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[1] Using historical in situ data sets, we investigated long-term variations in summer
surface salinity and dissolved inorganic nitrogen concentration (DIN) in the northern East
China Sea (ECS). From 1950 to 2002, there were interannual and decadal variations

in sea surface salinity, as well as a long-term decrease. Along with the Changjiang
discharge, wind fields and surface circulations appeared to play roles in determining the
interannual salinity variation. Although we attributed the long-term decrease in surface
salinity to a long-term increase in the Changjiang discharge, the high salinity between
1978 and 1988 appeared to be associated with an increase in the Kuroshio Current
transport. The increase in DIN from 1971 to 2001 appeared to be caused by a combination
of changes in Changjiang discharge and an increase in nitrogen fertilizer use in China. The
long-term increase in DIN modified the nutrient composition, implying that biological
production in the northern ECS changed from a DIN-limiting to a phosphorous-limiting.
We should pay attention to changes in the northern ECS ecosystem in future decades
because the volume of the Changjiang discharge, as well as its physical and chemical
properties, may change dramatically because of the continuous anthropogenic

perturbations and climate change.
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1. Introduction

[2] The Changjiang (Yangtze River) is the main freshwa-
ter discharge source, and one of the main nutrient sources,
for the East China Sea (ECS). The river has been undergo-
ing long-term ecosystem modifications because of anthro-
pogenic activities, such as chemical fertilizer use, dam
construction, and land use modifications. Eutrophication
and more frequent red tide breakouts in Chinese coastal
waters in the last decade are some of the environmental
problems caused by these long-term anthropogenic activi-
ties [e.g., Gao and Song, 2005; Li et al., 2007; Wang, 2006].
Giant jellyfish (Nemopilema nomurai) population explo-
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sions in the ECS in recent years also suggest that marine
ecosystem changes may be occurring [see Kawahara et al.,
2006].

[3] Nutrient concentration in the Changjiang estuary and
sediment loaded into the ECS have been intensively inves-
tigated as proxies for long-term environmental changes, as
they seem likely to be directly affected by anthropogenic
activities. Xu et al. [2006] found that the sediment flux from
the Changjiang has decreased since 1950, independently of
the long-term Changjiang discharge variation. Previous
studies have investigated the long-term variation of nutrient
concentration and composition [e.g., Chai et al., 2006; Li et
al., 2007], but they mostly covered the region around the
Changjiang, its estuary, and its adjacent waters. The long-
term nutrient variations in regions further offshore have not
been documented.

[4] However changes in the Changjiang basin are not
only caused by human activities. Climatic changes, such as
changes in precipitation over the Changjiang valley, have
also played a role. It has been observed that summer
precipitation over the Changjiang valley (east of 107°E)
shifted in the late 1970s [Gong and Ho, 2002]. The climate
of the Changjiang source region in the Tibetan Plateau of
western China (west of 105°E) has also warmed, causing
increases in glacier retreat and runoff there [Ding et al.,
2006]. Such long-term increases in precipitation and melt-
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water from glaciers might lead to long-term variations in the
Changjiang discharge and hence in sea surface salinity in
the ECS.

[5] Changes in the Changjiang discharge and sea surface
salinity in the ECS are expected to influence the marine
ecosystem of the Japan Sea. Diversion of freshwater from
the Changjiang could induce frequent bottom water forma-
tion in the Japan Sea through changes in the surface salinity
[Nof, 2001]. Yanagi [2002] further suggested that changes in
salinity in the ECS could cause serious changes in nutrient
conditions in the upper 200 m of the Japan Sea. The
northern ECS is thus an important checkpoint for investi-
gating the long-term salinity and nutrient variations influ-
enced by Changjiang discharge, as the Changjiang diluted
water (CDW) flows through this region to the Tsushima
Straits, after which it enters the Japan Sea [e.g., Chang and
Isobe, 2003; Senjyu et al., 2006]. It is therefore crucial to
investigate the long-term changes in sea surface salinity and
nutrients in the northern ECS, particularly those related to
the Changjiang discharge variation.

[6] We investigated the long-term variations in sea sur-
face salinity and nutrients from 1950 to 2002, and 1971 to
2001, respectively. The long-term variation in Changjiang
discharge from 1950 to 2002 was also examined. We chose
1950 as the starting year of analysis because a complete
time-series of the Changjiang discharge has been available
since then. We chose 2002 as the final year because we
wanted to know the long-term variations of sea surface
salinity and Changjiang discharge before the freshwater
impoundment in June 2003 by the world’s largest hydro-
electric dam, the Three Gorges Dam (TGD), situated in the
middle reaches of the Changjiang.

[7] This study provides basic information on present
environmental conditions in the northern ECS and thus will
be an important starting point for assessing future changes
in the marine ecosystem in the ECS and its connected seas.
Our aim was to investigate long-term variations in sea
surface salinity and nutrients, and their relationship with
the variation of the Changjiang discharge. However the path
of the Changjiang plume, and hence the offshore extension
of the low-salinity water mass on the shelf region, varies
dramatically because of complicated surface circulations
that are influenced by the Taiwan Warm Current, the
Kuroshio Current, and wind-driven Ekman transport [e.g.,
Chang and Isobe, 2003]. Therefore it is possible that
variation in the sea surface salinity is not only determined
by the Changjiang discharge, but also by these multiple
factors. We discuss the most likely mechanisms behind the
observed variations in surface salinity and nutrients. We
also discuss the relevance of our work to some of the marine
environmental problems experienced recently.

2. Data Sources

[8] We acquired sea surface salinity data in the northern
ECS from 1950 to 2002 from the Japan Oceanographic Data
Center. Dissolved inorganic nitrogen concentration (DIN:
Nitrate + Nitrite, ©M) data from 1971 to 2001 were
obtained from the Seikai National Fisheries Research
Institute of Japan and the Japan Meteorological Agency.

[v] We were also interested in assessing the long-term
excess DIN as an indicator of the changes in nutrient
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composition in the northern ECS. The excess DIN was
computed following the method of Wong et al. [1998] using
the equation

Excess DIN = DIN — 14.5 PO4-P,

where PO4-P is the phosphate concentration (M), which
was obtained from the Seikai National Fisheries Research
Institute of Japan and the Japan Meteorological Agency.
Excess DIN is the DIN in excess of that which can be used
by marine phytoplankton given the observed PO4-P levels.
We computed it from 1981 onward because there were no
PO,4-P data earlier.

[10] The Changjiang discharge data measured at the
Datong hydrological gauging station in the downstream
Changjiang region (~680 km from the Changjiang mouth)
from 1950 to 2002 were used. Discharge data from 1950 to
1988 and from 1998-2002 were obtained from the
Monthly Discharge Data for World Rivers [Bodo, 2001]
and the Ministry of Water Resources of the Peoples’
Republic of China [http:/www.net.cn and http://www.
hydroinfo.gov.cn], respectively.

[11] To investigate the probable influence of the wind
field on sea surface salinity variation, wind vector compo-
nents (u and v, m s~ ') from the International Comprehen-
sive Ocean—Atmosphere Data Set (ICOADS) with 2-degree
spatial resolution were acquired from the website of the
Royal Netherlands Meteorological Institute (KNMI, http://
climexp.knmi.nl). These wind component data were used to
derive the wind magnitude and direction.

3. Period and Region of the Study

[12] About 40% of the annual Changjiang discharge
occurred from June to August [Yang et al, 1983]. We
computed the monthly mean Changjiang discharge over
53 yr from 1950 to 2002 and found that by average, July
was the month with the highest Changjiang discharge
(Figure 1la), agrees with the results of Yang et al. [1983]
and Senjyu et al. [2006]. Such a high discharge inevitably
has a large impact on the offshore ecosystems, as more
terrestrial materials and freshwater are discharged into the
ECS. The July discharge also covaried with the annual
mean, annual maximum, and summer mean (from June to
August) discharges (Figure 1b), suggesting that July dis-
charge could be used as an indicator of the summer
Changjiang discharge. In this study, we therefore related
only the July Changjiang discharge (hereafter referred to as
the summer Changjiang discharge) to the summer sea
surface salinity and nutrient variations in the northern ECS.

[13] To show the spatial and temporal variations in
summer sea surface salinity, we used all summer sea surface
salinity data measured in a region from 31° to 32°N and
122°15" to 130°E (Figure 2) from 1950 to 2002. However,
to show the long-term variation of summer sea surface
salinity, our analysis emphasized the region from 31° to
32°N and 124°30' to 125°30’E and the period from 1951 to
2001 because of data availability. The long-term variation in
summer DIN was derived from all summer data west of
125°30'E (Figure 2). We defined the summer salinity and
DIN as the mean values averaged from July to September.
Because the ICOADS wind component data had 2-degree
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(a) Monthly mean of Changjiang discharge measured at the Datong hydrological gauging

station, averaged from 1950 to 2002. (b) Long-term variations of annual mean, annual maximum,
summer mean, and July Changjiang discharges measured at the Datong hydrological gauging station

from 1950 to 2002.

resolution, we derived the summer wind magnitude and
direction by averaging wind components within the region
between 30° to 32°N and 124° to 126°E and over the period
from July to September.

4. Results

4.1. Interannual, Decadal, and Long-Term Variations
in Summer Surface Salinity

[14] Changjiang discharge accounts for about 90% of the
total river discharge into the Yellow, Bohai, and East China
Seas. To see the spatial extent and long-term variation of the
CDW into the northern ECS, we plotted the zonal distribu-
tion of surface salinity from 122°15" to 130°E during the
period from 1950 to 2002 (Figure 3b). In general, in the
years when the Changjiang discharges were high (Figure 3a),
the outer boundary of the CDW indicated by the 32 isohaline
[see Chang and Isobe, 2003] expanded far offshore, exceed-
ing 127°E, or more than 500 km east of the Changjiang
estuary. This distance agrees with the result reported by
Delcroix and Murtugudde [2002].

[15] We plotted the Changjiang discharge against the
mean sea surface salinity averaged over the 31° to 32°N
latitude range in three different longitude ranges (see
Figure 2): 123°30’ to 124°30'E (western region), 124°30’
to 125°30'E (middle region), and 125°30" to 126°30'E
(eastern region). The plots clearly indicated that the inverse
relationship between the Changjiang discharge and surface
salinity was less significant in the regions further from the
Changjiang estuary (Figures 4a, 4b, 4c¢). The middle and
western regions showed a significant relationship between
surface salinity and Changjiang discharge, with correlation
coefficients of 0.37 (p < 0.05) and 0.42 (p < 0.05),
respectively. The high variability of the Changjiang plume
path, which was influenced by the Taiwan Warm Current
and wind-forced Ekman transport, also seemed likely to
play a role in determining the summer surface salinity
variation [see Chang and Isobe, 2003].

[16] The mean wind field during the period from 1950 to
2002 period was largely characterized by strong southerl
and southeasterly winds. The highest magnitude, 3.87 ms™ ",
was observed in 1951, while the lowest, 0.425 m s !, was
observed in 2002 (Figure 3c). Many periods were also

characterized by moderate and strong easterly winds, and
by weak northerly winds.

[17] In 1954, when the Changjiang discharge was the
maximum observed, salinity was relatively high in the
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Figure 2. Map of the ECS, showing sampling stations for
summer surface salinity (red dots) and DIN (blue circles)
data used in this study. The sampling region was from 31°
to 32°N and 122°15" to 130°E. The three squares indicate
the western (123°30'—124°30'E), middle (124°30'—
125°30'E) and eastern (125°30'—126°30'E) regions (see
text). The salinity data within these three squares were used
to study long-term variations, with a special emphasis on
the middle region (bold square). The green open circle and
black areas represent the Changjiang estuary and land,
respectively. The bathymetry scale bar and 50, 100, and
200 m isobaths are also shown. The labels with capital and
italic letters indicate the names of countries and islands,
respectively.
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Figure 3. (a) Long-term variation of the summer Changjiang discharge (1950—2002) measured at
Datong hydrological gauging station. (b) Long-term and zonal (122°15'—130°E) variations of summer
surface salinity (1950—2002). The black bars and white contour indicate no data and the outer boundary
of the 32 isohaline, respectively. (c) Variation of the mean summer wind field from 1950 to 2002. The sea
surface salinity was averaged from July to September over the 31 to 32°N latitude range. The mean
summer wind field was derived by averaging wind components from July to September within the region
of 30° to 32°N and 124° to 126°E.
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(a—c) Scatter plots of summer surface salinity against Changjiang discharge in the western,

middle, and eastern regions, respectively, as depicted by the three squares in Figure 2. (d—f) Long-term
variations of summer sea surface salinity in the western, middle, and eastern regions, respectively. The
solid lines indicate the linear least-squares fits to the data.

northern ECS. The extension of the 32 isohaline in 1954 did
not exceed 128°30'E. This can be compared to the
32 isohaline in 1951, which reached 130°E, even though
the 1951 discharge was remarkably low (Figures 3a and 3b).
The summer mean wind speed in 1951 was the highest
(3.87 m s™') in the investigated period, with the wind
blowing in a southerly direction (Figure 3c). Because the
southerly wind-forced eastward Ekman transport plays an
important role in the CDW eastward extension [Chang and
Isobe, 2003], it seemed likely that in summer 1951, the
CDW was transported farther eastward by this mecha-
nism. In 1954, the wind field was of moderate magnitude
(1.37ms ') and blew northwesterly, causing southwestward
Ekman transport that might have constrained the expansion
of the CDW to some degree. Another interesting case was
observed in 1968, when there was remarkably high
Changjiang discharge, but rather high salinity in the
northern ECS, and no tongue-like eastward extension of
the 32 isohaline. The 32 isohaline probably retreated in this
case because the easterly wind forced the withdrawal of
freshwater from the shelf [see Chao, 1988].

[18] Another phenomenon was observed in 1962 and
1963. A remarkably high Changjiang discharge occurred
in 1962, but the surface salinity decreased only slightly, in a
very limited region near the shore. There was no tongue-like
eastward extension of low-salinity water, even though a
southerly wind prevailed. In contrast, the elongated low-
salinity region from 123.5° to 127°E was obvious in 1963,
when the Changjiang discharge was very low. The same
phenomenon of high (low) salinity in the onshore (offshore)
region was also obvious in 1991. This salinity variation was
probably caused by high variability of the path of the

Changjiang plume, which rotates anticyclonically east of
122.5°30'E and turns northeastward under the influence of
the Taiwan Warm Current [Chen et al., 2003; Lee and Chao,
2003].

[19] Despite the high interannual variability, sea surface
salinity in the three regions of the northern ECS showed a
long-term decrease (Figures 4d, 4e, 4f). The closer the
region was to the Changjiang estuary, the greater the
decrease, indicating a greater susceptibility to long-term
variation in the Changjiang discharge. To allow a thorough
discussion of the long-term variation of surface salinity in
relation to the Changjiang discharge, and other factors such
as wind and precipitation, we focused on the middle region
of the northern ECS (124°30’'—125°30’E, hereafter referred
to as the northern ECS). We considered this region suitable
for investigating the long-term variation of surface salinity
because it had more complete time-series data than the
western region, with a more obvious decreasing trend and
higher significant correlation with the Changjiang discharge
than the eastern region.

[20] From 1951 to 2001, summer sea surface salinity in the
northern ECS decreased significantly at a rate of —0.06 yr~"
(Kendall’s rank coefficient [7] = —0.222, p <0.05). It ranged
from 23.83 in 1995 to 33.34 in 1979, with an average of
29.80 (Figure 5a). In contrast, the Changjiang discharge
measured at Datong hydrological gauging station from
1950 to 2002 increased significantly (Kendall’s rank coeffi-
cient [7] = 0.212, p < 0.05) at a rate of 180.85 m*> s~ ' yr!
(Figure 5a). The discharge ranged from 32,700 m® s™' in
2001 to 75,200 m® s in 1954, with an average value of
50,409 m’ s~
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Figure 5.

(a) Long-term variations of summer surface salinity in the northern ECS and Changjiang

discharge measured at the Datong hydrological gauging station. The dashed lines represent the long-term
trends. The precipitation anomaly and long-term trend over the Changjiang valley redrawn from Gong
and Ho [2002] are also plotted. The black, red, and blue solid lines represent trends for salinity,
discharge, and precipitation anomaly, respectively, within two periods (1950—1977 and 1978-2002, see
text). (b) Plot of summer Changjiang discharge against summer precipitation anomaly over the
Changjiang valley with a linear least-squares fit. The precipitation anomaly data were extracted from (a).
(¢) Temporal variation of the summer DIN in the northern ECS during the period from 1971 to 2001. The
bars for salinity and DIN in (a) and (c), respectively, indicate the standard deviation.

[21] While the interannual variation of Changjiang
discharge varied inversely with the surface salinity, it varied
closely with the precipitation anomaly over the Changjian%
valley (Figure 5a), with an increase rate of 1.88 mm yr—
(Kendall’s rank coefficient [7] = 0.247, p < 0.05). High-
volume Changjiang discharges, such as those in 1954, 1973,
1983, and 1998, occurred during or immediately following
El Niflo events which are directly link to rainfall [Shankman
et al., 2006]. Indeed, the Changjiang discharge correlated
significantly with the precipitation anomaly over Changjiang
valley (r = 0.67, n =49, p < 0.001, Figure 5b).

[22] The summer sea surface salinity also varied deca-
dally. During the period from 1978 to 1988, in particular,
surface salinity deviated positively from its long-term trend
(Figure 5a). Surface salinity increased abruptly from 29.31
in 1977 to 32.54 in 1978, reaching a value of 33.34 in 1979
(the highest measured during the period of study). The
western and eastern regions, which were more influenced
by the CDW and Kuroshio water, respectively, also showed
high surface salinity during the same period (Figures 4d

and 4f). This suggested that the high surface salinity within
this period was not a local phenomenon.

4.2. Interannual, Decadal, and Long-Term Variations
in Dissolved Inorganic Nitrogen

[23] The mean summer DIN increased at a rate of 0.25 M
yr ' from 1971 to 2001 (Figure 5c). It increased from
0.166 uM in 1971 to 17.470 uM in 1995, with high
concentrations more frequently observed after the mid-
1980s. The high value of DIN in 1995 was concurrent with
the lowest salinity value, which seemed to be a result of the
relatively high Changjiang discharge in 1995 (Figures 5a
and Sc). The DIN in summer 2001 was remarkably low,
which seemed to be due to the decrease in Changjiang
discharge.

[24] A clear inverse relationship between DIN and surface
salinity emerged (r = 0.79, n = 61, p < 0.001, Figure 6a).
The relationship between DIN and surface salinity also
varied decadally. Separating the data into three periods of
1981 to 1986, 1988 to 1994, and 1995 to 2001, besides
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strong inverse relationships, we also found that the slope of
relationship increased with decade. This indicated that at the
same salinity levels, the northern ECS surface water had
higher DIN in the more recent decade (Figure 6a).

[25] The significant relationship between sea surface
salinity and DIN suggested that surface salinity in the
northern ECS could indicate the amount of DIN discharged
from the Changjiang, as well as the freshwater volume
transport from the Changjiang. In fact, the DIN was strongly
influenced by the Changjiang discharge, as evidenced by
their significant relationship (r = 0.59, n = 61, p < 0.0001,
Figure 6b).

[26] The excess DIN also increased significantly with
Changjiang discharges (r = 0.59, n = 55, p < 0.0001,
Figure 7a). As with the long-term DIN variation, high
excess DIN was observed more frequently after the late
1980s. We could not compute the excess DIN before the
1980s because no PO,4-P data were available (Figures 7b
and 7c¢).

quares fit to the data.

[27] Human activities over the past few decades might
have played a role in determining the observed long-term
variations in sea surface salinity and DIN. The ECS was
also subject to environmental changes due to climatic
warming and the Pacific Decadal Oscillation (PDO) regime
shift. The probable connections between the observed long-
term variations in surface salinity and DIN, and anthropo-
genic or natural perturbations, are discussed in the next
section, along with the relevance of this work to current
environmental problems.

5. Discussion

5.1. Probable Causes of the Interannual and Decadal
Variations in Summer Surface Salinity

[28] As we described briefly in section 4.1, summer
surface salinity in the northern ECS showed a significant
long-term decreasing trend, and considerable interannual
and decadal variations (Figures 3-5). Although the
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(a) Scatter plot of excess DIN against Changjiang discharge with the linear least-squares fit.

1988 and 1995, respectively. (b and c¢) Long-term

variations of excess DIN and POy4-P, respectively, with long-term trends (solid lines) and standard

deviations (bars) included.
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Figure 8. Scatter plots showing the relationships between (a) summer surface salinity, (b) the eastward
extension of the 32 isohaline, and (c) wind magnitude, against wind direction, during the investigated
period. The dashed curve indicates a second-order polynomial fit. The x-axes at 90, —90, 0, and 180
(—180) degrees indicate southerly, northerly, westerly, and easterly wind, respectively. The data
represented by open circles show the large eastward extension, which seemed to be caused by the strong

zonal wind component (see text and Figure 9c).

Changjiang discharge appeared to be the main controlling
factor, the wind field, Taiwan Warm Current, and Kuroshio
Current probably also had non-negligible effects [see also
Chang and Isobe, 2003; Bang and Lie, 1999; Lee and Chao,
2003].

[20] Because of the complexity of surface circulations in
the northern ECS, the variations in summer surface salinity
and low-salinity water mass extension in the northern ECS
could not always be explained by the Changjiang discharge
and/or the wind field, as the influences of the Taiwan Warm
and Kuroshio Currents are also of sufficient strength.

[30] In general, when a strong southerly wind prevailed
(Figure 8c), surface salinity in the northern ECS tended to
be low (Figure 8a), and the 32 isohaline expanded eastward
(Figure 8b). This indicated that the CDW, and hence a low
surface salinity water mass, were transported eastward by

southerly wind-driven Ekman transport. An increase in the
meridional wind component caused the 32 isohaline to
move eastward (r = 0.47, p < 0.05; Figure 9a), lowering
surface salinity in the northern ECS (Figure 9b). This
confirmed the strong dependency of the offshore river
plume flow on southerly wind-driven Ekman transport, as
described by Chao [1988] and Chang and Isobe [2003].
[31] Even when a northerly wind prevailed, salinity in the
northern ECS still decreased, and the 32 isohaline still
expanded eastward. This was most likely because the
northerly wind was weak (Figure 8c), and thus the Ekman
transport might not have been strong enough to constrain
the eastward flow of CDW during the high Changjiang
discharge season. The eastward extension of the 32 isoha-
line indicated by four data in Figure 8b with negative
meridional wind components (Figure 9a) seemed to be
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Figure 9. Scatter plots showing the relationships between (a) the 32 isohaline eastward extension,
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more likely because of the strong zonal wind components
(Figure 9c).

[32] When the wind field became easterly, surface salinity
in the northern ECS tended to increase, and the eastward
extension of the 32 isohaline tended to retreat (Figures 8a
and 8b). As described by Chao [1988], an easterly wind
forced the withdrawal of the river plume from the shelf.
When a westerly wind prevailed, salinity tended to
decrease, and the 32 isohaline moved eastward. In
addition, a significant positive correlation emerged between
the 32 isohaline eastward extension and zonal wind com-
ponent (r = 0.44, p < 0.05; Figure 9c). Salinity tended to
decrease with the increase in zonal wind component
(Figure 9d), indicating that salinity in the northern ECS
and the low-salinity offshore extension were also influenced

by westerly wind, as it increased the freshwater export onto
the shelf [see Chao, 1988].

[33] The surface salinity also varied on a decadal time
scale. From 1978 to 1988, surface salinity was high,
deviating from its long-term trend even though the
Changjiang discharge anomaly did not change significantly
(Figure 10). It has been reported that transport of the
Kuroshio Current in the ECS increased in 1976 because
of the 1976/1977 PDO regime shift [Zhang and Gong,
2005]. High Kuroshio Current transport lasted until the late
1980s, concurrent with the end of the warm PDO regime
[Figure 10, Hare and Mantua, 2000]. This shift in the
Kuroshio Current allowed more saline water to intrude into
the northern ECS, and even into the Yellow Sea [Rebstock
and Kang, 2003]. Therefore the shift might have been
responsible for a high surface salinity tendency in the
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Figure 10. Long-term anomalies of summer surface salinity and summer Changjiang discharge (after
removing their long-term trends) superimposed on the PDO index.

northern ECS from 1978 to the late 1980s. Interestingly, the
average wind field in the period 1976 to 1989 was generally
easterly. Whether the northward Ekman transport forced by
this easterly wind intensified the Kuroshio Current is a
question for future investigation.

5.2. Probable Causes of the Long-Term Variation in
Summer Surface Salinity

[34] Regardless of the decadal and interannual variations
of summer surface salinity in the northern ECS, it clearly
showed an overall decreasing trend from 1951 to 2001. In
contrast, both the Changjiang discharge and precipitation
anomaly over the Changjiang valley increased in this
period. However the significant long-term decreasing
(increasing) trend of surface salinity (discharge and precip-
itation) seemed to be more caused by these quantities after
the late 1970s.

[35] There was a notable regime shift in precipitation
over the Changjiang valley in the late 1970s. It was
relatively low before 1979 and increased steadily after
that year [Gong and Ho, 2002]. As a result, the increasing
trend in the Changjiang discharge was also greater after
this time (Figure 5a). The increase rates in precipitation
anomaly and Changjiang dischar%e from 1978 to 2002
were 6.53 mm yr ' and 542.90 m® s~' yr~ ', respectively
(Figure 5a). These increase rates were greater than the overall
rates from 1950 to 2002, which were 1.88 mm yr ' and
180.85 m®> s~ ! yr !, respectively. The high salinity occurred
from 1978 to 1988 associated with an increase in the
Kuroshio Current transport made the decrease rate in
summer surface salinity in the northern ECS within the
period from 1978 to 2001 (—0.23 yr ', Figure 5a) was
greater than the overall rate of —0.06 yr .

[36] From 1950 to 1977, even though precipitation
anomaly tended to decrease at the rate of —2.00 mm yr'
(Figure 5a), Changjiang discharge still showed an increas-
ing trend with the rate of 189.87 m®>s~' yr~', slightly higher
than the overall rate of 180.85 m®> s~ yr~'. Within the same
period, surface salinity decreased at the rate of —0.09 yr~'
(Figure Sa), implying that its long-term decreasing trend
was indeed because of the long-term increasing trend in
Changjiang discharge. However, with the decrease in pre-

cipitation before 1979 over the Changjiang valley east of
107°E [see Gong and Ho, 2002], there must have been
another source of freshwater to maintain the steady increase
(decrease) trend of discharge (salinity).

[37] Climatic warming has increased the air temperature
in western China, the region west of 105°E [see Ding et al.,
2006] by 0.2°C per decade since 1951, with 1998 was the
warmest year so far. This increase in air temperature caused
precipitation in western China to increase by 5 to 10% per
decade. It has also caused >80% of glaciers to retreat,
increasing glacier runoff as a result [Ding et al., 2006].
These two effects likely increased the Changjiang discharge
during the period of investigation. The highest Changjiang
discharge in 1998 since the highest in 1954 generally
considered associated with El Nifio event [e.g., Shankman
et al., 2006], to some degree might also be associated with
the warmest climate in western China. Therefore the most
likely sources for the Changjiang discharge increase were
meltwater from glaciers and precipitation increases in
western China. The /PCC [1998] also noted that increases
in glacial melt due to global warming led to an increase in
summer discharge flows in some river systems.

[38] We therefore concluded that the long-term decrease
in summer surface salinity in the northern ECS was indeed
caused by a long-term increase in Changjiang discharge,
which in turn was likely caused by the increase in precip-
itation and glacier runoff from western China. Precipitation
over the northern ECS probably contributed negligibly to
the long-term variation in surface salinity [Delcroix and
Murtugudde, 2002], as the freshwater flux due to precipi-
tation over this region is nearly balanced by evaporation
[Chen et al., 1994].

5.3. Probable Causes of the Long-Term Variation in
Summer Surface Dissolved Inorganic Nitrogen
Concentration

[39] The long-term increase in DIN observed in the
northern ECS matched the changes observed in regions
closer to the coast [e.g., Wang, 2006; Chai et al., 2006;
Shuiwang et al., 2000]. However concentration was lower
in the northern ECS because of the dilution by shelf water.
This long-term increase in DIN could have been because of
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the drastic increase in nitrogen fertilizer use in China since
the 1980s [e.g., Wang et al., 1996; Shuiwang et al., 2000].

[40] Although the long-term increase in DIN (0.25 M
yr ') was most likely because of high DIN in 1990s
(Figure 5c), there was still an increasing trend (0.17 uM
yr~ ') within the period from 1971 to 1989. If a very low
DIN measurement in 2001 was excluded, DIN in 1990s had
the increase trend of 2.03 M yr~'. In any case, the increase
in DIN from 1990 to 1995 was greater than that from 1971
to 1989, quite possibly because of the increase in nitrogen
fertilizer use in China.

[41] We compared the spatial distributions of excess DIN
along 31°55'N in 1988 and 1995. In 1988, we found that
there was no excess DIN at 123°E (about 100 km east of the
Changjiang estuary). However, in 1995, excess DIN
reached 126°E (about 400 km east of the Changjiang
estuary), as shown in Figure 11. The large spread of excess
DIN in 1995 might have been due to the relatively high DIN
(17.47 uM, compared to 0.98 pM in 1988) and high
Changjiang discharge (66,000 m® s, compared to
34,900 m® s~ ' in 1988).

[42] Because the Changjiang discharge was correlated
significantly with both DIN and excess DIN (Figures 6b
and 7a), and also showed a long-term increase (Figure 5a),
it seemed likely that the long-term increases in DIN and
excess DIN were because of the Changjiang discharge varia-
tion. However, with the long—teml increase rate of Chang-
jiang discharge of 180.85 m® s~ ' yr~!, and increase rate of
DIN with Changjiang discharge of 0.0004 ;M (m® s~ ')~!
(derived as the slope of the linear least squares fit in

Figure 6b), long-term increase in Changjiang discharge
alone should increase DIN with the rate of 0.07 M yr ',
which was much lower than the observed rate (0.25 M yr ).
Hence it seemed likely that the long-term increases in DIN
and excess DIN were also because of the increase in

nitrogen fertilizer use in China.

5.4. Relevance to Recent Environmental Problems

[43] The long-term DIN increase in the ECS has had
ecological impacts. Based on in sifu measurement, Chai et
al. [2006] reported a long-term increase of phytoplankton
biomass (chlorophyll-a) in the offshore region (122°18'—
123°18'E, 30°45'—32°N). The overall decadal increase in
chlorophyll-a retrieved from satellite observations of ocean
color in the western ECS reported by Son et al [2005]
might also have been related to the DIN increase.

[44] Within the period from 1981 to 2001 PO4-P only
slightly decreased at the rate of —0.001 M yr~ ' (Figure 7c),
agrees well with the result of Wang [2006] showing a
relatively constant PO4-P. Assuming a constant DIN within
the period from 1981 to 2001, the increase rate of excess
DIN solely associated with the slight decrease in PO4-P was
only about 0.02 M yr~'. This rate was much lower than
the overall increase rate of excess DIN within the same
period (0.28 M yr~ ') indicating that the long-term increase
in excess DIN was largely attributed to the long-term
increase in DIN. This long-term increase in excess DIN
also indicated that in the last few decades, DIN increased
over the level that could be used by phytoplankton. This
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meant that biological production in the northern ECS
changed from DIN limiting, to PO,4-P limiting.

[45] The increase in DIN and excess DIN were also
relevant to the increased frequency of red tide outbreaks
in the Chinese coastal waters over the last few decades.
Since the 1980s, when both DIN and excess DIN increased
drastically because of nitrogen fertilizer use, red tides have
occurred frequently in the Changjiang estuary and nearby
areas, and the spatial extents of red tides have increased
with time [see Gao and Song, 2005; Wang, 2006]. About
75% of the red tide outbreaks observed from 1986 to 1993
occurred over the western inner shelf of the ECS, close to
our study region [Hong, 2003].

[46] Furthermore, the long-term increase in excess DIN,
combined with the long-term decrease in silicates [see
Wang, 2006], was most likely responsible for dramatic
shifts in dominant phytoplankton species. Wang [2006]
and Chen et al. [2003] found that changes in the
chemistry of the Changjiang plume prevented diatoms
(Skeletonema costatum) from competing effectively with
other algal classes, giving a selective advantage to dino-
flagellates (Prorocentrum dentatum, Noctiluca scintillans,
and Alexandrium spp.).

6. Conclusions

[47] From 1951 to 2001, summer sea surface salinity in
the northern ECS varied strongly on interannual and decadal
time scales. The summer sea surface water in the northern
ECS also freshened dramatically. The interannual variation
of summer surface salinity was not only determined by the
Changjiang discharge, but also by the regional wind fields
and surface circulations. The increase in Kuroshio Current
transport associated with the PDO regime shift seemed to be
responsible for the high salinity tendency from 1978 to
1988. We attributed the long-term decrease in summer
surface salinity to the long-term increase in Changjiang
discharge, which was probably caused by an increase in
precipitation and glacier runoff in western China.

[48] The long-term increase in DIN appeared to depend
on both the changes in Changjiang discharge and the
increase in nitrogen fertilizer use in China since the
1980s. The long-term increase in DIN modified the nutrient
composition, causing the excess DIN to increase. This result
implied that the biological production in the northern ECS
changed from DIN limiting, to PO4-P limiting.

[49] The long-term increase in DIN also seemed to be
relevant to the frequent red tide outbreaks in the ECS. We
should pay attention to changes in the northern ECS
ecosystem and its connected seas in future decades because
the volume of the Changjiang discharge, as well as its
physical and chemical properties, may change dramatically
because of the continuous anthropogenic perturbations and
climate change.
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