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Preface

Home to a large proportion of the world’s population, coastal regions and their deteriorating envi-
ronments are of great concern. The reason for this deterioration is complex. Naturally involved
processes may include physical, chemical, biological, and geological factors, on scales ranging from
microscopic to global (e.g., sea level rise). Compounding the problem is human activity, which ex-
erts its effect on the environment both directly and indirectly, resulting in polluted coastal waters
and economic loss (such as the damaged fishing industry). This book provides a selected collection
of scholarly papers in interdisciplinary fields related to coastal environmental change, coastal dis-
asters, and coastal infrastructure due to global warming, with a focus on the coasts of the rapidly
developing country China, where the coastal environmental problem is particularly acute.

Coastal problems are notoriously interdisciplinary. What makes this book distinctly different from
others is that it intends to bring together disciplines such as oceanography, ecology, geography,
meteorology, climate science, etc., and make a comprehensive account of the interdisciplinary sub-
jects. With contributions from over 30 authors, the book focuses on the following diverse fields:
coastal upwelling, estuarine processes, coastal pollution, sea level rise and other climate change
phenomena, meteorological and atmospheric problems, urbanization and its impacts, and coastal
infrastructure, from theoretical study and phenomenological description, to methodological devel-
opment. The following is a brief description of the contents:

¢ Almost all the major fishing grounds in the world’s oceans are related to upwelling, an
important mechanism that brings upward cooler and nutrient-rich water, resulting in high
primary productivity and hence fishery production. The first two chapters are dedicated
to the study of upwelling along China’s coasts. Their generating mechanisms and possible
responses to global warming are discussed.

* Chapters 3 and 4 deal with processes found in a typical estuary, the Changjiang/Yangtze
estuary. Presented are the dynamics of the Changjiang River plume and the mechanism of
salt water intrusion. Particularly, in Chapter 3, salt water intrusion variations resulting
from two huge projects in China, namely, the “Three Gorges Dam” and “South to North
Water Diversion” projects, and their impacts on the major international city, Shanghai, are
examined.

¢ In coastal research, ecological disaster is of particular concern. One of the blooming phe-
nomena is red tide, in which certain phytoplankton, protozoa, or bacteria are explosively
proliferating or are highly aggregated and cause discoloration of the water. Chapter 5 is
dedicated to this topic. Today, another form of pollution, nuclear pollution, has been of
increasing concern, after the disastrous Fukushima nuclear leak on March 11, 2011. The
impact of this accident on the East China coast is discussed in Chapter 6.

¢ In the following chapter, sea level rise in the Yellow Sea and East China Sea is examined;
it is found that the rising rate is slower than the globally averaged rate, implying the idio-
syncrasy of two marginal seas in a changing globe. But it seems that the slow wave modes
are connected with the strongest interannual global signal, i.e., the El Nifio-Southern Os-
cillation (Chapter 8). Also presented in this chapter is a self-contained introduction to



XV Preface

coastal-trapped waves, a class of subinertial signals that play a pivotal role in coastal
air/sea interactions but are essentially missing in the heated debate on coastal problems.
Meteorological resource and disaster is another issue in coastal research. In Chapters 9
and 10, the relation of precipitation to soil moisture and sea surface temperature is stud-
ied. It should be noted that the former is a well-known unresolved problem; in Chapter 9
some observations are presented, with the environment in Jiangsu, China, as an example.
Chapter 11 examines the cyclogenesis of a tropical storm; a continuing challenge in dy-
namic meteorology.

Urbanization is a hot topic in a fast developing country like China. This is of particular
concern in coastal regions, with the ever-growing population. In Chapter 12, urbanization
is studied by analyzing urban impervious surfaces. Theories and methods are first intro-
duced, and applications are presented with Lianyungang, Jiangsu, as an example. An ex-
tensively studied problem in urbanization is the urban heat island effect; Chapter 13
shows a case study using satellite observations.

In response to the growing needs of coastal research, methodological development is im-
portant. Chapter 14 introduces a method of evaluating the accuracy of ocean forecasts.
Application to East China Sea forecasting could contribute to the design and implementa-
tion of the next generation of Chinese ocean forecasting systems. In Chapter 15, for the
first time, sea surface salinity (SSS) observations from the Soil Moisture Active Passive
mission are used to investigate seasonal variability of SSS along China’s coasts.

Given the wide diversity of topics, this book is expected to provide a relatively comprehensive
reference to coastal researchers, graduate students, as well as policymakers and coastal resource
managers.

As the editors we would like to express our sincere appreciation to all the authors for their valua-
ble contributions. During the submissions, Yang Yang and Qing Lu handled all the communica-
tions. They, together with Ying Wang and Yunlong Shi, edited the manuscripts to meet the
guidelines before submission. We feel deeply thankful to them. Special thanks are due to the man-
aging editor, Ms. Viktorija Zgela, and the technical staff; without their hard work, we could not
have been successful. This monograph is supported by the Provincial Government of Jiangsu, Chi-
na, through the 2015 Innovation Program for Research and Entrepreneurship Teams.

X. San Liang

School of Marine Sciences

Nanjing University of Information Science and Technology
Nanjing, China

School of Atmospheric Sciences
Nanjing University of Information Science and Technology
Nanjing, China

Yuanzhi Zhang

School of Marine Sciences

Nanjing University of Information Science and Technology
Nanjing, China
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Chapter 1

Coastal Upwelling Off the China Coasts

Jianyu Hu, X. San Liang and Hongyang Lin

Additional information is available at the end of the chapter
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Abstract

Upwelling is an important oceanographic phenomenon that brings cooler and nutrient-
rich water upward to the surface, facilitating the growth of phytoplankton and other
primary producers, which results in high levels of primary productivity and hence fish-
ery production. This chapter presents a review of recent studies on six major upwelling
regions along the China coasts, with a focus on the eastern and southeastern coasts of
mainland China, based on in situ measurements, satellite observations and numerical
simulations. These upwelling regions result primarily from the summer monsoon winds,
though other mechanisms, such as river discharge, baroclinicity, topography, tides, and
the presence of mean current, may also be in play. In this review, their impacts on local
biogeochemical processes are briefly summarized. Also discussed are their possible
responses to the globally changing climate.

Keywords: coastal upwelling, off the China coasts, characteristics, mechanism, impact

1. Introduction

Upwelling is an important oceanographic phenomenon that refers to an upward movement
of seawater, with a typical speed of order 10-°~10~* m/s. Accompanied by the upwelling pro-
cess, the subsurface/deep cooler, and normally nutrient-rich, water rises toward the ocean
surface, leading to a background with high biological productivity that is beneficial for the
growth of phytoplankton and other primary producers. Therefore, good fishing grounds are
commonly found in the vicinity of upwelling regions. From the dynamical point of view,
major mechanisms for the generation of the coastal upwelling include the alongshore wind
and wind stress curl, although other factors (e.g., tides, topography, and river discharge) also
play considerable roles depending on the regions under investigation [1].

© 2018 The Author(s). Licensee IntechOpen. Distributed under the terms of the Creative Commons Attribution-
InteChOpen NonCommercial 4.0 License (https://creativecommons.org/licenses/by-nc/4.0/), which permits use, distribution
and reproduction for non-commercial purposes, provided the original is properly cited. [®)sy-nc |



4 Coastal Environment, Disaster, and Infrastructure - A Case Study of China's Coastline

The coastal upwelling of cold and nutrient-rich waters off the China coasts is significant not
only for the regional fishing industry, but also for the global carbon cycle and thus for the
Earth’s climate. Therefore, the coastal upwelling becomes a research hotspot of coastal ocean-
ography in China, which has attracted great attention for recent decades. For example, Miao
and Hu [2] analyzed the characteristics of wind-driven coastal upwelling off the southeastern
China coast using coastal upwelling index (CUI) data, which are calculated online the Pacific
Fisheries Environmental Laboratory (PFEL) website (http://www.pfeg.noaa.gov/products/las/
docs/global_upwell. html) using the method of Bakun [3]. It is indicated that there exist wind-
driven coastal upwelling regions in summer off the eastern Hainan Island and the Leizhou
Peninsula, and along the coast from Shantou to Zhejiang (Figure 1). The wind-driven coastal
upwelling off the eastern Hainan Island is stronger than that in other regions, and the upwell-
ing is stronger from June to August compared to other months. Wind-driven coastal upwelling
off Zhejiang appears earlier than that off the eastern Hainan Island. The wind-driven coastal
upwelling experiences different variation periods along the central and southern Fujian coast,
Guangdong coast, eastern Hainan Island coast, northern Fujian coast and Zhejiang coast.

Hu and Wang [1] reviewed the progress of upwelling studies in the China seas since 2000
and summarized 12 major upwelling regions in the China seas, including the South China
Sea (SCS), the Taiwan Strait (TWS), the East China Sea (ECS), the Yellow Sea, and the Bohai
Sea (Figure 2). Half of these upwelling regions are located along the southeastern coast of
mainland China, that is, the upwelling off the Yangtze River Estuary, the upwelling along
Zhejiang coast, the upwelling regions along the northwestern and southwestern coasts of
Taiwan Strait, the upwelling along the eastern Guangdong coast, and the upwelling around

Btation(#)
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Figure 1. Monthly mean coastal upwelling index (b) off the southeastern China coast (the station locations for calculating
the coastal upwelling index are shown in panel (a)). Redrawn from Miao and Hu [2].
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Figure 2. Map of major upwelling regions in the China seas, including the South China Sea (SCS), the Taiwan Strait
(TWS), the East China Sea (ECS), the Yellow Sea (YS), and the Bohai Sea (BS). In this figure, the Yangtze River Estuary
and the Pearl River Estuary are indicated by YRE and PRE, respectively. PM stands for the Peninsular Malaysia; LZS for
Luzon Strait; and LS, NR, and SA for Liisi, Nanri, and Sabah, respectively. The red ellipses or circles schematically mark
locations of the major upwelling regions in the China seas. The ellipses or circles in dashed lines are upwelling regions
that are sometimes mentioned. Cited from Hu and Wang [1].

the eastern Hainan Island. It is concluded that these coastal upwellings are principally wind-
driven, and are hence strongly related to the seasonal variability of monsoon winds.

In this chapter, we describe six major coastal upwelling regions off the southeastern coast of
mainland China and discuss the influence factors for these coastal upwelling regions.

2. Major characteristics of coastal upwelling off the southeastern
coast of mainland China

2.1. Upwelling in the northern continental shelf of the South China Sea

Published about 15 years ago, Wu and Li [4] and Li et al. [5] overviewed studies of upwelling
in the SCS over four decades among 1964-2003, focusing primarily on the spatiotemporal
variability of upwelling in the continental shelf of the northern SCS. They pointed out that
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in summer upwelling occurs over almost the entire continental shelf of the northern SCS.
Figure 3 presents the locations of some upwelling regions, investigated by several representa-
tive studies [6-10]. Most of these upwellings have been demonstrated to be induced by the
prevailing southwesterly monsoon. Since then, much progress on the coastal upwelling study
has been intensively made in the northern SCS using cruise observations, satellite observa-
tions, and numerical modelling.

2.1.1. Cruise observations

Over the past two decades, a number of hydrography-oriented cruises have been conducted
in the continental shelf of the northern SCS. These data further evidenced the upwelling
and its variability. Using underway measurements of sea surface temperature and salin-
ity collected during July—August 2000, Zhuang et al. [11] observed an evident upwelling-
related, low-temperature, and high-salinity area along the coast between Dongshan and
Huilai (see locations in Figure 2 or 3). Based on the hydrological data from a cruise during
July—August 2002, Xu et al. [12] analyzed the upwelled cold water along the eastern coast of
Guangdong, and found that cold cores were distributed near the Daya Bay and the Huilai
coast. Upwellings off the Pearl River (also called the Zhujiang River) Estuary were examined
during different monsoon periods in July 2000 by Zeng et al. [13], and in May 2001 and
November 2002 by Zhu et al. [14], respectively. Zhang et al. [15] investigated hydrological
(including upwelling) characteristics off the Pearl River Estuary using data from two cruises
in summer and winter 2006. Cai et al. [16] and Wan et al. [17] analyzed the characteristics
of upwelling in the eastern Guangdong and southern Fujian coastal waters using the com-
prehensive cruise data; their results illustrated the coastal upwelling between Shantou and
Dongshan undergoing an alternating strong-weak-strong stage during July—August 2006.
Based on the conductivity-temperature-depth (CTD) data from the summer cruises of 2001,
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Figure 3. Reported upwelling regions in the continental shelf of the northern SCS. Redrawn from Wu and Li [4]. It
summarizes the research included in [6-10]. PRE stands for the Pearl River Estuary; LZ for the Leizhou Peninsula; DS,
ST, HL, SW, and DY for Dongshan, Shantou, Huilai, Shanwei, and the Daya Bay, respectively.
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2002, 2006, and 2009, Xu et al. [18] revealed the interannual variation in the spatial structure
and intensity of upwelling in the eastern Guangdong and southern Fujian coastal seas. The
abovementioned cruise data confirmed that the summertime coastal upwelling is conspicu-
ous along the coasts of eastern Guangdong and southern Fujian, with the former occurring
earlier and stronger than the latter.

2.1.2. Satellite observations

Using satellite remote sensing data, combined with shipboard measurements conducted in
July 2000, Zhuang et al. [19] analyzed upwelling phenomena off the Fujian and Guangdong
coasts. Qiao and Lii [20] applied satellite sea surface temperature (SST) and chlorophyll-a
(Chl-a) data from different sources to summarize some basic characteristics of the coastal
upwelling in the SCS. Applying the Quick Scatterometer (QuikSCAT) wind data, Wang et al.
[21] examined relative roles of Ekman transport and Ekman pumping in driving summer
upwelling. These results indicated that the coastal upwelling often occurs in the coastal area
around the eastern Hainan Island and in the waters along eastern Guangdong and south-
ern Fujian coasts in summer, which may be resulted from multiple dynamic factors such as
wind forcing, tidal mixing, and the interactions between local circulation and topography.
However, the coastal upwelling in the eastern Guangdong is primarily driven by Ekman
transport.

2.1.3. Numerical modelling

Several numerical models have been applied to study the upwelling and its mechanism in the
northern SCS since 2000. For example, Chai et al. [22] simulated several upwelling regions in
the SCS using the Princeton Ocean Model (POM), and explained their mechanisms. Jing et al.
[23, 24] studied the summer upwelling system in the northern continental shelf of the SCS
using a three-dimensional (3D) baroclinic nonlinear model. Zhang and Jiang [25] studied the
mechanism of cross-shelf transport of the cold bottom water (upwelling water) on the coastal
shelf off Shanwei using the Regional Ocean Modeling System (ROMS). These model results
showed that the summertime upwelling is a common phenomenon during June-September
east of the Hainan Island and the Leizhou Peninsula, and in the coastal areas from Shantou
to Nanri. Both southwesterly wind and wind stress curl are responsible for generating the
coastal upwelling east of Hainan, while the wind-driven cross-shelf Ekman transport is a
significant dynamic factor to the coastal upwelling off the eastern Guangdong and southern
Fujian coasts.

2.1.4. Intensive studies

The upwelling off the eastern coast of Hainan Island is strong in summer, which has attracted
alot of intensive studies for recent years [26]. Specifically, Chai et al. [27] simulated the upwell-
ing using the POM; Su and Pohlmann [28] applied a 3D high-resolution model to study the
upwelling mechanism; Li et al. [29] investigated the spatial structure and variation of the sum-
mertime upwelling in the waters east and northeast of Hainan Island during 2000-2007 by
using a nested high-resolution POM forced by QuikSCAT winds; Wang et al. [21] estimated



8 Coastal Environment, Disaster, and Infrastructure - A Case Study of China's Coastline

the mean Ekman transport and Ekman pumping in the coastal waters east and southeast
of the Hainan Island; Lin et al. [30, 31] compared the upwelling patterns in the eastern and
northeastern Hainan Island using a combination of cruise observations, reanalysis data and
satellite data, and studied the mechanism for the upwelling off the northeastern coast of
Hainan Island with a numerical model. These results suggested that the coastal upwelling off
the eastern coast of Hainan Island usually exists from April to September, with the strongest
intensity in summer; the upwelling is mainly induced by summer monsoon wind. By con-
trast, Jing et al. [24] proposed that the Ekman pumping associated with the local wind stress
curl is a key factor modulating the generation of the coastal upwelling off eastern Hainan
Island and eastern Leizhou Peninsula. Based on the cruise data in summer 2006, together with
the QuikSCAT winds, Xu et al. [32] pointed out that the coastal upwelling regions are merged
below 10 m layer in the waters off eastern Hainan and western Guangdong, and that the
coastal upwelling off eastern Hainan Island is intermittent and modulated by the alongshore
wind while that off the western Guangdong is mainly induced by the wind stress curl.

On upwelling variability, Liu et al. [33] studied the variability of summer coastal upwell-
ing in the northern SCS during the last 100 years. Jing et al. [34] identified that the coastal
upwelling in the northern SCS was closely linked to the modulation of El Nifio events; they
found that during the summer of 1998 (a La Nifio year), the coastal upwelling was greatly
strengthened associated with an abnormally intensive alongshore wind stress blowing over
the region. Su et al. [35] studied the variation of coastal upwelling off the eastern Hainan
coast over 50 years of 1960-2006 using an “SST upwelling index”. By using an SST record
(AD 1876-1996) derived from coral Porites Sr/Ca, Liu et al. [36] revealed that upwelling in the
northern SCS underwent a distinct multidecadal variability, which was proved to be caused
by the Asian summer monsoon with an abrupt shift in 1930 from a relatively warm to cold
condition, and then back to the warm condition after 1960. These results showed a general
intensifying of coastal upwelling off eastern Hainan Island subject to prominent interannual
and decadal variations; the intensifying trend was also consistent with the global warming in
the twentieth century.

2.2. Coastal upwelling in the Taiwan Strait and its adjacent sea areas

Xiao et al. [37] and Hu et al. [38] collected many papers and comprehensively reviewed the
upwelling studies in the TWS mostly before 2000, and also proposed suggestions for upcom-
ing investigators. The reviews showed that the main coastal upwelling regions (Figure 4) in
the western TWS are located near Dongshan and Pingtan. Over the past two decades, some
progress has been made in studying the TWS upwelling, especially on its variability, mecha-
nism and responses to the El Nifio-Southern Oscillation (ENSO), and local environmental
variation.

2.2.1. Variability of the coastal upwelling in the western TWS

Strong coastal upwelling usually appears in the western TWS during the summer southwest-
erly monsoon period, which has been confirmed by a number of hydrological and satellite
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Figure 4. Schematic map of main upwelling regions in the TWS. Redrawn from Hu et al. [38]. DS: Dongshan; MZ: the
Meizhou Island; NA: Nan-ao; PH: the Penghu Islands; PT: Pingtan; TB: the Taiwan Bank; XM: Xiamen. Four ellipses and
circle schematically indicate the locations of four upwelling regions.

observations in the last decades (e.g., [39-45]). These studies showed that the intensity of
coastal upwelling is affected by many factors, such as the northward or northeastward cur-
rent, southwesterly monsoon, and bottom topography. Recently, more attention has been
paid to the variability of the coastal upwelling in the western TWS. Three examples are given
next.

Hong et al. [46] studied the interannual variability of summer coastal upwelling in the TWS
using a long time series of SST data from 1985 to 2005. It is shown that in some years, the
coastal waters near Pingtan or Dongshan had clear upwelling signatures at the sea surface
with a negative temperature anomaly and positive salinity anomaly. The alongshore wind
stress was demonstrated to be responsible for such interannual variations.

Hu et al. [47] studied the variable hydrographical structure in the southwestern TWS
using measurements from four summer cruises in 2004-2007, and revealed that the coastal
upwelling near Dongshan occurred with different scales, locations, and intensities. Evident
coastal upwelling was seen in the southwestern TWS during each July of 2005 and 2007,
and was largely associated with local wind condition as confirmed by numerical modeling
results.

Zhang et al. [48] investigated the evolution of a coastal upwelling event in the southern TWS
using intensive cruise data and satellite data in summer 2004; the upwelling-related surface
cold water was observed near Dongshan in early July, which then reduced its size by half
with a decreased Chl-a concentration after half a month, and eventually vanished by the end
of July.

9
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2.2.2. TWS upwelling and its responses to ENSO and local environmental variation

As reviewed by Hong and Wang [49], Shang et al. [50], and Hong et al. [51], the TWS upwell-
ing exhibits clear connections to the ENSO, global climate change, and local environmental
variation.

Hu et al. [52] showed that two upwelling-related low temperature (high salinity) regions in
the western TWS have clear interannual and intermonthly variability in summer. Combining
SST and Chl-a data, Shang et al. [53-55] proposed that the ENSO events can potentially have
significant impacts on the upwelling in the TWS. Tang et al. [56] revealed interannual varia-
tion of two upwelling zones (one near Dongshan) in the southern TWS. These studies indi-
cated that the coastal upwelling in the western TWS has evident connections to the ENSO
events. The local wind is much weaker in the TWS during the 1997 El Nifio year than that
during the 1998 La Nifa year [57], suggesting that the ENSO event can affect the wind pattern
over the TWS and thus modulate the surface ocean currents, SST, and coastal upwelling in an
interannual scale. Hong et al. [46] further revealed that, for the entire western TWS, the sum-
mer coastal upwelling was strong in 1987, 1993, and 1998 (Figure 5), during which periods
three peaks of the SST Empirical Orthogonal Function Mode 1 (EOF_1) time series matched
well, with a time lag of 3 months, with those of the multivariate ENSO index (MEI).

By comparing remote sensing SST with in situ chemical and biological data collected since
1985, Hong et al. [58] obtained evidence of upwelling variation in response to interannual
environmental variability in the TWS. According to these observations, the coastal upwelling
was weakened in summer of 1997, resulting in an apparent anomaly in nutrient distribution,
phytoplankton and zooplankton abundances, and community structure. Hong et al. [51] fur-
ther summarized the hydrographical features with an emphasis on upwelling, which is the key
driver of biogeochemical processes and ecosystem dynamics in the TWS. Hydrographic and
satellite data revealed evident teleconnections between the TWS upwelling and the ENSO vari-
ability. Besides, Wang et al. [59] estimated the physical (i.e., coastal upwelling) and biological

MEI
Normalized EOF 1
eiganvector

1885 1990 1845 2000 2005
Yaar

Figure 5. Variation of the eigenvector of SST EOF Mode 1 (EOF_1) in the TWS (black dots) and monthly multivariate
ENSO index (MEL shaded areas) 3 months ahead of the SST EOF_1 eigenvector during 1985-2005. The SST EOF_1
eigenvector is normalized by its maximum for the period 1985-2005. Redrawn from Hong et al. [46].
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effects on the nutrient transport in the TWS during summer through a coupled physical-bio-
logical numerical ocean model. These studies concluded that the TWS upwelling has a pro-
found impact on biogeochemical processes, biological productivity, and ecosystem structure.

2.2.3. Further understanding of mechanism for the coastal upwelling in the TWS

Several numerical models, such as a 3D nonlinear baroclinic shallow water model [60-62],
the Coupled Hydrodynamical-Ecological Model for Regional and Shelf Seas (COHERENS;
[63]) model [64], and a 3D nonlinear Estuarine, Coastal and Ocean Modeling System with
Sediment (ECOMSED) model [65], have been used to study the mechanism of upwelling
along the coasts of Fujian and Zhejiang in summer and winter. These numerical modeling
results indicated that the wind stress, the Taiwan Warm Current, tidal nonlinear effect, and
bottom topography are the main mechanisms for the upwelling in the coastal waters of Fujian
and Zhejiang in both winter and summer. Specifically, the southwesterly or southerly wind
induces the coastal upwelling in summer.

Furthermore, Jiang et al. [66] investigated the mechanisms of coastal upwelling in the south-
ern TWS using a nested circulation model based on the POM. It is indicated that the upslope
current over a distinctly widened shelf transports the cold water toward the shore in the lower
layer, while the southwesterly monsoon wind drives the cold water away from the shore in
the surface layer, thus generating the upwelling along the southwestern coast of the TWS.

2.3. Coastal upwelling in the East China Sea

The studies of coastal upwelling in the ECS have been conducted using hydrographic
measurements, satellite observations, and numerical modelling. For recent decades, much
progress of the upwelling study has been made particularly in the quick developments of
numerical modelling technology and remote sensing approach.

2.3.1. Hydrographic measurements

Zhao et al. [67] reported an upwelling north of the Yangtze River (or the Changjiang River)
Estuary, covering an area of roughly 1° by 1° centered at (31°30'N, 122°40'E). Several cruise
measurements, such as the China-Korea joint investigation in the Yellow Sea and its adjacent
sea area [68] and the marine flux investigation in the ECS in July 1998 [69], confirmed the
existence of this upwelling in the Yangtze River Estuary. Zhu et al. [70] analyzed the hydro-
logical characteristics in the outer Yangtze River Estuary and showed that the upwelling
usually occurs near the first turning point of the Yangtze River Diluted Water. Zhu et al.
[71] conducted comprehensive observations in August 2000 and indicated that the coastal
upwelling appears along the Zhejiang coast, in the west of the submarine river valley and
along the Liisi coast. Lii et al. [72] presented signals of low-temperature and high-salinity
upwelling water in the Yangtze River Estuary using three sections of temperature and salin-
ity distributions (Figure 6) obtained from a cruise in August 2000. There is evidence that in
the Yangtze River Estuary the subsurface high-salinity water can rise toward the 5-10 m layer
from beneath.
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Figure 6. Vertical distributions of temperature (°C; left panels) and salinity (right panels) along Section 32.0°N (top),
Section 31.5°N (middle), and Section 31.0°N in the Yangtze River Estuary. Redrawn from Lii et al. [72].

2.3.2. Satellite observations

Hu and Zhao [73] studied the long-term variation of coastal upwelling off northeastern
Zhejiang in summer using SST (1987-2005), Chl-a (2002-2006), and wind (1992-2006) data-
sets; their results showed that the upwelling, with high Chl-a concentration, has seasonal,
annual, and interannual variations. Hu and Zhao [74] investigated the short-term varia-
tion of upwelling in the Zhejiang coastal areas during May—October 2004 and indicated
that the upwelling has a close relation to the along-shore wind variation. Lou et al. [75]
depicted the evolution of the upwelling along Zhejiang coast, which appears in June, peaks
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Authors Model Features
Liand Zhao [78] POM Upwelling phenomena in the Yangtze River Estuary.
Zhao et al. [79] POM Upwelling mechanism in the Yangtze River Estuary.

Zhu [77]

Bai and Wang [80]

Liu et al. [81]

Liu et al. [82]

Zhu et al. [83]

Qiao et al. [84]

Lii et al. [72]

Jing et al. [85]

Lii et al. [86]

Bai et al. [87]

Yang et al. [88]

Cao et al. [76]

Liu and Gan [89]

Yang et al. [90]

3D numerical model

POM

3D baroclinic ocean model

3D baroclinic ocean model

ECOM-si model (ECOM
with semi implicit scheme)

MASNUM

MASNUM

ECOMSED model

MASNUM

ECOMSED model

ROMS

ROMS

3D high-resolution
numerical model

ROMS coupled with
phosphate model

Baroclinic (barotropic) effect is the main factor for inducing
upwelling in the north (south) of submarine river valley off the
Yangtze River Estuary.

Upwelling occurs around 10 km away from the coastline in the
Yangtze River Estuary.

Seasonal variation of the vertical circulation in the ECS.

Temperature and salinity features are associated with upwelling or
downwelling.

Upwelling is mainly the baroclinic effect induced by mixing
between the fresh water from the Yangtze River and the saline
water offshore.

Owing to a strong density gradient, the baroclinic pressure gradient
force is large near the frontal zone, which elicits an upwelling
branch along the topographic slope.

Upwelling is induced as a branch of the secondary circulation.
Topography, Yangtze River discharge, and the Taiwan Warm
Current all affect the upwelling.

Upwelling occurs along the coasts of Zhejiang and Fujian
throughout the year, which is strong in summer and relatively
weak in winter.

Tides (barotropic and baroclinic processes) are key to the upwelling
off the Yangtze River Estuary.

Upwelling is mainly induced by the Ekman effect and affected by
the Taiwan Warm Current and continental slope rising.

A branch current bifurcates from the subsurface of the Kuroshio
northeast of Taiwan, upwells northwestward, then turns to
northeast around (27.5°N, 122°E), and finally reaches 31°N off the
Yangtze River mouth.

Wind primarily influences the short-term evolution of upwelling,
while the topographic variation determines the upwelling center off
the Yangtze River Estuary.

Intensified upwelling is formed by a strengthened shoreward
transport downstream of the promontory coastline.

The transported phosphate-rich water is further upwelled to the
surface due to the upwelling just off the Zhejiang coast.

Note: MASNUM is a model established by the Laboratory of MArine Sciences and NUmerical Modeling, the State
Oceanic Administration, China.

Table 1. Numerical models used in studying the upwelling in the ECS.

in July and August, and then diminishes until disappears in late September. The mean
SST in the upwelling region is about 25-28°C in summer, with a temperature difference of
approximately 2-4°C from the ambient nonupwelling waters. Cao et al. [76] investigated the
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summertime upwelling off the Yangtze River Estuary using satellite data and proposed that
along-shore wind stress and wind stress curl play similar important roles on the upwelling
evolution.

2.3.3. Numerical modeling

Numerical models have been developed or applied for studying the characteristics of coastal
upwelling and its dynamics in the ECS (Table 1). These simulations suggested that the coastal
upwelling usually appears off the Yangtze River Estuary and along the Zhejiang coast, mostly
in summer. The continental slope, wind speed, and the angle between the wind direction
and the coastline control the coastal upwelling intensity. Topography, Yangtze River dis-
charge, the Taiwan Warm Current, and the branch current bifurcating from the subsurface
of the Kuroshio all affect the upwelling. In addition, baroclinic (barotropic) effect is the main
factor for inducing upwelling in the north (south) of submarine river valley off the Yangtze
River Estuary [77]. However, in the coastal waters near the Zhoushan Islands (located off the
northeastern coast of Zhejiang), wind forcing may sometimes exert negative influences on the
generation of coastal upwelling by weakening the intrusion of the Taiwan Warm Current onto
the continental shelf [72].

3. Discussion

3.1. Influence of topography on upwelling

As mentioned above, the influence of topography on the generation and modulation of
coastal upwelling has been observed in the ECS, TWS, and the northern SCS; so it is worthy
of being separately discussed here as an important upwelling-related factor. A 3D modelling
study by Gan et al. [91] revealed that the widened shelf off Shantou plays an important role in
intensifying the local upwelling. The strongest advection occurs over the converging isobaths
near Shanwei, i.e., the head of the widened shelf (Figure 7) where a negative pressure gradi-
ent also exists at the lee of the coastal cape over the inner shelf and locally amplifies shore-
ward motion. In addition, Chen [92] discussed the effects of cape and canyon on wind-driven
coastal upwelling in the western TWS, suggesting that the positive vertical velocity is pro-
duced by changes in the relative vorticity downstream of the cape or canyon, which becomes
a dominant upwelling mechanism there. Topography also exerts influences on upwelling
by steering bottom currents upward. Upwelling can even be intensified by a strengthened
shoreward transport downstream of a promontory coastline [89]. Recently, Wang et al. [93]
investigated relative contributions of the local wind and topography to the coastal upwelling
intensity in the northern SCS in the case when the upwelling-favorable wind retreats, using a
high-resolution version of the POM. It is indicated that the topographically induced upwell-
ing is comparable with the wind-driven upwelling at surface; while at bottom, topography
has a stronger contribution than the local wind in controlling the upwelling intensity in the
inner shelf of the northern SCS [93].
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Figure 7. Schematic picture showing the wind-driven upwelling processes and forcing mechanism over the middle and
inner shelves of a widened shelf. Redrawn from Gan et al. [91]. PGF denotes pressure gradient force; U, and U are
mean velocities normal to the two streamlines AD and BC, respectively. The line AD is at the head of the widened shelf
(near Shanwei) and BC, downstream of it (near Shantou).

3.2. Influence of river on upwelling

For the upwelling near the Pearl River Estuary, the interaction between upwelling and river plume
should be considered [94-96]. The enhanced stratification due to the presence of plume thins the
surface frictional layer and strengthens the cross-shelf circulation in the upper water column. As
a result, the surface Ekman current and the compensating flow beneath the plume are amplified,
while the shoaling of the deeper dense water minimally changes in the upwelling region. The
pressure gradient generated between the buoyant plume and the ambient sea water accelerates
the wind-driven current along the inshore edge of the plume, but retards it along the offshore edge
[95]. The buoyancy in the plume considerably modulates the alongshore and cross-shelf upwell-
ing circulation in the upper water column [95], and that the upwelling initially occurs to the east of
the Pearl River Estuary, intensifies eastward, and reaches its maximum near Shantou [96]. For the
upwelling off the Yangtze River Estuary area, upwelling is associated with a strong salt-induced
horizontal density gradient. The plume fronts separate the diluted and saline water, and this den-
sity structure elicits upwelling as a branch of the density-driven secondary circulation [72].

3.3. Influence of circulation on upwelling

The density (or salinity) front, which separates the inshore low-salinity coastal water from the
offshore Taiwan Warm Current Water, is one of the primary inducing factors for the upwell-
ing along the western coast of ECS. Using a numerical model, Yang et al. [88] revealed that the
upwelling off the Zhejiang coast comes from the subsurface water of the Kuroshio northeast
of Taiwan in summer (Figure 8). The phosphate-rich upwelling water off the coast of Zhejiang
is mainly originated from the deep sea water in a special area (122.1°E-122.5°E, 130 m—-300 m
deep) northeast of Taiwan, as the nearshore Kuroshio branch current continuously transports
the phosphate-rich deep sea water to the bottom area off the coast of Zhejiang [90].

15
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Figure 8. Summer ocean circulation pattern in the ECS. The solid thin lines represent the isobaths of 50, 100, and 1000 m.
The bold dashed line represents the possible ocean current of the Kuroshio Bottom Branch Current to the northeast of
Taiwan (KBBCNT). The bold solid lines show the Kuroshio, the Kuroshio Branch Current (KBC), and the Taiwan Warm
Current (TWC), and UW denotes upwelling. Redrawn from Yang et al. [88].

As for the northern SCS, Wang et al. [97] investigated the subsurface upwelling signals off
the coasts of Fujian and Guangdong provinces in summer 2000, using a combination of hydr-
ographical, tide-gauge and mooring data, satellite observations, and numerical circulation mod-
el output. It is suggested that the subsurface upwelling is closely related to the coastal sea
level fluctuation and is evidently modulated by both local wind-forcing and large-scale SCS
circulation.

3.4. Influence of tide on upwelling

Lii et al. [98] studied the summertime upwelling off the western coast of Hainan Island using
satellite SST data and numerical modeling. The presence of the tidal mixing front [99] was
believed to play a profound role in stimulating the upwelling near the southwestern coast of
Hainan Island. This upwelling was also evidenced by comprehensive cruise data collected
in the summer of 2006 [100]. On the other hand, the southwesterly monsoon induces down-
welling that competes with the front-induced upwelling off the western coast of Hainan Island.

In the TWS and the ECS, Hong et al. [101] also indicated that tidal mixing plays important
roles in enhancing the upwelling in the TWS. In addition, tides contribute to the upwelling
generation because tidal mixing facilitates the expansion of the Yangtze River Diluted Water,
and strong tidal mixing results in considerable horizontal density gradient across a tidal front
and thus induces upwelling [72, 86].

Internal tides may also affect the upwelling intensity [102, 103]. These studies used satel-
lite multisensor data such as the moderate resolution imaging spectroradiometer (MODIS)
SST, QuikSCAT ocean surface winds, and sea surface dynamic height, and suggested that
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the interaction between upwelling and internal tides enhances the uplifting of lower-layer
water; thus, the summertime upwelling pattern and intensity tend to be altered on the shelf
off Guangdong.

4. Summary

There are six major coastal upwelling regions off the southeastern coast of mainland China, as
shown in Figure 2. The main features of these coastal upwelling regions are summarized below.

In the northern SCS, coastal upwelling regions are distributed primarily off the eastern coast
of Hainan Island and off the coasts of eastern Guangdong. The southwesterly monsoonal
winds are the most prominent factor controlling the upwelling generation. Besides the along-
shore wind stress, wind stress curl, distinct topographic features, frontal eddies, and local
circulations are among the mechanisms for the coastal upwelling in the northern SCS.

In the TWS, two main coastal upwelling regions are identified, i.e., along the southwestern
and northwestern coasts of the TWS. The former appears between Xiamen and Shantou,
while the latter occurs from the east of Pingtan to Meizhou. Both upwellings are regarded as
wind-driven, which occur during the southwesterly monsoon period with a relatively strong
intensity in July. In addition, the bottom topography and the ascending of the northward cur-
rent also affect the upwelling. With respect to the time-varying features, the coastal upwelling
in the western TWS shows short-term variations caused by winds, and has evident responses
to ENSO or local environmental variations.

In the ECS, coastal upwellings are observed in the Yangtze River Estuary and along the coast
off Zhejiang. The alongshore wind, topography, tides, and local circulation are among the
significant factors in determining the generation of coastal upwellings.

Upwelling in the coastal waters of China seas is complex, in terms of the spatial distribu-
tion, time-varying characteristics, generation mechanisms, and factors affecting its evolu-
tion and dynamics. It covers a wide range of temporal variability, including interannual
and multidecadal timescales associated with the ENSO events and global climate change,
as well as shorter timescales associated with fluctuations caused by winds or internal tides.
Consequently, observations based solely on limited cruise measurements would not be able
to provide in-depth knowledge of the upwelling dynamics or its associated biogeochemical
processes. A number of dedicated offshore surveys covering all seasons have been conducted
in the China seas over 2005-2011, aiming with a constant goal of collecting more hydrographic
data as well as biogeochemical parameters. A much better understanding of the main charac-
teristics and dynamics of upwelling in the China seas has been gained, based on these in situ
measurements, multisources of satellite remote sensing data and outputs from global/regional
ocean circulation models (some with biogeochemical modules) [104, 105]. Nevertheless, there
are still certain issues related to coastal upwelling, which remain to be addressed in the near
future, for example, the possible changes of upwelling under global climate change, the influ-
ences of submesoscale processes on the upper-ocean upwelling, etc.
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Abstract

An important hydrographic phenomenon in the Yellow Sea is the surface cold patches
(SCP) in warm seasons, among which the most conspicuous are the Shandong SCP, Subei
SCP, and Mokpo SCP. Previous studies based on monthly mean fields propose that these
patches result from the collaboration of tidal mixing and tidal induced upwelling. While
this is true for patches like the Shandong SCP, the monthly mean tidal mixing and
upwelling alone cannot explain all their formations. In this study, through a detailed
analysis of their patterns over a spring-neap tidal cycle, it is found that the Subei and
Mokpo SCPs show distinct spring-neap variations. During the neap tide phase, strong
stratification is established, and hence the cold patches in these two areas may be greatly
weakened or even suppressed, while during the spring tide phase, the surface tempera-
ture reaches its minimum. That is to say, for these two SCPs, besides the well-accepted
mechanisms, the effect of spring-neap tidal variation must be taken into account.

Keywords: Yellow Sea, upwelling, tidal mixing, surface cold patches

1. Introduction

The Yellow Sea is the northern part of the East China Sea, a western Pacific marginal shallow sea
surrounded by China and Korea (Figure 1). Approximately, it has a meridional extension of
960 km, a zonal extension of 700 km, and an average depth of 44 m, with a maximum of 100 m in
the central trough. Its sea bottom and shores are full of sand and silt carried by the Yellow River
(Huanghe) and other rivers. These deposits, together with the sand storms from the Gobi Desert,
turn the surface of the water golden yellow, making it one of the four seas named after color—
the others being the Black Sea between Eastern Europe and Western Asia, the Red Sea near Gulfs
of Aden and Suez, and the White Sea on the northwest coast of Russia.

© 2018 The Author(s). Licensee IntechOpen. Distributed under the terms of the Creative Commons Attribution-
InteChOpen NonCommercial 4.0 License (https://creativecommons.org/licenses/by-nc/4.0/), which permits use, distribution
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Figure 1. Bathymetry of the study area (contour interval: 30 m).

It has long been observed that cold water masses prevail in warm seasons in the deep or
bottom layers of the central Yellow Sea. These are the Yellow Sea Cold Water Mass (YSCWM),
a conspicuous phenomenon which has attracted wide attention from physical oceanographers
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ever since 1921 [1]. YSCWM is induced by bottom topography and summer atmospheric
conditions. It has a double-cell circulation. It is believed to have a double-cell circulation. The
detailed circulation, however, is still controversial. Proposed so far are three structures: (1)
above the thermocline, it is an anticyclonic horizontal circulation with downwelling at the
center and upwelling around; below the thermocline the circulation is the opposite [2]; (2) the
double cell is formed by convection, with upwelling at the center through the whole water
column and downwelling near the coast [3]. But the convection is limited within a thin shell,
outside which the water is almost motionless in the vertical direction; and (3) based on the
observations and numerical modeling, Su and Huang [4] found a structure similar to (1), but
with totally opposite flow directions. That is to say, it is a cyclonic flow above and an anticy-
clonic flow below, with the accordingly vertical circulations. All these, however, are yet to be
verified with more observations.

Around the YSCWM, we often observe cold centers at the sea surface (e.g., [5, 6]), in contrast to
the ambient high SST in boreal summer. These are the surface cold patches (SCPs). For the
SCPs off Mokpo, Korea, their generation has been ascribed to tidal mixing (e.g., [7]). But details
are yet to be revealed. Recently, Lu et al. [8] reported that tidal mixing and tide-induced
upwelling may collaborate to lead to the formation of the SCPSs. By observation, the patches
sit along the slope of the Yellow Sea trough, where intensified tidal mixing occurs. The abrupt
change of bathymetry tends to increase the velocity shear and hence enhance the vertical
mixing, while the enhanced mixing will change the horizontal density distribution, leading to
a secondary upwelling. This is further substantiated by the observation that the SCP sites agree
with the occurrences of maximal tidal currents, which result in extensive tidal mixing and, by
the above argument, strong upwelling (cf. Figure 12 in [8]).

The generating mechanism via tidal mixing implies that there must be a good correspondence
[8, 9] between the SCP locations and the Simpson-Hunter index [10],

SH = log (H/U?)), (1)

(where H and U are, respectively, the water depth and the amplitude of the tidal velocity),
which describes, for the summer shelf seas, the influence of surface buoyancy input and tidal
mixing in controlling the water column structure. By the SH distribution, there are three
conspicuous fronts in the Yellow Sea; they are, in a clockwise order, Subei Bank Front (SBF),
Shandong Peninsula Front (SPF), and Mokpo Front (MKF) [11]. Correspondingly, three most
conspicuous SCPs are identified. Through comparative experiments, it is found that the SCPs
off Shandong and Mokpo are mainly induced, respectively, through tidal mixing and tide-
induced upwelling, while the Subei SCP is generated through a combination of the two
mechanisms. In a word, tidal mixing and tide-induced upwelling are the two key factors in
the formation of the SCPs.

The above analyses are with the monthly mean maps of the summer sea surface temperature
(SST). However, by observation, the SCPs actually do not last throughout the summer; they
sometimes disappear. A monthly mean analysis may exclude some possible mechanism(s) in
arriving at the mean fields. In fact, we do see such an example in Chesapeake Bay, where the
spring-neap tidal cycles are found to exert effects on the turbulent mixing, stratification, and
residual circulation [12]. For the Yellow Sea (and the surrounding seas like Bohai Sea and East
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Sea), satellite ocean color observations have also shown distinct difference of ocean optical and
biogeochemical properties over a spring-neap tidal cycle (Shi et al., 2011); the fresh water flux
(FWF) from the Changjiang diluted water is found to contain spring-neap signals, too (it is
usually maximized during the spring tide) [13, 14]; and, more importantly, there has been
evidence that the spring-neap cycles may potentially affect the YSCWM in fall [15]. However,
there has been rare attention to the influence of the spring-neap cycle on the generation and
evolution of the SCPs. The study as of today is Huang et al. [16], which will be briefly
summarized here. In the following, we first give a brief description of the seasonal evolution
of the SCPs (Section 2) and then set up a three-dimensional (3D) model to test the hypothesis
(Section 3). Section 4 provides a validation of the results. Based on the model results, Section 5
gives a detailed analysis of the effects of the spring-neap tidal cycles on the SCPs. This article is
summarized in Section 6.

2. The observed seasonal SCP evolution

Figure 2 shows the seasonal evolution of the Yellow Sea SCPs with the multi-year Moderate
Resolution Imaging Spectroradiometer (MODIS) SST data (2003-2016). As can be seen, the

E  I2E 120° 1B 1% e EPE  E

Figure 2. Monthly SST (in °C) climatology (2003-2016) based on MODIS-Aqua and -Terra measurements from May to
October. The SCPs are marked by dashed ellipses during summer time and the three lines are shown in the June map.
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Figure 3. Annual cycles of the |St| (from MODIS) off (a) Subei coast (122.2°E-122.5°E, 33.7°N), (b) Shandong Peninsula
(122.7°E-122.9°E, 37.35°N), and (c) Mokpo (124.8°E-125.3°E, 34.4°N). Units are K/km.

SCPs usually appear in spring and decay in fall and become pronounced in summer. For a
better illustration, we follow Ma et al. [17] and compute the zonal temperature gradient
St =% and display in Figure 3 |S| for the segments off Subei coast, Shandong Peninsula,
and Mokpo (the three lines are marked in Figure 2). The annual cycles of |St| are obvious.
Defining the 0.03°C/km isoline as the boundary of the SCP off Subei coast, we then see that the
SCP first emerges in May, flourishes in summer, and disappears in late August. Likewise, by
defining the 0.05°C/km contour as the boundary, we can have the evolution of the Shandong
SCP (Figure 3b), which is by observation stronger than its Subei counterpart. It forms in late
April, and lasts through late September, with its maximum in June and July. The Mokpo SCP
can also be demarcated by the isoline of 0.05°C/km. It is found to emerge in May, lasting
through October until it completely disappears.

3. Model setup

We adopt the ECOM-si model developed at East China Normal University [14] to achieve our
goal. The model domain encompasses the entire East China Sea (including Yellow Sea, Bohai
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Sea, and East Sea) and parts of the Pacific Ocean and the Japan Sea, with an open boundary
roughly parallel to the Ryukyu Islands. This model has a resolution varying from several
hundred meters near the Changjiang River mouth to 2-3 km in the open ocean. Vertically
there are 20 terrain-following sigma levels. Besides, a wet/dry scheme is included with a
critical depth of 0.25 m. Wu et al. [18] found that the inclusion of inter-tidal flats is very
important in simulating the Changjiang plume.

The open boundary conditions include specified shelf and tidal currents. The former is
extracted from the daily Hybrid Coordinate Ocean Model (HYCOM) data with a horizontal
resolution of 1/12°, the latter is specified with harmonic constants as determined by Wu et al.
[13]. The boundary and initial conditions of salinity and temperature are extracted from the
daily HYCOM and Simple Ocean Data Assimilation (SODA) datasets, respectively, and the
surface fluxes (heat and momentum fluxes) are derived from the European Centre for
Medium-Range Weather Forecasts (ECMWF) dataset (with a time resolution of 6 hours). For
more details, see Wu et al. [13, 14].

The integration begins on January 1, 2008. After 1 year’s spin-up, the model reaches a statisti-
cal equilibrium. In the following, the hourly outputs for the summer time (July-August) from
2009 to 2013 will be used.

4, Validation

4.1. Temperature

Our focus is the summertime SCPs, so we look only at simulation for July and August. Data
used for validation span an extended multi-year period from 2009 to 2013.

We first compare the model results with historical in situ observations. Figure 4 shows such a
comparison between the cruise data from Korean Oceanographic Data Center (KODC) and

a cruise observation b numerical model i
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Figure 4. (a) KODC hydrographic mean SST in summer time from 2010 to 2013 (22 Aug 2010-27 Aug 2010; 1 Jul 2011-5
Jul 2011; 10 Aug 2012-18 Aug 2012; 13 Aug 2013-20 Aug 2013). (b) As (a), but for modeled SST. Contours denote the
bathymetry of the Yellow Sea (contour interval: 25 m).
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Figure 5. Distribution of the monthly mean SST (°C) from July to August for 2009-2013 from (a) MODIS and (b) model
result. The SCPs are marked by dashed ellipses.

National Fishers Research and Development Institute (NFRDI). From it, we see that the
simulation has produced satisfactory results comparable with the cruise observations, with
an error tolerance within 2°C.

A comparison of the model results with the MODIS also shows good agreement. Figure 5a and b
are the observed (MODIS) and modeled monthly mean SST from July to August, respectively.
Generally, the latter agrees well with the former, although the modeled SST off Subei coast is
warmer than the MODIS SST by 1-2°C. From both distributions, four SCPs are evident; they are
located off Subei Bank, off Chengshanjiao (Cheng Shan Point in the east of Shandong), in
Kyunggi Bay, and off Mokpo. Their intensities are also in good agreement, except for that of the
two along the Korean coast. Nonetheless, the simulated Mokpo SCP is still satisfactory, though it
is too strong by comparison. The problem is with the Byunggi Bay SCP, which is not well
reproduced in the model. This is because (1) the model does not have enough resolution around
the bay (data unavailable), and (2) the Han River discharge into the Bay is not included (also due
to a lack of data). We have tested with some artificial runoff but it seems that the SCP simulation
in the bay is essentially not affected, so the poor bathymetry resolution in the eastern part of the
Yellow Sea may be blamed. But, anyhow, our focus will be the SCPs off Subei, Shandong, and
Mokpo, which will not be influenced by the unsatisfactory simulation of the SST around the

Kyunggi Bay.

4.2, Tides

Tides are pivotal to the SCP formation; their successful simulation is the key to this study.
Figure 6 shows the modeled cotidal charts for the four major constituents M2, S2, K1, O1, N2,
and P1. From the semidiurnal tides (M2 and S52), we particularly see two amphidromic points
in the Yellow Sea (located off Chengshanjiao and Haizhou Bay). These, among other features,
agree well with satellite observations and previous model results such as Fang et al. [19], Lu
et al. [8], Ren et al. [11], to name a few. Our model simulation is hence validated.
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5. The tidal cycles of the Yellow Sea SCPs

First, look at the evolution of the Subei SCP. For this purpose, a point east of the Subei Bank or
Subei Shoal is chosen to plot the time series of the modeled temperature. This is the station A
(122.3°E, 33.7°N), as marked in Figure 5b. Figure 7 displays the 3-m temperature (blue) at it
from July to August for the 5 years 2009-2013. They are then band-pass filtered with a
Butterworth filter to retain only the features between 7 and 21 days and re-plotted in red. Clearly,
the spring-neap cycle exists in all the 5 years’ band-passed signals—the near surface water is
coldest (warmest) during the spring (neap) tidal phases. For the vertical distribution at the
station, the cycle is also obvious. Figure 8 displays the 2012 sequence of the profiles of temper-
ature, vertical velocity, vertical diffusivity, horizontal speed, and the reconstructed tidal current
magnitude and surface elevation, from which the spring-neap variations are clearly seen.

The variations of the above oceanic fields provide a possible explanation for the corresponding
SCP cycle. During the spring tidal phases, the strong tidal mixing brings up the deep cold
water, while the upwelling supplies cold water from the subsurface layer. During the neap
tidal phases, the tidal mixing is minimized, and the upwelling in the upper layer is weak. The
deep cold water cannot be brought to the surface and, accordingly, the SCP is suppressed. For
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example, on July 13 (Day 13) and August 12 (Day 43), a strong stratification is established in
the absence of mixing and convection; the upper layer water becomes warmer, and hence the
SCP fades away.
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The SCP has a vertical structure which also experiences a variation over the spring-neap tidal
cycle. Figure 9 shows a sequence of the temperature on the cross-section along the latitude
33.7°N, from 121.5°E to 123.5°E in August 2012. From the figure, we see that, on August 4, 2
days after the new moon, the SCP reaches its maximum strength, with the 23°C isotherm line
outcropping to the surface. On August 11, just 2 days after the first quarter moon, the outcrop-
ping isoline is 26°C, which, however, is completely suppressed during August 12-16. The
spring-tide SCP temperature may differ from the neap-tide SCP temperature by as large as
3°C. Obviously, tides along cannot account for all the SCP formation; the effect of the spring-
neap tidal variation cannot be ignored.

To contrast the spring tidal temperature from the neap tidal temperature, we, respectively, take
the means of the temperatures on the spring tide days (defined as 2 days after new or full
moon) and neap tide days (2 days after quarter moon) in summer for all the 5 years during
2009-2013. The mean temperatures are shown in Figure 10a and b; also shown is their
difference (Figure 10c). The large difference in both structure and magnitude implies that the
previous analysis simply based on the monthly mean fields cannot tell the whole story.
Particularly, the large difference in temperature, as shown in Figure 10c, happens to take place
in the region where the SCP forms, corresponding well to the spring-neap variation. Therefore,
for the region off Subei Bank, we may safely say that the formation of the summertime SCP is
mainly induced during the spring phase because of the pronounced tidal effect. In the days of



The Yellow Sea Surface Cold Patches in Warm Seasons
http://dx.doi.org/10.5772/intechopen.80732

Fr—
o =

D G
[T
et v

SEERENEE...

GEEHALE

[
ERbhE
Dupthimy
i, I
el s
BAE S o

il ey
sl ISR WISE (IS 1M AR s NS0 west s
| il Misen-[800 [ L]

|

L]
5 -4

il
14

Dapihs vy
ShEERY

gt o)
SRR Fw -
Dweih 1)
as.w;;'e:..,

Dwpth el
RSN

bl
=
il
| 4

TARRSE VAME TIE  RRZSE  1FRE S WZEE S INAL R
1] [ 1L Full maoa-0817 aE

3
§

Fan =

Teppen (i
bt

D i)
GBS TANEG.-

Doty (11
SBAENRE.

Dgt i
bk 4. fe 1 00

SRANRER,

.'?:ISI ITI\I “"""H 1']4

s ﬂ:“\:l. I!:H:I. \E‘ISI “1 | 3

ot 1€

|'\.r I? i I:HI

in B el
7 B E
= =5 =
| ¥ i@ 5 1€
B ® 3]
uk iatid ail
-y h “HasE A
2 7150 AL Y 14
i 7 i
: v .
i i o
& ig £ 1z
§ {8 §%
1 F ax
] Lt = ]
[T ] [

Figure 9. Temperature profiles along 33.7°N from August 1 to August 31. The 22-26°C isolines (with a 1°C interval) are
contoured.

neap tides, such as August 14-16, 2012, with the establishment of strong stratification, the
weak tidal effect cannot have the deep cold water brought up to the surface, and the SCP may
completely be suppressed.

Another conspicuous SCP along the China coast is the one off Shandong Peninsula. Following
the same procedure as above, we pick a representative point or “station” B at (122.7°E, 37.1°N),
as marked in Figure 5b, for the analysis. Shown in Figure 11 are the original and band-pass
filtered temperature series at the point. Compared with that of Figure 7, the spring-neap varia-
tion at B is much weaker; its maximal magnitude is less than 1°C (~2°C in Figure 7). The
evolutions of the vertical structures of the fields at B are also distinctly different from those at
A, as drawn in Figure 12. This is particularly true for the vertical velocity (Figure 12b), which is
not only weaker than its counterpart at A (off Subei Bank) but also tends to be homogenized
over the spring-neap cycle and vertical diffusivity (Figure 12c), which implies that the here tidal
mixing is strong during the spring phases, and hence the water column tends to be more
homogeneously distributed in the vertical direction. It has been reported that tidal mixing plays
the dominant role in inducing the Shandong Front [8, 11]. Our results are in agreement with this.

Following what we did in Figure 10, we draw the mean temperature profile along the latitude
37.1°N off the tip of Shandong peninsular (marked in Figure 5b) for both the spring and neap
tidal phases (Figure 13a and b). What makes a remarkable difference from that in Figure 10 is
the insignificant difference between Figure 13a and b. In fact, the spring and neap profiles here
look quite similar (the difference is shown in Figure 13c), in sharp contrast to those off the
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Subei Bank. By this observation, the previous studies on SCPs using the monthly mean
temperature data may be appropriate only for the cold patch off Shandong.

Previously, Ren et al. [11] suggested that tidal mixing is the key to the formation of the
Shandong Front, while off Subei Bank, the Subei Front results from collaboration of both tidal
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induced upwelling and tidal mixing. The different generating mechanisms may be reflected in
the temperature distribution, and hence we see different temperature variations over the
spring-neap cycle at the two stations A and B.

The third SCP in the Yellow Sea, the SCP off Mokpo southwest of Korean Peninsula, is
somehow different from both its counterparts in the western Yellow Sea. Again, we choose a
representative point C at 125.6°E, 34.7°N (cf. Figure 5b), and analyze the temperature series at
it (Figure 14). Similar to station A (off Subei coast), the series at this station also shows
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Figure 12. As Figure 8, but for station B.
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significant spring-neap variations. From Figure 15, both upwelling and tidal mixing are con-
spicuous on the spring-neap cycle. During the spring tidal phases, strong upwelling and
strong tidal mixing lead to the generation of the SCP, while during the neap tidal phases, the
SCP fades away as both the vertical velocity and vertical diffusivity become greatly weakened.

As we did for Figure 10, the cross-section temperature distribution along the latitude ~34.5°N
off the tip of Mokpo (marked in Figure 5b) is displayed in Figure 16. Here, the outcropped
isoline on the spring profile is about 19°C, while on the neap profile, it is around 21°C. The
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spring-neap difference (Figure 16c) shows a pattern just like that of Figure 10c, with a mini-
mum trapped in the near-surface below the SCP and vanishing values elsewhere.

6. Concluding remarks

The long observed SCPs along the China and Korea coasts are a conspicuous hydrographic
phenomenon in Yellow Sea. They generally form in spring, grow in summer, and decay in fall,
though the precise time may differ case by case. Using a 3D numerical model, in this study, we
have investigated how the spring-neap tidal cycle influences the formations and evolutions of
these SCPs in July and August.

The temperature variation over a spring-neap tidal cycle separated from the nonstationary
background shows that the lowest temperature occurs during spring tidal days (defined as
2 days after new moon or full moon), and the highest occurs during neap tidal days (2 days
after quarter moon). This spring-neap variation is consistent with the previous ocean color
observation by, say, Shi et al. [20], who showed that the ocean color in Yellow Sea varies on a
period largely equivalent to a spring-neap tidal cycle, with the largest (smallest) turbid water
coverage 2-3 days behind the new/full (quarter) moon. This variation is the most conspicuous
for the SCPs off Subei Bank and off Mokpo, while for the Shandong SCP, it is not significant,
suggesting that the underlying generating mechanism could be different. Indeed, the time-
depth distributions of temperature, vertical velocity, and vertical diffusivity off Subei Bank
show that the mixing is weak, and vertical velocity is small in the neap tidal phase, and, as a
result, strong stratification is established, suppressing the upwelling and subsequently the
SCP; on the other hand, the SCP is enhanced in the spring phase, thanks to the strong
upwelling and tidal mixing which bring the deep cold water upward through the thermocline
to the surface. The Mokpo SCP bears a similar variable scenario. The Shandong SCP, however,
does not show significant variation over a spring-neap cycle. Its formation is mainly through
tidal mixing, in contrast to the Subei SCP and Mokpo SCP. But here the tidal mixing alone
makes a relatively homogeneous temperature distribution in the vertical direction. This pre-
vents the influence of the spring-neap cycle from taking effect on the vertical movement of
deep water, yielding an insignificant spring-neap variation. The composite analysis of the
MODIS SST data and buoy observations also support these observations.
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Abstract

Saltwater intrusion in the Changjiang Estuary and the impacts of river discharge, tide,
wind, sea level rise, river basin, and major estuary projects on saltwater intrusion are
studied in this chapter. There is a net landward flow in the NB (North Branch) when river
discharge is low during spring tide, resulting in a type of saltwater intrusion known as the
SSO (saltwater-spilling-over from the NB into the SB (South Branch)), which is the most
striking characteristic of saltwater intrusion in the estuary. A three-dimension numerical
model with HSIMT-TVD advection scheme was developed to study the hydrodynamic
processes and saltwater intrusion in the Changjiang Estuary. Saltwater intrusion in the
estuary is controlled mainly by river discharge and tide, but is also influenced by wind,
sea level rise, river basin, and estuary projects. Saltwater intrusion is enhanced when river
discharge decreases. There is more time for the reservoir to take freshwater from the
river when river discharge is larger. The fortnightly spring tide generates greater saltwater
intrusion than the neap tide. The saltwater intrusion in the SP (South Passage) is stronger
than that in the NP (North Passage), and the intrusion in the NP is stronger than that in
the NC (North Channel). The northerly wind produces southward currents along the
Subei coast as well as the landward Ekman transport, which enhances the saltwater
intrusion in the NC and NB and weakens the saltwater intrusion in the NP and SP.
Saltwater intrusion becomes stronger as the sea level rises and is much stronger when
river discharge is much small. The DWP (Deep Waterway Project) alleviates the saltwater
intrusion in the NC and the lower reaches of the NP and enhances the saltwater intrusion
in the SP and in the upper reaches of the NP. The Three Gorges Dam (TGD) increases river
discharge in winter, which weakens saltwater intrusion, and is favorable for reducing the
burden of freshwater supplement in the highly populated estuarine region. The Water
Diversion South to the North Project (WDP) decreases river discharge, enhances saltwater
intrusion, and is unfavorable for freshwater supply in the estuary.

Keywords: Changjiang Estuary, saltwater intrusion, dynamic process, numerical model,
freshwater resource
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1. Introduction

The Changjiang, also known as the Yangtze River, is one of the largest rivers in the world. The
Changjiang Estuary has a 90-km-wide river mouth, which is characterized by multiple bifur-
cations (Figure 1). First, the estuary is divided by Chongming Island into the South Branch
(SB) and North Branch (NB). The SB and its lower reaches form the main channel of the
Changjiang and discharge most of the river discharge, while the NB is heavily silted. Second,
the lower SB is bifurcated into the South Channel (SC) and North Channel (NC) by Changxing
Island and Hengsha Island. Finally, the SC is bifurcated into the South Passage (SP) and North
Passage (NP) by Jiuduansha Island [1]. The Changjiang Estuary is unique among well-studied
estuaries, has an extremely dynamic hydrological environment due to runoff, tide, wind,
mixing, topography, and continental shelf current outside the river mouth, which are the main
dynamic control factors on hydrodynamic processes in the estuary [2—4].

Saltwater intrusion in the Changjiang Estuary is controlled mainly by the river discharge and
tide [2, 5-8], but is also influenced by wind [4], topography [9], river watershed and estuary
projects [10-12], and sea level rise [13]. The natural evolution and artificial reclamation of the
intertidal zone from the 1950s to the 2000s have severely narrowed the upper reaches of the NB
[14]. As a consequence, the upper reaches of the NB have become almost orthogonal to the SB,
while the lower reaches have become funnel shaped. The evolution of river regime of the NB
helps to prevent runoff from entering the NB, especially during the dry season; meanwhile, it
makes the tidal range larger in the NB than in the SB. Strong tidal forcing in the NB induces
significant subtidal circulation, resulting in a net landward flow when river discharge is low
during spring tide [1]. This residual transport forms a type of saltwater intrusion known as the
saltwater-spilling-over (S50) from the NB into the SB, which is the most striking characteristic
of saltwater intrusion in the estuary. During spring tide, the water level rises considerably in
the upper reaches of the NB due to its funnel shape, leading to a massive amount of saline
water spilling over the shoals into the SB [1]. The saline water that spilled into the SB is then
transported downstream forced by runoff and arrives in the middle reaches of the SB during

Lantimasda (T}

Figure 1. Map of the Changjiang Estuary and the pathways of saltwater intrusion (arrows). Key geographic locations and
hydrologic stations are marked. The red dots indicate the locations of Baozhen (BZ) and Chongxi (CX) hydrologic
stations. The black dots indicate the locations of water intakes of the reservoirs. W is the location of the weather station
at the Chongming eastern shoal. DWP stands for the deep waterway project.
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the subsequent neap tide. This process impacts the water intakes of the Dongfengxisha,
Chenhang, and Qingcaosha reservoirs and threatens the freshwater supply to Shanghai, a
megacity in China.

The Changjiang Estuary has been the most important freshwater resource for Shanghai. The huge
QCSR (Qingcaosha reservoir) was built in 2010 along northwestern Changxing Island, supplying
more than 70% of the freshwater for the 13 million people in Shanghai. The QCSR takes the water
from the Changjiang when the salinity is lower than 0.45 (the salinity standard of drinking water),
but it suspends its operation when the saltwater intrusion influences the water intake. In order to
understand the dynamic processes and mechanism of saltwater intrusion in the Changjiang
Estuary, we studied the impacts of tide, river discharge, wind, sea level rise, river basin, and
major estuary projects on saltwater intrusion, which not only has important scientific significance,
but also has great application meaning for safety of freshwater resource in Shanghai.

Estuarine saltwater intrusion is a common phenomenon, which can produce estuarine circula-
tion [15] and change stratification [16], thereby influencing sediment transport, producing peak
estuarine turbidity [17], and degrading the safety of freshwater intake of estuarine reservoirs.

In this chapter, we analyze and simulate the saltwater intrusion in the Changjiang Estuary. In
Section 2, we describe the numerical model used to simulate the saltwater intrusion in the
estuary. In Section 3, we first simulate the saltwater intrusion in a climatological state under
various dynamic factors, and then analyze the impacts of river discharge, tide, wind, sea level
rise, river watershed, and artificial estuary projects on the saltwater intrusion by numerical
experiments. In Section 4, a summary is provided.

2. Numerical model

ECOM-si was developed based on the Princeton Ocean Model (POM; [18, 19]) with several
improvements [20] to address the demand for numerical simulations of water body bounded
by complicated coastlines. This model incorporates the Mellor-Yamada level-2.5 turbulent clo-
sure scheme to provide a time and space dependent parameterization of vertical turbulent
mixing [21-23]. This model was further developed by Wu and Zhu [24] using the third HSIMT-
TVD scheme for the advection term in the mass transport equation. This scheme is flux-based,
with third order accuracy in space, second order accuracy in time, and no numerical oscillation.

Under the assumption of incompressibility, Boussinesq and hydrostatic approximations, and
using the horizontal nonorthogonal curvilinear and vertical stretched sigma coordinate sys-
tem, the governing equations of ocean circulation and water mass (consisting of momentum,
continuity, temperature, salinity, and density equations) are as follows [25]:
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In the above equations, the new coordinate (¢, ), and o) is defined as: & = &(x,y), n=n(x,y),

_ z—C
0= fore

The vertical coordinate o varies from —1 at z= —H to 0 at z = {, where, X, y and z are the east,
north, and vertical axes of the Cartesian coordinate, respectively; C is the sea surface elevation;

and H is the total water depth. The £ and 1 components of velocity (defined as 13, v;1) can be
expressed in the forms of u; = }% (xgu + ygv), v = (x,]u + yqv) [25], in which, u and v are

the x and y velocity components, &, = ?, &= x]” n, = ] 1, =7, where [ is the Jacobin

function in the form of ] = xgy, — xyy,, and the subscripts (£ and 1) 1r1d1cate derivatives. The

metric factors h; and h, of the coordinate transformation are defined as hy = ,/x% +y§,

hy = | /x% +y$], U= % <h2u1 2 01) V=1 (hwl — Z_z”l)' in which, h3 = Yel, +xexy, where 0

is the water temperature, s is the salinity, f is the Coriolis parameter, g is the gravitational
acceleration, K,, is the vertical eddy viscosity coefficient, and K}, is the thermal vertical eddy
friction coefficient. F,, F,, Fg, and F; represent the two horizontal momentum terms, thermal
term, and salt diffusion term, respectively. p and p, are the perturbation and reference density,
which satisfy pi, =p + P Fu, Fo, Fo, and F; are calculated by using Smagorinsky’s [26]
formula in which horizontal diffusion is directly proportional to the product of horizontal grid
sizes. K;, and K are calculated using the modified Mellor-Yamada level-2.5 turbulent closure
scheme [20-22].
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The surface and bottom boundary conditions for the momentum and heat equations are given by:

ok Fu dv oKy A Ky ds. s e _
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where (T, Ton) and (Tbg, Tb,,) =CyVU + VZ(LI2 + Vz) are the £ and 1) components of surface
wind and bottom stresses; Q. is the net surface heat flux; p is the precipitation flux; and f; is
the evaporation flux. The surface wind stress was calculated based on the neutral steady state
drag coefficient developed by Large and Pond [27]. The drag coefficient Cq at the bottom is
determined by matching a logarithmic bottom layer to the model at a height z,, above the

2
bottom, that is, C; = max {kz /In <ZZL;’) ,0.0025}.

where k = 0.4 is the Karman's constant and z, is the bottom roughness parameter [25].

Egs. (1)-(7) are solved prognostically as initial value problems of oceanic motion. The initial
velocity takes the form ¥, = Vv, = 0 and the water elevation is also set to { = 0. The initial

temperature and salinity are specified using observational data.
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Figure 2. The numerical model mesh (a), an enlarged view of the model mesh around the bifurcation of the NB and the
SB (b), and an enlarged view of the model mesh in the NP (c).
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The model domain covered the entire Changjiang Estuary, Hangzhou Bay, and adjacent seas
from 117.5°E to 125°E and from 27.5°N to 33.7°N (Figure 2a). The model was composed of
307 x 224 cells horizontally and 10 uniform o levels vertically. The horizontal mesh was
designed to fit the coastline, with high-resolution grids near the Changjiang mouth, especially
near the bifurcation of the SB and NB (Figure 2b), and near the NP where a deep waterway
was maintained for navigation (Figure 2c). A lower-resolution grid was used in open water.
The grid resolution ranged from 300 to 600 m in proximity to the river mouth and was 15 km
near open water. A wet/dry scheme was included to characterize the intertidal zone due to
tidal excursion, and the critical depth was set to 0.2 m.

Derived from the NaoTide dataset (http://www.miznao.acjp/), the open sea boundary
included 16 astronomical constituents: M,, S,, Ny, Ky, K;, O, P1, Q1, MU,, NU,, T,, L,, 2N,,
J1, My, and OO;. The river boundary in the model was specified by the measured daily river
discharge at the location of Datong Hydrographic Station, which is 630 km upstream from the
river mouth. Wind field used to calculate the sea surface momentum was simulated by
the WRF (Weather Research Forecast) Model, or from the observed data of weather station at
the Chongming eastern shoal.

The velocities and elevation were initially set to zero. The initial salinity distribution was
derived from the Ocean Atlas in the Huanghai Sea and East China Sea (Hydrology) (Editorial
Board for Marine Atlas [28]) outside the Changjiang mouth and from observed data inside the
river mouth in recent years. Because salinity dominates the density variability in the
Changjiang Estuary, water temperature was set to a constant value of 10°C in the model. We
have been applying the model in the Changjiang Estuary to study the hydrodynamic processes
and saltwater intrusion and have done a lot of work on model validation. The numerical
model has been validated many times using data in the Changjiang Estuary, and the results
suggest that the model can successfully simulate the hydrodynamic processes and saltwater
intrusion in the estuary. A detailed description of the model validation can be found in Wu and
Zhu [24], Li et al. [4], and in Qiu and Zhu [12].

3. Dynamic mechanism of saltwater intrusion

The saltwater intrusion in the Changjiang Estuary is controlled mainly by the runoff and tide,
but is also influenced by wind, topography, sea level rise, and various projects in the river
watersheds and estuary. Using the numerical model described above, we first simulated the
saltwater intrusion considering various dynamic factors in a climatological state and then
analyzed the impacts of various dynamic factors on the saltwater intrusion using sensitivity
experiments.

3.1. Simulation of saltwater intrusion

We considered the monthly mean river discharge and wind in winter to simulate the climato-
logical saltwater intrusion. The river discharge was set at 11,800 m>/s, which was the mean
value measured at Datong Station in January and February from 1950 to 2015. The surface



Saltwater Intrusion in the Changjiang Estuary
http://dx.doi.org/10.5772/intechopen.80903

wind was set to a northerly wind with a constant speed of 5 m/s, which is roughly the mean
wind condition in the estuary in winter. The model was run for 60 days from January 1 to
March 1, and the analysis was carried out on the outputs of the last spring-neap tidal cycle, or
15 days for salinity spatial distribution, and of the last two spring-neap tidal cycles, or 30 days
for temporal variation of salinity at the water intakes of the reservoirs.

To describe the subtidal movement of water in the Changjiang Estuary, we filtered out the tidal
current to obtain the residual current during spring and neap tides. In this study, six semidiur-
nal tidal cycles were used as an averaging time window to remove the semidiurnal and
diurnal tidal signals.

The residual water current in the Changjiang Estuary is influenced by several dynamic factors,
including runoff, tide, wind, and density gradient. Abundant water discharge drives the
residual current to flow seaward, and most is diverted into the SB because of the nearly
orthogonal bifurcated channel (Figure 3). During spring tide, the surface residual current in
the upper reaches of the NB is landward, whereas the residual current is seaward in the middle
and lower reaches (Figure 3a). Compared to that in the NB, the surface residual current in the
SB is much larger. The surface residual currents in the NC, NP, and SP all flow seaward [12].
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375 ]

3150

RIRLIR

3175

350

el Bk b

3100

S

1210 1218 122.0 125 E 1210 1215 1220 23 E

_,.'."

Figure 3. Distribution of residual currents during spring tide (left panel) and neap tide (right panel) under the river
discharge of 11,800 m®/s. (a and b) Surface layer; (c and d) bottom layer.
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Moreover, the water overflows across the DWP (Deep Waterway Project) from the SP into the
NP and even into the NC, and this acts as one-way transport because the water can cross the
dike during flood tide and cannot return to the SP due to the lower elevation during ebb tide.
In the bottom layer, the pattern of the residual current is similar with that in the surface layer,
but the current is much weaker due to the bottom friction (Figure 3c).

During neap tide, the residual current in the surface layer of the upper reaches of the NB is
seaward, that is, the net water transport is from the SB into the NB (Figure 3b), just opposite of
the situation in spring tide. The residual current on the east side of Chongming Island flows
eastward and then flows southeastward under the force of northerly wind, rather than flowing
northeastward in spring tide, because the wind can easily change the weaker tidal current in
neap tide. The overflow across the DWP vanishes in neap tide due to the smaller tidal range. In
the bottom layer, the residual currents in neap tide in the SP, middle and lower reaches of the
NP, and in the sandbar of the NC are all landward flow because the vertical mixing becomes
weaker, which results in stronger landward baroclinic pressure force (Figure 3d).

The NB is totally occupied by high-saline water, and the isohaline 5 is close to the bifurcation of
the NB and SB. There exist salinity fronts in the upper reaches of the NB, sandbar areas of the
NC, NP, and SP (Figure 4). At flood slack during spring tide, the saltwater spills over from
the NB into the SB, resulting in the water mass with salinity greater than 0.45 appearing in the
upper reaches of the SB (Figure 4a). As suggested by Wu and Zhu [29], the SSO is mainly
caused by the Lagrangian residual and tidal pumping. There exists fresh water in the SB.
Around the river mouth, high-salinity water intrudes, and salinity differs among the channels.
The distance that isohaline 15 moves upstream in the SP is pronounced compared to that in the
NP and is pronounced in the NP compared to that in the NC. The saltwater intrusion in the SP
is stronger than that in the NP and is stronger in the NP than that in the NC. In the bottom
layer, due to the gravity force, the salinity in the sandbar areas of the NC, NP, and SP is higher

Figure 4. Distribution of salinity at flood slack during spring tide (left panel) and neap tide (right panel) under the river
discharge of 11,800 m%/s. (a and b) Surface layer; (c and d) bottom layer. The green isohalines are 0.45; the red isohalines
1.00; the orange isohalines 2.00; and the black isohalines begin at 5.00 with an interval of 5.00. The reference site of flood
slack is Baozhen hydrologic station (red dot, labeled in Figure 1), similarly hereinafter.
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Figure 5. Temporal variation of salinity at the water intakes of the reservoirs under the river discharge of 11,800 m?/s.
Dashed curve: Dongfengxisha reservoir; thin curve: Chenhang reservoir; and thick curve: Qingcaosha reservoir. The
horizontal dashed line is the salinity of 0.45, which is the salinity standard of drinking water, similarly hereinafter.

than that in the surface layer (Figure 4c). In other water areas, the salinity in the bottom layer is
almost the same as that in the surface layer, due to strong vertical mixing in spring tide.

At flood slack during neap tide, the salinity at the upper reaches of the NB becomes lower, and
the isohalines extend downstream due to the lower tidal range (Figure 4b). There is no SSO;
the saline water induced by the SSO in spring tide moves downstream under the runoff force
in the SB. Consistent with the change of residual current, the northward extension of the
diluted water on the east side of Chongming Island, which appears in spring tide, vanishes,
and the distance of eastward freshwater transport in the NC is pronounced. Compared with
the saltwater intrusion in the NC, NP, and SP during spring tide, the intrusion becomes
weaker in the surface layer due to weaker tide, but becomes stronger in the bottom layer due
to weaker vertical mixing and stronger landward baroclinic pressure force and stratification in
neap tide.

At present, approximately 70% freshwater supply in Shanghai is taken from the water
resources in the Changjiang Estuary. The saltwater intrusion in winter threatens the freshwater
safety of the city. There are three reservoirs in the estuary, that is, the QCSR, Chenhang
Reservoir, and Dongfengxisha Reservoir (locations marked in Figure 1). During saltwater
intrusion, the salinity is higher than 0.45 (the salinity standard of drinking water) at water
intakes, and the reservoirs can no longer take water from the Changjiang Estuary. Under the
river discharge of 11,800 m®/s during a period of spring-neap tide in February, approximately
two-thirds of the time water is taken from the Chenhang Reservoir; approximately half the
time, from the Dongfengxisha Reservoir; and more than half the time, from the QCSR
(Figure 5). Therefore, it is not a problem for the reservoirs in the Changjiang Estuary to receive
fresh water from the river to meet the supply demand of drinking water under the climatolog-
ical mean value of river discharge.

3.2. Impact of river discharge

River discharge is one of the most important dynamic factors determining estuarine saltwater
intrusion. The measured river discharge at Datong Station, which accounts for 94.7% of the
total river basin discharge, is the upper tidal limit in dry season and is generally used as an
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Figure 6. Temporal variation of observed salinity at Chongxi hydrologic station. Red line: March 2009; black line:
September 2009.

upper boundary of the estuary in modeling. The river discharge has seasonal variation, which
increases from January to July, and then decreases from July to December. The monthly mean
river discharge has the minimum of 11,500 m®/s in January and reaches the maximum of
49,800 m*/s in July (Changjiang Water Resources Commission, based on the data from 1950 to
2016). The river discharge has interannual variation with higher or lower values in some
winters. In this subsection, we analyze the impact of river discharge on the saltwater intrusion
based on the measured data and numerical experiments.

The Chongxi Hydrologic Station is located southwest of Chongming Island (red dot in
Figure 1). The measured salinity shows that the saltwater intrusion was stronger during spring
tide, with salinity higher than 1.0 in March 2009 when the river discharge at Datong Station
was lower, and the intrusion was very weak in the whole month of September in 2009 when
the river discharge at Datong Station was higher (Figure 6). Therefore, seasonal variation of
river discharge has significant influence on the saltwater intrusion in the estuary.

Salinity at the Chongxi Hydrologic Station was higher during spring tide when the river
discharge at Datong Station was lower in April 2009 and was also higher during the first 5 days
in April 2010 when the river discharge was close to that in April 2009. In contrast, salinity was
much lower, and there was no saltwater intrusion from 6 to 30 in April 2010 when the river
discharge was distinctly higher (Figure 7). These observational results indicate that annual
variation of the river discharge has evident impact on the saltwater intrusion in the estuary.

Besides the numerical experiment with the climatological value of river discharge in January
and February, we performed two more experiments with a higher river discharge of 14,000 m®/
s and a lower river discharge of 8000 m?/s to compare their impacts on the saltwater intrusion.
Under the river discharge of 14,000 m?/s, the salinity in the upper reaches of the NB is
obviously decreased (Figure 8); there is no saline water with salinity greater than 0.45 in the
SB, that is, no SSO occurs. At flood slack during spring and neap tides, there is fresh water in
both surface and bottom layers at the three water intakes of the reservoirs. Compared with the
results under the river discharge of 11,800 m?/s, the isohalines near the river mouth under the
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Figure 7. Temporal variation of observed salinity at Chongxi hydrologic station. Red line: April 2009; black line: April
2010.
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Figure 8. Distribution of salinity at flood slack during spring tide (left panel) and neap tide (right panel) under the river
discharge of 14,000 m?/s. (a and b) Surface layer; (c and d): bottom layer.

river discharge of 14,000 m®/s move downstream distinctly, indicating that the saltwater
intrusion is weakened due to larger river discharge. In spring tide, more diluted water is
transported from the NC into the NB (Figure 8a and c). Compared with the locations of the
isohalines in spring tide, the isohalines of 0.45 in the NC and SC move downstream in neap
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tide (Figure 8b and d), meaning that the saltwater intrusion in neap tide is weaker than that in
spring tide.

Under a larger river discharge of 14,000 m?/s, the salinity during a period of spring-neap tides
in February at the water intakes of the Qingcaosha and Chenhang reservoirs is lower than 0.45
at any time, that is, there is no saltwater intrusion influencing the water intakes of the two
reservoirs (Figure 9). Approximately, two-thirds of the time the salinity at the water intake of
the Dongfengxisha Reservoir is lower than 0.45. Therefore, there is sufficient time for the
reservoirs to take fresh water from the river when the river discharge is larger.

Under the lower river discharge of 8000 m?/s, the salinity in the upper reaches of the NB is
obviously increased (Figure 10). There is saline water with salinity greater than 1.0 in the SB,
that is, SSO becomes stronger. At flood slack during spring and neap tides, there is no fresh
water in both surface and bottom layers at the three water intakes of the reservoirs. Compared
with results under the river discharge of 11,800 m?>/s, the isohalines near the river mouth move
upstream clearly, indicating that the saltwater intrusion is enhanced due to the lower river
discharge. Compared with the locations of the isohalines in spring tide, the isohaline 5 in the
NC and the SC moves downstream in neap tide, meaning that the saltwater intrusion in neap
tide is weaker than that in spring tide. Salinity is higher than 20 in most areas of the SP, that is,
the saltwater intrusion there is very strong.

Under the lower river discharge of 8000 m®/s during a period of spring-neap tides in February,
fresh water can be taken from the river approximately one-thirds of the time for the
Dongfengxisha Reservoir, half the time for the Chenhang Reservoir, and shorter time for
the QCSR (Figure 11). Therefore, there is less time for the reservoirs to take fresh water from
the river when the river discharge is lower.

Based on the analyses of observed data and numerical experiments, we can conclude that the
effect of river discharge on the saltwater intrusion in the Changjiang Estuary is significant.
When the river discharge decreases, SSO and saltwater intrusion are enhanced in each channel.

3.3. Impact of tide

The tides in the estuary exhibit semidiurnal, diurnal and fortnightly spring-neap signals [5, 25].
The tide is medium with mean tidal range of 2.66 m at the mouth, and is the most energetic
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Figure 9. Temporal variation of salinity at the water intakes of the reservoirs under the river discharge of 14,000 m?/s.
Dashed curve: Dongfengxisha reservoir; thin curve: Chenhang reservoir; and thick curve: Qingcaosha reservoir.
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Figure 10. Distribution of salinity at flood slack during spring tide (left panel) and neap tide (right panel) under the river
discharge of 8000 m?/s. (a and b) Surface layer; (c and d) bottom layer.
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Figure 11. Temporal variation of salinity at the water intakes of the reservoirs under the river discharge of 8000 m*/s.
Dashed curve: Dongfengxisha reservoir; thin curve: Chenhang reservoir; and thick curve: Qingcaosha reservoir.

source of water movement in the Changjiang Estuary. On the intertidal timescales, the semidi-
urnal tide drives saltwater into the estuary during flood tide and out of the estuary during ebb
tide. The fortnightly spring tide generates a greater saltwater intrusion than the neap tide does.
The saltwater intrusion is also enhanced by the seasonal variability of tides, with the maximum
tidal range in March [8, 25].
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The results of numerical experiments in Subsections 3.2 and 3.3 clearly show that the saltwater
intrusion in spring tide is stronger than that in neap tide. In this subsection, we further analyze
the impact of tide on saltwater intrusion based on the observed data. We conducted an
observation in the SP in January 2010 and selected one measured site located in the upper
reaches of the SP to illustrate the variation of currents and salinity with tides (Figure 12). The
observed data show that the current was a rectilinear current inside the river mouth rather
than a rotational current as that outside the river mouth. The current speed was larger in the
spring tide than in the neap tide. The current speed in the surface layer was larger than that in
the bottom layer due to the bottom friction. The current duration in ebb current was longer
than that in flood current. The salinity in the surface layer was higher than that in the bottom
layer. The semidiurnal and fortnightly variations of salinity were evident, which were certainly
caused by tides.

The observed salinity at the Chongxi Hydrological Station in January 2010 also distinctly
shows semidiurnal and fortnightly variations with tides (Figure 13). Therefore, tides are one
of the important dynamic factors determining the saltwater intrusion in the estuary.

3.4. Impact of wind

Wind over the Changjiang Estuary is primarily the monsoon, which is weak southerly in
summer and strong northerly in winter. Li et al. [4] studied the impact of wind on the saltwater
intrusion in the Changjiang Estuary. The observation at the Chongxi Hydrologic Station
indicated the salinity increased abnormally during strong northerly wind. It was confirmed
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Figure 12. Temporal variations of observed current speed (upper), current direction (middle), and salinity (lower) at the
upper reaches of the SP during spring tide (left panel, from 23:00 on January 18 to 5:00 on January 20, 2010) and the neap
tide (right panel, from 23:00 on January 25 to 5:00 on January 27, 2010). Red line: surface layer; green line: middle layer;
and purple line: bottom layer.
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Figure 13. Temporal variation of observed salinity at Chongxi hydrological station in January 2010.

that the abnormal increments of salinity at the Chongxi Hydrologic Station during the neap
and moderate tides were caused by strong northerly wind.

Numerical experiments were carried out to study the effects of different wind speeds and
directions on wind-driven currents and saltwater intrusion. In the control experiment, the river
boundary was specified using a discharge of 11,000 m>/s, which was roughly the monthly
averaged value in January and February; wind was set to the northerly wind of 5 m/s, which
represented the general wind condition in January and February. Two additional numerical
experiments were run without wind (Experiment A) or with stronger northerly wind of 10 m/s
(Experiment B), to represent weaker and stronger wind stress cases. In addition, two more
experiments with a northeasterly wind of 5 m/s (Experiment C) and a northwesterly wind of
5 m/s (Experiment D) were conducted to explore the effect of wind direction on the saltwater
intrusion.

When driven by the northerly wind of 5 m/s, southward currents along the Subei Coast formed
and landward Ekman transport appeared due to the Coriolis force (Figure 14a). In the lower
reaches of the NB, the wind-driven circulation was landward on the north side and seaward on
the south side to ensure the mass conservation. In the SC and NC, a significant horizontal
circulation is formed, which flowed landward in the NC and seaward in the SC. In the SP and
NP, this circulation was seaward. Such patterns of wind-driven circulation can increase the
flood current and decrease the ebb/net water current in the NC, thereby restricting the exten-
sion of the fresher water there and weakening the saltwater intrusion in the SC, SP, and NP. In
addition, the wind-induced circulation in the upper and middle reaches of the NB flowed into
the SB and discharged seaward in the upper reaches of the SB [4].

The difference of depth-averaged salinity between Experiment A (no wind) and the control
experiment during spring tide is shown in Figure 15a. In Experiment A, because there is no
wind-driven southward current along the coast and the landward Ekman water transports, the
salinity in the mouth of the NB was significantly decreased by 3-10, and decreased by 1 off
the SP and NP. In addition, without considering the wind-driven circulation, the saltwater
intrusion in the upper reaches of the NB was weakened with salinity decreasing by 1-5, and
the intensity of SSO was abated, which caused a slight decrease of salinity in the SB. Without
the effects of wind-driven circulation in the SC and NC, the saltwater intrusion in the NC was



64 Coastal Environment, Disaster, and Infrastructure - A Case Study of China's Coastline

1210712125121 4% 121.6° 121851 22.0° 122,25 |22 4% 1 22,61 21.0° 121.2° 1 21.4° 12167 1 21.8° 122.0°1 22.2° 122,451 22.6° (E}

Figure 14. Pure wind-driven net unit width water flux under the northerly wind of 5 m/s (a), the northerly wind of 10 m/s
(b), the northeasterly wind of 5 m/s (c), and northwesterly wind of 5 m/s (d).

weakened with salinity decreasing by 0.2-1.0, whereas that in the SC, SP, and NP was
enhanced with salinity increasing by 1-3. During neap tide, there was larger variation of
salinity in the mouth of the NB, the eastern of the Chongming Island and the SP compared to
that during spring tide (not shown) [4].

The wind-driven current was enhanced greatly by the northerly wind of 10 m/s, but the
current pattern remained the same as that in the control experiment (Figure 14b). Under the
interaction of river discharge and tide, when including the northerly wind of 10 m/s (Experi-
ment B), the wind driven circulation during the spring tide off the Changjiang Estuary brought
more seawater to the mouth, and the salinity off the NB increased by 1-5 compared to the
control experiment. The salinity in the upper reaches of the NB increased by 5 and thereby
enhanced the SSO, which further increased the salinity with a range of 1-2 in the SB. The
salinity in the east of Chongming Island increased by more than 20, and the saltwater intrusion
was pronounced in the NC with salinity increase of 5-20. The salinity in the SC increased by
~1, which was due to the stronger SSO. The saltwater intrusion in the SP and NP were
weakened, and the salinity decreased by a maximum value of 5 in the SP. During neap tide
(not shown), the difference of salinity in the NC and SP was more significant compared to that
during spring tide, whereas it was almost the same in the rest of the study area [4].
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Figure 15. Salinity difference distribution of depth-averaged salinity in experiment a (a), experiment B (b), experiment C
(c), and experiment D (d) with respect to depth-averaged salinity in the control experiment during spring tide. Zero
contour is bold, solid contours denote positive values, and dashed ones denote negative values.

When driven by the northeasterly wind of 5 m/s, the wind-driven circulation in the lower
reaches of the NB as well as that in the SC and NC was significantly weakened (Figure 14c).
Under the interaction of river discharge and tide, when including the northeasterly wind of
5 m/s (Experiment C), a weaker saltwater intrusion in the NB was detected during the spring
tide (Figure 15c), compared to the control experiment, and their difference was more than 5 at
the mouth and decreased gradually to 1 in the upper reaches. The salinity at the mouth of the
NC decreased by 1-3, while it decreased by ~1 in the middle and lower reaches of the NP and
SP, and in the areas off the SP and NP. In addition, the salinity in most areas of the SB, the
upper reaches of NC, the SC, and the upper reaches of the NP is similar to that in the control
experiment. In Experiment C, the relatively weak circulation in the NC led to fresher water
there exchanging with the high-saline water off the NB and further decreased the salinity in the
NB with strong tide [4].

When driven by the northwesterly wind of 5 m/s, the features of wind-driven circulation in the
SC and NC are similar to those under the northerly wind of 5 m/s. Along the southeast-ward
channel in the middle and lower reaches of the NB, the seaward water transport driven by local
wind stress is greater than that induced by landward Ekman transport, and the wind-driven
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circulation was from the SB to the NB (Figure 14d) to ensure the continuity of water mass [4].
Under the interaction of river discharge and tide, when including the northwesterly wind of
5 m/s (Experiment D), the salinity in the middle and lower reaches of the NB decreased by 0.2
during spring tide (Figure 15d), while it decreased by 2 in the upper reaches. The local effects
of the northwesterly wind in the middle and lower reaches of the NB restrict flood tidal
currents, and thereby weaken the saltwater intrusion in this channel. The salinity decreased
by 0.2 in the middle and upper reaches of the SB and in the upper reaches of NC, while it
increased by 0.5 in the mouth of the NC, SP, and NP [4].

3.5. Impact of sea level rise

Global sea level rise has been of great concern by governments and societies with its impacts
on saltwater intrusion and material transports in estuaries, which threaten freshwater habitats
and drinking water supplies. Sea level rise deepens water depth and changes currents and
saltwater intrusion in estuaries. Qiu and Zhu [13] simulated the variations of saltwater intru-
sion according to different sea level rise scenarios in a typical year and a dry year. Three sea
level rise scenarios were considered. Scenario 1: 2.90 mm/a, total sea level rise around 0.290 m
in future 100 years; Scenario 2: 4.83 mm/a, total sea level rise around 0.483 m in future
100 years; and Scenario 3: 10.00 mm/a, total sea level rise around 1.000 m in future 100 years.
The river discharge record from 1990 to 2013 at Datong Station showed that a severe drought
occurred in January 1999, with an average discharge of 9480 m?/s, while the discharge is
13,463 m%/s in the same month of 2012, which was a typical year. The saltwater intrusion
generally occurs from the mid-December and keeps on influencing the Changjiang Estuary
until the following March. The river discharge reduces to its minimal value in January, during
which the saltwater can intrude farther upstream and the saltwater intrusion becomes the most
serious in the whole year. Thus, the period of model simulation was set from October to the
following May to present the whole process of saltwater intrusion and focus on the monthly
mean salinity during January. The river discharges from 1998 to 1999 (dry year) and from 2011
to 2012 (typical year) were used [13].

To evaluate the influence of sea level rise on the saltwater intrusion in the Changjiang Estuary,
both present-day sea level and future scenarios with sea level rise were used in the simula-
tions. In the base case, the model results for the dry year and typical year were simulated by
using the present-day sea level. In each sea level rise scenario, the increased sea level was
added to the mean sea level used in the base case. We named the cases as Experiment S1, S2,
and S3 to indicate the situations after sea level rising by 0.290, 0.483 and 1.00 m, respectively
[13]. All other set-ups in these cases were identical to the base case.

In a dry year, the saltwater near the river mouth intrudes more landward than that in a typical
year, and the distance that isohaline 1 moves upstream in the upper NC and the SC is distinctly
farther (Figure 16a and b). The NB is generally occupied by saline water in both dry and
typical years, while the SSO is pronounced in a dry year due to the lower river discharge [13].

Figure 16C-H shows pronounced variation, that is, salt content increases obviously as sea
level rises in both dry year and typical year. Due to the difference of river discharge, the change
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Figure 16. Distributions of depth-averaged salinity in the base case in dry year (a) and typical year (b), respectively. White
lines indicate the salinity isohalines from 1 to 31 with an increment of 2, and the dashed lines indicate the isohaline of 0.5.
(c~h) Distributions of depth-averaged salinity difference in numerical experiments S1, S2, and S3 with respect to the base
case during January in dry year (c, d, e) and typical year (f, g, h), respectively. White lines indicate the salinity difference
isohalines with an interval of 0.50. All the results are monthly mean in January in the corresponding year [13].

of saltwater intrusion has an interannual variation, namely, the salinity increase in the NC, NP,
and SP is larger in a dry year than that in a typical year as sea level rises. However, because
the salt content in the NB is higher in a dry year than in a typical year in the base case
(Figure 16a and b), salinity increase is lower in a dry year in all sea level rise scenarios. Wu
et al. [2] showed a relationship between runoff and semi-monthly water flux in the upper NB,
which suggests that the SSO may impact the SB more severely under a lower river discharge.
The SSO, together with the enhanced saltwater intrusion from the NC, increases the salt
content in the upper SB in both dry and typical years with rising sea level (Figure 16C-H).
Under the lower river discharge, the salinity increase in a dry year is more pronounced in the
upper SB as sea level rises, and the enhanced SSO is one of the important factors for this
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Figure 17. Sketch of the Changjiang Basin and the locations of the Three Gorges Project and Water Diversion South to the
North Project.

increase [13]. Then, the increased SSO will move downstream under runoff and impact the
lower reaches.

3.6. Impact of major projects in the river basin and estuary

There have been many man-made projects in the river basin and estuary. In this subsection, we
consider the impacts of one major project in the estuary and two major projects in the river
basin on the saltwater intrusion. The three projects are the DWP in the estuary (labeled in
Figure 1), the Three Gorges Dam (TGD), and the Water Diversion South to the North Project
(WDP) (Figure 17).

Zhu et al. [10] analyzed the impact of the DWP on the saltwater intrusion in the Changjiang
Estuary. In the NC, the saltwater intrusion was alleviated distinctly after the DWP, because the
dykes of the project blocked off the southward drift of the brackish water plume under the
northerly monsoon and the Coriolis force. The saltwater intrusion in the project area was
intensified at the upper section and alleviated at the lower section. In the SP, the saltwater
intrusion was intensified as the background salinity increased and the river discharge
decreased. The DWP had an obvious impact on the saltwater intrusion in the Changjiang
Estuary [10].

The TGD is the largest water conservancy project in the world. It significantly regulates the
discharge of the Changjiang on a seasonal scale [10]. It stores water in autumn and releases
it during the following dry season. Qiu and Zhu [12] used the numerical model to simulate
the seasonal saltwater intrusion around the Changjiang Estuary under the scenarios with
and without the TGD regulation. The seaward residual water transport was augmented
during the dry season after the TGD began operating, which means that more fresh water
was discharged into the sea, resulting in a weaker saltwater intrusion in each channel.
During spring tide (Figure 18a), the salinity generally decreased in the estuary. The net
water flux increased in the NB and diluted the high-salinity water in its upper reaches [12].
This led to a decline in the salt flux that spilled over into the SB. Around the river mouth, the
salinity in the NP and SP generally decreased to about 1. In the NC, the salinity also
decreased. During neap tide (not shown), the salinity difference reached —2.5 in the upper
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Figure 18. Tidally averaged surface salinity difference between after and before the project during spring tide. (a) TGR;
(b) eastern WDP. A positive value means salinity increase after the projects and the negative value indicates salinity
decrease after the projects.

NB that was mainly caused by the seaward movement of the salinity front. The value of
salinity difference was about 1 in the SP and NP, and it decreased slightly in the NC. These
results showed that as the TGD supplemented river discharge during the dry season, the
saltwater intrusion was suppressed. They also showed that the operation of the TGD was
favorable for reducing the burden of freshwater supplement in the highly populated estua-
rine region.

The WDP is a strategic project to ease the shortage of water resources in northern China. China
has been enduring floods in the south and droughts in the north. The water resources will be
reallocated by the WDP through the inter-basin water transfer to mitigate the shortage of water
resources in northern China. The WDP has three water transfer plans, namely, the Western
Route Project, Middle Route Project, and Eastern Route Project. The Eastern Route Project
draws water from Yangzhou, which is in the lower reaches of the Changjiang, and conveys
the drawn water to northern China through the Grand Canal and the parallel rivers. Two
numerical experiments before and after the eastern WDP were set up with the monthly mean
river discharge of 11,200 m3/sin January, and 10,400 m3/s (reduced by 800 m?/s due to the third
phase eastern WDP), respectively. The eastern WDP caused a decrease of river discharge,
resulting in an enhancement of the saltwater intrusion, especially around the sand bars at the
river mouth where the salinity experienced a notable increase. This project enhanced the SSO
and increased the net seaward salt flux in the SB. During spring tide (Figure 18b), the salinity
in the upper SB was mainly affected by the SSO, while that around the sand bars at the river
mouth where the salinity fronts existed was mainly impacted by the seawater intrusion.
During neap tide (not shown), the saltwater intrusion was weaker due to weaker tides.
Accordingly, the SSO was much weaker and had a weaker effect on the salinity in the upper
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SB. After the eastern WDP, the enhancement of the saltwater intrusion during neap tide was
weaker in the NC and greater in the SP and the NP, compared to that during spring tide.

4. Summary

The Changjiang is one of the largest rivers in the world, with three bifurcations and four
outlets into the sea. Its discharge exhibits pronounced seasonal variation, with the lowest
monthly mean value of 11,200 m® s~ ! in January and the highest of 49,700 m® s ' in July. The
tide has semidiurnal, diurnal, and fortnightly spring-neap signals with a moderate tidal range.
Winds are controlled primarily by the monsoon, which brings weaker southerly wind in
summer and stronger northerly wind in winter. There is a net landward flow in the NB when
river discharge is low during spring tide, resulting in a type of saltwater intrusion known as
the SSO, which is the most striking characteristic of saltwater intrusion in the estuary.

A three-dimensional numerical model was developed to study the hydrodynamic processes
and saltwater intrusion in the Changjiang Estuary. A third-order spatial interpolation at a
moderate temporal resolution coupled with a TVD limiter (HSIMT-TVD) advection scheme
was used in this model to solve the transport equation and prevent numerical oscillations. The
model was validated many times in the Changjiang Estuary, and the results suggested that
the model can successfully simulate the hydrodynamic processes and saltwater intrusion in
the estuary.

With combined effect of river discharge, tide, wind, and baroclinic force induced by the
density gradient, the simulated winter residual currents during spring tide in the SB, SC, NC,
and NP flow seaward mainly due to the runoff and have a higher magnitude in these channels
than over the tidal flats. In the sandbar areas between the SP and NP, water is transported
northward across the tidal flats. The residual current over the tidal flat east of Chongming
Island is northward. In the NB, the residual current is weaker, and there is a net water
transport toward the SB.

The saltwater intrusion in the Changjiang Estuary is controlled mainly by river discharge and
tide, but is also influenced by wind, sea level rise, river basin, and estuary projects. The saltwater
intrusion is enhanced when river discharge decreases. There is sufficient time for the reservoirs
to take fresh water from the river when river discharge is large. On the intertidal timescale, the
semidiurnal tide drives saltwater into the estuary during flood tide and out of the estuary during
ebb tide. The fortnightly spring tide generates a greater saltwater intrusion than during neap
tide. The model reproduced the phenomenon of SSO. The saltwater intrusion in the SP is
stronger than that in the NP, and the intrusion in the NP is stronger than that in the NC.

Considering wind, sea level rise, and major projects in the river basin and estuary, we simu-
lated and analyzed their impacts on the saltwater intrusion in the Changjiang Estuary. The
northerly wind produced southward currents along the Subei Coast as well as the landward
Ekman transport, which brought seawater into the Changjiang Estuary. A significant horizon-
tal wind-driven circulation was formed in the SC and NC, which flowed landward in the NC
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and seaward in the SC, SP, and NP. The saltwater intrusion was enhanced by the landward
circulation, while it was weakened by the seaward circulation. With increasing northerly wind
speed, the saltwater intrusion was enhanced in the NB and NC, while it was weakened in the
SC, SP, and NP. When driven by the northeasterly wind, the wind-driven circulation in the SC
and NC was significantly decreased, and the saltwater intrusion was weakened in the NB and
NC compared to the same speed of northerly wind. In the upper reaches of the NB, the water
was directly dragged by the local wind, causing an increment of water spilling over the flats
from the NB into the SB. However, the SSO was weakened during spring tide, because the
fresher water extended from the NC into the NB was more pronounced. When driven by the
northwesterly wind, the patterns of the wind-driven circulation in the SC and NC were almost
the same as those driven by the northerly wind of the same speed. In the middle and lower
reaches of the NB, the water was directly dragged by the local wind, causing a weakened
saltwater intrusion there, which decreased the salinity in the upper reaches of the NB and
weakened the SSO. The saltwater intrusion was slightly weakened in the upper reaches of the
SB and NC and was enhanced in the mouth of the NC, SP, and NP. The influence of wind
stress was more pronounced during neap tide than during spring tide. The river discharge and
tide mainly determined the features of the saltwater intrusion in the Changjiang Estuary,
though the wind also played a key role.

The saltwater intrusion becomes stronger as sea level rises and is much stronger when river
discharge is much smaller. The SSO, together with the enhanced saltwater intrusion from the
NC, increases the salt content in the upper SB with the rising sea level. Under a lower river
discharge, the salinity increase in dry year is more pronounced in the upper SB as the sea level
rises, and the enhanced SSO is one of the important factors for such increase.

The impact of the DWP is that the saltwater intrusion was alleviated distinctly in the NC
because the dykes of the project blocked off the southward drift of the brackish water plume
under the northerly monsoon and the Coriolis force. The saltwater intrusion in the NP was
intensified at the upper section and alleviated at the lower section. In the SP, the saltwater
intrusion was intensified as the background salinity increased and the river discharge
decreased. The TGD increased river discharge in winter and weakened the saltwater intrusion.
The operation of the TGD is favorable for reducing the burden of freshwater supplement in the
highly populated estuarine region. The WDP deceased river discharge, enhanced the saltwater
intrusion, especially around the sand bars at the river mouth where the salinity experienced a
notable increase, and was unfavorable for freshwater supply in the estuary.
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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].

© 2018 The Author(s). Licensee IntechOpen. Distributed under the terms of the Creative Commons Attribution-
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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

L L 1 L ] 1
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 x 3 km (in two directions).
Twenty o 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)



Dynamics of the Changjiang River Plume 81
http://dx.doi.org/10.5772/intechopen.80734

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).
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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 Exp1 (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 Exp1 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: 102 m? s™!) 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, 4, 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) )

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 finto:

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 = (@) +H TN )+ (H f )@ +(HT f )+ (HF) )
+ T, +

=T + T, + T, T
in which T 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 7, 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 (), or the wind causes the Eulerian transport to also be northward, the north-
ward plume branch develops.
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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 (T5).

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) = (H3) = () +{H7) ()
by using the same method as Eq. (2). Normalized by tidally averaged depth, one can get:

Vo=V, +V, (5)

L

where

V, = (ppdz) KD, V, = (B),V, = (HF)/(H) ©)
X}E is the traditional depth averaged Eulerian residual current; f/s is noted as the mass transport
Stokes drift [18, 43]; and their sum V. is the residual transport velocity. As the contributions of
tidal pumping and shear transport are negligible for the northward plume branch, \}E, 1}5, 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 Vv, 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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Figure 13. Same as Figure 12, except during the neap tide.
8. Conclusion

Researchers have worked on the Changjiang River plume for more than 60 years, which sub-
stantially promoted the understandings on the dynamics and environments in the Yellow and
East China Sea. Looking back at the history, the academic studies on Changjiang River plume
began very early in 1960s, when the basic characteristics were revealed. The research was inter-
rupted by the Cultural Revolution in 1970s, and then resurged in 1980s and 1990s with numerous
fantastic theoretical studies that attempted to reveal the dynamic mechanisms. No consensus,
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-
teristics of the Changjiang River plume. Moon et al. [34] and Rong and Li [37] found that it is
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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.

Itis 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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Abstract

The studies in this chapter are focused on marine ecological disasters in Jiangsu coastal
area. Three kinds of algal blooms occurred in this region, namely, red tide associated
with Dinoflagellate, green tide associated with Ulvaprolifera and golden tide associated
with Sargassum. Numerical model results demonstrated that red tides in Haizhou Bay
originated locally, because most of Dinoflagellates near Zhoushan Islands would be
transported northeastward by the Changjiang diluted water, and even the lucky ones
that entered the south of Jiangsu coastal area would die in the Subei Shoal due to high
turbidity there. Due to the Changjiang diluted water and the prevailing southerly wind,
Ulvaprolifera could not drift southward, either. Seawater with high turbidity in the Subei
Shoal limited sunlight penetration into deep water column, and further inhibited the
growth of Ulvaprolifera suspending in the water column. In this chapter, we use drift
bottles and satellite-tracked Argos drifters to provide solid direct dynamic evidence that
Ulvaprolifera could drift from the Subei Shoal to Qingdao coastal area and even further
north. The sand ridges limited the traveling path of Ulvaprolifera in the Subei Shoal, and
wind-driven currents and other baroclinic processes helped Ulvaprolifera travel farther
to the north.

Keywords: red tide, green tide, golden tide, physical controlling mechanism, Jiangsu
coastal area
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1. Marine ecological disaster and research contents of this chapter

1.1. Eutrophication

Since the end of the last century, marine environmental quality has become worse and worse
as local economy developed rapidly in Jiangsu [1]. Chinese national water quality distribution
showed that the pollution problems in China were especially serious in the Changjiang estu-
ary and Jiangsu coastal area. Water pollutions have a series of negative effects on inshore cul-
tivation, wetland protection, among others. Similar as water quality situation, eutrophication
problems along the Jiangsu coast were conspicuous. Seawater pollution in China was mainly
caused by the discharge of land-sourced pollutants, and coastal cities including Nantong city,
Yancheng city and Lianyungang city were affected mostly. The most polluted coastal waters
were near estuaries, sewage outlets and their adjacent seas. It was obvious that the seawater
near the coast was much more polluted than that of farther offshore. The main pollutants
were inorganic nitrogen, active phosphate and petroleum. As the equation of eutrophication
index showed [2], the most polluted seawaters were the most eutrophic seawaters. Increment
of inorganic nitrogen and active phosphate caused eutrophication in the coastal waters, and
this situation has been going on for a long time. There was no obvious inter-annual variation
of the polluted sea area in Jiangsu, with the largest area of seriously polluted waters to be
14,371 km? in 2012. Generally, eutrophication gradually worsened from spring to autumn
during a year. In spring, the seawaters were in the critical state of eutrophication; eutrophica-
tion gradually accelerated during summer and finally seawaters became seriously polluted
along the Jiangsu coast [1]. Nutrients were sufficient for algal growth in the Jiangsu coastal
region. Some algae can produce toxin poisoning shellfish, fish and other marine organisms.
Even for nontoxic algal blooms, the excessive reproduction of algae can also cause blockage or
damage to gills, and marine organisms can be asphyxiated in the poor oxygen waters [3]. At
present, the major marine disasters suffered in the Jiangsu coast were red tide and green tide;
but in 2017, golden tide seemed to join in.

1. Red tide

Red tide is a kind of algal bloom with a red or brown color caused by some species of dinofla-
gellates [4]. According to the records of red tides in the Jiangsu Marine Environment Quality
Bulletins and National Marine Disaster Bulletins (Figure 1), Jiangsu coastal area was not a
region with frequent red tides. Nevertheless, they happened nearly every year in the area;
especially in 2005, breaking out four times in the Jiangsu coast with a total size of 1274 m?
(Figure 2). Among them, the red tide from September 23 to September 27 was the largest
since the red-tide-monitoring area was established in 2005, with a single size of 1000 m
According to the statistical data, this kind of tides in this region usually happened from
April to September, especially in May and June. The frequency was the lowest in August.
In Jiangsu coast, they mainly occurred in the waters of Haizhou Bay and Nantong offshore
area, with 78% in Haizhou Bay. The dominant species of red tides in this region was Skeletone
macostatum (Table 1). The red tides in Haizhou Bay were mostly poisonous dinoflagellate,
and those in Nantong offshore area were often diatom. Since poisonous blooms were very
harmful, the State Oceanic Administration set up a red-tide-monitoring area in Haizhou Bay
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Figure 1. Frequency of red tides in Jiangsu coastal area from 2000 to 2016.
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Figure 2. Area variation of red tide in Jiangsu coastal area from 2000 to 2016.

(119°31'E-119°35'E, 34°44'N-34°48'N), where high-frequency monitoring was carried out.
Note that although the Jiangsu coastal water was still in a state of eutrophication and has
potential risk of red tide, red tide never happened after 2014.

2. Green tide

Algal blooms caused by excessive growth of green algae, such as Ulvaprolifera, and their gath-
ering in high density are referred to as green tide [5]. Ulvaprolifera is nontoxic and edible
with high protein, high dietary fiber, low fat, low energy, rich minerals and rich vitamins.
However, massive gathering of Ulvaprolifera is regarded as a kind of marine disaster, because
green tide blocks sunlight penetration into the water column below the surface, which will
affect the growth of other kinds of algae. Anoxia during the demise of green tide causes other
marine organisms to be asphyxiated in the poor oxygen waters. Green tide can seriously inter-
fere with human activities along the coast.

Since 2007, green tide erupted in 11 consecutive years and has become a common marine
disaster in Jiangsu and Shandong coastal seas. According to some studies [6, 7], Ulvaprolifera
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Dominant species of red tide Frequency Year

Gonyaulax polygramma 1 2004

Noctiluca scientillans 1 2004

Skeletone macostatum 5 2001, 2005, 2010, 2011, 2012
Eucampia zodiacus 2 2006, 2008

Gymmnodinium catenatum 3 2005, 2006, 2010
Heterosigma akashiwo 3 2007, 2008, 2013
Thalassiosira sp. 1 2007

Asterionella japonica 1 2008

Karenia mikimotoi 1 2009

Table 1. Dominant species of red tide in Jiangsu coastal area from 2000 to 2016.

originated from the Subei Shoal, which was usually attached to the rafts of Porphyra aquaculture
facilities (Figure 3a). During the harvest season, Ulvaprolifera was peeled off from the rafts and
moved with tidal currents into the seawater with high turbidity (Figure 3b). At the beginning,
Ulvaprolifera was suspended in the water column (Figure 3c); after drifting into clear water,
band-shaped green tide was generated with excessive growth (Figure 3d). Green tides usually
occur from March to August. Sporadic Ulvaprolifera could be detected around the Jiangsu coastal
sea in late-March. Massive greed tides often arrived at the Qingdao coast in early to mid-June.
The demise of green tide started from July and ended in August. Green tide in the Jiangsu
coastal area was much smaller in size than that in Shandong. In the Jiangsu coastal sea, green
tide usually gathered in the north, with less in the southern region. Only sporadic Ulvaprolifera
could be found in the Subei Shoal, while in the offshore seas of Yancheng and Haizhou Bay
band-shaped green tides with different sizes have been observed. Green tides either landed on
the coast or gathered near shore to the north of Jiangsu during different years. According to
the data, both the largest distribution area and the largest affected area both reached maxima
in 2009, being 58,000 km? and 2100 km?, respectively. In 2016, the largest distribution area was
57,500 km?, but the largest affected area was only 554 km?. Generally, green tides off Jiangsu
accounted for one-third of the whole Ulvaprolifera, and most Ulvaprolifera in this region floated
in the offshore sea, with a small amount landed in the northern coast of Jiangsu province.

3. Golden tide

Sargassum is a genus of brown macroalgae, so Sargassum blooms are commonly referred
to as “Golden tides” [8]. Golden tide is new as a marine disaster in the Jiangsu coastal sea
(Figure 4). The Porphyra aquaculture in the Jiangsu coast will be destroyed since there is a
competitive growth between Porphyra and Sargassum. Sargassum was believed to originate
in the open sea. In the previous years, green tides were often mixed with a small amount
of Sargassum. For instance, R/V “KeXue #3” detected that the mixing ratio of Ulvaprolifera to
Sargassum was 95:5 on June 8, 2016. As the China Ocean News reported, in late-December of
2016, golden tide suddenly appeared in the Jiangsu coastal area and lasted until late-February
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Figure 3. Ulvaprolifera (a) attached on the rafts of Porphyra aquaculture facilities, (b) on the tidal flats, (c) in the water
with high turbidity and (d) in clean water.

Figure 4. Sargassum in the offshore area of Dafeng in Jiangsu.

of 2017. A lot of Porphyra aquaculture facilities collapsed due to this golden tide event. The
satellite image in late April of 2017 showed that massive Sargassum floated in the open sea and
moved landward gradually. The mixing ratio of Ulvaprolifera to Sargassum detected on June
9, 2017 was 60:40. In future, the Jiangsu coastal sea may face a situation when three kinds of
macroalgae occur at the same time.
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1.2. Research contents in this chapter

Though being the two main kinds of algal blooms in Jiangsu province, red tide and green tide
rarely caused related algal blooms in Zhejiang province, especially in the north of Zhejiang
coastal area, which is adjacent to the southern Jiangsu coastal area. Red tides of Zhejiang
coast, a province with the most frequent red tides in the country, usually happened around
Zhoushan Islands near the Changjiang estuary, while Haizhou Bay in the northern Jiangsu
province was a place with frequent red tides. These two provinces are close to each other, but
their algal bloom distribution patterns are so different. What separates these red tides is the
first question we want to answer in this chapter.

Another emphasis in this chapter is on Ulvaprolifera in the Jiangsu coastal area. Previous
studies have shown that Ulvaprolifera originated from the Porphyra aquaculture area in the
Subei Shoal in the western Yellow Sea. But little direct dynamic evidence was provided to
support this. The Subei Shoal is characterized by complex topography, with a lot of radial
sand ridges and broad tidal flats. Porphyra aquaculture facilities were placed over the tidal
flats, which were believed to be the source of Ulvaprolifera. Therefore, it can be summarized
as three questions as follows. (1) Could algae in the Subei Shoal move out of this region into
the deep waters? (2) If so, could algae subsequently travel northward the Qingdao coast
or even further north? (3) Why did green tides break out in Qingdao coast and its adjacent
seas, but not in the source region of the Subei Shoal? What was the physical mechanism
behind this?

In the following subsections, we will answer these questions and reveal the physical mecha-
nisms for the drifting and development of Ulvaprolifera.

2. Observation and research plans

2.1. Hydrological and meteorological data collection

Data used in this study were from field observations and satellite remote sensing products.
The data of temperature, salinity, currents, transparency, suspended particulate matter (SPM)
and photosynthetically available radiation (PAR) were collected from the field observations.
Conductivity-temperature-depth (CTD) instruments deployed at two mooring stations col-
lected long time series of temperature and salinity data. Current data were obtained using the
acoustic Doppler current profilers (ADCPs) installed at two anchored and two moored sta-
tions. In-situ temperature, salinity and PAR data were collected during the four field surveys.
We collected transparency values using the Secchi disk, which will be used to calculate in-situ
SPM concentration.

MODIS-Aqua images from April to June 2012 were used to retrieve monthly averaged SPM
data [9]. The wind data were from a blended sea wind data product supported by the US
National Oceanic and Atmospheric Administration (http://www.ncdc.noaa.gov/oa/rsad/air-
sea/seawinds.html).
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2.2. Drift bottles and satellite-tracked Argos drifters

The Subei Shoal is too shallow to deploy satellite-tracked Argos drifters. As a result, house-
made drift bottles were used, and 80 were released at 33°13.3'N, 121°10.2'E in 2012 (Figure 5).
Half of the bottles were empty, to insure that they can float near the surface, and the rest were
filled with sand to make them submersed under the surface as some Ulvaprolifera suspends in
the water column.

Outside the Subei Shoal, four satellite-tracked Argos drifters were deployed in June 2011 in
the deep waters, and six were released in June 2011 (Figure 5). Location information collected
hourly was transmitted to the laboratory via satellite.

2.3. Numerical model

The Regional Oceanic Modeling System (ROMS; citations needed) was used to build the 3D
hydrodynamic model for the East China Sea with three-layer nested grids. Table 2 shows
the domains and related information of the three-layer nested models. After being validated,
the model can reproduce main currents and their annual variation in the East China Sea,

37°1

7 {m)

Qingdrogdl

36°1

35°4

34°1

330_

32°4

19° 1200 121°  122° 123F  124°

Figure 5. Topography of the southwestern Yellow Sea with release location of drift bottles (blue ) and satellite-tracked
surface Argos drifters released in 2011 (red <>) and 2012 (red ).
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Model Domain Resolution (") Depth (m) Vertical layers
I 18°S-63°N, 99°E-165E 1/6 5-5500 20
II 15°N-47.5°N, 105.5°E-139°E 1/12 5-5500 20
I 22.75°'N-41°'N, 115.75°E-131°E 1/24 5-5500 20

Table 2. Related information for three-layer nested models.

including the Kuroshio current, the Taiwan warm current, the Min-Zhe coastal currents, and
so on. In addition, a coastal numerical model built for the Subei Shoal will be described in the
following paragraphs.

An unstructured grid, finite-volume, primitive equation community ocean model (FVCOM)
was used to build the Subei Shoal coastal numerical model. The model domain was large
enough to ensure that the open boundary was far from the Subei Shoal. The resolution in
the ridge area was refined to be ~140 m, while the grid was 15,000 m near the open bound-
ary. The model included 56,548 elements and 28,456 nodes in the horizontal direction and
11 sigma levels in the vertical direction. Tidal forcing along the open boundaries was added
hourly, which was derived from the Oregon State University Tidal Inversion Software (OTIS)
Regional Tidal Solutions and included tidal constituents of M, S,, N,, K,, K, P, O, and Q,.
Time step was 1 s for the external mode, and the time split was 10. Finally, the results from
this model were validated by observations [10].

3. Main results

3.1. Controlling effects of Changjiang diluted water on the algal distribution in the
East China Sea and the Yellow Sea

The Changjiang is the largest river in China; its average annual sediment discharge of 4.86
tons and runoff of 924 billion cubic meters ranked the third and fourth, respectively, in the
world. Such large amounts of sediment and runoff will inevitably have important impacts on
the physical environment of the East China Sea. The Changjiang River is also a main source of
nutrients for our study domain. The Changjiang diluted water also plays an important role on
nutrient distribution and its variation trend and affects distribution pattern of algal disaster.

Based on the observation data, the ROMS numerical model was applied to study the extension
of the Changjiang diluted water and its effect on nutrient distribution pattern. The results in
Figure 6 show that the Subei coastal current, the Changjiang diluted water and the Min-Zhe
coastal current flow southward under the strong northeast winter monsoon; furthermore, the
Changjiang diluted water and the Min-Zhe coastal current flow close to the shore. The Subei
coastal current appeared to invade the northern part of the East China Sea, and the Min-Zhe
coastal current still tended to move northward but was obviously slowed down. In summer, the
Changjiang diluted water turned toward northeast, heading to Jeju Island. Both the Min-Zhe
coastal current and Taiwan warm current moved northeastward with speeds larger than those in
the other months. The Subei coastal current had an obvious tendency to move northward along
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Figure 6. Current and salinity patterns of the 1-m layer in the Changjiang estuary and its adjacent region.

the coast. Spring and summer were transition seasons. The diluted water in the offshore area
was limited in the surface layer, and basically there was no evidence of diluted water in the 20-m
layer. This was consistent with the characteristics of observed diluted water distribution pattern.

In addition, algal migration paths in the red tide were studied. Assuming that at the end of
April, red tide appeared constantly in the Zhoushan coastal area. Simulation through September
1st showed the algal drifting as neutral particles. The trajectories of all particles are shown in
Figure 7. Most (~89%) of them moved to the Changjiang estuary and the Kuroshio region, and
a few (6%) of them were transported to the Tsushima Strait. Satellite images and in-situ photos
show that the seawater in the Subei Shoal was of high turbidity, but the seawater in the Haizhou
Bay was much clearer (Figure 8). About 5% of the particles from Zhoushan entered the Yellow
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Figure 7. (a) Released locations for all particles and (b) trajectories of all neutral particles released in Zhoushan coastal
area in 2011.

Sea, but most of them went through the waters with high suspended sediment concentration in
the Subei area for a long time, where they could not grow well and even died in the turbid water.
Therefore, it can be concluded that the red tide in the East China Sea can hardly invade the
Yellow Sea, and that the red tides happened in Haizhou Bay, Jiangsu province were local events.

For green tides, it is assumed that Ulvaprolifera moved like neutral particles, and they appeared
continuously in the Subei Shoal for 100 days from April 21, 2011. The trajectories for all par-
ticles are shown in Figure 9. From late April to early May, green tide moved northward under
the prevailing southerly wind. Green tide can transport southward by occasional northerly
wind and Subei coastal current outside the 40-m isobath, but they will eventually drift with
the northwestward Changjiang diluted water and head toward Korea. They cannot enter the
East China Sea. According to the above results, the Changjiang diluted water blocked the way
of red tide in the Changjiang estuary and Zhoushan Islands, and it also prevented Ulva prolifera
in the Subei Shoal from moving to the East China Sea.

3.2. Direct dynamic evidence for Ulvaprolifera moving from south to north

Many (~80) drift bottles were deployed on May 2, 2012, and two were retrieved (Figure 10a)
with one being an empty bottle near the Jiaozhou Bay mouth on May 28, 2012 and the other
being sand-filled bottle at 121°15.2'E, 36°30.4'N (near Haiyang) on June 11, 2012. If only look-
ing at the start and the end points, the empty bottle and the sand-filled bottle drifted north by
west and east, respectively. They all landed on the coast of Shandong province. This means
Ulvaprolifera can move out of the Subei Shoal and be further transported to the coastal area
of Shandong during spring and summer. Similar as drift bottles but with more details, six
satellite-tracked surface-following drifters were released in early June of 2012. The trajectories



Marine Ecological Disasters and Their Physical Controlling Mechanisms in Jiangsu Coastal Area
http://dx.doi.org/10.5772/intechopen.80015

125" 1215 IILSE 135 It!.&"' 1285 1315 II2.5F 1IM5° El!.'!‘ 125" 115" L
: N |

FF¥E

Figure 8. Monthly averaged MODIS-aqua images of surface SPM concentration in April (a), may (b) and June (c) of 2012.
Ulvaprolifera (d) in the muddy water in the Subei shoal (blue rectangle in (b)) and (e) in clear water outside the Subei
shoal (black rectangle in (b)).
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Figure 9. (a) Released locations for all particles, and (b) trajectories of all neutral particles released in the Subei area in
2011 (red) and satellite-tracked Argos drifters (other colors) at the same time.

also indicate that Ulvaprolifera can drift from Jiangsu to Shandong coastal area (Figure 10a).
On average, the drifters drifted at a speed of 11.1 cm s (288.8 km month™), which is approxi-
mately equal to the speed of floating Ulvaprolifera patches.
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Figure 10. (a) The start and end locations of drifter bottles; (b) the trajectories of six satellite-tracked surface drifters (gray
line) and velocity vectors of tide-filtered surface drifter data, with only every other velocity vector being plotted to show
the results more clearly.

Numerous small-scale spiral oscillations were observed in the trajectories, indicating strong
tidal currents or meso-scale eddies. Net movement of drifters was partly covered by the
periodical movements. A low-pass filter at a cutoff period of 25 h was applied to obtain the
tide-filtered velocity vectors of the drifters (Figure 10b). In the south of 34°30.0'N, most of
the vectors nearly kept the same pace as others pointed toward the northwest. This means
these vectors are dominated by the same Lagrangian residual current direction. After crossing
34°30.0'N, the consistent pace was broken. The vectors in the north were likely to be affected
by complex dynamics there, with the wind being one of the important factors.

To explain the potential relationship with wind, we compared the wind speed data and
the clockwise direction deflection angle between wind and drifter velocity (Figure 11).
Theoretically, in terms of the Ekman theory, the surface current should be 45° to the right
of the wind in the Northern Hemisphere. In reality, the angle is less than 45° in the shallow
coastal waters. But in our case, the comparison results show only 33% of the angle was between
0 and 45° (Figure 11a). It suggests that the trajectories cannot be totally explained by the wind-
driven Ekman theory, and other baroclinic processes must also influence the trajectories.

In Figure 11a, when wind speeds were larger than 7 m s™, the wind-driven component domi-
nated the drifter direction, and more data fell within (or close to) 0—45°. For those vectors
with angles between 0 and 45°, correlation analysis was done between wind speed and drifter
velocity (as a proxy for the wind drift current). The results show that they have significant
linear relationship through the origin (1 = 49; 1> = 0.88, slope = 0.023) (Figure 11b). This also
indicates that in the western Yellow Sea during spring and summer 2012, the wind-driven
component of drifter velocity was 2.3% of the wind speed on average.

With the field experiments, we obtained first solid evidence that Ulvaprolifera can leave the
Subei Shoal and move to the coastal ocean of Shandong province or even further north.
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Figure 11. (a) Polar scatterplot of wind speed and clockwise deflection angle between wind direction and drifter velocity
direction. The radius axis is the wind speed, while the angle axis is the clockwise deflection angle. Black symbols
represent points with deflection angles between 0 and 45°; and blue symbols denote the rest. (b) Scatterplot of wind
speed and drifter velocity magnitude for black dots in (a). The black line denotes the linear regression through the origin.
n is the number of data points used, and 7? is the coefficient of determination.

3.3. Ulvaprolifera drifting patterns in the Subei area

Figure 12a comes from the comparison of the satellite images related to raft distribution of
Porphyra aquaculture in the Jiangsu coast between 2004 and 2007. A high-resolution model was
built for the Subei coastal ocean to simulate the Ulvaprolifera movement after it peeled off from
the raft during the Porphyra harvest in 2004 and 2007 (Figure 12a). Simulation started from May
1st, and neutral particles (representing Ulvaprolifera) were released daily every half an hour
between 6:00 and 18:00 local time during the harvest season. The harvest duration was supposed
to be 5 days, and the drifting simulation lasted half a month. Green dots represent Ulvaprolifera
peeled off from the rafts added between 2004 and 2007, and red dots were those peeled off
from rafts that already existed before 2004. Simulation results illustrated bands of Ulvaprolifera
and their small bands were generated in the Subei Shoal. These bands were determined by the
joint influence of the unique topography, radial tidal currents and wind. Driven by the South-
Southeast wind (Figure 12b), the red particles traveled more seaward than the green ones. The
modeled trajectories using the real wind in 2012 are shown in Figure 12¢, and less red dots left
the Subei Shoal in comparison with the results at the same time in Fig 21b. Why? Looking at
Figure 12a, Porphyra rafts were mainly distributed south of 32.6°N, while the monthly averaged
wind (Figure 13) appeared primarily as the easterly. Such wind took the Ulvaprolifera landward,
and it died after being piled up on the coast. The wind direction and the change of the Porphyra
aquaculture scale were the main reasons for no green tides before 2007.

The FVCOM Subei Shoal coastal numerical model showed that, without wind forcing,
Ulvaprolifera could not leave the shoal area, which was the same as in the northerly wind case.
Under both southerly and southeasterly winds, Ulvaprolifera in the study domain could move
out of the Subei Shoal and even went further northward. Under the SSE wind condition, when
traveling northward, Ulvaprolifera north of 32.6°N peeled off from the rafts that existed before
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Figure 12. (a) The distribution pattern of Porphyra rafts: Red dots for the rafts existed before 2004, green dots for the rafts
added between 2004 and 2007. Particles distribution pattern at a moment under the SSE wind (b) and under realistic
wind in 2012 (c).

2004 drifted seaward more than that from the rafts added between 2004 and 2007. Wind speed
and direction were important during the drifting process. In the case with the southerly wind,
Ulvaprolifera paths directed northward, while in the latter case, Ulvaprolifera generally moved
north by west. Particles distributed in different patterns under different wind conditions. This
means Ulvaprolifera drifting process was influenced by both tidal currents and wind in the
Subei Shoal. Tidal currents played the dominant roles within the radial sand ridges, with
particles mainly moved along the channels. Outside of the Subei Shoal, wind speed and direc-
tion were more important for the trajectories. These findings are consistent with the results
of drift bottles and satellite-tracked surface Argos deployed during spring and summer 2012.

3.4. Physical controlling mechanisms of spatial and temporal distribution of
Ulvaprolifera

Many studies have been carried out in the southwestern Yellow Sea. But specific to the Subei
Shoal and its northern waters, field data of physical oceanography were few and precious,
not to mention the field data during green tides. In this study, field data were collected in the
Subei Shoal and its northern waters during green tides. More importantly, the survey domain
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Figure 13. Monthly averaged wind of may 2012.

included the Subei Shoal and the relatively deep waters. The results given in the following
paragraphs are about currents, temperature, salinity, SPM and PAR.

The currents in the Subei Shoal were dominated by M, tides. The current pattern was signifi-
cantly limited by the topography, and the back-and-forth current directions were highly con-
sistent with the channel directions. At the four stations, the maximum current speed reached
1.73 m s'. Harmonic analysis was done for one-month-long current data from Stations M1
and M2. The lengths of the semimajor axes of the surface tidal current ellipses for the M,
constituent at both stations were about 0.74 m s™, while the values for the semiminor axes
were 0.05 m s™ at Station M1 and 0.32 m s at Station M2. This result means that the tidal
currents were typical alternating and rotational for Station M1 and Station M2, respectively.
The maximum subtidal current speed at Stations M1 and M2 was less than the observed total
current by one order of magnitude. The direction of subtidal current was mainly affected by
the wind. During spring and summer with the prevailing southerly wind, Ulvaprolifera moved
back and forth, and the subtidal currents drove Ulvaprolifera northward.

The temperature pattern at the two mooring stations shows that temperature was going up
from late-April to early June with the increasing rate of 0.15°C/day (Figure 14). The diurnal
temperature variation was less than 2.21°C. The field observation data during all four periods
indicate that a zone with cold surface water existed around the Jiangsu coast between isobaths
of 20 m and 30 m (Figure 15). These cold zones were speculated to be produced by strong
mixing from strong tidal currents and upwelling. The optimum temperature for Ulvaprolifera
is 15-20°C. From the third survey, temperature in the survey domain was all above 17°C.

The opposite change between salinity and temperature in Figure 15a illustrates this station was
influenced by the intrusion of Changjiang diluted water. The horizontal salinity pattern shows
the intrusion path of Changjiang diluted water (Figure 15b). The local diluted water around the
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Figure 14. Temporal variations of temperature (red) and salinity (black) at stations M1 (a) and M2 (b).
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Figure 15. Distribution patterns of surface temperature (°C, upper panels) and salinity (lower panels) from April 22 to
may 6 (a, e), from may 14 to may 21 (b, f), from may 25 to may 29 (c, g), and from may 31 to June 6 (d, h) in 2012. The red
and blue curves are the 20- and 30-m isobaths, respectively.

Subei Coast was produced by the river discharge in Jiangsu province, which was slowly converg-
ing to the north end of Jiangsu coast from late-April to early June with its initial pattern evenly dis-
tributed along the coast. From this, we can see that there existed certain kind of relation between
Subei diluted water and Changjiang diluted water. When the tongue of Changjiang diluted water
went further northward, Subei diluted water was concentrated in the north. Otherwise, Subei
diluted water was evenly distributed along the coast. Saline water with salinity more than 5 psu
was a hospitable situation for Ulvaprolifera, and all coastal seawaters can meet this requirement.

The sea surface SPM concentration determined the penetration of PAR through the seawa-
ter column. Ulvaprolifera peeled off from the Porphyra raft suspended in the water column at
first; after growing independently for a certain time, it produced gas inside and was able to
float (Figure 16). Therefore, before floating, the sea surface SPM concentration would influ-
ence the growth of Ulvaprolifera (Figure 16c). The satellite images of monthly averaged SPM
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Figure 16. (a) Massive Ulvaprolifera and band-shaped green tide, (b) sporadic Ulvaprolifera in the Subei shoal with high
turbidity and (c) Ulvaprolifera suspended in the water column in the laboratory.

concentration in April, May and June (Figure 8a—c) illustrate that the SPM decreased month
by month as the ocean wave decreased because of the weakening wind. However, the SPM
concentration in the Subei Shoal was much larger than that in the other areas. The three-
month-averaged SPM concentration was 140.1 mg/dm? in the Subei Shoal and 11 mg/dm?
north of 34.5°N. As shown in Figure 17, there was a regression relationship between SPM
concentration and transparency, and there existed another exponential relationship between
depth and PAR. The quantitative relationship equation could be worked out among SPM,
transparency and PAR attenuation coefficient. Based on this equation, the ratio of PAR 10 cm
under the water surface to that at the surface could be calculated (Figure 18a—c). In the Subei
Shoal, the ratio was about 30%; but in the other clear seawater, it could be above 90%.

In short, Ulvaprolifera in the Subei Shoal can leave the area due to wind-driven currents and
southerly wind. According to the average drifting velocity, Ulvaprolifera spent less than
20 days in the region south of 34.6°N. In the Subei Shoal, temperature, salinity and nutri-
ents were suitable for the growth of Ulvaprolifera. But the vital disadvantage was the high
SPM concentration, which limited light transmission in the water for photosynthesis before
floating (Figure 16b). As Ulvaprolifera traveled northward, temperature in the northern area
increased (Figure 16a). There, with clear local water and sufficient nutrients, Ulvaprolifera
grew rapidly. Actually, the seawater near 34.6°N was jointly influenced by cold front and
local diluted water, where sufficient nutrients existed.
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Figure 17. (a) Relation between SPM and Secchi disk depth (Z,), as well as least square regression line (red), for the
southwestern Yellow Sea during spring 2012. (b) Vertical profiles of the PAR observed in the southwestern Yellow Sea
during spring 2012.
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Figure 18. Similar to Figure 8a—c, except for the ratio of PAR 10 cm under the water surface to that at the surface.
4. Summary and discussion

Three marine disasters caused by algal blooms in the Jiangsu coastal region were described in
detail in this chapter. Red tide was the first kind of algae bloom in the region, green tide has
lasted for 11 years since 2007 and golden tide was new but likely to be another common algal
bloom. Now, Sargassum is considered to originate in the open sea and may be related to global
warming (only a hypothesis that needs to be tested). The Jiangsu coastal region now faces a
new possibility with three kinds of algal bloom occurring concurrently. Among them, the
green tide in the Subei Shoal was the focus of this chapter. With the data from observations
and satellite data set, some findings have been obtained.

The Subei Shoal area is seldom affected by red tides in the Changjiang estuary and Zhejiang
province where red tides are frequent. This is because the Changjiang diluted water acts like
a barrier, which prevents Dinoflagellates in the south from moving northward. Even if some
manages to reach the shoal, it will die in the water with high turbidity in the Subei Shoal.
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Similarly, Ulvaprolifera in the Subei Shoal stops moving southward due to the Changjiang
diluted water, and the prevailing southerly wind.

Red tides in the Subei area often happened in Haizhou Bay, which was shown to originate
locally. Since 2014, red tide has disappeared from Jiangsu province. This may be caused by
the growth inhabitation of Dinoflagellates when competing with macroalgae like Ulvaprolifera.

The study in this chapter also provided solid direct dynamic evidence that Ulvaprolifera can
drift from the Subei Shoal to the Qingdao coastal area [11]. Drift bottles and satellite-tracked
Argos drifters showed that Ulvaprolifera in the Subei Shoal can move out of this region and
be transported to the Qingdao coast and even further north. The neutral particle-tracking
numerical experiment confirmed this viewpoint.

Physical controlling mechanisms were studied here, and answered the question why
Ulvaprolifera originated in the Subei Shoal broke out in the Shandong coastal region [12].
Seawater in the Subei Shoal (south of 34.6°N) with high turbidity limited photosynthesis to a
certain extent for the young Ulvaprolifera there. Ulvaprolifera cannot grow well in such waters.
Wind-driven currents and southerly wind can drive Ulvaprolifera northward to the clear water
outside of the Subei Shoal. When green tide arrived in the northern region, temperature
there gradually rose to be appropriate for the growth of Ulvaprolifera. The PAR near surface
enhanced in the clear water, and Ulvaprolifera can grow rapidly with suitable temperature,
salinity and abundant nutrients.
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Abstract

Nuclear pollution has become a new form and perhaps more harmful type of pollution
that obsesses coastal regions; it has been of increasing concern after the disastrous
Fukushima nuclear leak on March 11, 2011. In order to assess the impact of the Fukushima
accident on the East China Sea (ECS), a highly resolved model is set up to simulate the
evolution of the '’Cs concentration. Different from previous studies in this regard, here
we take into account the radionuclides originally existing in the ocean. It is found that the
radionuclides from the Fukushima leak do have reached ECS, though with a concentra-
tion far below the harmful level. The major waterways that inlet the radionuclides are
Taiwan Strait and the waterway east of Taiwan. The radioactive material tends to accu-
mulate in the ECS until reaching its peak in 2019; afterward, the outflux through Tokara
Strait and Tsushima exceeds the influx through the two southern waterways, and the
material resumes in 2021 to its original state. The concentration is neither homogeneously
nor stationarily distributed; for example, usually in summer, there is a high center over the
Subei Bank in the Yellow Sea. This study is expected, should a similar accident happen
again, to help decide where to monitor the ocean, and, hopefully, how to get the pollution
under control.

Keywords: Yellow Sea, East China Sea, Fukushima nuclear leak, nested ocean modeling

1. Introduction

The coastal seas are the most severely polluted waters in the world ocean. As shown in the
preceding chapter, runoff from urban areas and agricultural fields, plus the deposition from

© 2018 The Author(s). Licensee IntechOpen. Distributed under the terms of the Creative Commons Attribution-
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the atmosphere, may lead to harmful algal bloom and the formation of dead zone due to
hypoxia and eutrophication. In recent years, a new type of coastal pollution has been of great
concern, that is, the nuclear pollution due to nuclear power plant failure.

Historically, the most disastrous catastrophic nuclear disaster, in terms of cost and casualty, is
the Chernobyl accident. The disaster began on April 26, 1986, with a late-night safety test at the
fourth light water graphite moderated reactor at the Chernobyl Nuclear Power Plant, Ukrainian
Soviet Socialist Republic of the former Soviet Union, which, however, ended with a destructive
steam explosion that lofted plumes of fission products into the atmosphere (emission of
radionuclides totals up to 13,000x 10" Bg; [1]), exerting a widespread influence on Europe,
Asia, and America [2]. Second to it is the nuclear energy disaster at Fukushima Daiichi Nuclear
Power Plant, 150 miles northeast of Tokyo, Japan, which is also of the maximum classification
(classified as a level 7 event on the International Nuclear Event Scale). An earthquake of
magnitude 9.0 (Tohoku earthquake) on March 11, 2011, caused a devastating tsunami with a
wave reaching as high as 16 meters, overwhelming the Fukushima I Nuclear Power Plant’s
seawall (10 m high). The cooling systems of the plant were knocked out, and the insufficient
cooling resulted in a series of nuclear meltdowns, hydrogen-air chemical explosions, and the
release of radioactive material into the ambient environment [3].

The impact of the Fukushima accident can never be overestimated; it has been ranked as
the world’s worst nuclear accident in 25 years. The radionuclides have been widely spread
with the winds and oceanic circulations; particularly, it is reported that they arrive above
North America just 4 days after [4]. Although the emission is claimed to have been under
control, the impact, particularly the impact on the oceans, remains [5, 6]. For example,
the concentration of '*’Cs off Japan, though has been on decline ever since the accident,
remains as high as 100 times that before the accident by October 2014 [7]. By simulation,
the radionuclides may reach the US coast in 4-5 years [8, 9] and then come back along the
equator, impacting the coastal oceans in Southeast Asia. In this chapter, we focus on its
impact on the East China coast, one of the most densely populated regions in the world.
Since '*Cs has the longest life cycle (with a half-life period t = 30 year), in the following,
only ¥’Cs is considered.

Previously, the East China coast is believed to be not or less influenced by the accident [10].
Research during the past few years, however, shows that the Fukushima-originated '*’Cs has
already arrived in the China Seas. By Zhao et al. [11] and Rong et al. [12], it arrives in 2013 and
will continue to accumulate in the following 5-6 years. Considering that the previous model-
ing studies do not take into account the background '*Cs distributions, and may generally
have too coarse a resolution for the East China Sea, recently Rong and Liang [13] reexamine the
problem with a highly resolved numerical model, plus a sequential updating strategy to
assimilate the background 187Cs concentration, and reveal how the intruded radionuclide
may move, evolve, reside, or disappear. This chapter is a summary of these results. The
following is mainly based on Rong et al. [12] and Rong and Liang [13], where Sections 2 and
3 give a brief introduction of the model configuration and simulation strategy, Section 4 is a
validation, Section 5 shows the results, and Section 6 concludes the study.
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2. Model setup

In Rong and Liang [13], the Regional Ocean Modeling System (ROMS) is adopted for the
simulation and prediction of the radionuclide transport. ROMS is a widely applied incom-
pressible ocean model with free surface, hydrostatic, and Boussinesq approximations; it uses
the Reynolds average Navier-Stokes equations as governing equations (e.g., [14]). In Cartesian
coordinates (x,y,z), these equations are:

Z—I—VVu—fv——[)l()gI;—aaz(ﬁ_Yg)*'F +Du (@)
%+V.Vv_m__plog_§_a%(v—yg>+l? +Dy 2)
v, 0

g_‘xug_;ﬁa_j:o @)
%—}—G'VC:—%(W—Y@%—S)-H%#—DC ©)

where vV = (u,v,w) is the three-dimensional velocity vector, C is the concentration of some
tracer, F denotes external forcing, D represents the horizontal dissipation/diffusion processes,
and the other symbols are conventional. This equation set is closed with an equation of state:

and parameterized turbulent fluxes; particularly, the vertical mixing is parameterized with a
nonlocal, K-profile parameterization (KPP) scheme [15]. The closed set of equations are transformed
into terrain-following coordinates (X, y, 0) and then solved using a split-explicit scheme.

A one-way nesting strategy is used, and hence two model domains are considered (Figure 1).
The outer domain (L0) comprises the whole North Pacific Ocean, from the equator to Bering
Strait. The inner domain (L1) covers the East China Sea (ECS) region. For both domains, there
are 22 sigma levels in the vertical, while horizontally the resolutions for LO and L1 are roughly
10.1 and 3.6 km, respectively. Other parameters are referred to Table 1. The bottom topogra-
phy is extracted from the ETOPO1 data by National Oceanic and Atmosphere Administration
(NOAA). A Hanning filter is applied to the topography to make sure that pressure gradient
force is computed accurately [16].

The horizontal boundaries for model LO are all taken as closed. This makes sense because (1)
Bering Strait is very narrow and shallow and (2) the equator is a dynamically closed boundary,
though in reality there does exist cross-equator water exchange. This makes the long-time
integration much reliable. For model L1, the boundary fluxes are supplied by the outputs from
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Figure 1. Bathymetry (in m) for the two-domain, one-way nesting model. Shown are the positions where the fluxes are
calculated: a. Taiwan Strait, b. East of Taiwan, c. Ishigaki to Naha, d. Naha to Amami, e. Tokara Strait, f. Tsushima Strait.
Also marked is a section of East China coast (green line).

Domain Maximum Minimum Latitude Longitude Resolution Time step
depth (m) depth (m) CN) (°E) (km) (s)

LO 5000 15 0-68 96-288 10.1 900

L1 5000 10 24-41 117-135 3.6 90

Table 1. Parameters for the two-domain nested ROMS model.
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coarse model. The nesting is realized through the pointer-based ROMS2ROMS Matlab (Agrif)
package [17]. To this model, tides are applied; specifically, the 10 tidal constituents, M2, 52, N2,
K2, K1, 01, P1, Q1, Mf, and Mm, are considered here (data from Oregon State University; see
[18, 19]). In the vertical direction, the no-flux condition is applied at the bottom. At the surface,
wind stress, heat, and freshwater fluxes are prescribed. The stress and fluxes are from two
datasets. Between January 2001 and August 2015, they are from the reanalysis data of National
Centers for Environmental Prediction (NCEP, daily, 2.5° (lat) x 2.5° (lon)). After August 2015,
the predicted data of Geophysical Fluid Dynamics Laboratory (GFDL, 3 hour, 2° (lat) x 2.5°
(lon)) are used.

The model is initialized with the fields of temperature, salinity, velocity, and sea surface height
derived from the HYbrid Coordinate Ocean Model (HYCOM, 1/12°) reanalysis dataset. The
13Cs concentration is prescribed at two steps. (1) Initially, it is estimated using the data from
International Atomic Energy Agency (IAEA, https://maris.iaea.org/Search/Search.aspx) with a
simple assimilation scheme (see below). (2) Upon occurrence of the accident, the released '*’Cs
is poured into the ocean. Here arise the following issues: how much is the pollutant; when and
where to introduce the pollutant. Note that the total amount of the leaked '*’Cs remains
largely unknown. It has been estimated that the release into the atmosphere of '*’Cs is in the
range of 13-15 PBq (1 PBq = 10"°Bg; Chino et al., 2011) and that poured directly into the ocean
is 2.3-27 PBq [20-22]; we will choose 5 PBq in the standard run and do some experiments with
the amount in this range. Second, the release of the '*’Cs is actually continuous at one grid
point during March-April 2011 [5, 20, 23]. But since it has been found [24] that, for a long-time
simulation, no significant difference shows for different release strategies, it is assumed that
the leak is instantaneous on April 1, 2011. Besides, to avoid shock, the radionuclide is homo-
geneously distributed within an area centered at the leak location (37.42°N, 141.03°E) with a
radius of 2°; vertically, it has a profile gradually decreasing linearly from the surface to 0 at
100 m deep.

3. Assimilation of the background '*’Cs concentration

During 1950-1990, plenty of radioactive substances had been poured into the oceans until the
Chernobyl accident occurred and the Comprehensive Nuclear-Test-Ban Treaty was signed; it is
believed that, by 1986, the '¥Cs in the oceans has totaled 800 PBq [25]. Considering that the
release in this accident is no more than 42 PBq [21], the major part of the '*'Cs in the Pacific cannot
be from Fukushima. This is particularly true for regions far away from the Plant. As an evidence,
the IAEA data show that the average '*’Cs concentration in the surface layer (0.5 m) of the North
Pacific is 1.54 Bg/m® during the decade before the accident, while previous studies neglecting the
contribution from the background concentration (e.g., [9, 11, 23, 26]) reveal a maximum after-
accident concentration less than 0.5 Bq/m3 in ECS, which is, obviously, far below the observation.

The '%’Cs distribution before the accident thence must be taken into account. In this study, two
different simulations are performed. Run 1 as a control run does not have the background
concentration; 5PBq of '’Cs is directly poured into the ocean at the accident time just as
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Hideyuki et al. [27] and Zhao et al. [11]. Run 1 runs from April 1, 2011 to March 31, 2021.
Assume that the regions where the 137Cs concentration in Run 1 is less than 0.001 Bq/m3 are not
affected by the pollutant directly poured into the Pacific. The observational data in these
regions from January 2001 to February 2011 are then used as the observed *’Cs concentration.
These data are assimilated into the model to form an optimal estimate of the field, which is
taken as the background concentration for the next run, i.e., Run 2.

The assimilation is through a scheme called sequential updating which, albeit simple, has been
successfully utilized in the many operational ocean forecasts, such as in the forecast of the
Iceland-Faeroe frontal variability [28, 31]. It is made up of two steps. First, use objective
analysis (OA) to prepare the observational field for assimilation. The e-folding time and
distance for OA are, respectively, 360 days and 40°. An error field is obtained accordingly.
Second, an optimal interpolation (OI) is performed to combine the model output and the OAed
field, with the inverse of the error field as the weight. The OI may be performed globally or
pointwise. The two do not seem to make much difference; for ease to implement, the latter is
hence adopted. In this way, the model output is sequentially updated with the observation.

Table 2 lists the observed surface (0.5 m) '*Cs concentrations in the China Seas before the
accident [29] and our corresponding results. For all the six available observations, the mean
relative error is 10.3%. Compared to the zero distribution in previous studies, our model works
well to produce the '*’Cs distribution before the accident.

Since only the surface observation is available, the vertical 137Cs distribution has to be empir-
ically set. We follow Tsumune et al. [30] to set:

C(Z) _ CO % 1070400052/ (7)

where C (in Bq/m?) indicates the '*’Cs concentration; particularly, C, is the surface concentra-
tion. This, together with the measurements/estimates of the '*’Cs concentration immediately
after the accident, furnishes the initial condition for Run 2, which is used for the simulation
and prediction.

Latitude Longitude Observations (Bq/m®) Simulation results
Concentration (Bq/m®) Relative errors (%)

32.01 126.48 1.01+0.06 1.22 20

36.05 123.50 1.10+0.07 1.20 10

20.50 122.29 1.14+0.07 1.25 9

29.64 123.04 1.32+0.13 1.19 -10

32.00 124.00 1.33+0.10 1.19 -11

18.00 116.00 1.42+0.09 1.38 -2

Table 2. Comparison of surface layer (0.5 m) '’Cs radioactive concentration between the observations [29] and
simulations in this study.
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4. Validation

4.1. Outer domain: SST and currents

Our simulated result has been compared with the data derived from the Simple Ocean Data
Assimilation (SODA). Figure 2 shows the 2009 annual mean sea surface temperature (SST) and
flow from our simulation (Figure 2a) and SODA (Figure 2b). It is easily seen that the major
features of the SST have been well reproduced. For example, shown in the figure are the east-
west asymmetry of the temperature in the tropic and the warm pool in the western equatorial
Pacific. The large-scale circulations have also been well reproduced. The North Equatorial
Current flows westward, encounters the west boundary, and forms the Kuroshio and the much
more energetic current, the Ryukyu Current. Upon passing the Luzon, part of the Kuroshio
may intrude into the northern South China Sea (SCS) in an anticyclonic form, but the main-
stream keeps moving northward into the ECS. The Kuroshio in ECS branches to the northeast
of Taiwan. One branch intrudes onto the shelf, forming the outer part of the Taiwan Warm
Current and then merging back into the mainstream at a higher latitude. The Kuroshio flows
out of the ECS through Tokara Strait, meeting the Oyashio Current off the Japan coast near
Fukushima. It then flows eastward, in a meandering form, and makes the Kuroshio Extension
System. These currents are evident in both Figure 2a and b, and they in these two subfigures
are similar in magnitude and location. Our simulation of the large-scale system is therefore
successful.

4.2. East China Sea: SST and currents

The comparison of the ECS circulation and SST is with the HYCOM product. Figure 3 shows
the monthly mean (2006-2011) ECS SST and velocity. The left and right panels are, respectively,
the simulated result and the HYCOM data. Note that East Asia has a monsoon climate;
correspondingly, the ocean fields have strong seasonal variations. By comparing the SST and
flow season by season, clearly the two panels agree well in both summer and winter, except in
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Figure 2. Annual mean SST (shaded) and surface velocity (vector) of 2009 in North Pacific: (a) model output, (b) SODA data.
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Figure 3. The ECS SST (shaded) and velocity (vector) in winter and summer: (a) ROMS outputs, February; (b) HYCOM
result, February; (c) ROMS outputs, August; (d) HYCOM result, August.

August when HYCOM displays a higher SST at the mouth of the Bohai Sea. The general
features of the ECS circulation system have all been captured. For example, in winter (Febru-
ary), the coastal SST is lower than the open sea. West of Cheju Island, a warm tongue intrudes
northwestward into the waters south of Shandong Peninsula. At this time, the Kuroshio, the
Taiwan Warm Current, and the Tsushima Current are weak, and the Zhe-Min Coastal Current
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is southward. In summer (August, Figure 3¢ and d), the Kuroshio and its branch are strong,
and the Zhe-Min Coastal Current flows northward. Scattered in the Yellow Sea are isolated
cold patches; they are especially clear off the tips of Shandon Peninsula. These features are well
known and have been successfully reproduced here. This completes the validation.

4.3. A comparison of the '*’Cs distribution simulations with and without background
concentration assimilation

Table 3 shows the differences between simulations with (Run 2) and without (Run 1) assimi-
lating the '*’Cs background radioactive concentration in the North Pacific. Clearly, in Run 1,
there are many regions where '*’Cs has been observed, but the simulated concentration is
zero. This simulation has been greatly improved in Run 2, where the concentrations at these

Date Latitude (°N) Longitude (°E) Observation (Bq/m® Run1 (Bq/m®) Run 2 (Bg/m®)
3/01/2012 2211 191.46 1.6 0 1.49
05/01/2012 22.97 179.98 1.6 0 1.48
21/01/2012 34.45 130.08 1.7 0 1.22
21/01/2012 34.45 130.08 14 0 1.22
22/01/2012 32.53 132.98 1.6 0 1.34
22/01/2012 32.53 132.98 1.3 0 1.34
29/01/2012 26.89 182.06 1.6 0.01 1.75
30/01/2012 27.84 189.1 2.1 0 1.76
31/01/2012 32.98 197.06 1.7 4.08 2.55
01/02/2012 33.05 204.72 1.6 0 3.01
02/02/2012 34.26 213.1 2 0 1.69
03/02/2012 35.16 220.91 22 0 1.7
04/02/2012 48.99 219.18 1.3 0 141
04/02/2012 36.36 228.83 1.7 0 1.66
05/02/2012 47.53 228.13 1.4 0 141
17/02/2012 26.82 173.34 24 0.12 1.6
24/02/2012 32.29 206.67 1.6 0 4.08
29/02/2012 34.53 175.9 9.6 1.81 5.72
02/03/2012 33.42 196.11 2.1 1.61 2.18
02/03/2012 39.46 177.47 13.6 453 12.38
04/03/2012 30.09 211.27 1.7 0 1.58
09/03/2012 40.45 133.84 1.7 0 1.11
16/03/2012 31.92 223.18 1.6 0 1.71
21/03/2012 34.86 177.27 5.8 3.77 2.34

Table 3. 137Cs concentrations from the IAEA observations, Run 1 and Run 2 (January-March, 2012).
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locations are now close to the observations. As another issue, concentration may vary dramat-
ically in 1 day (such as January 21, 2012, in Table 3). By comparing the observations from
TAEA (124 different stations from June, 2011, to September, 2012, throughout the North Pacific)
with the two Runs, it is found that the average relative deviation of the Run 1 simulations from
the observations is 103.06%. In contrast, that of the Run 2 simulations is only 27.58%. If one
recalls that the average relative interdiurnal variation of the observations is as high as 20.69%,
the success of Run 2 is really remarkable. That is to say, the '*’Cs simulation has been greatly
improved with the background concentration assimilated.

5. Impact on the East China coast

5.1. 1¥7Cs flux

The ECS is a half-closed marginal sea in the Northwest Pacific, connected to the open ocean
through several narrow waterways, which include Taiwan Strait, Tokara Strait, Tsushima
Strait, and the channels between Taiwan and Yonaguni, Ishigaki and Nha, and Naha and
Amami. To see how the Fukushima nuclear substances may intrude into ECS, the 137Cs fluxes
across these six waterways are computed. From Figure 4, Taiwan Strait (Figure 4a) and the
Taiwan-Yonaguni channel (Figure 4b) are the major straits that introduce the pollutants. The
influx of ’Cs East of Taiwan is, on average, 3.99 x 10’Bq/s, which is an order lager than that
through Taiwan Strait (3.82 x 10°Bq/s). However, considering that the Kuroshio Branch Cur-
rent makes only a small fraction of Kuroshio, its impacts on the China coastal regions could be
of the same order. Generally, these fluxes show significant temporal variabilities. For the flux
through Taiwan Strait, seasonality is obvious, with a high concentration in summer and a low
concentration in winter. Meanwhile, there also exists a clear interannual variability: the flux is
increasing during 2014-2017 and decreasing otherwise. For the strait east of Taiwan, the
variability is mostly interannual. Before 2013, the flux grows rapidly. It finds its second growth
in early 2014, reaching its peak in 2017. After that, it declines gradually.

The other waterways near Taiwan include the section from Ishigaki to Naha (Figure 4c) and
that from Naha to Amami Islands (Figure 4d). These sections are roughly parallel to the
Kuroshio axis. With a water depth of 1500 m or so, they are also the main straits that connect
ECS with Northwest Pacific. From the figure, it is seen that large amount of ’Cs is
transported between Northwest Pacific and ECS. But because of the alignment, which is
parallel to the Kuroshio path, the average fluxes in both waterways are orders smaller (respec-
tively, 4.44 x 10°Bq/s and 5.79 x 10°Bq/s) than those east of Taiwan and through Tokara Strait
(see below).

Tokara Strait (Figure 4e) and Tsushima Strait (Figure 4f) are the two waterways that outlet the
ECS radionuclides. The flux through the latter is 2.58 x 10°Bq/s, while that through the former
is an order larger, reaching 4.26 x 107Bq/s. It is interesting to note that the fluxes east of
Taiwan and that through Tokara Strait are similar in magnitude and in variation pattern. This
implies that most of the '*’Cs into ECS along the Kuroshio actually does not stay within the
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Figure 4. Time series of the *’Cs fluxes across the six waterways indicated in Figure 1b (a—f; unit: @; positive

values indicate fluxes into ECS; black lines are moving averages), and the total accumulation of nuclear pollutants in
ECS (g; unit: PBq).

sea. Another feature is that the outfluxes through Tsushima Strait and Tokara Strait are weak
in winter and strong in summer, in accordance with the seasonal variation of Kuroshio.

To see the net influx of the pollutant, we take a cumulative sum of the fluxes through the six
waterways from April 2011 to December 2025. Shown in Figure 4g is the cumulant. Note the
negative value before 2012. That means there is a net outflux of nuclear substance during that
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period; in other words, the main part of 137Cs in the ocean has not arrived in ECS. After 2012,
the nuclear substance begins to accumulate, though gradually, and reaches its peak in 2018
(0.13 PBq). In 2021, the sum is below zero again, implying that, in ECS, it takes about a decade
for the radionuclide concentration to get back to its original level.

5.2. Nearshore distribution

Because of the dense population, we pay particular attention to the coastal regions. Figure 5a
shows that the surface '¥Cs concentration in ECS takes a maximum around 1.3-1.8 Bg/m®,
depending on the location. Generally, it is high in the southeast of ECS and low in the northwest.
The maximum is attained in 3 years after the accident along the Ryukyu Islands from Taiwan to
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Figure 5. (a) Distribution of the simulated maximum surface '*’Cs concentration (lines, in Bq/m®) and the year when it is
attained (shaded). (b) Distribution of the maximal monthly mean 137Cs radioactive concentration (lines, in Bq/m®) and
the months when the maximum is attained (shaded). The monthly mean is taken over the same months during 2014-2019.
(c) Hovmoller diagram of the '*’Cs concentration (shaded, in Bq/m®) between 25°N and 35°N (green line in Figure 1b)
along the East China coast from 2011 to 2023.
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Tokara Strait. On the whole, it peaks in 2014, except along the Zhejiang coast, where the peak
appears 1 year later. In the Yellow Sea, the scenario looks much more complex. The maximal
concentration is about 1.4-1.5 Bq/m®, but it varies with space and time. To the east of Harbor
Lianyun, the maximum shows up in 2018; from Subei Shoal to Cheju Island, it appeared during
2014-2015; but from South Korea to Shandong Peninsula, it was attained in 2016. The concen-
trations in the Bohai Sea and Northern Yellow Sea and around the Shandong Peninsula remain
at a level as that before the accident. That is to say, these regions are essentially not affected.

Based on the above, the East China coast is most severely affected during the period 2014-
2018. A particular observation is that there exists a local high '*’Cs region (exceeding 1.45 Bq/m°)
on the eastern side of the Subei Bank, a shallow water region off the middle Jiangsu coast.

40N

35N

30N 30N

25N 25N

120E 125E 130E

40N | 40N

35N = asn
30N

30N

25N 25N

120E 125E 130E 120E 125E 130E

Figure 6. Distributions of the monthly mean surface 137Cs concentration in ECS for (a) January, (b) April, (c) July, and (d)
October of 2017.
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Figure 5c¢ is a Hovmoller diagram between 25°N and 35°N along the East China coast. From it,
the maxima occur in the winter of every year before 2019 in the northern part of Taiwan Strait,
spreading northward all the way to Subei Bank till summer.

In the Kuroshio region, the '*’Cs concentration is high, and so is its horizontal gradient; that is
to say, the strong current somehow functions to trap the radionuclide. Following the Kuroshio
path to 35°N, one sees a concentration high in May-July. Along the Subei Coast, the maximum
concentration is attained in August-November, while in the center of the Yellow Sea, the
maximum takes place during September-November. For other regions such as the Bohai Sea
and North Yellow Sea, the maximum appears in winter or early spring.

5.3. Seasonal variability

The above suggests that the surface '*’Cs concentration in ECS varies considerably from
season to season. To see more about this, Figure 6 shows a sequence of the surface distribu-
tion in 2017. On the whole, the concentration displays a gradually decreasing trend north-
westward, from roughly 1.7 Bq/m® in the southeast to 1.4 Bq/m’ in the northwest. High-
concentration water masses move mainly along the shelf break, following the Kuroshio path,
from Taiwan toward Tokara Strait. That is to say, most of the nuclear substance influxing
from east of Taiwan actually flows out of ECS; the major parts that affect the China coast are
thence from within Taiwan Strait and through the Kuroshio Branch Current. In other words,
they are with the Taiwan Warm Current (TWC), by which they are carried forth along the
Zhe-Min Coast and Jiangsu Coast, and are finally transported out of ECS into the Sea of
Japan through Tsushima Strait (Figure 6d). In the course, the remnants mostly stay along the
Jiangsu Coast, leaving around the Subei Bank a high '*’Cs concentration spot in summer
(Figure 6a and d). We have also observed such a hotspot in other studies; see Chapter 2 for
an example.

6. Concluding remarks

More than 6 years have passed since the Fukushima accident. The radionuclides from the
disastrous nuclear leak have been identified in a lot of places in the world. Though there have
been many studies, the impact of the accident on the local and global environment has not
been well assessed. In this study, we find that the East China Sea (ECS), which was previously
believed to be non- or less affected, actually has been full of the Fukushima pollutant, albeit the
concentration is still far below a hazardous level.

Using a two-domain, one-way nesting ROMS model, we have simulated and predicted the
1¥Cs distribution and evolution in the ECS. The outer domain encloses the whole North
Pacific which largely avoids the open boundary problem and hence allows for a reliable
longer integration. The external forcings (winds, heat and freshwater fluxes, etc.) are either
real (from available NCEP reanalysis data) or derived from the GFDL predictions. Different
from the previous studies, this model takes into account the background concentration of the



Nuclear Pollution in the East China Sea from the Fukushima Disaster
http://dx.doi.org/10.5772/intechopen.80016

radioactive '*’Cs and has observations assimilated. The results have been carefully com-
pared with the existing studies and observations and have been successfully validated.

By the simulation and prediction, the accumulated '*'Cs in the ECS reaches its peak in 2018;
after 10 years, it falls back to the level before the accident. The straits on both of Taiwan form
the main waterways that inlet the radionuclide into ECS, and Tokara Strait and Tsushima Strait
are the two through which they leave the region. It is found that the '*Cs concentration,
especially that along the coast, varies from season to season. Usually, the pollution is most
severe in winter; the maximal concentration along the East China coast reaches 1.3-1.8 Bq/ms.
A conspicuous feature is the existence of a hotspot of high '*’Cs concentration in summer
around the Subei Bank, a shallow water region off Jiangsu, the most populous province of
China. The times that the maxima are attained vary from 2014 to 2018, depending on the
latitude. Generally, the higher the latitude, the later the maximum is attained.

We hope the above findings can help us to make policy for a rapid response to such kind of
disasters. For example, should a more severe but similar leak happen again, we would first
monitor the waterways on both sides of Taiwan, and the coastal regions such as the Subei
Bank. Moreover, we can take actions in the waterways west and east of Taiwan in order to
mitigate the situation and even get the pollution under control.
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Abstract

Using the satellite altimeter maps of sea level anomaly (MSLA) and tidal gauge data, this
chapter gives an investigation of the long-term sea level variability (SLV) and sea level
rise (SLR) rate in the Yellow Sea (YS) and East China Sea (ECS). Correlation analysis
shows that the satellite altimeter is effective and capable of revealing the coastal SLV. To
investigate the regional correlation of SLV in the YS and ECS, tidal gauge station data
are used as references. Based on the monthly maps of correlation coefficient (CC) of SLV
at tidal stations with the gridded MSLA data, we find that the existence of Kuroshio
decreases the correlation between the coastal and Pacific sea levels. The empirical mode
decomposition (EMD) method is applied to derive the SLR trend on each MSLA grid
point in the YS and ECS. According to the two-dimensional geographical distribution of
the SLR rate, one can see that the sea level on the eastern side of the Kuroshio mainstream
rises faster than that on the western side. Both the YS and ECS SLR rates averaged over
1993-2010 are slower than the globally averaged SLR rate. This implies that although the
SLV in the two seas is affected by global climate change, it could be mostly influenced
by local effects.

Keywords: East China Sea, Yellow Sea, sea level variability, empirical mode
decomposition

1. Introduction

Long-term sea level variability (SLV) is critical for understanding global climate change.
Meanwhile, accelerating sea level rise (SLR) in response to global warming has become a main
issue that concerns the general public. Previous investigations have indicated that the SLR
potentially affects human populations in coastal and island regions around the world and
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changes natural environments like coastal and marine ecosystems [1-3]. As discussed in the
fifth Intergovernmental Panel on Climate Change (IPCC) report, due to sea level rise projected
throughout the twenty-first century and beyond, coastal systems and low-lying areas will increas-
ingly experience adverse impacts such as submergence, coastal flooding and coastal erosion'[4].

Global average sea levels rose 195 mm from 1870 to 2004 and showed an average annual rise
of 1.44 mm-a~! [5]. However, the recent SLR rate has reached about 3.00 mm-a~' which is faster
than previous estimation [6]. Researchers found that the distribution of SLV trend was not uni-
form around the world and the local characteristics of SLV trend were significant for prediction
[7-8]. Eustatic changes, steric changes and geologic changes are the main influence factors of
sea level variability [9]. To detect these changes as accurately as possible, researchers devel-
oped various methods. The analysis of tidal gauge data was the main approach for extracting
sea level change signals before 1990s [10]. The combined analysis of satellite altimetry data
and tidal gauge data has become an often-used tool for estimating global or regional SLV since
1990s [6, 11-14].

The applicability of satellite altimeter data in coastal sea areas has been validated by many
works. Volkov et al. studied the performance of a corrected altimeter data over the north-
west European shelf [15]. Their results demonstrated that although local tides effect should
be further featured, the altimeter data can be effectively used in monitoring sea level vari-
ability over continental shelves. Cheng et al. jointly used satellite altimeter data and tide gauge
data to predict the coastal sea level at the west and north coasts of the United Kingdom [16].
Their study showed tidal gauge data are consistent with satellite altimeter data for the annual
change during 1993-2010. The annual amplitude correlation is 0.79 and the annual phase cor-
relation is 0.80.

The coastal region off East China is vulnerable to SLR because of the geographical distribution
of many low lands and river deltas. In addition, it is the most economically developed and
densely populated region in China. Thus, the research on SLR and its impacts has been inten-
sively investigated in China, particularly since 2000. From altimeter observations, Liu et al.
calculated that the linear trend of SLR rate in the Yellow Sea (YS) was 5.05 mm-a~! from 1992
to 2005 [17]. Zhan et al. used normal Morlet wavelet transform to investigate SLR trend in the
China Seas and found that the SLR rate in the YS was (4.01 £ 0.49) mm-a! during 1992-2006 and
the geographical distribution of the rate presented large differences [18]. Using 11 years altim-
eter data from 1992 to 2004, Qiao and Chen investigated the spatial-temporal SLV of the China
Seas. Their results showed the major variation period was 1 year in the YS and East China Sea
(ECS), with the SLR rate of the YS and ECS being 5.17 and 6.83 mm-a™, respectively [19]. Liu
et al. reported that the SLR rate reached 2.92 mm-'a™" in the southern part of the ECS (south of
30°N) [20]. The China Sea Level Bulletin 2010 indicates that the sea level in the Chinese Coastal
Seas shows an overall fluctuating upward trend during the past 30 years, and that the SLR rate
in both the YS and ECS was 2.8 mm-a [21]. With wavelet transform method, Wang et al. stud-
ied the sea level change multi-scale cycle of the ECS. They found that the sea level in the ECS
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showed upward trend and the SLR rate was up to 3.9 mm-a~' between 1992 and 2009 [22]. Zuo
et al. predicted the flooded area for the coastal regions of Shanghai City, Jiangsu Province and
northern Zhejiang Province. Their results indicated that, on the condition of current SLR rate
of 3.00 mm-a~}, the flooded area would be 64.1 x 10° km? in 2050 and 67.8 x 10° km? in 2080 [23].
Xu et al. studied the average SLR rate in the ECS between 1993 and 2010. The results showed
the rising rate was 2.5 mm-a™! and it was slower than global average [24].

In this chapter, we examine the SLV in the YS and ECS by using the combination of satellite
altimeter data and tidal gauge data. Using the tidal gauge data as reference, the regional
correlations of SLV in the YS and ECS are analyzed. Furthermore, long-term SLV trend and
its two-dimensional distribution features in the entire YS and ECS are derived by using the
empirical mode decomposition (EMD) method.

2. Data and method

2.1. Tidal gauge data

In-situ tidal gauge measures relative sea level variations with respect to a crustal reference
point. It can provide a long and fine temporal resolution sea level record. However, there are
two main problems when using tidal gauge data to investigate SLR. First, the crustal reference
point itself may have vertical motions. Second, the limited spatial distribution of tidal stations
has constrained the investigation of SLR, especially in the open seas.

In this chapter, we use the tidal gauge data from the University of Hawaii Sea Level Center
(UHSLC), USA. It provides three kinds of sea level data including the research quality data,
the fast delivery data (GLOSS/CLIVAR “fast delivery” data) and the SLP-Pac data (JCOMM

Sea Level Program in the Pacific map data).

We select the daily research quality data, with six stations available near the coasts of the YS
and ECS. Among all the data, only the time series with the same overlapping period as the
satellite altimeter data are used. These daily data have been climatologically averaged to elimi-
nate abnormal values. The locations and time spans of the six stations are listed in Table 1.

Station name Latitude (N) Longitude (E) Time span Station #
Laohutan 38°52' 121°41" 1993-1997 631
Shijiusuo 35°23’ 119°33’ 1993-1997 642
Lvsi 32°08’ 121°37" 1993-1996 633
Kanmen 28°05’ 121°17 1993-1997 632
Xiamen 24°27' 118°04’ 1993-1997 376
Shanwei 22°45' 115°21" 1993-1997 641

Table 1. Seven tidal stations in the Yellow Sea and East China Sea.
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2.2. Satellite altimeter data

Being different from tidal gauge, satellite altimeter provides absolute measurements of sea
level variations with respect to the Earth’s center-of-mass. It gives independent measurements
to investigate SLR with truly global coverage. The major disadvantage of satellite altimeter is
its relatively shorter record duration compared to the tidal gauge data. Although the earlier
altimeter data had some limitation due to orbit determination and measurement corrections,
recent reprocessing of satellite data has shown great improvement and makes it possible to
precisely measuring long-term SLVs.

The Archiving, Validation and Interpretation of Satellite Oceanographic data (AVISO) has
distributed series of satellite altimetry products since 1992. Precise Orbit Emphemeris (POE)
orbit and a centered computation time-window are applied to generate the delayed time (DT)
products to achieve better accuracy. Therefore, the DT products are more suitable for sea level
research.

In this chapter, we use daily global DT maps of sea level anomaly (MSLA) products as satel-
lite altimeter data. The MSLA is a daily gridded data set which is provided on (1/3)° x (1/3)°
Mercator grid for global coverage. With the daily resolution MSLA from October 14, 1992
to January 19, 2011, more data can be included in EMD trend extraction. And this helps us
extract the trend more accurately.

2.3. Empirical mode decomposition

There are two kinds of models for investigation and prediction of SLR trend: numerical mod-
els based on physical processes and statistical models based on long-term observations [25].
As a physical approach, a hierarchy of numerical models have been used to estimate past
changes and to project future changes in sea level for the IPCC. Meanwhile, a number of
statistical approaches have been used to determine SLV, such as the empirical orthogonal
function (EOF) analysis [6, 26], the regression method [14, 16], the semi-empirical method
[27], spectral analysis [28] and the EMD analysis [29].

EMD introduced by Huang el al. [30] is used to extract sea level trend signals in this chapter. It
is a powerful time series analysis tool, particularly for dealing with data from non-stationary
and nonlinear processes. The EMD method, in contrast to almost all the other methods, is
empirical, intuitive, direct and adaptive [31]. It is based on the assumption that time series
data consist of different simple intrinsic modes of oscillations. Each of these linear or non-
linear modes is represented by an intrinsic mode function (IMF), which can have a variable
amplitude and frequency as a function of time. Thus, EMD depends on the nature of the data
sets. With the specific definition for the IMF and repeated siftings, one can decompose any
function into IMFs, and the residue should be a trend.

In this chapter, the sea level data on each MSLA grid point can be describe as a time series
function x(t). The sifting process is shown in Figure 1.

During the first EMD sifting process, we identify all the local maxima and minima, and then
use a cubic spline line to generate upper and lower envelopes. The mean of the upper and
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Figure 1. Sifting process of the empirical mode decomposition.

lower envelopes is designated as m,, and the difference between the data x(t) and m, is the
first component /.,

h, = x()-m, 1)

1

In the subsequent sifting processes, h, can be treated as the data, then

1 ™" 11 )

After sifting process being repeated in this manner, when h,, meets the specific definition of
the IMF, 1, becomes an IMF, that is,

My )

1w = hen T

Then, the first IMF is designated as
c, =h, 4)

Overall, ¢, should contain the finest scale of the shortest period component of the sea level
signal. We empirically select n as the number of IMFs. Thus, the sifting process will stop when
the number of IMFs is higher than n,

n = log,(N)-1 (5)

where N is the number of sea level data. Thus, a decomposition of a MSLA grid-point data
into n-empirical modes is achieved, and a residue r, is obtained which can be the mean sea
level trend. Finally, x(f) is represented by

x() = Y oc+r (6)

FLT

where IMF and trend are denoted as c, ..., ¢, and r,, respectively. Figure 2 shows the EMD
analysis of the sea level on a MSLA grid point.
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Figure 2. The EMD results at a MSLA grid point. The original is raw tidal gauge data, and IMFs 1-11 are the intrinsic
oscillating modes. The trend is the SLR trend of a MSLA grid point from October 14, 1992 to January 19, 2011.

3. Regional correlation of sea level variability

3.1. Validation of maps of sea level anomaly

To accurately derive SLV and the trend, it is necessary to validate the applicability of MSLA
in the YS and SCS. We calculate the correlation coefficient (CC) between tidal gauge data and
the closest MSLA grid-point data. Both data sets are monthly-averaged to eliminate short-
term fluctuations. With a maximum distance of 0.5" between the two types of data, the CCs
at Laohutan, Shijiusuo, Lvsi, Kanmen, Xiamen and Shanwei stations are 0.89, 0.40, 0.65, 0.73,
0.79 and 0.81, respectively. The CC of Shijiusuo is relatively low but still in the moderate
interval (0.30-0.50). The correlation suggests that satellite MSLA data are effective in sea
level monitoring and research in the YS and ECS. Figure 3 shows the CCs, the curves of the
monthly-averaged sea level data and the closest MSLA grid-point data of the seven tidal
stations.



Long-Term Sea Level Variability in the Yellow Sea and East China Sea
http://dx.doi.org/10.5772/intechopen.80735

a. Laohuian siation b. Shijiusuo station

Correlation coelMicient: 0,89 Correlation ooelTicient: 040

&. Lysi station ' ' ' d. Kanmen station
Correlation coefficient: 0,65 Correlation coeffickent