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本計畫針對優養化對東海陸棚吸收大氣二氧化碳的能力，及其對東海海水酸化

及碳酸鈣飽和度的影響進行了深入的分析。研究結果分別以“Seasonality of CO2 in 
coastal oceans altered by increasing anthropogenic nutrient delivery from large rivers: 
evidence from the Changjiang-East China Sea system”（附錄一）和 “Carbonate mineral 
saturation states in the East China Sea: present conditions and future scenarios”（附錄

二）為題，發表於 Biogeosciences。 

此二篇論文所獲致之科學成果，簡要說明如下： 

(一) Seasonality of CO2 in coastal oceans altered by increasing anthropogenic nutrient 

delivery from large rivers: evidence from the Changjiang-East China Sea system 

過量營養鹽經由河川輸入海洋，已造成近年來優養化現象在全球沿岸海域廣泛

地發生。模式的研究結果指出，優養化現象會提高表水的生物生產力，故應有利於

沿岸海域對大氣二氧化碳的吸收。然而，此推論迄今仍未經任何實際觀測數據予以

驗證。近數十年來，隨著中國大陸人口的增加及經濟快速的發展，由長江輸入東海

的營養鹽亦大幅地增高，且諸多研究均指出，在未來數十年之內，此一增加趨勢仍

將持續。故長江–東海陸棚系統提供了一絕佳的天然實驗場，用以探討優養化對沿

岸海域大氣二氧化碳吸收能力所可能造成的影響。 

本研究分析了2011年夏、秋兩季，東海陸棚海水碳化學參數季節變化的空間分

布特性。研究結果顯示：在受長江沖淡水影響的內陸棚海域，表水的二氧化碳分壓

呈現由夏天到秋天大幅增高的趨勢；而遠離長江沖淡水影響之外陸棚海域則無明

顯之季節性變化。此等差異可歸因於，受長江沖淡水影響的內陸棚海域，因有長江

所帶來豐富營養鹽所滋養，加上高溫與日照充足等適宜之環境條件，使夏季時有極

高的生物生產力，可吸收大量的二氧化碳，故造成表水二氧化碳分壓的低值（271 

± 55 atm）。此外，高的生物生產力同時亦會輸出大量有機質至底水。有機質分解

後會釋放二氧化碳回水體，受夏季時水體分層強烈的限制，此等二氧化碳無法向上

釋放回大氣，故大量累積於底水。秋季時，在季風增強及溫度下降的雙重影響下，

水體層化消失。此時夏季時累積於底水的二氧化碳，可藉由強烈的垂直混合作用重

返表層。因此，造成秋季時表水二氧化碳分壓的高值（441 ± 51 atm）。在遠離長

江沖淡水影響之外陸棚海域，由於缺乏豐富營養鹽的支撐，夏季時並無高的生物生

產力可有效降低表水的二氧化碳分壓，同時亦無法造成大量二氧化碳累積在底水。

因此，即使秋季時水體垂直混合作用增強，亦無法造成表水二氧化碳分壓顯著地增

加。 



與1990年代初期的觀測數據相較而言，在受長江沖淡水影響的內陸棚海域，

2011年夏季時表水的二氧化碳分壓明顯降低，秋天時則大幅增高；而遠離長江沖淡

水影響之外陸棚海域，夏、秋兩季則皆無顯著之變化。推測此等差異可能與日益嚴

重的優養化現象有關。受優養化影響之內陸棚海域，過量營養鹽輸入導致夏季生物

生產力提高，使得2011年夏季時表水的二氧化碳分壓較1990年代早期為低（271 ± 

55 in 2011 vs. 358 ± 25 atm in early 1990）；同時高的生物生產力亦造成底水累積

了較多的二氧化碳，藉由垂直混合作用的輸送，此等二氧化碳可於秋季時重返表水，

使得2011年秋季時表水二氧化碳分壓較1990年代早期為高（441 ± 51 in 2011 vs. 310 

± 19 atm in early 1990s）。相反地，遠離長江沖淡水影響之外陸棚海域，由於未受

優養化作用之影響，故夏、秋兩季表水二氧化碳分壓近二十年來皆無顯著變化（夏：

370 ± 24 in 2011 vs. 367 ± 6 atm in early 1990s；秋：377 ± 12 in 2011 vs. 353 ± 19 

atm in early 1990s）。 

綜言之，本研究結果表明，雖然優養化作用確能增強夏季時沿岸海域對大氣二

氧化碳的吸收能力，但它卻也同時削弱了其秋季時的吸收能力。換言之，此影響呈

現顯著地季節性變化。因此，其淨效應不必然如模式所預測，定將有利於近岸海域

對大氣二氧化碳的吸收。綜上所述，優養化對沿岸海域大氣二氧化碳吸收能力的影

響，為一化學、生物與物理作用相互耦合的複雜過程，其完整的作用機制仍有待進

一步的研究來加以釐清。 

 

(二) Carbonate mineral saturation states in the East China Sea: present conditions and 

future scenarios 

自從工業革命以來，化石燃料的使用與土地利用方式的改變，導致大氣中二氧

化碳濃度不斷地增加。每年人為活動所排放的二氧化碳約有1/3被海洋吸收。海洋

吸收二氧化碳後會改變其化學性質（例如，pH值和碳酸鈣飽和度的降低），此情形

稱為海洋酸化。此外，近數十年來，由於化學肥料的使用與都市污水的排放，導致

由河川輸入海洋的營養鹽通量快速增高。當沿岸水體中氮、磷等營養物質濃度增高

時，在合宜的環境條件下，會造成藻類大量繁殖，形成所謂的「赤潮」。而藻類大

量繁殖的同時，也會大量死亡，這些藻類的屍體會逐漸沉降至底水，在腐爛分解的

過程中會釋放二氧化碳，此過程亦會造成邊緣海域底水的酸化。本研究針對2009春、

夏兩季東海陸棚海水的碳酸鈣飽和度進行調查，發現整個水體目前都呈現碳酸鈣

過飽和的狀態。但位於長江口附近之內陸棚海域的底水，在優養化作用的影響下，

夏季時會出現pH和碳酸鈣飽和度的最小直。本研究的模擬結果顯示：在大氣二氧

化碳濃度增加和優養化作用雙重的影響下，到本世紀末時，位於長江口附近之內陸

棚海域的底水，將會呈現碳酸鈣不飽和的狀態。由於人類的漁業資源，特別像是貝

類、牡蠣等會形成碳酸鈣殼體的海洋生物，大多都集中在沿岸地帶。因此，在大氣

二氧化碳濃度增加和優養化作用雙重的影響下，沿岸海域可能是最易受海洋酸化

負面影響的高風險區域之一。 
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Abstract. Model studies suggested that human-induced in-
crease in nutrient load may have stimulated primary pro-
duction and thus enhanced the CO2 uptake capacity in the
coastal ocean. In this study, we investigated the seasonal vari-
ations of the surface water’s partial pressure of CO2 (pCOsw

2 )

in the highly human-impacted Changjiang–East China Sea
system between 2008 and 2011. The seasonality ofpCOsw

2
has large spatial variations, with the largest extreme of
170± 75 µatm on the inner shelf near the Changjiang Estuary
(from 271± 55 µatm in summer to 441± 51 µatm in autumn)
and the weakest extreme of 53± 20 µatm on the outer shelf
(from 328± 9 µatm in winter to 381± 18 µatm in summer).
During the summer period, stronger stratification and bio-
logical production driven by the eutrophic Changjiang plume
results in a very low dissolved inorganic carbon (DIC) in sur-
face waters and a very high DIC in bottom waters of the in-
ner shelf, with the latter returning high DIC to the surface
water during the mixed period. Interestingly, a comparison
with historical data shows that the averagepCOsw

2 on the in-
ner shelf near the Changjiang Estuary has decreased notably
during summer, but has increased during autumn and winter
from the 1990s to the 2000s. We suggest that this decadal
change is associated with recently increased eutrophication.
This would increase both the photosynthetic removal of DIC
in surface waters and the respiratory release of DIC in bot-
tom waters during summertime, thereby returning more DIC
to the surface during the subsequent mixing seasons and/or

episodic extreme weather events (e.g., typhoons). Our find-
ing demonstrates that increasing anthropogenic nutrient de-
livery from a large river may enhance the sequestration ca-
pacity of CO2 in summer but may reduce it in autumn and
winter. Consequently, the coastal ocean may not necessarily
take up more atmospheric CO2 in response to increasing eu-
trophication, and the net effect largely depends on the relative
timescale of air–sea gas exchange and offshore transport of
the shelf water. Finally, the case we report for the Changjiang
system may have general ramifications for other eutrophic
coastal oceans.

1 Introduction

Human activities such as fertilizer usage, fossil fuel combus-
tion, and coastal urbanization have greatly accelerated the
flows of nutrients to coastal oceans by rivers, groundwater,
and the atmosphere over the past century (Howarth et al.,
1995; Boyer and Howarth, 2008). Such anthropogenic en-
hancement of nutrient inputs (eutrophication) is generally
believed to be the primary cause driving the explosive ex-
pansion of hypoxic zones in the global coastal oceans since
the 1980s (Diaz and Rosenberg, 2008; Paerl and Piehler,
2008). Although the ecological impacts of eutrophication
and hypoxia (e.g., changes in the phytoplankton community,
harmful algal blooms, decreases in biodiversity, declines in
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fishery production, etc.) are becoming increasingly well doc-
umented (Cloern, 2001; Diaz and Rosenberg, 2008; Zhang et
al., 2010), perturbations to the capacity of coastal waters to
take up atmospheric CO2 remain an under-examined conse-
quence of the increased nutrient load (Doney, 2010; Howarth
et al., 2011).

Some recent model studies, on both regional and global
scales, demonstrated that human-induced changes in nutri-
ent delivery (both in quantity and quality) may play a piv-
otal role on the long-term evolution of the air–sea CO2 flux
in the coastal zone. For instance, Andersson and Mackenzie
(2004) suggested that the global coastal oceans have proba-
bly acted as a source of atmospheric CO2 throughout most
of the past 300 yr, but they have recently switched, or will
switch soon, to a sink of CO2, because of rising atmospheric
CO2 and increasing nutrient loads (also see Cai, 2011). More
recently, Gypense et al. (2009) suggested that the eutrophic
Belgian coastal zone might have shifted from a source to a
sink of atmospheric CO2 due to increased N and P loads dur-
ing the 1970s and 1980s but switched back to a CO2 source
in the late 1990s, responding to the decreased P loads re-
sulting from nutrient reduction policies. The modeling re-
sult of Borges and Gypens (2010) also indicates that car-
bon chemistry in the coastal zone may respond more strongly
to eutrophication than to ocean acidification. Although these
model studies give a general overview of how the human-
induced increased nutrient load may have stimulated primary
production and thus may have enhanced the CO2 uptake ca-
pacity in the coastal ocean, their results have never been ver-
ified by any field data, mainly because of the lack of CO2
measurements before the severely eutrophic era.

The East China Sea (ECS), located off the southeast coast
of China, is one of the largest marginal seas in the northwest-
ern Pacific. The Changjiang (Yangtze River), the largest river
in Asia and the fourth largest in the world, empties into the
northwestern part of the ECS with an enormous water dis-
charge of 9× 1011 m3 yr−1 (Dai and Trenberth, 2002). Due
to industrial development and increased agricultural produc-
tion associated with the rapid growth of the Chinese popu-
lation and economy over the past 20 yr, the export of dis-
solved inorganic N from the Changjiang increased threefold
between 1970 and 2003 (Yan et al., 2010). This is ten times
faster than the increase of total global river export over the
period 1970–2000 (35 %; Seitzinger et al., 2010). Conse-
quently, the ECS may represent one of the areas most im-
pacted by worsening eutrophication over recent decades, and
therefore it can provide a unique opportunity for examining
the potential influence of eutrophication on the CO2 uptake
capacity with field data. Recently, Chou et al. (2011) found
that the wintertime partial pressure of surface water CO2
(pCO2) on the inner shelf near the Changjiang Estuary has
increased remarkably between the 1990s and the 2000s. The
authors postulated that this increase may reflect the fact that
eutrophication might have caused a greater CO2 accumula-
tion in bottom water during the summer over recent decades,

which can supply more CO2 to the surface when stratification
breaks down in winter.

In this study, we first report newly measured seasonal un-
derwaypCO2 data from summer, autumn, and winter over
the ECS shelf. We then investigate the processes controlling
the spatial variation ofpCO2 seasonality. Last, we compare
the presentpCO2 seasonality with that in the early 1990s,
and find thatpCO2 in the late 2000s was markedly lower than
that in the early 1990s during the summer, but it was appar-
ently higher during the autumn and winter. We suggest that
the increased eutrophication over the past few decades could
account for the observed decadal change in the seasonal vari-
ation ofpCO2 on the inner shelf near the Changjiang Estu-
ary.

2 Materials and methods

Three cruises making direct underway measurements of
pCO2 in surface water concurrently with hydrographic sur-
veys were conducted on the ECS shelf in summer (1–11 July
2011), autumn (22 October–3 November 2011), and winter
(2–11 January 2008), aboard the R/VOcean Researcher I.
The winter data have been reported previously in Chou et
al. (2011). During the cruises in summer and autumn, surface
temperature and salinity were recorded continuously using a
SBE21 SEACAT thermosalinograph system (Sea-Bird Elec-
tronics Inc.). The underwaypCO2 measurements were made
with a continuous flow equilibration system (see Jiang et al.,
2008 for a detailed description of the system). The equilibra-
tor used in this system has a head-space volume of about
1 L and is equipped with a specially designed water-drain
system, which prevents direct contact of the gas in the head
space with the outside air, and it keeps the pressure inside and
outside the equilibrator balanced. The equilibrated headspace
gas was dried by passage through an electric Peltier cooler
and then a drying tube filled with Mg(ClO4)2. The CO2 mole
fraction (xCO2) of the dried air was detected using a non-
dispersive, infrared spectrometer (LI-COR 7000), which was
calibrated every 4 h against a CO2-free reference gas (N2)
and three gas standards (thexCO2 of the three standards
was 298.85, 399.73, and 492.13 ppm) provided by the US
National Oceanic and Atmospheric Administration (NOAA).
The measuredxCO2 data were converted into surface water
pCO2 by correcting to 100 % humidity and to in situ water
temperature after Pierrot et al. (2009) and Jiang et al.(2008).

At each hydrographic station, depth profiles of tempera-
ture and salinity were recorded using a Seabird SBE9/11-
plus conductivity-temperature-depth (CTD) system. Dis-
solved oxygen (DO) was determined by calibrated DO sensor
(SBE43, Sea-Bird Electronics, Inc.; Chou et al., 2009a). Ap-
parent oxygen utilization (AOU = saturated DO – measured
DO) was calculated using Benson and Krause’s formula
(1984). Discrete water samples for dissolved inorganic car-
bon (DIC) and total alkalinity (TA) analysis were drawn from
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Go-Flo bottles into 350 mL pre-cleaned borosilicate bottles.
These samples were subsequently poisoned with 200 µL of
HgCl2-saturated solution to halt biological activity, sealed,
and returned to the laboratory. DIC samples were analyzed
using a DIC analyzer (AS-C3, Apollo SciTech Inc., Geor-
gia, USA) with a precision of 0.2 % (Cai and Wang, 1998).
Seawater samples of 0.75 mL were acidified by addition of
0.5 mL 10 % H3PO4. The extracted CO2 gas was subse-
quently measured using a non-dispersive infrared CO2 detec-
tor (Li-COR, LI-7000). TA was measured by Gran titration of
a 20 mL seawater sample with 0.1 N HCl in an open-cell set-
ting (Cai et al., 2010). Each sample was titrated at least twice
with a precision of 0.1 %. Certified reference material pro-
vided by A. G. Dickson (Scripps Institution of Oceanogra-
phy) was used throughout this study for calibration and accu-
racy assessments for both DIC and TA measurements.pCO2
at discrete depths of water column was calculated from DIC
and TA using the CO2SYS program (Lewis and Wallace,
1998), in which the dissociation constants for carbonic acid
of Mehrbach et al. (1973) as refit by Dickson and Millero
(1987) and for KHSO−4 of Dickson (1990) were used. Errors
in the computedpCO2 were estimated to be± 5 µatm deriv-
ing from the uncertainties in the measurements of DIC and
TA.

3 Results and discussion

3.1 Seasonal variations of surface water temperature,
salinity and pCO2 on the ECS shelf

The distributions of surface water temperature (SST) and
salinity (SSS) for summer, autumn, and winter cruises on the
ECS shelf are shown in Fig. 1. In summer, SST was high
and varied within a relatively narrow range between 21.9
and 28.8◦C (Fig. 1a), while SSS was low and showed a rela-
tively wide range between 18.5 and 34.1 (Fig. 1b). The low-
est SST and SSS water was confined mainly to the northwest-
ern part of the study area. In autumn, SST and SSS ranged
from 20.6 to 27.7◦C and 29.5 to 34.6, respectively (Fig. 1c,
d). These values are between those for summer and winter,
and show an eastwardly increasing pattern from the coast of
mainland China to the shelf break. In contrast to the situation
in summer, SST was low and varied within a relatively wide
range between 12.2 and 24.4◦C, whereas SSS was high and
showed a relatively narrow range between 30.6 and 34.6 in
winter (Fig. 1e, f). The distribution pattern of SST and SSS
in winter is generally similar to that in autumn, increasing in
an eastwardly direction.

In general, the observed seasonal distributions of SST and
SSS corresponded well to the seasonal circulation pattern in
the ECS (Lee and Chao, 2003), and they were consistent
with those reported in the previous studies (Chen et al., 2006;
Park and Chu, 2006). During the wet season (May to Octo-
ber), when the Changjiang is in flood, the mixing of fresh-

water and shelf seawater forms the Changjiang diluted water
(CDW), which is characterized by low salinity and high nu-
trient content (Gong et al., 1996). Under the influence of the
southwest monsoon, the CDW disperses eastwards over the
broad ECS shelf (Beardsley et al., 1985), as indicated by the
low SSS waters in the northwestern part of the study area
in summer (Fig. 1b). During the dry season (November to
April), when the Changjiang discharge is low, the prevail-
ing northeast monsoon confines the CDW to the western side
of the ECS shelf. The CDW moves southward to the Tai-
wan Strait, forming a narrow band along the coast of China,
as identified by the low SSS waters in the western part of
the study area in autumn and winter (Fig. 1d, f; Gong et
al., 2003). Off the shelf break, the Kuroshio is the western
boundary current of the North Pacific Ocean, and it is char-
acterized by high temperature and salinity and oligotrophic
conditions (Gong et al., 1999). It flows northeastward along
the shelf break all year round, as traced by the high SST and
SSS waters in the southeastern part of the study area in all
three seasons.

The distributions of surface waterpCO2 (pCOsw
2 ) also

showed a significant seasonal variation (the left panels in
Fig. 2). In summer,pCOsw

2 ranged from 100 to 451 µatm.
Major CO2 sink areas (wherepCOsw

2 < atmospheric
pCO2 = 378 µatm) were largely confined to the inner shelf
within the low salinity CDW, while CO2 source areas
(pCOsw

2 > 378 µatm) were generally found along the coast
of mainland China beyond the influence of CDW. The mid-
dle and outer shelf areas were relatively closer to equi-
librium with respect to the atmospheric value than the in-
ner shelf area. Our previous summer survey (Chou et al.,
2009b) has shown that the CO2 sink in the CDW area was
caused by high biological production fueled by enormous
nutrient discharge from the Changjiang (0.75–8.65, 0.001–
0.041 and 0.34–9.19 kmol s−1 in summer for nitrate, phos-
phate and silicate, respectively; Zhang et al., 2007), and that
the CO2 source in the nearshore area was associated with
the seasonal coastal upwelling induced by the southwesterly
summer monsoon. In autumn,pCOsw

2 varied from 335 to
557 µatm. In stark contrast to the distribution pattern in sum-
mer, the highest autumnpCOsw

2 values were observed on the
inner shelf near the Changjiang Estuary, wherepCOsw

2 had
the lowest values in summer. Furthermore,pCOsw

2 values
along the coast of mainland China were apparently supersat-
urated with respect to atmospheric CO2, indicating that the
entire inner shelf acted as a CO2 source in autumn. Similar
to the situation in summer, the remaining shelf areas (middle
and outer shelf) were nearly in equilibrium with the atmo-
sphere. Finally, in winter,pCOsw

2 varied within a relatively
narrow range, from 306 to 390 µatm, most of which is under-
saturated with respect to atmosphericpCO2, indicating that
the overall ECS shelf acted as a CO2 sink during the winter.

In summary, the seasonality ofpCOsw
2 on the ECS shelf

demonstrates strong spatial variation. The largest seasonal
fluctuation of pCOsw

2 was found on the inner shelf near
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(a) (b)

(c) (d)

(e) (f)

Fig. 1.Spatial distributions of(a) SST in summer 2011,(b) SSS in summer 2011,(c) SST in autumn 2011,(d) SSS in autumn 2011,(e)SST
in winter 2008 and(f) SSS in winter 2008 on the East China Sea shelf. SST: sea surface temperature. SSS: sea surface salinity. The bold
dotted line indicates the 50 m isobath.

the Changjiang Estuary, which is under the influence of the
Changjiang discharge:pCOsw

2 was strongly undersaturated
with respect to the atmosphere (i.e., it was a CO2 sink) in
summer, but it was highly supersaturated (i.e., it was a CO2
source) in autumn, and it was approximately in equilibrium
with the atmosphere in winter. In contrast,pCOsw

2 in the
outer shelf area, which is occupied by the Kuroshio, ex-
hibits a very weak seasonality:pCOsw

2 was nearly in equilib-

rium with the atmosphere in both summer and autumn, and
slightly undersaturated in winter.

3.2 Factors controllingpCOsw
2 seasonality on the inner

and outer shelves of the ECS

To examine the potential cause(s) resulting in the distinctly
different seasonality ofpCOsw

2 between the inner and outer
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(a) (b)

(c) (d)

(e) (f)

Fig. 2. Spatial distributions of surface waterpCO2 (pCOsw
2 ) in summer, autumn and winter on the entire East China Sea shelf in the 2000s

(the left panel), and along the PN line in the 1990s (the right panel). The latter was reproduced by digitizing Fig. 2 of Tsunogai et al. (1999).
The summer, autumn and winterpCOsw

2 data in the 2000s and the 1990s were collected in July 2011, late October to early November 2011,
January 2008, August 1994, October 1993 and February 1993, respectively. The dotted rectangular area indicates the inner shelf region
(30–32◦ N, 122.5–125◦ E) that is susceptible to the influence of the Changjiang discharge, whereas the dashed rectangular area indicates the
outer shelf region (28–30◦ N, 125–127.5◦ E) that is generally away from the influence of the Changjiang discharge. The bold dotted line
indicates the 50 m isobath.

shelf areas, the depth profiles of temperature, salinity, AOU,
DIC, andpCO2 at stations 19, 20 and 21 on the inner shelf
near the Changjiang Estuary with the strongestpCOsw

2 sea-
sonality (Fig. 3) are compared with those at stations 13

and 14 on the outer shelf with modestpCOsw
2 seasonality

(Fig. 4). As shown in Fig. 3, a thin layer of low salinity
water on top of the water column was observed at the in-
ner shelf stations during summertime when the Changjiang
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Fig. 3. Depth distributions of(a) salinity, (b) temperature,(c) AOU, (d) DIC and(e) pCO2 in summer, autumn, and winter at the stations
with the largest seasonal variation ofpCOsw

2 (stations 19, 20, and 21 in the inner shelf near the Changjiang Estuary).

reaches its highest discharge (Fig. 3a). Additionally, temper-
ature also sharply decreased with depth in the surface low-
salinity layer (Fig. 3b). A combination of steep haline and
thermal gradients would enhance the water column stratifi-
cation and stabilize the water masses near the bottom (Chen
et al., 2007). This feature favors forming a strong verti-
cal gradient of AOU, DIC, andpCO2, because bottom wa-
ters are isolated from exchanging O2 and CO2 with sur-
face waters. Furthermore, a phytoplankton bloom is gener-
ally found in the surface low-salinity layer on the inner shelf
in summer, which is induced by allochthonous nutrients from
the Changjiang discharge (Gong et al., 2011). This is evi-
denced by the extremely negative AOU values in our study
(Fig. 3c). High biological production also consumed a large
amount of DIC and reducedpCO2, thus resulting in low DIC
and pCO2 values in the surface layer (Fig. 3d, e). On the
other hand, the elevated biological production in the surface
layer would supply more organic matter to the bottom wa-
ter. Tremendous amounts of O2 and CO2 were therefore con-
sumed and released (at station 19, for example, AOU and
DIC increased from−60 and 1817 µmol kg−1 at the surface
to 70 and 2027 µmol kg−1 at 10 m depth, respectively), dur-
ing the decomposition process, thus causing the high values
of AOU, DIC andpCO2 in the bottom water. As a whole,

because of the combined effect of strong stratification and
elevated biological production, the stations in the inner shelf
near the Changjiang Estuary were characterized by an ex-
tremely steep vertical gradient in AOU, DIC, andpCO2 dur-
ing the summertime: that is, negative AOU, low DIC, and
undersaturatedpCO2 were found in the surface water, but
positive AOU, high DIC, and supersaturatedpCO2 were in
the bottom water.

Contrasting the strong stratification in summer, the vertical
distributions of all parameters were homogeneous in autumn,
indicating that the entire water column was well mixed dur-
ing this period owing to the seasonal cooling and the inten-
sified monsoonal winds. The enhanced vertical mixing could
readily return the summer accumulation of respired CO2 in
the bottom water to the surface. Consequently,pCOsw

2 on the
inner shelf near the Changjiang Estuary changed from being
strongly undersaturated in summer to being highly supersat-
urated in autumn with respect to the atmosphere (Fig. 3e).
In winter, the water column remained well mixed. Because
of the continuous cooling and CO2 degassing from autumn
to winter, pCOsw

2 declined to become slightly undersatu-
rated with respect to the atmosphere in winter. The above-
described seasonal variation ofpCOsw

2 is generally consis-
tent with the previously reported annual cycle ofpCOsw

2 in
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AOU=0 pCO2=378

Fig. 4. Depth distributions of(a) salinity, (b) temperature,(c) AOU, (d) DIC, and(e) pCO2 in summer, autumn, and winter at the stations
with modest seasonal variations ofpCOsw

2 (stations 13 and 14 in the outer shelf).

the outer Changjiang Estuary during April 2005 to April
2008 (Zhai and Dai, 2009), and in the northwestern ECS
shelf during August 2003 to November 2005 (Shim et al.,
2007). Furthermore, Wang et al. (2012) recently showed that
the annual cycle of hypoxia off the Changjiang Estuary in
2006–2007 began to develop in late spring and early sum-
mer, reached its maximum in August, weakened in autumn,
and disappeared in winter. Such development occurs essen-
tially in tandem with the observed seasonal cycle ofpCOsw

2
described in the present study. Therefore, the observed sea-
sonal variation ofpCOsw

2 in this study is likely a recurring
phenomenon in the inner shelf area that is impacted by the
CDW in recent years.

In contrast to the stations on the inner shelf near the
Changjiang Estuary, high salinity surface water was found
at the outer shelf stations in summer (Fig. 4a), suggesting
that these stations were generally out of the influence of the
nutrient-laden fresh water from the Changjiang. As a result
of lower riverine input of nutrients, the summer phytoplank-
ton bloom did not occur at the outer shelf stations, as evi-
denced by the nearly null values of AOU in the surface layer
(Fig. 4c). Moreover, the lack of a surface halocline would
weaken the stratification of water column. Both the weaker
stratification and lower biological production would hinder
formation of steep vertical gradients for the chemical param-
eters. Accordingly, AOU, DIC, andpCO2 all exhibited much
less pronounced vertical gradients at the outer shelf stations
than at the inner shelf stations influenced by the Changjiang
discharge, particularly in the top 50 m of the water column.
Likewise, the surface mixed layer deepened significantly to
a depth of about 50 m at the outer shelf stations in autumn
(Fig. 4b), indicating the enhancement of vertical mixing.

Nonetheless, unlike the largepCOsw
2 augmentation observed

in the inner shelf area in autumn (the middle left panel in
Fig. 1), pCOsw

2 in the outer shelf area did not show a re-
markable change in response to the enhancement of vertical
mixing. This discrepancy could partially reflect the fact that
the vertical gradients of AOU, DIC, andpCO2 at the outer
shelf stations were much smaller than that at the inner shelf
stations near the Changjiang Estuary in the previous season,
when the water column was strongly stratified. This suggests
that less CO2 could be transported from the bottom water to
the surface water when stratification in the upper 50 m depths
collapsed in autumn, thus causing the smaller seasonal fluc-
tuation ofpCOsw

2 between summer and autumn in the outer
shelf area compared with the inner shelf area. Similar to the
situation in the inner shelf area, the following seasonal cool-
ing would further drawpCOsw

2 down to be undersaturated
with respect to the atmosphere in the outer shelf area in win-
ter.

In order to further understand controlling mechanisms on
the seasonal variability ofpCOsw

2 , we examine the effect of
temperature onpCOsw

2 for the inner and outer shelf areas in
Fig. 5a and b, respectively (see Fig. 2 for the definitions of the
inner and outer shelf areas). Thermodynamically,pCO2 in-
creases with increasing temperature at a rate about 4 % ºC−1

(Takahashi et al., 1993). Nonetheless,pCOsw
2 increased sig-

nificantly in the inner shelf area from summer to autumn
though SST decreased greatly during this period, suggest-
ing that the effect of vertical mixing surpassed the effect
of temperature on regulating seasonalpCOsw

2 variation when
the water column turned from strong stratification in summer
to well mixed in autumn. In the outer shelf area, a slightly
less but clear SST decrease was observed, butpCOsw

2 did not
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show a significant change (Fig. 5b), implying that the effects
of vertical mixing and temperature decrease had compara-
ble importance and compensated each other. As discussed
earlier, this discrepancy could be partially attributed to the
difference in the vertical gradient of CO2 between the inner
and outer shelf areas during the stratification period. From
autumn to winter,pCOsw

2 decreased with decreasing SST in
both the inner and outer shelf areas, suggesting that the cool-
ing effect is the predominant factor in controlling seasonal
fluctuation ofpCOsw

2 during the cooling period in both ar-
eas. During the warming period (i.e., from winter to sum-
mer),pCOsw

2 decreased in the inner shelf area but increased
in the outer shelf area with the SST increase. The divergent
relationships ofpCOsw

2 vs. SST suggest that in this period
the effect of biological production overwhelmed temperature
effect in the inner shelf area; meanwhile temperature was the
dominant factor in regulating seasonalpCOsw

2 oscillation in
the outer shelf area. Such contrasting behaviors may result
mainly from the fact that the summer phytoplankton bloom
only occurs on the inner shelf, which receives an enormous
nutrient discharge from the Changjiang, but biological pro-
duction is very low all year round on the outer shelf, which is
generally occupied by the nutrient depleted Kuroshio waters
(Gong et al., 2003).

In summary, our results suggest that the extent of strati-
fication and biological production in summer, which would
largely control the steepness of the vertical gradient of CO2
during the stratification period, may play a pivotal role in de-
termining the subsequent seasonal variation ofpCOsw

2 when
stratification breaks.

3.3 Eutrophication induced changes between the 1990s
and the 2000s

With the intention of examining the potential impact of eu-
trophication on the seasonal variation of CO2 uptake in the
ECS shelf, the presentpCOsw

2 measurements (referred to
as pCOsw

2 2000s hereafter) are compared with the histori-
cal pCOsw

2 data set along the PN line (the right panels in
Fig. 2; referred to aspCOsw

2 1990s hereafter), which is the
earliestpCOsw

2 survey in the ECS conducted by Tsunogai
et al. (1999) nearly 20 yr ago. To facilitate our comparison,
the PN line and the present study area were arbitrarily di-
vided into the inner and outer shelf areas (rectangular ar-
eas in Fig. 2). The former region corresponds to the typical
Changjiang plume or CDW area (also the typical phytoplank-
ton bloom area) in summer (Gao and Song, 2005), and it is
thus considered a region that would be affected by eutroph-
ication of the Changjiang over recent decades. The latter re-
gion is generally out of the influence of the Changjiang dis-
charge, and thus it represents a region away from the impact
of eutrophication.

Vertical mixing
≈ Cooling

Fig. 5. Plots ofpCOsw
2 vs. temperature for summer 2011, autumn

2011, and winter 2008 data in(a) the inner shelf area and(b) the
outer shelf area. The definitions of the inner and outer shelf areas
are the same as in Fig. 2.

As shown in Fig. 2 and summarized in the upper panel in
Fig. 6, pCOsw

2 2000s shows great seasonal variation and is
apparently lower in summer but higher in autumn and winter
thanpCOsw

2 1990s in the defined inner shelf area. In con-
trast, no discernible difference betweenpCOsw

2 2000s and
pCOsw

2 1990s was found in the defined outer shelf region in
any season (Fig. 2, the lower panel in Fig. 6). We suggest that
the discrepancy in the observed decadal change of seasonal
pCOsw

2 variations between the inner and the outer shelf re-
gions reflects the differential impact of the increased eutroph-
ication on the two regions. As depicted in the middle panel
in Fig. 6, the increased eutrophication would enhance bio-
logical production in summer, and thus cause a lower surface
waterpCOsw

2 in the 2000s than in the 1990s, meaning that the
capacity of CO2 sequestration was enhanced in summer. On
the other hand, the increasing eutrophication would simulta-
neously form a steeper vertical gradient of CO2 in summer in
the 2000s compared with the 1990s, as more CO2 is removed
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Fig. 6. A conceptual diagram showing the decadal change of sea-
sonal variations ofpCO2 and their vertical distributions between
the 1990s and the 2000s related to the worsening eutrophication on
the inner shelf near the Changjiang Estuary. The dotted line in the
middle panel indicates the depth of pycnocline (PD), defined as the
depth with the steepest vertical gradient in density, based on which
the water column was divided into the surface (above thePD) and
the bottom (below thePD) layers.

in the surface water by enhanced biological production and
more CO2 is released and accumulated in the bottom water
through respiration. The subsequent breakdown of stratifica-
tion in autumn and winter would therefore supply more CO2
from the bottom water, causingpCOsw

2 2000s to be higher
than pCOsw

2 1990s, meaning that the capacity of CO2 se-
questration has declined in autumn and winter. In autumn,
the inner shelf near the Changjiang Estuary could even have
turned from a CO2 sink in the 1990s to a CO2 source in the
2000s. However, it must be pointed out thatpCOsw

2 in au-
tumn may be more sensitive to the timing of observation, be-
cause autumn is the transitional period when the water col-
umn changes from strongly stratified to well-mixed. For ex-
ample, while the water column was completely mixed in the
inner shelf during our 2000s survey (in late October to early
November), it was still partially stratified during the 1990s
survey (in early October; see Fig. 5 in Tsunogai et al., 1999).
Thus, thepCOsw

2 in the 1990s after the complete water col-
umn overturn might have been somewhat higher than what

was observed in October, and the exact value after seasonal
mixing is subject to question. Nonetheless, our conclusion
regarding the nature of the very different seasonal patterns in
the variation of inner shelfpCOsw

2 between the two decades
is solid.

Using Chla concentration as an indicator to evaluate the
response of biological production to eutrophication, Wang
(2006) found that the surface Chla concentration in the
Changjiang plume (or CDW) in summer increased by a fac-
tor of four from 1984 to 2002. In addition, Ning et al. (2011)
reported that the DO concentration in the bottom water of
the Changjiang plume area in summer has gradually de-
creased, and the hypoxic bottom water near the Changjiang
Estuary has progressively expanded eastward over recent
decades, implying an increasing bottom accumulation of
respired CO2. These reports are generally consistent with the
observed decadal change of seasonalpCOsw

2 variation on the
inner shelf near the Changjiang Estuary, in whichpCOsw

2 de-
creased in summer but increased in autumn and winter from
the 1990s to the 2000s.

4 Summary and concluding remarks

In this study, we found that the distinct seasonality ofpCOsw
2

between the inner shelf near the Changjiang Estuary and the
outer shelf of the ECS may be associated with the steepness
of the vertical gradient of CO2 during the stratified period,
which is largely determined by the extent of water impacted
by the Changjiang discharge. The increasing eutrophication
may have enhanced the vertical gradient of CO2 by taking up
CO2 (photosynthesis) in surface waters and releasing CO2
(respiration) in deep waters, providing a mechanism for re-
leasing CO2 to the atmosphere when the bottom water over-
turns in late autumn, and thereby altering the seasonal varia-
tion pattern ofpCOsw

2 in the inner shelf near the Changjiang
Estuary over recent decades. It is noteworthy that in addi-
tion to the seasonal overturn of water column, strong verti-
cal mixing induced by episodic severe weather events, such
as typhoons, may be another mechanism returning respired
CO2 to the atmosphere (Hung et al., 2010; Hung and Gong,
2011). This process is worth further study, since the strength
and frequency of severe weather events are expected to in-
crease with global warming.

Although increased eutrophication/respiration could well
explain the observed decadal change in the seasonal variation
of pCOsw

2 , other processes such as alteration of circulation
and/or the Changjiang discharge may also change the sea-
sonal variation ofpCOsw

2 . Therefore, more long-term studies
are needed to unveil the fundamental relationship between
changes in oceanic CO2 uptake and increased eutrophica-
tion and hypoxia in the ECS, and in other eutrophication-
impacted coastal seas as well. Furthermore, it is not possi-
ble at this time to conclude unequivocally whether or not
the annual CO2 sink in the inner shelf near the Changjiang
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Estuary has increased or decreased in response to worsening
eutrophication/hypoxia over recent decades, because the net
CO2 balance is closely dependent on the relative timescale
of air–sea gas exchange and offshore transport of the shelf
water (Thomas et al., 2004). Unfortunately, this is not well
constrained by the data available. Nevertheless, our finding
suggests that CO2 dynamics in both the surface and bottom
waters need to be taken into account together for modeling
and observational studies ascribing the change of oceanic
CO2 uptake to eutrophication.
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Abstract. To assess the impact of rising atmospheric CO2
and eutrophication on the carbonate chemistry of the East
China Sea shelf waters, saturation states (�) for two impor-
tant biologically relevant carbonate minerals – calcite (�c)
and aragonite (�a) – were calculated throughout the water
column from dissolved inorganic carbon (DIC) and total al-
kalinity (TA) data collected in spring and summer of 2009.
Results show that the highest�c (∼ 9.0) and�a (∼ 5.8) val-
ues were found in surface water of the Changjiang plume
area in summer, whereas the lowest values (�c =∼ 2.7 and
�a =∼ 1.7) were concurrently observed in the bottom water
of the same area. This divergent behavior of saturation states
in surface and bottom waters was driven by intensive biolog-
ical production and strong stratification of the water column.
The high rate of phytoplankton production, stimulated by the
enormous nutrient discharge from the Changjiang, acts to de-
crease the ratio of DIC to TA, and thereby increases� values.
In contrast, remineralization of organic matter in the bottom
water acts to increase the DIC to TA ratio, and thus decreases
� values. The projected result shows that continued increases
of atmospheric CO2 under the IS92a emission scenario will
decrease� values by 40–50% by the end of this century, but
both the surface and bottom waters will remain supersatu-
rated with respect to calcite and aragonite. Nevertheless, su-
perimposed on such� decrease is the increasing eutrophica-
tion, which would mitigate or enhance the� decline caused
by anthropogenic CO2 uptake in surface and bottom waters,
respectively. Our simulation reveals that, under the combined
impact of eutrophication and augmentation of atmospheric
CO2, the bottom water of the Changjiang plume area will be-

come undersaturated with respect to aragonite (�a =∼ 0.8)
by the end of this century, which would threaten the health
of the benthic ecosystem.

1 Introduction

Since the beginning of the industrial revolution, human activ-
ities have released more than 400 billion tons of carbon into
the atmosphere through fossil fuel combustion, cement pro-
duction and land-use change (Sabine et al., 2004a). Between
1959 and 2008, only about 43 % of the CO2 released by hu-
man activity accumulated in the atmosphere; the remainder
was absorbed by carbon sinks on land and in the oceans (Le
Quéré et al., 2009). It is estimated that the oceans have taken
up 118 billion tons of carbon since 1800 (i.e., approximate
one-third of CO2 emitted from human activities), which has
tempered the rise in atmospheric CO2 level by about 55 %,
and thereby has mitigated climate-change impacts (Sabine
et al., 2004b). Oceanic CO2 uptake, however, is not benign;
it is causing a series of changes in ocean water chemistry
(Caldeira and Wickett, 2005; Feely et al., 2009), and those
changes will affect a range of biological processes in marine
organisms (Fabry et al., 2008; Doney et al., 2009).

The inorganic carbon system is one of the most important
chemical equilibria in the ocean and is largely responsible
for controlling the pH of seawater through a series of well-
known reactions (Zeebe and Wolf-Gladrow, 2001). Once dis-
solved in seawater, aqueous CO2 (CO2(aq)) reacts with water
to form carbonic acid (H2CO3):
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CO2(aq) + H2O → H2CO3.

Carbonic acid can then dissociate by losing hydrogen ions to
form bicarbonate ions (HCO−3 ):

H2CO3 → H+
+ HCO−

3 .

At the current ocean pH level, a large fraction of the addi-
tional hydrogen ions are buffered by combining with carbon-
ate ion (CO2−

3 ) to form bicarbonate:

H+
+ CO2−

3 → HCO−

3 .

Consequently, the overall reaction of dissolving CO2 in sea-
water results in an increase in concentrations of CO∗

2 (i.e., the
sum of CO2(aq) + H2CO3), HCO−

3 and H+, and a decrease in
CO2−

3 concentration and pH. The entire process is commonly
referred to as “ocean acidification”.

The decline of CO2−

3 concentration induced by ocean acid-
ification has a corresponding effect on the carbonate satura-
tion state of seawater, which is expressed by�:

� =

[
Ca2+

]
sw×

[
CO2−

3

]
sw

K∗
sp

,

where
[
Ca2+

]
sw and

[
CO2−

3

]
sw are the concentrations of

Ca2+ and CO2−

3 in seawater, respectively, andK∗
sp is the sol-

ubility product of a particular carbonate mineral (e.g., arago-
nite and calcite) at the in situ temperature, salinity, and pres-
sure. By definition,� = 1 signifies seawater is in equilib-
rium with that mineral;� > 1 reflects supersaturation favor-
ing precipitation; and� < 1 corresponds to undersaturation
favoring dissolution. Since preindustrial times, the saturation
states of aragonite and calcite have declined approximately
by 16 %, and they are expected to decrease a further 50 %
if atmospheric CO2 concentrations reach 780 ppmv near the
end of this century (Feely et al., 2004 and 2009; Orr et al.,
2005). Reduction in saturation states has been experimentally
determined to be unfavorable for most calcifying organisms,
including coccolithophores, foraminifera, mussels, urchins,
oysters, corals, and coralline algae, to form their shells, skele-
tons and other protective structures (Gattuso et al., 1998;
Kleypas et al., 1999; Fabry et al., 2008; Ries et al., 2009;
Kroeker et al., 2010). Changes in calcification are likely to
constitute a major negative effect on marine biota, and this
process is so far the best-documented and most widely ob-
served biological effect of ocean acidification.

Previous model projections indicate that the high-latitude
oceans are most susceptible to ocean acidification (Orr et
al., 2005; Fabry et al., 2009; Feely et al., 2009), because
cold temperatures facilitate CO2 dissolution and thus pre-
condition the seawater in high-latitude regions to have lower

saturation states of calcium carbonate compared to temper-
ate and tropical regions. Nevertheless, recent studies show
that the coastal ocean is experiencing multiple environmen-
tal stressors that may act synergistically to exacerbate acid-
ification (Doney, 2010). For instance, it has been suggested
that eutrophication, rather than acidification induced by an-
thropogenic CO2 uptake, may have dictated pH changes in
coastal oceans (Borges and Gypens, 2010; Provoost et al.,
2010). Recently, Cai et al. (2011) further showed that an-
thropogenic CO2 invasion and eutrophication have acted in
concert to lower the hypoxic bottom water pH and carbon-
ate saturation state greatly on the continental shelf impacted
by the nutrient-laden Mississippi River. They also found that
the combined effect is greater than the simple addition of
each, due to a synergism between respiratory and fossil-
fuel-derived CO2, which reduces seawater buffering capac-
ity. Furthermore, atmospheric nitrogen and sulfur deposition
may also aggravate acidification in coastal waters (Doney et
al., 2007). Therefore, the coastal ocean, which is subject to
the strong influence of multiple environmental stressors, may
represent one of the systems most vulnerable to the poten-
tial negative effects of ocean acidification. More importantly,
because coastal oceans are some of the most productive ma-
rine ecosystems that sustain numerous commercially valu-
able fisheries (e.g., those for shellfish and crustaceans), it is
critical to gain a better understanding on how multiple envi-
ronmental stressors would affect acidification in the coastal
ocean.

The subtropical East China Sea (ECS), located off the
southeast coast of China, is one of the largest marginal seas
in the northwest Pacific. The Changjiang (Yangtze River) is
the longest river in Asia and the third longest in the world. It
flows through densely populated areas with intensive agri-
culture and industrial activities, and then empties into the
northwestern part of the ECS with an enormous water dis-
charge of 9× 1011 m3 yr−1, which accounts for 90–95 % of
the total riverine input to the ECS (Chen et al., 2001). The
materials carried by the Changjiang runoff thus greatly influ-
ence the marine environment of the ECS (Zhang et al., 2007).
Due to the rapid development of industry and increased agri-
cultural production associated with the growth of the Chi-
nese population, the export of dissolved inorganic N from
the Changjiang increased threefold between 1970 and 2003
(Yan et al., 2010). This is ten times faster than the increase
of total global river export over the period 1970–2000 (35 %;
Seitzinger et al., 2010). Therefore, the ECS may represent
one of the areas most impacted by worsening eutrophication
worldwide over recent decades. Some recent studies have
shown that the elevated nutrient discharge had led to some
ecological consequences (e.g., harmful algal blooms and hy-
poxic events; Li et al., 2007; Rabouille et al., 2008), and
might have altered biogeochemical cycles in the ECS (Chou
et al., 2013). Nonetheless, how eutrophication would act to-
gether with anthropogenic CO2 invasion to impact carbonate
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mineral saturation states in the ECS has not been investigated
to date.

In this study we first describe the seasonal variability of the
seawater carbonate system over the ECS shelf in spring and
summer of 2009, and then we investigate the role of river-
ine runoff on regulating carbonate mineral saturation states.
Finally, future scenarios of the saturation states are explored
in the context of the combined impact of eutrophication and
augmentation of atmospheric CO2.

2 Materials and methods

2.1 Sampling and analytical methods

Seawater sampling was conducted aboard the R/VOcean Re-
searcher Iduring spring (from 29 April to 12 May) and sum-
mer (from 29 June to 13 July) cruises on the ECS shelf (re-
fer to Fig. 1 for sampling locations) in 2009 as part of the
Long-term Observation and Research of the East China Sea
program (LORECS), which is closely related to two large
international cooperative projects: the Surface Ocean Lower
Atmosphere Study (SOLAS) and the International Biogeo-
chemical and Ecosystem Research (IMBER) Project. Note
that one more northern transect was investigated during the
summer cruise (the H transect in Fig. 1) to cover the influence
of the Changjiang discharge better, which reaches maximum
in summer. At each hydrographic station, seawater samples
were collected at six water depths (intervals of 3–25 m, de-
pending on the bottom depth), using Go-Flo bottles mounted
onto a rosette assembly. Water samples collected at 2 m depth
represented surface waters. Depth profiles of temperature
and salinity were recorded using a Seabird SBE9/11-plus
conductivity–temperature–depth (CTD) system.

Discrete water samples for dissolved inorganic carbon
(DIC) and total alkalinity (TA) analysis were drawn from
Go-Flo bottles into 350 mL pre-cleaned borosilicate bottles.
These samples were subsequently poisoned with 200 µL of
HgCl2-saturated solution to halt biological activity, sealed,
and returned to the laboratory. DIC samples were analyzed
using a DIC analyzer (AS-C3, Apollo SciTech Inc., Geor-
gia, USA) with a precision of 0.2 % (Cai and Wang, 1998).
Seawater samples of 0.75 mL were acidified by addition
of 0.5 mL 10 % H3PO4. The extracted CO2 gas was subse-
quently measured using a nondispersive infrared CO2 detec-
tor (Li-COR, LI-7000). TA was measured by Gran titration
of a 20 mL seawater sample with 0.1 N HCl in an open-cell
setting (Cai et al., 2010). Each sample was titrated at least
twice with a precision of 0.1 %. Certified reference material
provided by A. G. Dickson (Scripps Institution of Oceanog-
raphy) was used throughout this study for calibration and ac-
curacy assessments for both DIC and TA measurements.

H

F

G
PRC

E

D

A
B

D

C

A

Fig. 1. Bathymetric map showing the sampling stations during the
cruises in spring (circles) and summer (triangles) of 2009. Superim-
posed is a schematic representation of the Kuroshio Current and the
seasonal dispersion of the Changjiang discharge, in which empty
and solid arrows represent the conditions during dry and flood sea-
sons, respectively.

2.2 Calculation of carbonate mineral saturation states

Seawater pH and saturation states for calcite (�c) and arago-
nite (�a) were calculated from DIC, TA, temperature, salin-
ity, phosphate, and silicate data using the CO2SYS program
(Lewis and Wallace, 1998). For the calculation, the dissocia-
tion constants for carbonic acid of Mehrbach et al. (1973) as
refit by Dickson and Millero (1987) and for KHSO−4 of Dick-
son (1990) were used. The calculated pH was reported on to-
tal scale at a constant temperature of 25◦C (pH25). The con-
centration of calcium ([Ca2+]) was calculated from salinity
according to Riley and Tongudai (1967).Ksp values of arag-
onite and calcite were calculated after Mucci (1983). Uncer-
tainty in the measurements of DIC and TA may have resulted
in errors of about 0.01 pH unit in the calculation of pH, and
3 % in the computation of�c and�a.

3 Results

3.1 Surface distributions of temperature, salinity, and
carbonate parameters in spring and summer

The distributions of sea surface temperature (SST) and salin-
ity (SSS) in spring and summer 2009 on the ECS shelf are
shown in Fig. 2. SST varied from 15.8 to 25.3◦C and 23.3 to
29.6◦C in spring and summer, respectively (Fig. 2a and b).
Waters with relatively higher SST were generally confined to
the southeastern part of the study area, whereas waters with
relatively lower SST were mainly found in the northern and
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(a)

PRC

SST (℃)
2009 Spring

(c)

PRC

SSS
2009 Spring

(b)

PRC

SST (℃)
2009 Summer

(d)

PRC

SSS
2009 Summer

Fig. 2. Surface distributions of temperature (SST) are indicated in
(a) and(b); and(c) and(d) indicate salinity (SSS) in spring (a and
c) and summer (b andd) 2009 in the East China Sea.

western parts. SSS ranged from 27.9 to 34.5 in spring, and
from 23.8 to 34.1 in summer (Fig. 2c and d). The higher SSS
values were observed in the southeastern part of the study
area for both seasons. The lower SSS values occurred mainly
in the inner shelf along the coast of China in spring, and in
the northwestern part of the study area in summer.

The spatial distributions of surface-water TA, DIC, pH25,
�a and �c for spring and summer cruises are shown in
Fig. 3a–j. TA varied from 2218 to 2284 µmol kg−1 in spring,
and from 2103 to 2252 µmol kg−1 in summer. The TA dis-
tribution commonly paralleled salinity: the higher TA values
were mainly observed in the salty outer shelf waters, while
the lower TA values were commonly found in the less saline
waters, which occurred in the western and northern parts of
the study area in spring and summer, respectively. In gen-
eral, the distributions of SSS, SST, and TA corresponded well
with the seasonal circulation pattern on the ECS shelf. Wa-
ters with high TA, SSS, and SST in the southeastern part of
the study area identified the Kuroshio Current, which is the
western boundary current of the North Pacific Ocean flowing
northeastward along the 200 m isobath all year round (Fig. 1;
Liu and Gan, 2012). Waters with low TA, SSS, and SST were
indicative of the Changjiang diluted water (defined as water
with salinity< 31 by Gong et al, 1996), which flows south-
ward along the coast of China during the dry season under the
influence of northeast monsoon, and spreads eastward over
the broad ECS during the flood season (Fig. 1; Beardsley et
al., 1985).

DIC varied from 1805 to 1984 µmol kg−1 in spring, and
from 1680 to 2034 µmol kg−1 in summer. Similar to the dis-
tribution pattern of TA, relatively lower DIC values occurred
in the nearshore area in spring but shifted to the northern
part of the study area in summer, corresponding well to the

(a)

PRC

TA (mol kg-1)
2009 Spring

(c)

PRC

DIC (mol kg-1)
2009 Spring

(e)

pH at 25℃
2009 Spring

PRC

(g)

PRC

Ωa
2009 Spring

(i)

PRC

Ωc
2009 Spring

(b)

PRC

TA (mol kg-1)
2009 Summer

(d)

PRC

DIC (mol kg-1)
2009 Summer

(f)

pH at 25℃
2009 Summer

PRC

(h)

PRC

Ωa
2009 Summer

(j)

PRC

Ωc
2009 Summer

Fig. 3. Surface distributions of(a) TA in spring,(b) TA in summer,
(c) DIC in spring,(d) DIC in summer,(e)pH25 in spring,(f) pH25
in summer,(g) Wa in spring,(h) Wa in summer,(i) Wc in spring,
and(j) Wc in summer 2009 in the East China Sea. Superimposed
white lines are isohalines.

seasonal dispersion of the Changjiang diluted water (CDW).
The highest DIC values were present along the coast of main-
land China beyond the influence of the CDW during the sum-
mertime, which was associated with the seasonal coastal up-
welling induced by the summer monsoon parallel to shore
(Chou et al., 2009a). pH25 varied from 7.98 to 8.34 in spring,
and from 7.86 to 8.45 in summer.�a and�c varied from
2.67 to 4.84 and from 4.17 to 7.58 in spring, and from 2.50
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to 5.85 and from 3.82 to 9.02 in summer, respectively. These
parameters had very similar distribution patterns, which gen-
erally mirrored that of DIC. The higher pH25, �a and�c val-
ues were commonly found along the coast of China in spring
and in the northern part of the study area in summer, where
DIC had the lowest values. In contrast, the lowest pH25, �a
and�c values were observed in the middle nearshore area in
summer, where DIC had the highest values.

Seasonally, these carbonate parameters showed the largest
variation in the regions bearing distinct seasonal circula-
tion/advection settings. The mid-coastal area, which was oc-
cupied by the CDW in spring and shifted coastal upwelling
zone in summer, revealed the highest increase of DIC and the
largest decrease of pH25, �a and�c between spring and sum-
mer. In contrast, the northern part of the study area, which
was occupied by the CDW in summer but out of its influ-
ence in spring, showed the highest drawdown of DIC and the
largest augmentation of pH25, �a and�c between spring and
summer.

3.2 Depth distributions of carbonate parameters in
spring and summer

The vertical distributions of TA, DIC, pH25, �a and�c along
all cross-shelf transects in spring and summer are shown in
Figs. 4 and 5, respectively. Similar to the pattern of surface
waters, the vertical distributions of TA are generally parallel
with the isohalines along all transects (panel A in Figs. 4 and
5), suggesting that salinity is the dominant factor regulating
the depth distributions of TA on the ECS shelf. DIC gener-
ally increases with increasing depth at all stations, but with
large spatial variation in their vertical gradients (panel B in
Figs. 4 and 5). The stations impacted by the CDW generally
revealed a stronger vertical gradient of DIC, in particular dur-
ing the summertime. For example, at the nearshore stations
on the northernmost transect H in summer (Stations 39–43,
top panel B in Fig. 5), DIC values are as low as about 1700–
1800 µmol kg−1 in surface waters, but they increased sharply
to as high as about 2000–2100 µmol kg−1 in bottom waters
only within a depth range of approximately 40 m. These steep
gradients of DIC suggest an intensification of the biological
pump in the CDW area, which is consistent with our previous
investigation in summer 2007 (Chou et al., 2009b). In spring,
a stronger DIC gradient can also be found at the nearshore
stations influenced by the CDW (Stations 19, 29, 18 and 6
on transects G, F, E and C, respectively; panel B in Fig. 4),
but it is less steep than that in summer. The weakest verti-
cal gradients of DIC were observed at the nearshore stations
on transects C, D and E in summer (Stations 6, 30 and 18,
respectively). For instance, at Station 6 on transect C, DIC
was 1992 µmol kg−1 in surface water, but it only slightly in-
creased to 2003 µmol kg−1 in bottom water. These gentle gra-
dients of DIC may result mainly from the coastal upwelling
induced by the summer monsoon parallel to shore (south-

westerly), as evidenced by a sharp shoreward uplift of DIC,
pH25, �a and�c isoclines along the transects C, D and E.

In contrast to the vertically increasing trend of DIC, pH25,
�a and �c commonly decrease with increasing depth, but
show a similar spatial variation in their gradients: the steeper
gradients of pH25, �a and�c were also found at the stations
on the transects G and H in summer (panels C, D and E in
Fig. 5), and the nearshore stations on transects C and E in
spring (panels C, D and E in Fig. 4), both of which were un-
der the influence of the CDW. Meanwhile, the weakest ver-
tical gradients of pH25, �a and�c occurred at the nearshore
stations on transects C, D and E in summer, which were af-
fected by the coastal upwelling.

In summary, the most striking feature in the vertical dis-
tributions of carbonate parameters is that they showed an ex-
tremely steep vertical gradient in the CDW area during the
summertime: the lowest DIC and the highest pH25, �a and
�c were found in the surface water, but the highest DIC and
the lowest pH25, �a and�c were in the bottom water. In Sec-
tions 4.3 and 4.4, we will examine the mechanism that forms
such steep gradients in the CDW area and discuss its poten-
tial impact on acidification of bottom waters in the future.

4 Discussion

Since�c is constantly about 50 % higher than�a and shows
the same spatial and seasonal variations as�a, the follow-
ing discussion focuses only on�a, and data for�c are not
plotted.

4.1 The role of freshwater runoff on� variation in the
coastal zone

It is known that nearly all of the world’s large rivers have
lower carbonate and calcium concentrations (and thus lower
�) than receiving ocean water (Meybeck, 1987; Cai et al.,
2008). The mixing of freshwater with seawater, therefore,
can effectively suppress�a in the nearshore area. For in-
stance, Salisbury (2008) reported that freshwater runoff can
significantly lower�a in the plume areas of the Amazon
and Orinoco rivers (the first and the third largest rivers in
the world). The author also suggested that acidic river influx
with low �a may have the potential to interfere with early
stages of shellfish development in the coastal zone. Simi-
larly, Jiang et al. (2010) recently found that due to inputs
of low-saturation-state freshwater from land,�a showed an
offshore increasing trend on the Southeastern US Continen-
tal Shelf, on which a strongly positive correlation between
�a and salinity was observed.

In stark contrast to the expected comparatively lower�a in
the freshwater-impacted area, our results show that the high-
est�a values were generally confined to the CDW with the
lowest salinity on the ECS shelf (Fig. 3g and h). We suggest
that this discrepancy may mainly result from the concurrently
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(A) TA (mol kg-1) (D) Ωa(B) DIC (mol kg-1) (C) pH at 25 ℃ (E) Ωc
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Fig. 4. Vertical distributions of TA, DIC, pH at 25◦C, �c and�a along the A to G transects in the East China Sea in spring 2009. Superim-
posed white lines on TA distributions are isohalines.

elevated biological production stimulated by the enormous
nutrient discharge from the Changjiang runoff, evidenced by
the distributions of DO and Chla (Fig. 6). The photosyn-
thetic uptake of CO2 through biological production may de-
crease DIC and the ratio of DIC to TA, thereby increasing�a
(Bates et al., 2009).

Figure 7a and b show the relationships of DIC and�a
vs. salinity, respectively. The superimposed lines in both
plots represent the seasonal hypothetical mixing relation-
ships between freshwater and seawater end-members in

spring (dashed lines) and summer (dashed-dotted lines). The
TA and DIC data reported by Zhai et al. (2007) were used as
freshwater end-members for the Changjiang runoff, whereas
the average surface data at stations 10, 12 and 14 from this
study were chosen to represent the seasonal seawater end-
members (Table 1). It is noteworthy that unlike the linear re-
lationship between DIC and salinity, the�a change is non-
linear during mixing. The hypothetical mixing curve for�a
is calculated indirectly based on the fact that both DIC and
TA mix conservatively with salinity, and thus�a can be

Biogeosciences, 10, 6453–6467, 2013 www.biogeosciences.net/10/6453/2013/



W.-C. Chou et al.: Carbonate mineral saturation states in the East China Sea 6459

(A) TA (mol kg-1) (D) Ωa(B) DIC (mol kg-1) (C) pH at 25 ℃ (E) Ωc

H transect

G transect

F transect

E transect
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A transect

Fig. 5. Vertical distributions of TA, DIC, pH25, �c and�a along the A to H transects in the East China Sea in summer 2009. Superimposed
white lines on TA distributions are isohalines.

computed from its corresponding DIC and TA values using
the CO2SYS program. The DIC and�a vs. salinity plots
show that, in the low salinity CDW (S < 31), DIC is gen-
erally below the theoretical mixing line (Fig. 7a), while�a
is above it (Fig. 7b). This divergence implies that enhanced

biological production fueled by nutrient discharge from the
Changjiang may consume substantial DIC, thereby increas-
ing�a in the CDW. To justify this postulation, we further cal-
culated the deviations of the measured DIC and�a from their
corresponding seasonal theoretical mixing values (referred to
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Table 1.The seasonal freshwater and seawater end-members of TA and DIC in spring and summer.

Freshwater end-member Seawater end-member

TA DIC Source TA DIC Source

Spring 1600 1600 Zhai et al. (2007) 2277 1965 The average values at stations
10, 12, and 14 in spring 2009.

Summer 1790 1790 Zhai et al. (2007) 2231 1918 The average values at stations
10, 12, and 14 in summer 2009.

Unit: µmol kg−1

(a)

DO (M)
2009 Spring

PRC

(c)

PRC

Chl a (mg/m3)
2009 Spring

(b)

DO (M)
2009 Summer

PRC

(d)

PRC

Chl a (mg/m3)
2009 Summer

Fig. 6.Surface distributions of(a) dissolved oxygen (DO) in spring,
(b) DO in summer,(c) Chl a in spring, and(d) Chl a in summer
2009 in the East China Sea. Superimposed white lines are isoha-
lines.

as1DIC and1�a in Fig. 7c). The calculated result shows
a strongly negative correlation between1DIC and1�a in
both spring and summer (r =−0.85 and−0.95 in spring and
summer, respectively,p < 0.05; Fig. 7c), lending support to
the hypothesis that biologically induced DIC drawdown may
be the driving force that accounts for the observed high�a in
the CDW. In fact, this result agrees well with previous find-
ings that due to the favorable conditions (i.e., high availabil-
ity of light and nutrients and warm temperature), the CDW
area generally features very high Chla concentrations (Gong
et al., 2011; Hung et al., 2009) and acts as a strong sink of
atmospheric CO2 in late spring and summer (Zhai and Dai,
2009; Chou et al., 2009a).

In summary, our results demonstrate that the enhancement
of biological production can overwhelm the dilution effect
that regulates�a variation in the Changjiang plume area dur-
ing the study period. Consequently, mixing with river dis-
charge may not necessarily lower�a in the surface waters of
the continental shelf. Rivers with high TA that are highly eu-
trophic (e.g., the Changjiang) tend to elevate�a, while rivers

with low TA that are less eutrophic (e.g., the Amazon River)
tend to lower�a in the receiving seawater.

4.2 Aragonite saturation states of surface waters
in 2100

Previous studies have shown that the ECS shelf acts as an
important sink of atmospheric CO2 all year round (Tsuno-
gai et al., 1999; Peng et al, 1999; Wang et al., 2000; Shim et
al., 2007; Zhai and Dai, 2009; Chou et al., 2009a and 2011).
Consequently,� in surface water would be continuously de-
creasing in response to anthropogenic CO2 absorption. Here
we estimate the future change of�a in the ECS by the year
2100. This projection was conducted by the conventional
equilibrium approach (Orr, 2011) with the following assump-
tions: (1) equilibrium between atmospheric and seawater
CO2; (2) the sea surface salinity and alkalinity remain invari-
ant; (3) sea surface temperature increases by 2◦C (McNeil
and Matear, 2007); and (4) the atmospheric CO2 concentra-
tion reaches 723 ppmv (according to the IS92a scenario given
in Annex II of the IPCC Third Assessment Working Group I
report;http://www.ipcc-data.org/observ/ddc_co2.html).

Results show that�a will vary from 1.47 to 2.18 in spring
(Fig. 8a), and from 1.69 to 2.47 in summer (Fig. 8b), sug-
gesting that the ECS will remain supersaturated with respect
to aragonite even until the end of this century. It is known
that calcareous organisms usually require seawater� values
much higher than 1 to achieve optimal growth. Therefore,
even though surface waters on the ECS shelf will not become
corrosive to carbonate minerals before 2100, the rapid drop
in saturation states could have negative impacts on the rate
of calcification of calcium carbonate shell (Ries et al., 2009)
and juvenile recruitment rates (Gazeau et al., 2007).

Furthermore, the projected�a reductions between the
present day and the year 2100 show distinct spatial varia-
tions that are similar to those for the present�a distribu-
tions: the largest drop of�a was found in the coastal area in
spring (Fig. 8c) and in the northern part in summer (Fig. 8d),
which has the highest�a at present (Fig. 3i and j), whereas
the smallest changes generally occurred in the southeastern
part of the study area, which is characterized by low�a now.

We suggest that the spatial variations of the projected�a
decline are largely controlled by the chemical capacity of
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Fig. 8. (a) and (b) show predicted surface water�a on the East
China Sea shelf in spring and summer by the year 2100, respec-
tively. (c) and(d) show the difference of�a between the predicted
�a in 2100 and its present value (1�a) in spring and summer, re-
spectively. Superimposed white lines are isohalines.

surface waters to take up atmospheric CO2. Theoretically,
the chemical potential of seawater to sequester atmospheric
CO2 is inversely proportional to the value of the Revelle fac-
tor, which is defined as the ratio of the relative changes in
pCO2 and DIC (Revelle and Suess, 1957). Due to the car-
bonate buffering effect, the value of the Revelle factor is
proportional to the DIC / TA ratio (Fig. 9a; Sarmiento and
Gruber, 2006). As discussed earlier, the observed high�a
in the present study resulted mainly from the elevated bio-
logical production fueled by the nutrient discharge from the
Changjiang. The enhancement of biological production may
also lower the DIC / TA ratio (and thus reduce the Revelle
factor), thereby rendering surface waters chemically suitable
for taking up more atmospheric CO2 (thus leading to a poten-
tially larger�a decrease). As a result, under the assumption
of air–sea equilibrium, the projected�a decrease between
the present day and the year 2100 would be larger for wa-
ters with a higher chemical potential for atmospheric CO2
sequestration (corresponding to the larger reciprocal of the
Revelle factor in Fig. 9b), suggesting that the projected�a
decline in the highly productive CDW area may represent a
high-end estimate.

It is noteworthy that the above projection is based on only
long-term changes in atmospheric CO2 and the assumption
of air–sea equilibrium, both of which work well over most of
the global open ocean (Orr, 2011). However, for the coastal
waters the carbonate saturation states and air–sea equilibrium
level could also be affected by other processes, such as fresh-
water runoff (Salisbury et al., 2008), atmospheric deposition
of anthropogenic nitrogen and sulfur (Doney et al., 2007),
and delivery of terrestrial nutrients and organic matter (Cai et
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al., 2011). In fact, Borges and Gypens (2010) proposed that
in highly productive coastal environments the effect of excess
nutrient delivery (eutrophication) may exert a stronger influ-
ence on regulating future carbonate saturation state changes
compared with ocean acidification due to increasing atmo-
spheric CO2. Recently, Wang (2006) has reported that in-
creasing riverine loads of nutrients have caused a significant
augmentation of summertime Chla concentration in surface
waters in the Changjiang plume area over recent decades.
The nutrient export into the ECS is expected to continue

rapidly increasing in the next 50 yr (Seitzinger et al., 2010),
which can enhance biological production and thereby miti-
gate the effect of ocean acidification due to anthropogenic
CO2 uptake in surface waters. In this regard, our projection
in the surface water may therefore represent an overall high-
end estimate of the change in carbonate saturation states.

4.3 Biologically induced acidification in the bottom
water of the Changjiang plume area in summer

As mentioned in Sect. 3.2 and shown in Fig. 10, both pH25
and � values demonstrate the strongest vertical gradients
at the stations impacted by the CDW during the summer-
time. In Sect. 4.1, we have clearly shown that the highest
surface pH25 and � values in the CDW in summer result
mainly from elevated biological production stimulated by
the nutrient discharge from the Changjiang runoff. On the
other hand, the elevated biological production in the sur-
face layer would export more particles to bottom waters,
thereby rapidly transferring organic matter from surface to
depth (Iseki et al., 2003; Hung et al., 2010, 2013). In com-
bination with the strong stratification of the water column
in summer (Chou et al., 2009b), which can isolate bottom
waters from exchanging gas with surface waters, the rem-
ineralization of organic matter in the water column and sedi-
ment rapidly increased DIC concentrations, thereby depress-
ing pH25 and� to their minimum values in the bottom water
in the Changjiang plume area in summer. The proposed pro-
cess is supported by the strongly negative correlations be-
tween pH25/�a and DIC for bottom waters (Fig. 11).

A similar seasonal divergence of pH and� in surface and
subsurface waters has been found in the polar shelves dur-
ing the productive season (e.g., in the western Arctic Ocean
(Bates et al, 2009) and in the Bering Sea (Mathis et al., 2011a
and 2011b)). In these studies, the authors described the above
process in terms of a “phytoplankton–carbonate saturation
state (PhyCaSS)” interaction, and suggested that a combi-
nation of addition of anthropogenic CO2 to the ocean and
the natural seasonal PhyCaSS interaction has tipped subsur-
face waters below the saturation state threshold for aragonite
(�a = 1) in the high-latitude shelves during the productive
season. Despite the analogous impacts existing in our study
area (namely uptake of anthropogenic CO2 and the PhyCaSS
interaction), the present results show that the bottom water
on the ECS shelf is currently still supersaturated with respect
to aragonite (�a > 1), even in the CDW area in summer. This
discrepancy can be partially attributed to the fact that the
higher temperature on the subtropical ECS shelf decreases
the solubility of CO2 and preconditions the bottom water to
have lower DIC / TA ratio and thus higher carbonate satura-
tion states compared to those in the cold bottom water on
polar shelves.

However, it is noteworthy that the ECS is one of the
shelves most impacted by anthropogenic enhancement of nu-
trient discharge from large rivers. A recent study has shown
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Fig. 10.Depth profiles of(a) pH25 and(b) �a over the East China
Sea shelf in spring and summer 2009. Squares and circles denote
the data in (SSS< 31) and out (SSS> 31) of the Changjiang plume
area, respectively. SSS: sea surface salinity.

that dissolved oxygen concentrations in the bottom water of
the Changjiang plume area in summer have gradually de-
creased (Ning et al., 2011), suggesting a trend of increas-
ing eutrophication over recent decades. As mentioned earlier,
the nutrient export into the ECS is anticipated to be contin-
uously increasing, which may further amplify the PhyCaSS
interaction and thereby enhance the suppression of pH and
� at depth. Consequently, the bottom waters in the highly
eutrophic Changjiang plume would acidify more readily and
approach carbonate mineral undersaturation (� < 1) faster
than other coastal zones without the influence of eutrophica-
tion. In fact, Cai et al. (2011) recently showed that the syn-
ergistic effect between eutrophication and increasing atmo-
spheric CO2 would render the bottom water in the subtrop-
ical northern Gulf of Mexico corrosive within this century.
Analogously, we suggest that a similar impact is also likely
to occur in the Changjiang plume area in the near future if
eutrophication cannot be adequately reduced.

4.4 Projection of aragonite saturation states in bottom
waters of the Changjiang plume

In order to simulate the future change of saturation state
in bottom waters of the Changjiang plume, we first take
the average of the summertime bottom-water values from
the stations covered by the CDW (SSS< 31; Stations 19,
19A, 21–22, 37–44) to serve as the typical conditions for
bottom water at the present time (DIC = 2053 µmol kg−1,
TA = 2245 µmol kg−1, pH25 = 7.877, �a = 2.23, �c = 3.47).
We then estimate how much DIC will be added to the
bottom water in response to the increasing atmospheric
CO2 (1DICac) from the present to the end of this century.
To determine 1DICac, we used representative surface
water conditions observed during our summer cruise in
2009 (i.e., the average values for water samples 50 m
from all stations except those influenced by the CDW
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Fig. 11.Plots of(a) pH25 vs. DIC and(b) �a vs. DIC for the bottom
waters in the East China Sea during spring and summer 2009.

(Stations 19, 19A, 21–22, 37–44) and coastal upwelling
(Stations 6, 7, 17, 18, 30 and 31);S = 33.5, T = 25.4◦C,
silicate = 4.97 µmol kg−1, phosphate = 0.14 µmol kg−1,
TA = 2238 µmol kg−1, DIC = 1939 µmol kg−1). Calculated
pCO2 for this water mass is 370 µatm, which is equivalent
to dry airxCO2 of 380 ppm. Assuming equilibrium between
the atmosphere and this representative water mass, the equi-
librated DIC at higher CO2 levels in the future was calculated
by applying the atmospheric CO2 scenario of IPCC IS92a,
provided that other parameters are kept constant (salinity,
temperature, silicate, phosphate and TA). The difference
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between the calculated equilibrated DIC and the present
DIC (1939 µmol kg−1) denotes the DIC increase caused by
the increasing atmospheric CO2 (i.e.,1DICac). We presume
that the bottom water in the Changjiang plume was derived
from the average shelf water, so that the calculated1DICac
for the representative water mass can apply to the bottom
water. We add1DICac to the typical DIC of bottom water
at present (2053 µmol kg−1) while keeping the remaining
parameters unchanged, and recalculate�a. The recalculated
result shows that�a will gradually decline from about 2.2 at
present to about 1.2 at the end of this century (solid line in
Fig. 12), suggesting that the bottom water of the Changjiang
plume will remain supersaturated with respect to aragonite
before 2100, if only the effect of atmospheric CO2 increase
is taken into account.

In order to quantify the potential impact of increasing
eutrophication on�a in bottom waters of the Changjiang
plume further, using the same method, we first estimate how
much DIC and TA will be added and consumed, respec-
tively, to the bottom water due to the increasing eutrophi-
cation (1DICeu and 1TAeu). Recently, Ning et al. (2011)
reported that worsening eutrophication has led to a dis-
solved oxygen (DO) concentration decrease at a rate of
0.72 µmol yr−1 from 1975 to 1995. Assuming that DO con-
centrations will continue declining at this rate from the
present to 2100, the corresponding DIC increase rate can be
computed using the Redfield ratio (C : O = 106 : 138; DIC in-
creasing rate = 0.72× 106 / 138 = 0.55 µmol yr−1), while the
TA decreasing rate can be estimated by the DO declining rate
with a coefficient of−0.119 after Feely et al. (2002) (TA de-
creasing rate =−0.119× 0.72 =−0.086 µmol yr−1). We add
1DICeu and1TAeu to the sum of1DICac and the typical
DIC and to the typical TA, respectively, in bottom water
at present, and then re-recalculate�a. The re-recalculated
result demonstrates that�a in the bottom water of the
Changjiang plume will become less than 1 (undersaturated)
between the years 2075 and 2080 (dashed line in Fig. 12). It
is noteworthy that the uncertainty in the presumed DO de-
clining rate may cause a minor error in the projected de-
creasing rate of�a (e.g., an increase of 300 % in the pre-
sumed DO decreasing rate (−0.36 to−1.08 µmol yr−1) may
cause a corresponding increase in the projected�a declining
rate by 21 % (−0.14 to−0.17 yr−1)). In summary, the sim-
ulation shows that the synergistic effect of the increasing at-
mospheric CO2 and the worsening eutrophication will likely
push the bottom water of the Changjiang plume to be corro-
sive to aragonite by the end of this century, which is generally
believed to be harmful to marine calcifiers. If some calcify-
ing components of the benthos are negatively impacted, then
the community structure and support for higher trophic lev-
els may change. As a result, the highly productive benthic
ecosystem in the Changjiang plume, which supports exten-
sive shellfish fisheries, will be at increased risk of suffering
the negative effects of ocean acidification.
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5 Summary and concluding remarks

Despite the fact that nearly all of the world’s large rivers
have� lower than receiving ocean waters, our observations
have shown that the highest� values in the water column on
the ECS shelf occurred in the Changjiang plume, which is
featured by the lowest salinity, suggesting that the enhanced
biological production fueled by the nutrient discharge from
the Changjiang overwhelmed the dilution effect of freshwa-
ter on regulating� variations during the study period. This
result implies that mixing with river runoff may not necessar-
ily decrease the carbonate mineral saturation states in surface
waters of the continental shelf. For rivers with high TA and
high eutrophication (e.g., the Changjiang), the biological ef-
fect may surpass the dilution effect so that riverine discharge
tends to increase� in the receiving seawater, while for those
with low TA and less eutrophication (e.g., the Amazon), it fa-
vors decreasing�. On the other hand, the elevated biological
production in the surface layer of the Changjiang plume area
may also result in a large export of organic carbon. Reminer-
alization of organic matter back to CO2 would suppress� at
depth, thereby driving� values to their minima in the bottom
water of the Changjiang plume area, in particular during the
summertime when stratification is strong.

Under the IS92a scenario for CO2 emissions and the as-
sumption of air–sea equilibrium, our projection reveals that
�a in surface waters would decline by 40–50 % by the end of
this century (decreasing from 3.5± 0.4 to 1.8± 0.2 in spring
and from 3.7± 0.6 to 2.2± 0.2 in summer) due to absorption
of anthropogenic CO2. For the average bottom water of the
Changjiang plume area in summer, this simulation shows that
the cumulative absorption of atmospheric CO2 may result in
�a decreasing by 45 % (from 2.2 to 1.2). In other words, if
only the increase of atmospheric CO2 is considered, both the
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surface and bottom waters on the ECS shelf would remain
supersaturated with respect to two important biologically rel-
evant carbonate minerals (i.e., aragonite and calcite) until the
end of this century. However, superimposed on such� de-
crease is the increasing eutrophication that would enhance
both the photosynthetic removal of CO2 in surface waters
and the respiratory release of CO2 in bottom waters, thus act-
ing to alleviate or aggravate� suppression caused by the ab-
sorption of anthropogenic CO2 in surface and bottom waters,
respectively. Our simulation predicts that the combination
of atmospheric CO2 increase and worsening eutrophication
may synergistically push the bottom water in the Changjiang
plume area towards undersaturation with respect to aragonite
by the end of this century (the projected�a in 2100 is about
0.8), which could have profound impacts on calcifying or-
ganisms in the benthic ecosystem of the Changjiang plume
area. Consequently, we suggest that increasing atmospheric
CO2 in conjunction with worsening eutrophication may leave
the benthic ecosystem in the eutrophic coastal zone particu-
larly susceptible to ocean acidification, which thus should be
considered as one of the priority regions for further research
on ocean acidification.
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