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Abstract

The extension of the Changjiang River plume is one of the fundamental processes in
the Yellow and East China Seas, which is responsible not only for the physical proper-
ties of seawater but also for the numerous physical, biogeochemical, and sedimentary
processes in this region. The studies of the Changjiang River plume dated back to 1960s,
followed by generations, and are still attracting numerous focuses nowadays. Here in
this chapter, we will review the past studies on the Changjiang River plume and present
some latest studies on this massive river plume. The latest research progresses on the
Changjiang River plume are mainly related to the tidal modulation mechanisms. It is
found that the tide shifts the Changjiang Rive plume to the northeast outside the river
mouth, bifurcates the plume at the head of submarine canyon, and arrests the unreal up-
shelf plume intrusion that occurred frequently in previous model studies. It is also found
that the tidal residual current transports part of the Changjiang River plume to the Subei
Coastal Water. These tidal modulation effects can answer the questions on the dynamics
of Changjiang River plume that puzzled the research community for decades.

Keywords: river plume dynamics, tide, up-shelf extension, numerical simulation,
Changjiang River Estuary

1. Introduction

The Changjiang River, 6300 km long, drainage basin of 1.8 million km? and annual dis-
charge of 9.32 x 10" m’, is the largest river entering the western Pacific Ocean. It empties 51%
freshwater, 23% sediments, 66% nitrogen, and 84% phosphorus of the total riverine fluxes
in China, respectively [38, 44, 53] (Figure 1). Consequently, the Changjiang River Estuary
(CRE) is one major fishery ground of China, but the excess nutrients and pollution inputs also
have caused severe eutrophication, harmful algal blooms (HAB), and hypoxia [25, 42, 45, 64].
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Figure 1. Topography of the Changjiang River Estuary and Subei Coastal Water.

North of the CRE is the most turbid coastal water in the East Asian marginal seas, that is,
the Subei Coastal Water (SCW), which receives the Old Yellow River discharge in 1128-1855
[11, 58]. The SCW is well known for its unique radial tidal ridge system [15, 28] and frequent
macroalgal blooms [29]. The extension of the Changjiang River plume substantially controls
the distributions of sediments and nutrients in the Yellow and East China Seas (YECS) and
determines the physical properties of water mass such as salinity and stratification, therefore
is responsible for the occurrence of HABs and hypoxia. It also significantly influences the
water mass composition in the SCW, as indicated by some recent studies (e.g., [50]). The
CRE-SCW represents a rare type of coastal water body, which is coinfluenced by huge river
discharges, energetic tides, strong shelf circulations, and the seasonal monsoon. Therefore,
the behavior of the Changjiang River plume is complicated, which has attracted numerous
research efforts in the past 60 years.

2. A research history voyage on the Changjiang River plume

Prof. Hanli Mao and his colleagues made the earliest study on the Changjiang River plume
[30]. By analyzing the hydrological data obtained in the vicinity of the Changjiang River
Estuary, they found that the Changjiang River plume extends southward along the Zhejiang
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and Fujian Coast in winter season but northeastward toward the Jeju Island in summer season
(Figure 2). Such a bi-directional plume extension was confirmed later by numerous studies,
such as Beardsley [4] and Zhao et al. [60], among many others. The northeastward plume
extension in summer is an iconic hydrodynamic feature in the Yellow and East China Seas,
which directly causes the harmful algal blooming and hypoxia off the Changjiang River
Estuary, by fueling the nutrients and forming the stratification [25, 64]. This offshore plume
branch finally reaches the vicinity of the Jeju Island and further enters the Japan/East Sea
through the Tsushima-Korea Strait [6, 21].

It has become a major oceanographic research topic to find the dynamic mechanisms respon-
sible for the northeastward extension of the summertime Changjiang River plume. The wind
direction in summer is southerly, which could favor an offshore extension under the surface
Ekman transport. However, the observed northeastward plume extensions were not always

Figure 2. Distribution of the Changjiang River plume in April (a), May (b), June (c), July (d), August (e), and September
(f). “L” means low salinity water; “H” means high salinity water. Replotted from Mao et al. [30].
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associated with an upwelling-favorable southerly wind [60]. Some theoretical studies indi-
cated that the magnitude of wind-driven current is too small to change the plume extension
direction [23, 30]. In summer, the mean wind speed is <3 m s™! and is generally weak, except
during the typhoon weather. These studies suggested that a large Changjiang River runoff
could be a prerequisite and proposed a “critical discharge” (~40,000 m® s!), beyond which
the northeastward extension should occur [3, 23, 30]. However, in many years with large
runoff, the northeastward extension was actually absent; whereas, in some other years with
low runoff, it was still observed [36, 57, 60]. Some studies speculated that the northward-
flowing Taiwan warm current played a role in the northeastward plume extension, through
the barotropic [60] or baroclinic [35] effects.

Since 1990s, with the growing computer power and the advances of numerical methods,
researchers began to use three-dimensional numerical models to study the extension of
Changjiang River plume. Zhu et al. [62, 63] developed the first three-dimension, baroclinic,
and terrain-following coordinate numerical model focusing on the Changjiang River plume.
With this tool, they highlighted that (1) the increasing runoff does not necessarily result in
enhanced northeastward plume extension; (2) the Taiwan warm current flows along the
bathymetry, which does not interact with the Changjiang River Plume; (3) the circulation
induced by the Yellow Sea Cold Water Mass (YSCWM) is important for the summertime
Changjiang River plume extension; and (4) the southerly wind in summer favors the north-
eastward plume extension. The YSCWM is in the bottom layers of the central Yellow Sea, due
to the seasonal variation of sea surface heat flux [19, 59]. The rapid warming in spring and
summer produces a strong thermocline in the Yellow Sea, which reduces the vertical mixing
and keeps the bottom water temperature lower than 8°C in summer season. However, the
YSCWM is often located in the Yellow Sea Trough that is distant from the Changjiang River
Estuary, and hence its role in regulating the Changjiang River plume is debatable. Also using
a numerical model, Chang and Isobe [6] suggested that the wind and the “Taiwan-Tsushima
Warm Current System” greatly controls the summertime plume extension.

Interestingly, it seems that these model results were inconsistent with the previous observa-
tional studies, which indicated that the observed Changjiang River plume could shift north-
eastward even without favorable winds (e.g., [23, 30, 60]). Moreover, the modeled Changjiang
River plume often confusingly extended northward (NOT northeastward!) along the Jiangsu
Coast, distinct from the observations. For example, in Chang and Isobe [6], the modeled
Changjiang River plume even reached the northern tip of the Shandong Peninsula. The
unreal northward plume extension is opposite to the Coriolis effect, which is often termed as
“up-shelf intrusion.” Up-shelf plume intrusion occurs frequently in river plume intrusions
[8,9, 12, 16, 17, 22, 55], which was believed to be an artifact of numerical simulation. Many
studies set an artificial down-shelf background current, solely to prevent the up-shelf intru-
sion (e.g., [9, 54]). Zhu et al. [62] set a strong southward-flowing Subei Coastal Current to
prevent northward plume propagation. However, the existence of southward-flowing Subei
Coastal Current in summer is highly debatable. Liu et al. [29] observed that under the south-
erly summer monsoon, the movement of Subei Coastal Water was actually northward. The
Subei Coastal Current set in Zhu et al. [62] actually served as the background current. Some
researchers thought that the modeled up-shelf plume intrusion is a realistic phenomenon
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(e.g., [31]), and they raised the Changjiang River plume as an example. Unfortunately, they
probably confused the observed northeastward offshore extension with the modeled north-
ward up-shelf intrusion, which are substantially different.

One overlooked dynamic factor in these previous studies is the tide, which is very energetic
in the Yellow and East China Sea. As indicated by the dominant tide constituent, M2, the
Changjiang River Estuary is influenced by two distinct tide systems: the progressive tide in
the East China Sea and the rotating tide in the Yellow Sea (Figure 3). Tide wave from the
Northwest Pacific propagates nearly parallel to the Ryukyu Islands, entering the East China

40°N
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117°E 120°E 123°E 126°E 129°E 132°E

Figure 3. Co-tide map of the M, tide constituent. The blue solid lines are the co-phase lines with an interval of 30°, and
the red dashed lines are the co-amplitude lines with an interval of 20 cm.
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Sea and marching northwestward to the Changjiang Estuary. Off the river mouth, the co-
phase lines become denser due to the shallowness of topography, which reduces the tidal
wave speed. Annually averaged tidal range at the Changjiang River mouth is 2.67 m, and the
maximum tidal range reaches 4.62 m. Gao et al. [14] highlighted the significant intra-tidal
variability of the Changjiang River plume near the river mouth. Sampling at different tidal
phases can result in a distinct salinity distribution. Moon et al. [34] found that the spring-neap
variation of the tidal mixing can detach the diluted water from the Changjiang River plume at
the slope region of the Changjiang Bank. Rong and Li [37] and Li and Rong [26] found that the
tidal forcing intensifies the down-shelf transport of Changjiang diluted water, since the tidal
forcing arrested the frontal instabilities, and therefore more buoyant water was moved to the
down-shelf. Here in this chapter, we will show that the tidal forcing is actually responsible for
many unexplained phenomena of the Changjiang River plume.

3. Numerical model

The numerical model used was developed by Wu et al. [49]. The hydrodynamic kernel of our
model is the ECOM-si [5] with a robust HSIMT-TVD advection scheme developed by Wu and
Zhu [47] to solve the transport equations. The model used the modified Mellor and Yamada
level 2.5 turbulent closure model [13, 32] for vertical mixing and t scheme of Smagorinsky
[40] for horizontal mixing. A wet/dry scheme was included with a minimum depth of 0.25 m.
The model domain covered the entire East China Sea, Yellow Sea, Bohai Sea, and parts of the
Pacific Ocean and the Japan Sea. The model grid mesh spanned 272 x 285 cell indices in the
horizontal. Off the river mouth, the model mesh was about 2 km = 3 km (in two directions).
Twenty ¢ layers were used in the vertical with refined upper layer thicknesses. For a typical
depth of 60 m off the Changjiang River mouth, the upper 10 m of the water column had eight
layers. The open boundary was driven by the shelf currents and the tide currents. Surface
heat flux was included in the model by the monthly data from NCEP (National Centers for
Environmental Prediction). A bulk formula suggested by Ahsan and Blumberg [1] was used
to calculate the atmospheric radiation (long-wave radiation), the evaporation heat flux, and
the sensible heat flux.

4. Model validation

4.1. Validation of monthly mean salinity field

Model performance was evaluated with the monthly mean salinity documented by the
Editorial Board for Marine Atlas [2]. In this numerical experiment, the model was driven with
the climatological monthly runoff (based on historic observations by the Changjiang Water
Resource Commission) and wind (from NCEP/CFSR) as well as 11 harmonic tidal current
constituents. The model spun up for one year and the results of the second year were ana-
lyzed. The comparisons between the modeled monthly mean salinity and the Atlas” data in
four selected months are shown in Figure 4. The modeled 30-psu isohalines (thick white lines)
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were compared with those from the Editorial Board for Marine Atlas [2] (dashed red lines),
which showed that the model performance were reliable.

4.2. Validation of cruising survey

The model was further validated with the in-situ data of surface salinity and temperature
obtained in July 19-28, 2016. The model was driven by the daily runoff (observed by the
Changjiang Water Resource Commission), 6-hourly wind, and 11 harmonic tidal current
constituents.

Model results at the sampling locations and time of each observation were plotted for com-
parison (Figure 5). In the survey period, the Changjiang River plume featured a typical north-
eastward summertime extension, covering a large area outside the river mouth (Figure 5a).

(8]
(o]

o,

Latitude( N)
93]
=

22900 m>s 3

28
26
32 NN
’2 5 m/s \'@}}j =
T
E 30
3 50500 m’s™
28
26
120 122 124c 126 120 122 124o 126
Longitude( E) Longitude( E)

Figure 4. Sea surface salinity resulting from the climatological run in four selected months. The arrows are the monthly
climatological wind. Monthly Changjiang River discharges are labeled. The contour interval of surface salinity is 2 psu,
and the 30-psu contour is highlighted with thick white line. Dashed red line shows the 30-psu isohaline digitized from
Editorial Board for Marine Atlas [2].
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Figure 5. Comparisons between the observed ((a) and (c), dots signify the sampling stations) and the modeled ((b) and
(d)) surface salinity ((a) and (b)), and temperature ((c) and (d)) distributions during July 2016.

Outside the river mouth, the sea surface temperature was generally high, but there were also
some cold water patches near the river mouth, produced by strong tidal mixing that brings
the bottom cold water to the sea surface. Overall, the model reproduced these features fairly
well.
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5. Suppression of up-shelf plume intrusion by tide

We used the validated numerical model to explore the tidal modulation mechanism on the
Changjiang River plume [49]. Two numerical experiments were set up (Expl and Exp2).
External forcings such as the wind and shelf currents were excluded for the moment, with
only the runoff and tide retained.

5.1. Changjiang River plume without the tide

Previous nontidal simulations on the Changjiang river plume often gave an unreal mas-
sive up-shelf extension along the Jiangsu Coast (e.g., [6]). Our simulation (Expl) repro-
duced this feature with tidal forcing excluded as previous studies. A large portion of the
Changjiang diluted water spreads along the Jiangsu Coast after leaving the river mouth
(Figure 6A), and the downstream current occurred only at the offshore edge of the plume.
A train of wave was detected as well at the plume front, which was caused by baroclinic
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Figure 6. (A) Modeled surface salinity with river discharge only. (B) Tidal-averaged surface salinity during spring tide
from the simulation with river discharge and tide. (C) Same as B but during the neap tide. (D) A zoom-in view of B.
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instability [10]. Without the tidal forcing, the Changjiang River plume featured an expected
anticyclonic bulge-like rotation [7, 54], but was elongated dramatically and extended to the
upstream.

Similar up-shelf plume extension occurred frequently in previous numerical simulations for
other realistic or idealized river plumes with settings similar to Expl1 (i.e., without tide, wind,
nor ambient currents) [8, 9, 12, 16, 17, 22, 55]. Although many researchers believed that such
an upstream plume extension is a model artifact, Matano and Palma [31] argued that such
a characteristic is associated with the geostrophic adjustment the buoyant discharge, which
creates an onshore baroclinic gradient force that drives a proportion of the discharge in the
upstream direction. The plume extension from Expl1 is thus not surprising, and similar simu-
lation results can be found in several other numerical studies of the Changjiang River plume
in which the tide was excluded.

5.2. Influence of the tide in arresting the upstream extension

A common problem of Exp1 and previous simulations is the absence of tidal forcing. Massive
up-shelf extension vanishes when the tidal forcing was added in Exp2 (Figure 6B). Instead of
generating any downstream background current, the tide can produce an upstream residual
current along the Jiangsu Coast due to its nonlinear interaction with the shallow topogra-
phy, as is reported by Wu et al. [48]. Hence, it is not the down-shelf current that arrests the
upstream extension of Changjiang River plume.

The actual mechanism is the tidal mixing. It is well known that the East China Sea and Yellow
Sea have a meso- to macroscale tide system (Figure 3). Tidal range exceeds 4 m in spring tide
around the Changjiang River Estuary. Moreover, the bathymetry is shallow around the river
mouth. Hence, due to the strong tide and shallowness, tidal mixing is very strong around
the Changjiang River Estuary. To address this point, we can look at the sectional profiles of
salinity and turbulent viscosity along the Jiangsu Coastal with and without the tidal forcing
(Figure 7). Without the tidal forcing, high stratification occurs near the surface (Figure 7A)
since the turbulent viscosity was small (Figure 7C). With the tidal forcing included, the
water column became well mixed (Figure 7B) since strong turbulent mixing occurred in the
middle and lower layers (Figure 7D). A strong along-coastal baroclinic gradient was thereby
formed at the northern side of the Changjiang River mouth, which drove a cross-coastal
flow and prevented the upstream extension of the plume. It should be emphasized again
that tidal mixing was not considered in previous model studies that produced the up-shelf
plume extension. Because the tide exists at most regions of the world, this may give an addi-
tional explanation as to why most river plumes turn to the downstream direction besides
the Coriolis forcing.

5.3. Tide-forced plume patterns

Besides arresting the upstream plume extension, the tidal forcing also modulated
the Changjiang River plume in other remarkable ways. During the spring tide, the
Changjiang River plume turned to the downstream at first inside the 30-m isobath, rotated
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Figure 7. Sectional salinity (upper panels) and vertical turbulent viscosity (lower panels) (unit: 107 m? s7!) from Exp1
(left panels) and Exp2 (right panels). For section position, see Figure 6.

northeastward at approximate 122.5°E, and then rotated anti-cyclonically to the down-
stream (Figure 6B, a zoom-in view was shown in Figure 6D). A significant bulge occurred
around the head of submarine canyon. However, such a bulge was weakened during the
neap tide (Figure 6C), which implied that strength of the tide probably impacted on the
bulge. The detail mechanisms responsible for this spring-neap variation of plume bulge
are still unclear.

Interestingly, because of the rotation of the bulge, a northeastward freshwater tongue occurred
near 122.5°E (during the spring tide, Figure 6D) or 123°E (during the neap tide, Figure 6C).
Comparing with the nontidal simulation results, it seems that the tidal forcing is responsible
for the northeastward turning of the Changjiang River plume, at least in the near field. Hence,
it is understandable that why this turning can occur under various wind and runoff condi-
tions, as was pointed out by previous studies.

5.4. Tidal modulation on river plume under the wind and shelf currents

Superimposing the southerly wind of 4 m s~! and shelf currents, both model runs with (Exp3)
and without tide (Exp4) showed a northeastward extension of the Changjiang River plume
(Figure 8), but significant difference can also be found. Without tide, the plume also extended
northward strongly due to the up-shelf plume intrusion (Figure 8A). Mao et al. [30] used the
26-psu isohaline as the exterior edge of the main body of Changjiang diluted water and the
32-psu isohaline as the extending edge of diluted water. Here, we use the 16-psu isohaline
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Figure 8. Surface salinity and current from Exp3 (A), tidal-averaged surface salinity during the spring tide (B) and the
neap tide (C) from Exp4. (D) A zoom-in view of B.

additionally as the edge of freshwater. Defining A and v as the area and volume with salinity
less than s (outside the Changjiang River mouth), respectively, the areas and volumes outside
the 10-m isobath are shown in Table 1. 4, and v,, do not show significant differences with or
without tide, while A, and v, are distinct. With the tidal forcing, the area and volume of the
main body of diluted water are only about 60 and 70%, respectively, of the nontidal case.
This is expected because the tide enhances vertical mixing and increases the surface salinity.
Almost no differences can be found between spring and neap tides for A, and v, but signifi-
cant differences appeared for those with salinity less than 16 psu. During spring tide, A and
v, were only 42 and 61%, respectively, of their values during neap tide. The biggest A but the
smallest v _under the nontidal case indicates that the plume was very thin without tide. These
results also indicate that, in the near-field, the plume is highly varied during the spring-neap
cycle, while, in the far field, it is less influenced.

South to the Changjiang River mouth, the ambient current is northward because of both
the southerly wind and Taiwan warm current (Figure 8). Most of the Changjiang diluted
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S<16 S<26 S<32

Area (km?) Volume (km®)  Area (km? Volume (km?®)  Area (km? Volume (km?)

Without tide 10,589 25 61,843 295 483,469 9428
Spring tide 4193 26 38,542 213 469,514 9903
Neap tide 9872 42 38,503 213 477,769 10,048

Table 1. Plume areas and volumes (with salinity less than 16, 26, and 32) during the spring and neap tides outside the
isobath 10 m.

water spreads northeastward during both spring tide (Figure 8A) and neap tide (Figure 8B).
During spring tide, the near-field plume is almost the same as that without external forc-
ing (Figure 6B). The recirculating plume bulge vanished and joined into the far-field water
because of the wind-induced mixing and the northeastward Ekman transport. The Changjiang
River plume turned to the northeastward at 122.5°E (Figure 8B), almost the same place as the
no-wind case (Figure 6B).

The minor southeastward branch of the Changjiang River plume can be identified during
spring tide (Figure 8B). The bifurcation point was near the head of the submarine canyon. A
strong southeastward residual current occurred on the slope, which was almost the same as
that of Exp2 (Figure 6B), which resulted from tidal rectification. Such a residual current favors
the diluted water flowing southward along the Zhejiang Coast. However, if we do not include
the tide, the southward extended branch of the Changjiang River plume is greatly weakened,
as is shown in Figure 8A.

5.5. Effect of wind direction

The wind field of the YECS region varies significantly both temporally and spatially.
Therefore, the observed salinity distribution of the Changjiang River mouth was often distinct
from the climatological situation. Here, we investigate how the Changjiang River plume is
altered under different wind directions (i.e., the southeasterly wind (Exp5) and southwesterly
wind (Exp6), respectively) with the same wind speed of 4 m s™".

Only the results during spring are shown (Figure 9). A major difference occurs in the far-field
plume regions. A southeast wind results in a northeast Ekman transport, and therefore in
the far field, the northeastward plume branch was better developed and was toward the Jeju
Island. The southeastward plume branch that bifurcated at the head of the canyon had almost
vanished. The southwest wind produced a southeast Ekman pumping, resulting in a south-
eastward extension of the Changjiang River plume in the far field. The southeastward plume
branch was more evident than the case of south or southeast wind, but the northeastward
plume branch was less evident. Nevertheless, in the near field, the plume pattern remained
the same under all wind directions, even under the no-wind condition. This indicated that
the tidal modulation is an essential mechanism in shifting the Changjiang River plume to the
northeastward in summer.
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Figure 9. Tidally averaged surface salinity during spring tide under (A) southeasterly wind (i.e., Exp5) and
(B) southwesterly wind (i.e., Exp6).

6. Characteristics of the Changjiang River plume under realistic
forcings

In climatological model results, the Changjiang River plume spreads to the south along the
Zhejiang Coast in winter, whereas turns to the northeast and can even reach the Jeju Island
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in summer. It is important to know whether these plume patterns obtained via climatologi-
cal run are still significant in the realistic environment. Therefore, we conducted a long-term
(2000-2008) realistic simulation of the Changjiang River plume and analyzed the modeled sur-
face salinity with empirical orthogonal function (EOF) [50]. The modeled hourly SSSs from year
2001 to 2008 were output and interpolated to a 0.25° x 0.25° mesh to save the computational
cost. The SSS time series at each grid point was low-pass filtered with a cutoff window of 34 h
to remove the tidal signals, and the filtered salinity field on each day was analyzed with the
EOF method.

Three leading EOF modes are shown in Figure 10, which contributed 42.9, 14.6, and 9.5%,
respectively, of a total of 67%, for the total variance. Mode 1 (Figure 10A and B) shows the
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Figure 10. Three leading EOFs (A, C, and E) of the surface salinity anomaly and their PCs (B, D, and F).
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two major branches of the Changjiang River plume. From May to August, there is a negative
salinity anomaly located northeast to the river mouth. In the remaining months, the negative
salinity anomaly is located along the Zhejiang Coast. This remarkable seasonal variation is
consistent with the northeastward and southward plume branches. Mode 2 (Figure 10C and
D) shows that the plume salinity is periodically increased near the river mouth but decreased
northeast to the river mouth. The latter one has been recognized as the plume detachment
in recent years based on a series of observational studies (e.g., [27]) and modeling studies
[34, 37,39, 49, 52]. Mode 3 (Figure 10E and F) suggests that there is a negative salinity anomaly
located along the Jiangsu Coast mostly in summer and autumn seasons, corresponding to the
northward plume extension.

By analyzing the PCs of EOF (Figure 10B, D and F), we can understand the variations of
EOF modes at different time scales. We separated the time scales as short (<20 days) and
long (>20 days) based on the spectrum analysis. The long-term scale represents the seasonal
variations, while the short-term scale represents the variations due to tide and weather events.
In this way, we found that the Mode 1, that is, the alternation between propagating north-
eastward and southward, is mainly controlled by runoff and wind at seasonal time scales. It
is also significantly modulated by tide and synoptic wind events. Mode 2, that is, the plume
detachment and salinity change near the river mouth, is mainly correlated to the tidal range.
This confirmed the previous study that the plume detachment northeast of the Changjiang
River is mainly caused by the intense tidal mixing in spring tide [34, 49]. Mode 3, that is, part
of the Changjiang River plume extending along the Jiangsu Coast, is mainly correlated to the
tidal range but insensitive to the river discharge and wind.

Overall, from the EOF analysis, it can be seen that the Changjiang River plume mainly
extends in three pathways, that is, the northeastward, southward, and northward branches.
The former two branches are accounted for by Mode 1, which represents the dominant
seasonal variation of the Changjiang River plume. The northeastward plume branch dom-
inates during the flood season when the Changjiang discharge is huge and the wind is
southerly. During the dry season with reduced discharge and enhanced northerly wind,
the southward branch is developed, and the northeastward one vanishes. The northward
plume branch along the Jiangsu Coast is a new finding, which occurs mostly in summer and
autumn seasons.

7. Extension of Changjiang River plume to the Jiangsu Coast

The above analysis indicates that a small portion of the Changjiang River plume extends to
the Jiangsu Coast, even in autumn when the wind turns northerly. Such an extension is in a
direction opposite to that of the coastally trapped wave (i.e., the upstream direction). Unlike
the massive up-shelf intrusion simulated by nontidal plume models (Figure 6A), this plume
branch is weak. Such a weak plume extension diluted the seawater in the Subei Coastal Water,
producing the so-called Subei low salinity water, which has been observed by numerous sur-
veys (e.g., [33, 46, 61]) and is shown in climatological data ([2, 41]).
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7.1. Freshwater flux into the Subei Coastal Water

To explore the dynamics that transports the Changjiang River plume to the Subei Coastal
Water, we applied the flux decomposing method along a section SEC crossing this plume
branch at 32.5°N. Considering the freshwater “concentration” f = (s -s)/s, the freshwater trans-
port at a unit width of water column over a tidal cycle is defined as:

T = ([ ofdz) (1)

where o is the velocity component normal to the section (i.e., northward component); ¢ is a
low-pass filter operator (with a cutoff window of 34 h). Decompose the freshwater concentra-
tion f into:

f=Af)+f+f 2)

where f is the depth averaged freshwater concentration, f = f - (f) is the tidal oscillatory
term of the depth averaged freshwater concentration, and f = f-f is the vertical deviation of
the freshwater concentration. v is treated in the same way. For the water depth, H = (/) +H.
Therefore,

T = (HX@)(f)+(H 2)(f)+(H f Koo+ (Ho' f )+ (Ho'f)
=T + T, + T, + T, + T

1 5

)

in which 7 is the Eulerian transport that is related to mean flow. T, is the Stokes transport that
results from the nonlinear interaction between the sea surface tidal fluctuation and the tidal
current. T, and T, represent the transport due to sub-tidal water mass transport. T, is almost
zero in this study, and the sum of T, and T, is the tidal pumping transport that results from
the tidal asymmetry among the freshwater concentration, water depth, and velocity. T, is the
shear transport due to the vertically sheared structure of the concentration and velocity. T and
T through T, were integrated along SEC, respectively.

The freshwater transport across SEC is northward from March to November (Figure 11),
although the northward plume branch mainly appears from July to October, possibly because
of the inaccurate ambient ocean salinity (34 psu) in this region. Nevertheless, it means that the
northward water mass transport persists along the Jiangsu Coast. The northward freshwater
transport is mainly contributed by the Stokes transport and is enhanced in summer but weak-
ened in winter by the Eulerian transport. The shear transport and tidal pumping transport
were generally small.

As the Stokes transport dominates the northward freshwater transport along the Jiangsu
Coast, even in the months with the northerly wind, the northward plume can develop. Under
the persistent northward Stokes transport, once the Changjiang discharge rises and thereby
increases the (f), or the wind causes the Eulerian transport to also be northward, the north-
ward plume branch develops.
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Freshwater flux (m™/s)

Figure 11. Freshwater flux and their decomposed components across the northward plume branch, with positive values
to the north. Triangles at the bottom signify the times of the spring tides. Black line: total freshwater flux (T). Red line:
Eulerian transport (T1). Green line: Stokes transport (T2). Blue line: T3. Light blue line: T4. Purple line: stress transport (I5).

7.2. Residual currents in response to wind and tide

Since the transport of the northward plume branch is determined by the sub-tidal water mass
transport, we can understand its dynamics by investigating the residual currents around the
Jiangsu coastal waters. Tide and wind are two most energetic forcings in the Jiangsu coastal
waters. In fact, tide-induced residual currents are general in coastal regions [20, 24, 43], with
their direction consistent to the projection of the major flood vector on the coast [56]. Two
diagnostic numerical experiments were set, both of which only included the tide and 5 m
s~! wind forcing, with directions of southerly and northerly, respectively, representing the
summer and autumn seasons.

Eulerian and Stokes transports of the Changjiang diluted water in Eq. (3) is determined by the
residual water mass transport, which can be decomposed into:

(" 3dz) = (HD) = (@) +{HT) @
by using the same method as Eq. (2). Normalized by tidally averaged depth, one can get:

V, o=V +V, (5)

L

where

Vo= {a3) 6)

S

V, = (padz)/<H), V, = (7),
\75 is the traditional depth averaged Eulerian residual current; \;S is noted as the mass transport
Stokes drift [18, 43]; and their sum X}L is the residual transport velocity. As the contributions of
tidal pumping and shear transport are negligible for the northward plume branch, \;E, \;S, and
v, can represent the transport of diluted water.
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Figure 12. Residual transport velocity (A and D) and its decompositions of the Eulerian residual current (B and E) and
the Stokes drift (C and F) during the spring tide. A, B, and C are the results under the 5 m s™! northerly wind; D, E, and
F are the results under the 5 m s™" southerly wind.

Strong nonlinear interaction between wind and tide can be found from Figures 12 and 13.
During the neap tide, \}L is controlled by the Eulerian residual current, while the Stokes drift
is negligible since the tidal range is small. The Eulerian residual current is northward when
the wind is southerly but reverses when the wind turns to northerly. During the spring tide,
however, the wind-driven circulation seems to be dampened significantly, and the residual
current patterns are nearly under different wind directions. Although \}L reverses its direction
during neap tide as the wind direction changes, during the spring tide, it is basically north-
ward from the Changjiang River mouth to ~34°N along the Jiangsu Coast.

From Figures 12 and 13, it can be seen that the Stokes drift essentially drives the up-shelf trans-
port in the Subei Coastal Water, thus the extension of Changjiang River plume in this area. The
formation mechanism of tide-induced Stokes drift is the nonlinear interaction between tidal
elevation and tidal current, which is determined by tide tidal wave regime in the East China
Sea and Yellow Sea [50]. Stokes transport is stable under various wind directions. This explains
why the northward plume branch can exist not only during summer when the wind is south-
erly, but also can maintain itself in autumn when the wind has already turned to northerly.
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fantastic theoretical studies that attempted to reveal the dynamic mechanisms. No consensus,
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however, was reached during that period. In 1990s and 2010s, numerical simulation became a

major method to study the Changjiang River plume, but the study was less active than those in
1980s and 1990s. One reason was that many physical oceanographers in China changed their

research focus to the open ocean. Another reason, perhaps more importantly, is that the mod-

eled river plume was often distinct from reality, which made the numerical models doubtful.
Since 2010, the tidal effect was found to be of essential importance in determining the charac-

Researchers have worked on the Changjiang River plume for more than 60 years

teristics of the Changjiang River plume. Moon et al. [34] and Rong and Li

Figure 13. Same as Figure 12, except during the neap tide.
East China Sea. Looking back at the history,

rupted by the Cultural Revolution in 1970s

8. Conclusion
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the tide that generates the massive plume detachment at specific locations. Li and Rong [26]
found that it is the tide that remarkably strengthens the down-shelf transport of Changjiang
River plume. Wu et al. [49] found that it is the tide that prevents the up-shelf plume intrusion,
shifts the Changjiang Rive river plume to the northeast outside the river mouth, and bifur-
cates the plume at the head of submarine canyon. Wu et al. [50] found that it is the tide that
transports part of the Changjiang River plume to the Subei Coastal Water. Recently, Wu [51]
further found that it is the tide that generates the cross-shelf penetration of Changjiang River
plume in the Zhejiang-Fujian coastal water.

It is not to say that tide is the only important factor controlling the dynamics of the Changjiang
River plume. Winds, shelf currents, and the river discharge itself are of course important in
determining the dynamics around the Changjiang River Estuary. But the tidal effects were
often overlooked before 2010, although it is no doubting that the tide is the most energetic
movements around the Changjiang River Estuary. The reason could be that the tidal effect is
highly nonlinear, and hence an elegant theory on dynamics can hardly be established. Most
early studies just ignored the tidal forcing in theoretical or numerical studies. The existent
classic plume theories, such as Yankovsky and Chapman [54] and Chapman and Lentz [9],
were developed without considering the tidal effects. A question arises that on what degree
these theories can be applied in and tidal area. Yellow and East China Seas is a perfect place
to study the river plume, since this area is coinfluenced by massive river discharge, strong
tide, energetic shelf circulation, and a typical seasonal monsoon. Many have been done, more
await to be explored.
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