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a b s t r a c t

The East China Sea (ECS) off the Changjiang (Yangtze River) Estuary, located around the near field of the
Changjiang plume (CJP) is a hot spot where phytoplankton blooms in the surface water and hypoxias in
the subsurface/bottomwaters are frequently observed. Based on field observations conducted in summer
2009 and 2011, we examined non-local drivers associated with the initial dissolved oxygen (DO) levels
that had significant impact on the development of summer hypoxias in the ECS off the Changjiang Es-
tuary. The bottom water mass therein could be traced isopycnally at 24.2 < sq < 25.2 back to the vicinity
of the Luzon Strait, ~1300 km upstream, where subsurface Kuroshio water (~220 m deep with
~190 mmol DO kg�1) mixed with the South China Sea subsurface water (~120 m deep with
~130 mmol DO kg�1). Owing to the difference in DO of these two source water masses, their mixing ratio
ultimately determined the initial DO supply to the ECS bottomwater that eventually reached the hypoxic
zone. This water mass mixture was also subject to biogeochemical alteration during its travel (~60 days)
after it intruded into the ECS at the northeastern tip of Taiwan. Along the pathway of the intruded
bottom-hugging water, we found systematic increases in nutrient concentrations and apparent oxygen
utilization, or drawdown in DO following Redfield stoichiometry as a result of marine organic matter
decomposition. These non-local factors exerted a synergistic control on the initial DO of CJP bottom
water promoting hypoxia formation, although the residence time of the CJP bottom water was relatively
short (~11 days). We contend that such far field drivers should be taken into account in order to better
predict the future scenarios of coastal hypoxias in the context of global warming.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Coastal hypoxia, defined as dissolved oxygen (DO) levels
<2 mg l�1, is an environmental issue of global concern. Around 400
coastal hypoxic zones collectively occupy ~245,000 km2 in the
coastal oceans of the world (Diaz and Rosenberg, 2008). A number
of physical, chemical and biological factors for hypoxia develop-
ment, such as water column stratification, excessive biomass pro-
duction stimulated by nutrients and allochthonous organic matter
input, have been extensively examined (Bianchi et al., 2010; Boesch
et al., 2009; Carstensen et al., 2014; Dai et al., 2006; Green et al.,
2006; Rabalais et al., 2014; Rabouille et al., 2008; Wang et al.,
2016). Obviously, the formation and maintenance of any hypoxic
conditions are also related to the initial DO level which is depen-
dent upon the source of the water masses and biogeochemical re-
actions along the pathway of the input. However, such impacts of
non-local drivers on coastal hypoxia have rarely been mentioned
elsewhere, except for a few with solid evidence. For example, up-
welling of oxygen depleted subsurface water triggers recurrent
hypoxias in coastal regions off New Jersey, Oregon and Namibia,
where upwelling of oceanic water provides lower initial DO (Glenn
et al., 2004; Grantham et al., 2004; Monteiro et al., 2006), while
replete nutrients further drawdown the oxygen level in the coastal
system by remineralization of the stimulated biomass when
settling down to the subsurface.

Similar to the well-known hypoxic regions such as the Gulf of
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Fig. 1. Map of the East China Sea and adjacent oceanic region showing the topography
and locations of the sampling stations during summer cruises in 2009 (blue dots) and
2011 (green dots). The additional stations of SCS1 (purple dot), KC1 and KC2 (grey dots)
near the Luzon Strait, representing source oceanic waters collected during a 2010
cruise are redrawn from Du et al. (2013). KP, DH5, DH3, T1 and T2 are also marked as
the transect names. Also shown schematically with arrows are the Kuroshio, water
exchanges near the Luzon Strait, nearshore Kuroshio branch and Taiwan Warm Cur-
rent. All stations along the pathway of the nearshore Kuroshio branch are marked with
names in parentheses. Depth contours of 50, 100 and 200 m are sketched by grey lines
with numbers. The shadowed area off the Changjiang Estuary indicates the hypoxic
zone reported by Li et al. (2002). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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Mexico and Chesapeake Bay, summer hypoxia in the East China Sea
(ECS) off the Changjiang (Yangtze River) Estuary has been
frequently observed and reported in the last decade, and is one of
the largest coastal oxygen-depleted areas in the world (Chen et al.,
2007). The increasing riverine nutrients loading during past de-
cades exhibit an intimate link with the augmentation in frequency
and intensity of oxygen depletion in the coastal bottom water off
the estuary (Gong et al., 2011; Wang et al., 2016). Zhu et al. (2011)
reported different chemical hydrological characteristics and pro-
posed mechanisms for oxygen depletion in the southern and
northern areas off the Changjiang Estuary. Local topography is also
regarded as a factor influencing the residence times of the water
body to become hypoxic (Wang, 2009). However, less understood
was how the initial DO inherited from the source water acts as a
non-local driver to regulate deoxygenation and promote hypoxia.

In this study, we presented results of two summer field surveys
off the Changjiang Estuary and in the ECS during 2009 and 2011. In
examining the coastal hypoxias, the evolution of the bottomwater,
including DO and nutrients, from its source locations and on its
pathway to the hypoxic zone of interest, was examined in order to
demonstrate the importance of the origin of the water masses and
the biogeochemical alteration along its pathway to the hypoxic
zone. Our study highlighted that in addition to the relatively well-
studied local factors, the importance of non-local drivers in
examining the evolution, occurrence and future status of the sea-
sonal hypoxia in the ECS off the Changjiang Estuary, one of the
largest coastal hypoxic zones in the world.

2. Material and methods

2.1. Study area

The ECS is one of the largest marginal seas of the Pacific with a
very wide shelf (maximum ~600 km). The water on the ECS shelf is
mainly mixed by three prominent water masses (Fig.1): Changjiang
dilutedwater (CJW) originating from the freshwater runoff from the
Changjiang; the Taiwan Warm Current (TWC); and the Kuroshio
Current (KC). Changjiang discharges ~9 � 1011 m3 yr�1 freshwater
together with a large amount of sediments (~2.5 � 1014 g yr�1),
nutrients (~9� 1011 g yr�1 for NO3�; ~2� 10�10 g yr�1 for PO4

3�) and
organic matter (~3 � 1012 g C yr�1) (Yang et al., 2006, Liu et al.,
2009; Wang et al., 2012). In the southern ECS, the nearshore Kur-
oshio branch (NSKB) bifurcates from the main stream of the KC at
the shelf-break northeast of Taiwan and intrudes to the ECS shelf
towards the Changjiang plume (CJP) region in summer, while the
TWC flows northeastward on the top of the NSKB (Yang et al., 2011
and references therein). The intruded water is believed to fuel the
high productivity in the ECS (Yang et al., 2013). Meanwhile, the
South China Sea (SCS) subsurface water flows out of the Luzon
Strait, joining the mainstream of the Kuroshio as another oceanic
water source for the ECS shelf (Chen et al., 1995; Chen and Wang,
1999; Chou et al., 2007; Sheu et al., 2009). The Chl a ranged
30e110 mg m2 and the primary production may reach
~1 g C m2 day�1 in the river plume (Gong et al., 2003). Away from
the river plume, primarily productivity is much lower but with high
spatial and temporal variability (Chen et al., 2004).

2.2. Cruises and sampling

We conducted two cruises, one onboard the R/V Dongfanghong II
from Aug.15 to Sept. 2, 2009, and the other the R/V Runjiang I from
Aug. 15 to 24, 2011. The sampling area covered from the southern
ECS to off the Changjiang Estuary, with one along shore transect
(T2) and four cross shelf transects (KP, DH5, DH3, T1). The five
transects covered from the north of the Taiwan Strait to off the
Changjiang Estuary where the three prominent water masses, i.e.
TWC, NSKB and CJW, interact. Meanwhile during the 2011 summer
cruise, the two northernmost transects off the Changjiang Estuary
(T1, T2) were investigated (Hsiao et al., 2014; Tseng et al., 2014) and
we repeatedly sampled the second transect (T2). Note that back-
ground hydrographic data collected along transects T1 and T2 from
the 2011 cruise are partially reported by Tseng et al. (2014) and
Hsiao et al. (2014) but from different perspectives.

Water samples were collected from different depths using Nis-
kin/GoFlo bottles mounted onto a Rosette sampling assembly,
equipped with a conductivity-temperatureedepth recorder (Sea-
Bird 911 plus CTD) for 2009 and 2011 cruise. Analytical protocols for
nitrate plus nitrite (Nþ N) and DIP (dissolved inorganic phosphate)
followed Han et al. (2012). The Winkler titration method was
applied for DO determination (Zhai et al., 2005). The detection
limits for N þ N, DIP and DO were 0.1, 0.05 and 0.5 mmol kg�1.
Hydrographic data from three stations near the Luzon Strait (KC1,
KC2 and SCS1, in Fig. 1), are also presented to demonstrate the in-
fluence of the upstream KC and the potential contribution of water
from the SCS (Du et al., 2013).
3. Results and discussion

3.1. Chemical hydrography and water mass characterization

Fig. 2 presents the transectional distributions of salinity,



Fig. 2. Transectional distributions of (a), (b) for salinity; (c), (d) potential temperature (�C); (e), (f) DO (mmol kg�1); (g), (h) N þ N(mmol kg�1); and (i), (j) DIP (mmol kg�1) selected
from 2011 to 2009 summer cruises, respectively. Note that the transectional data of salinity, temperature and nutrients are partially reported by Yang et al. (2011, 2012) and Tseng
et al. (2014). The low salinity (<28) and high N þ N (>30 mmol kg�1) data were not further differentiated with color and the deep water (>200 m at the easternmost station of the KP
transect) were not shown for simplification. The isopycnal surfaces of sq ¼ 24.2, 25.2 (if it existed) are denoted with grey or white curves in each subplot.
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potential temperature, DO and nutrients based on the cruises in
2009 and 2011. Low salinity water (S < 30) was confined within the
nearshore surface off the Changjiang Estuary, presenting the in-
fluence of river discharge. The most saline water (S > 34) was
distributed at the subsurface off the northeastern tip of Taiwan and
extended to near the bottom at the northern transects (e.g. DH5
and DH3 in Fig. 2b). The warm water mass (q > 25 �C) occupied
most of the surface of the region under survey and the cold water
(q < 19 �C) was observed below ~100 m at the east of the KP
transect. Similar to the high salinity water distribution, the cold
water also extended northward to transect DH3 near the bottom.
The isopycnal surfaces (i.e. sq ¼ 24.2, 25.2, grey or white curves in
Fig. 2) revealed a clear spatial distribution for the cool and saline
water while a warm and less saline water, the TWC water (Fig. 1)
was distributed on top of the cooler and saline water.

As for DO (Fig. 2eef), most surface values were ~200 mmol kg�1

but there were two low DO centers in the subsurface water. One
was located off the Changjiang Estuary where seasonal hypoxia is
frequently observed (Li et al., 2002; Wei et al., 2007; Zhu et al.,
2011). The other center was at ~150 m depth off the northeastern
tip of Taiwan where the DO was ~160 mmol kg�1.

The transectional distributions of N þ N and DIP throughout the
region investigated are displayed in Fig. 2gej. Nutrient-depleted
water (<0.3 mmol kg�1 for N þ N, <0.2 mmol kg�1 for DIP) domi-
nated most of the surface water of the ECS except the area
nearshore and off the Changjiang Estuary which is influenced by
the riverine input where the NþNwas>100 mmol kg�1 and the DIP
>2 mmol kg�1. Nutrient replete waters (N þ N > 7 mmol kg�1,
DIP > 0.5 mmol kg�1) were also observed in the subsurface water at
the shelf-break northeast of Taiwan and in bottom water on the
shelf where the low DO water was located.

Fig. 3 is the qeS diagram based on the data collected during the
two cruises in the ECS and the oceanic stations near Luzon Strait in
this study. The ECS continental shelf water mostly had a narrow
range in salinity, between 33 and 34, with exceptions in the near-
shore mixing zone influenced by the fresh water input and thus
with low salinity of <30. Temperature had a much larger range
between ~2 and ~30 �C. Nevertheless, most data points fell within a
triangular field constrained by three end members, i.e., CJW, ECS
shelf water and ECS bottom water (EBW).

In order to trace the source of the EBW, the qeS of profiles from
the typical KC and SCS are also included in Fig. 3aeb. Noteworthy is
that the bottom water underneath the plume and of the transects
KP, DH5 and DH3 on the ECS shelf, as well as the subsurface water
of the SCS1, KC1 and KC2, converged at 24.2 < sq < 25.2 (red
quadrilateral in Fig. 3aeb). This suggested that the bottom-hugging
water extending from the shelf-break northeast of Taiwan down to
the CJP originated from the KC, SCS or their mixture. Fig. 3 also
suggested that the TWC contributed little to the bottomwater mass
of the hypoxic zone. To prove this, we zoomed in on the salinity



Fig. 3. (a) The potential temperature (q/�C) vs. salinity scheme for the stations of the 2009 summer cruise (blue) and 2011 summer cruise (green). Also shown are the additional
oceanic stations SCS1 (purple), KC1 and KC2 (grey). The three open dots connected by grey dashed lines denote the three end members, i.e. Changjiang water (CJW), ECS surface
water (ESW) and ECS bottom water (EBW); and (b) the same data set with the 33e35 salinity scale. The blue quadrilateral contains shelf water with high temperature (q > 20 �C)
and saline (33 < S < 34) water; and the red one intruded water featured with the criterion (24.2 < sq < 25.2). Also shown are the typical profiles of the Kuroshio (grey dashed line),
the SCS (purple dashed line) (Du et al., 2013) and the easternmost station of the KP transect (KP13) is highlighted with open circles. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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scale of 33e35 (Fig. 3b) to examine the fine structure of the water
mass composition. The uppermost layer of shelf water within the
blue quadrilateral was characterized by higher temperature
(q > 20 �C) and lower salinity (S < 34) which was closer to the SCS
type implying that it held more SCS and fewer KC properties.
Noteworthy, the potential density anomaly (sq) was less than 23.5
for the three stations located just north of the Taiwan Strait, which
was consistent with the fact that warm and less saline SCS surface
water (sq < 23.5 in this work) passes through the Taiwan Strait
contributing to the TWC during summer (Jan et al., 2006).

However, the EBW with a characteristic temperature of ~19 �C
and salinity of >34, or sq > 24.2 would be traceable immediately to
the subsurface of the easternmost two stations of the KP and
northward transects. Moreover, the q-S data of the subsurface
water during the two surveys (24.2 < sq < 25.2) largely fell between
those of the typical SCS and the KC especially for those of KP13, the
easternmost station of the KP transect. We thus suggested that the
bottom water of the hypoxic zone is primarily sourced from the
mixture of the KC and SCS subsurface waters which intrude into the
ECS via the shelf-break northeast of Taiwan.

Our results were consistent with Yang et al. (2012, 2013), who
propose a NSKB, bifurcating from themainstream of the KC, flowing
northwestward beneath the TWC, ultimately reaching 31�N off the
mouth of the Changjiang Estuary. We further adopted the expla-
nation of the SCS water emergence on the western boundary of the
KC mainstream (Chen, 2005; Chou et al., 2007; Hsin et al., 2012;
Shaw, 1991; Sheu et al., 2009; Yang et al., 2011). In comparison
with those of the KC, the nutrient enrichment and DO depletion can
be clearly determined in the SCS subsurface layer, attributed to
basin-wide upwelling internal to the SCS and organic matter
remineralization (Dai et al., 2013; Du et al., 2013; Gong et al., 1992).

It was critical, in this work, to evaluate the respective contri-
bution from the possible sources, the Kuroshio and SCS waters, to
the EBW. We applied the isopyncal mixing algebra algorithm to the
subsurface water of two easternmost stations on transect KP where
the intruding water was found to quantify the fractional contri-
bution from each source water (Du et al., 2013). The mixing model
is based on mass balance of salinity and q during the water mass
mixing of the two end members, as follows:

Rs � Xs þ Rk � Xk ¼ Xinsitu (1)

Rs þ Rk ¼ 1 (2)

where Xinsitu, Xs and Xk stand for the salinity (or q) in the in situ
sample, SCS and Kuroshio water that possessed an identical density
value. Rs and Rk represent the percentage contribution from the
end-members of the SCS and the Kuroshio, which could be solved
based on Equations (3) and (4):

Rs ¼ Xk � Xinsitu

Xk � Xs
(3)

Rk ¼
Xinsitu � Xs

Xk � Xs
(4)

At the easternmost station (KP13), the two source water masses
contributed ~50% to the subsurfacewater mixture. At station KP10A
within the given criterion (24.2 < sq < 25.2), a greater SCS fraction
of ~90% was revealed.

Since the flow rate for the intruding water is ~1.4 Sv (Yang et al.,
2011), we further estimated that the SCS water contributed ~50% of
the intruding water based on the above mentioned isopycnal
mixing results. It should be pointed out that the SCS subsurface
water contained substantially higher levels of nutrients
(~10 mmol kg�1 for N þ N, ~0.66 mmol kg�1 for DIP) and apparent
oxygen utilization (AOU ¼ [O2]eq�[O2], where [O2]eq is the DO
solubility at equilibrium with the atmosphere, [O2] is in situ DO



Fig. 4. (a) Correlation between DIP and N þ N with the potential density anomaly
between 24.2 and 25.2 within the ECS continental shelf based on the data collected
during the 2009 and 2011 surveys. Additional oceanic stations near the Luzon Strait
(SCS1, KC1 and KC2) are also displayed. The grey dashed line denotes the regression
curve between DIP and N þ N, N þ N¼(14.2 ± 0.7)DIP þ (-0.4 ± 0.5), r2 ¼ 0.95, n ¼ 25,
p < 0.0001; and (b) the AOU evolution along the pathway. The shadowed rectangle
divides the investigated area into three domains, i.e. water mass source regime, con-
tinental shelf of the ECS, and off the Changjiang Estuary. The AOU range for the sub-
surface water at 24.2 < sq < 25.2 of the typical KC and SCS (Du et al., 2013) is also
shown. The pathway of the nearshore Kuroshio branch is schematically indicated by an
arrow. The offshore stations of DH3 were excluded because of their deviation from the
pathway.
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concentration) than those of the KC at sq ¼ 24.2e25.2. Therefore
the additional nutrient flux of ~7 kmol s�1 for N þ N and
~0.4 kmol s�1 for DIP induced by the SCS water amounted to ~2
folds for the N þ N and ~10 folds for the DIP flux from the Chang-
jiang River during summer (Chen and Wang, 1999; Zhou et al.,
2008). In addition to the winter nutrient transport from the ECS
to the SCS, this process also shed light on another crucial linkage
and potential inter-influence between these two major marginal
seas in the Western Pacific Ocean via coastal currents (Chou et al.,
2007; Han et al., 2013; Sheu et al., 2009).

Taking the hydrological and biogeochemical properties together,
we suggested that the EBWoriginated from themixture of Kuroshio
and SCS subsurface waters, and this source function was a critical
determinant of the initial conditions for the hypoxic zone in the ECS
off the Changjiang Estuary.

3.2. Evolution of stoichiometry along the pathway on the ECS shelf
to the hypoxic zone

We found a significant correlation between N þ N and DIP
(Fig. 4a) in waters at sq ¼ 24.2e25.2 along the pathway from the
Luzon Strait to the region off the Changjiang Estuary. The regression
slope of 14.2 ± 0.7 resembled the Redfield ratio implying that the
nutrient accumulation in the water was caused mainly by organic
matter remineralization.

It was very clear that the AOU values were lower in the KC water
compared to those of the typical SCS water within our density
criterion (Fig. 4a). The AOU value at station SCS1was between those
of the KC and SCS which suggested mixture of the two source
waters. Along the pathway of the NSKB, the AOU generally dis-
played an increasing pattern from ~60 to ~100 mmol kg�1 on the
ECS continental shelf.

Transect DH3 extended ~400 km off shore with relatively lower
AOU values of ~50 mmol kg�1 at sq ¼ ~24.2 at the easternmost
stations. At the nearshore stations of the transect, AOU of
~100 mmol kg�1 was determined at sq ¼ ~24.6. This considerable
AOU fluctuation was observed within the density criterion of in-
terest throughout transect DH3 due to the difference in initial AOU
in the sourcewaters and the varying oxygen consumption along the
NSKB pathway. For example, the west boundary of the KC water,
holding more fractions of the SCS water, was more likely to intrude
into the ECS. In addition, when the NSKB flowed northward, it
received more organic matter along the productive inner shelf of
the ECS before it reached the vicinity of the Changjiang Estuary
(Chen et al., 2004; Yang et al., 2011), resulting in significant in-
creases in AOU given the long travel time for the NSKB from the
intruding point at the shelf-break northeast of Taiwan to the vi-
cinity off the Changjiang River (~60 days, Yang et al., 2013).

Given that the total AOU increment was ~40 mmol kg�1 on the
continental shelf of the ECS, the DO drawdown rate could be esti-
mated to be ~0.67 mmol kg�1 day�1 (40 mmol kg�1/60 days), which is
equivalent to a supplying rateof organic carbonof~0.12gCm�2day�1

assuming the bottomwaterwas ~20m thick and if the classicalmolar
respirationquotient (O2/C¼1.3)was taken. ThisDOdrawdownonthe
ECS shelf seemed to be sufficiently supported by the organic matter
induced from reported new productivity of 0.06e2.22 g C m�2 d�1

(Chenet al., 2004). This suggested that the observed drawdown inDO
along the pathway of the NSKB was reasonable.

On the other hand, the bottom water respiration and sediment
oxygen demand were regarded as a crucial DO sink. While the total
DO consumption rate ranged from ~2 to ~8 mmol O2 kg�1 d�1

underneath the CJP (Cai et al., 2014; Liu, 2014), if a 20 m thick
bottom water and residence time was ~11 days (Li et al., 2002;
Rabouille et al., 2008), less than ~90 mmol O2 kg�1 (2e8 mmol
O2 kg�1 d�1 � 11 day ¼ 22e88 mmol O2 kg�1) consumption was
expected under the river plume. This first order estimation further
suggested that the initial DO of the sourcewater masses and the DO
consumption along the pathway to the hypoxic zone indeed played
a significant role in the formation and development of the hypoxias.

In order to well summarize the whole pathway of the bottom
water, all key processes were emphasized in Fig. 1. The upstream KC
mixes with water flowing out from the SCS and then flows north-
ward into the ECS as an intrusion, where the nearshore branch bi-
furcates from the KCmainstream and keeps flowing northwestward
until it reaches the region off the Changjiang Estuary around 31�N.
4. Concluding remarks

This study examined the far field controls on the initial DO levels
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of the water masses supplied to the hypoxic zone. We have
demonstrated that the source function of the initial water masses
that fueled the bottom ECS water mass was an important deter-
minant. Equally important was the oxygen consumption along the
pathway on the shelf of the ECS, which was largely determined by
the surface biogeochemical processes related to biomass produc-
tion and its sinking and decomposition.

We postulated that this initial DO condition would be expected
to play an evenmore important role in the global warming scenario
in controlling the summer hypoxia off the Changjiang Estuary. For
instance, a substantial increase of sea surface temperature, partic-
ularly in the western Pacific, would result in an intensified strati-
fication and a decrease in oxygen solubility, which would further
exacerbate the oxygenation status of the intermediate water
(Carstensen et al., 2014; Helm et al., 2011; Jaccard and Galbraith,
2011; Keeling and Garcia, 2002; Stramma et al., 2009). Indeed, Lui
et al. (2014), based on long-term data analysis, report a
decreasing DO trend in the Kuroshio intermediate water with
increasing nutrients due to reduced ventilation. The even lower
initial DO in the source water would certainly impact the baseline
DO in the coastal hypoxic zones, including the region off the
Changjiang Estuary, where bottom water is brought by oceanic
subsurface upwelling water.
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