside the southwesterrpeading to a DO recovery by January (Fig. 3I). However, both
region of the study area. pH and Qarag Were still at low levels in this winter month
(Fig. 3s, 3z), mainly due to the relatively higtCO, value

of 468+ 61 patm in January (Fig. 4c). This is because air—-sea
ranged between the two modelled lines of aerobic respiratiome-equilibration of CQ is slower than DO due to the chemi-
and CaCQ@dissolution. In July, August, and October, several cal buffering capacity of the marine carbonate system (e.g.
bottom-waterQarag Values were~ 13 % higher and several DeGrandpre et al., 1997, Zeebe and Wolf-Gladrow, 2001,
bottom-water pH (at 25°C) values were~ 0.06 units higher  Zhai et al., 2009). Therefore, we cannot directly link DO
than those predicted by the Redfield relationship (Fig. 12).change to DIC change during air—sea exchange. To resolve
These differences may result from g@onsuming CaC®  this issue, we intend to discuss the air—sea equilibration time
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(7). Following Zeebe and Wolf-Gladrow (2001), 5 Summary and implications

8[021/8t = k/dmL x ([Ozlequ—[O2]), (15)  weinvestigated the dynamics of subsurface pH@gdgbe-

tween May 2011 and May 2012 on the Chinese side of the
North Yellow Sea. The results indicated that local commu-
nity respiration and aerobic remineralization led to seasonal

3DIC/5t = (8DIC/S[COy]) x (8[COp]/61), (16) drops in subsurface pH arhrag Low pHy values of 7.79 to
7.90 and lowS2aragvalues of 1.13 to 1.40 dominated subsur-
face waters in October and November. In these waters, car-

8DIC/8t = k/dwL x (ICOzlequ— [CO2]), (17) bonate biominerals in calcic shells and skeletons may begin
to dissolve.

where prefi¥s is the differential change,is the timek is the In the broader context, increasing atmospheric, €on-

gas transfer velocity/y is the mixed layer depth (75m in centration (WMO/GAW, 2012) has induced sea surface car-

winter), subscript equ is the air-equilibrated value. Therefore bonic acid levels to rise (Lenton et al., 2012), pH to decline
(Caldeira and Wickett, 2003; Orr et al., 2005; Byrne et al.,
2010), and carbonate ions to be titrated (Sabine et al., 2004;

7(02) = ([Oz2lequ—[02]1)/(8[021/81) = dwmL / k, (18)  Turley and Gattuso, 2012), leading to declines in sea surface
carbonate saturation state (Feely et al., 2012). These ocean
acidification processes have been recognized as genegal CO

7(COp) = (ICOslequ— [CO2])/(8[CO21/81) problems on the global scale (Doney et al., 2009). However,
— dwi /k x (8DIC/8[CO,]) (19) coastal oceans are more vulnerable to its impacts due to the
— dwL /k x (DIC/[CO]/RP), combined stresses of complex oceanographic processes and

increasing human activities (e.g. Thomas et al., 2007; Feely
where RF is the Revelle factor(15 in acidified bottom wa- et al., 2008, 2010; Taguchi and Fujiwara, 2010; Cai et al.,
ters). An eloquent definition of RF refers to Sundquist et 2011; Kelly et al., 2011; Gruber et al., 2012; Sunda and Cai,
al. (1979). To determine gas transfer velocity, the revised2012; Zhai et al., 2012; Chou et al., 2013; Duarte et al.,
equation of Wanninkhof (1992) by Sweeney et al. (2007) was2013). This study clearly showed that this was also the case

used, that is, in the North Yellow Sea. The high-quality carbonate system
data set will assist future predictions of marine environment
k =0.27 x u3y x (S¢/660 %, (20)  changes in this important marginal sea under the context of
) ) . . ocean acidification.
wherek is the gas transfer velocity (unit: cnmh), uiois the In the China seas, several qualified carbonate system stud-

wind speed at 10 m height, and Sc is the Schmidt number ingg have shown that ocean acidification currently plays a mi-
seawater, calculated from temperature using a equation regyor role in lowering the CaCgsaturation state in the north-
ommended by Wanninkhof (1992). During calculation, tem- gry South China Sea and East China Sea shelves, where the
perature and salinity were set to® and 32, respectively, |owest surface and bottom-wat€arag values were previ-
while u10 was replaced by a constant value of 10Th:s ously ascertained to be 1.70t0 2.00 (Cao et al., 2011; Chou et
The regional gas transfer velocities in winter was 5 2013). In the Bohai Sea, a summertime pH decline event
4.39 md1, which is reasonable and slightly higher than the has been reported (Zhai et al., 2012). However, the lowest
global mean gas transfer velocity value (350.12md ™) bottom-waterQarag value was 1.69 in the bottom oxygen-
derived from radiocarbon measurements (Sweeney et alelepleted waters in the Bohai Sea in August 2011 (Zhai, un-
2007). Ther(O2) value was then determined to be 75/4.39 5 plished data). The only CaG@ndersaturated case re-
= 17d. According to Zeebe and Wolf-Gladrow (2001), this orted along the Chinese coastal zone is in the upstream re-
7(02) value meant that ([flequ— [O2]) declined, in the  gion of the Pearl River Estuary, where Cag€aturation for
time span of 17 days, to 37% of its initial value when wa- cajcite was calculated to be 0.3 to 1.0 when salinity is on the
ter column stratification disappeared. This time scale WaSange of 1 to 16 (Dai et al., 2006). Therefore, the NYS may
consistent with the bottom-water DO changes from Octobefgpresent one of the systems in the China seas most vulnera-
to November to January (Fig. 3j-). However, bottom-water yje to the potentially negative effects of ocean acidification.
7(COy) in the study area was 75/4.392155/23.6/15)= g far, however, it is not clear how marine organisms and
104 d in November and 75/4.39(2120/24.0/15)=100d in  gcosystems are affected by locally intensified acidification
January. Both were 4.5 times longer thel®2). The fCO2 (e g. Xu et al., 2013). It is also unknown how the high-TAlk
data from November 2011 to May 2012 (Fig. 4c) also sug-water inputs (from the Yellow River — Bohai Sea system) and
gested that a time span of nearly half a year, i.e. twice th&he cacq cycle will affect localized acidification on inter-

7(COy) value, was needed in order to fully ventilate the su- gnnyal to decadal scales. These problems need future inves-
persaturated C£from water columns. tigation.
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To assess data quality, the calculated DIC (from field-
measured pH at 28C and TAIk) versus measured DIC, cal-
culated pH (from DIC and TAIk) versus field-measured pH,

1 1.2 14 1.6 1.8 2 2.2 2.4
Qarag from pH & TAIK

andQ2aragvalues from DIC and TAlk versus those from field- Fig. A2. Comparisons between calculated DIC (from measured pH

measured pH (at 28C) and TAIK were compared. Most

at 25°C and TAIk) and measured DIC d&i@), between calculated

were consistent with each other at satisfactory deviation levPH (from DIC and TAlk) and measured pH daa), and between

els of+ 15 pmol kg (DIC), £0.05 (pH) andt0.1 Qarag-
SomeQ2arag values from DIC and TAIk were slightly higher
than those from field-measured pH (at°Z) and TAIk by

0.1to0 0.2 (Fig. A2).

www.biogeosciences.net/11/1103/2014/

calculatedQ2arag values from pH/TAlk and those from DIC/TAIK

(c). Unbroken lines are 1:1 lines, dashed lines denote deviation
levels of£15 umol kg™t (a), £0.05 pH units(b), and+0.1 Qarag

(c). Note that the precisions of DIC and pH determination were es-

timated at+2 pmol kg™ (Cai et al., 2004) and-0.003 pH units

(in correspondence with the precisions of potential determination

of £0.1 mV), respectively. The overall uncertainty of the measured

pHT data was estimated to be 0.01 pH units (Marion et al., 2011;

Zhai et al., 2012). Primary data are presented in the Supplement for
public reference.
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