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Abstract

Since it was first observed in the 1950s a numblercaastal
upwelling systems have been identified and rigdsowstudied in the
continental shelf of the South China Sea (SCS)thdon SCS in particular
has been the predominant focal region while SootMéetnam and Luzon
Strait Upwelling Zones have been the locations thatve received

*Corresponding Author: disproportionately greater attention from the in&ional research
) community. Most studies of the phenomenon fine ibé predominantly a
Anthony Banyouko Ndah seasonal occurrence, driven by alongshore windgstiind stress curl,

bottom topography, coastline orientation, shel€uiation, eddies, islands
and capes, and the shape of the coastline. Howdwerpresent review
finds that since focus has generally been on Ipedliareas, usually at
seasonal scale and based largely on proxy indeatach as anomalies of
sea surface temperature (SST), sea surface sa{B@$), nutrients and
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Received: 19/10/2016 Chlorophyll-a, it is extremely difficult to diregtl quantify upwelling.
Consequently, long time-series of the phenomenenirxistent in the
Revised: 05/12/2016 SCS and most other marginal seas, rendering asabfilong term
dynamics impossible. Moreover, despite the sigaifte® of the opposite
Accepted: 11/12/2016 process of downwelling, this phenomenon has beegella neglected.

Finally, this study recommends the development ofinae-series of
upwelling indices which directly represent the pbmenon, based on
method adopted NOAA’s Pacific Fisheries Environmaéritab (NOAA

PFEG/PFEL).

Keywords. Coastal Upwelling, Dynamics, Review, Challenges,
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1. Introduction waters that are eventually up-welled from below the
Upwelling is one of the most important features Pycnocline (Bakunet al., 2015). One of the major
of sea surface circulation studied since the 19304easons why upwelling is one of the most important
(Sverdrup, 1938) which has long been known to tesulcomponents of sea circulation is its significant
when sea water surface deforms under the action dmplications for regional biogeochemistry, primary
wind or other forces, but the mechanics of theproductivity and potentially local meteorology and
interaction between wind and water is increasinglyclimate. Most studies of upwelling have focused on
complex (Bakunet al., 2015; Schwinget al., 1996).  determining recruitment and production charactiesst
Two major types have been identified: wind-drivenia  Of fisheries (e.g. Riverat al., 2013; O'Toole, 1980;
geostrophic upwelling. Wind-driven upwelling is an Cushing, 1969; Nielsen and Jensen, 1957) as well as
important component of surface ocean circulation,for the analysis of temperature anomalies @fal.,
inducing a vertical circulation when colder deeper2001). Upwelling has been observed to largely
ocean waters rise up from beneath to the surfatieein contribute to the transport and vertical displacenué
open ocean and along coastlines (Schveingl.,1996;  nutrients and phytoplankton to the photic zone wher
Picket and Paduan, 2003). Contributing factorsht t Phytoplankton blooms may occur (Waeg al., 2010;
variability of source waters in upwelling zones are Tang et al., 2004; 1999). It also modulates the
therefore said to depend on the properties of locahorizontal and vertical redistribution of temperatu
surface waters which are driven by the surface syind and salinity (Dragesund, 1971; Cushing, 1969) and
and changes in properties of deep and/or remotesou Piogeochemical tracers such as the rates of ntitrien
supply to the euphotic zone which determine
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phytoplankton composition, concentrations and

productivity (Boltonet al., 2016; Sasai, 2013; Liet

eastern boundary upwelling system, which could
enhance upwelling of C&ich deep water thus

al., 2011). Some up-welled waters are also found toexacerbating the impact of acidification in these
have sub-ducted below the euphotic zone for decadegsroductive zones (Liuet al., 2013) with potential

during which they accumulated re-mineralized
nutrients and carbon dioxide while oxygen was
consumed by respiration (Rykaczewski and Dunne

2010). The South China Sea (SCS), one of the larges

marginal seas in the world, with variable bathyicetr
and complex oceanographic structures (Selvaata.,
2015; IHO, 1954) (Fig 1), featuring distinct sphtia
oceanographic variations in the western tropicaifiea
Ocean (Ndafet al., 2015; Liet al., 2014; Huet al.,
2000; Huanget al., 1994), has also long been
recognized as a prominent upwelling system (e.g
Wanget al.,2012; Jinget al.,2011; Cheret al., 2006;
Ying, 2006; Yuan, 2004; Xiet al., 2003; Tanget al.,
2002; Huet al, 2001; 2000; Chu, 1999; Shaat al,
1996; Huanget al, 1994; Chuet al, 1999; Cai and
Lennon, 1988; Cushing, 1969; Wyrtki, 1961) where
research on the phenomenon spans several decad
The intense interest in upwelling in the SCS igddy

driven by the effects of the phenomenon on the

biogeochemical properties of water (Sasai 2013 éetin
al., 2011). Consequently, it has been observed globall
that 50% of all the protein from sea-food is sugglby
coastal upwelling regions (Summerhayes, 1996)
Upwelling zones in the SCS (e.g. Off Guangzhou Ba
popularly known as Qiongdong Upwelling Zone),
Taiwan Strait upwelling zones generally characestiz
by elevated Chl-a (Tangt al., 2002), have therefore
historically been fertile fishing grounds and nofed
their high fisheries production especially duringak
upwelling season. Upwelling off Guangdong

(Qiongdong upwelling zone ) for example has been

found to result in surface nutrient advection and
plankton blooms which promote a rich natural fisher
in summer, especially in the thriving Qinglan
traditional fishing grounds, the dominant speciemg

horse mackerel and chub mackerel caught in larg
numbers during peak upwelling. Taiwan Strait
upwelling zones have been noted for their high
fisheries production (Paet al., 2015; Tanget al.,

2002). Zamboanga upwelling zone

southern Philippines (Villanoet al., 2011), further
attesting to the biological significance of upwmagjiin
the SCS. Upwelling has also been found to affeet th
migration pattern of organisms including fish asras
entire basin (Riveraet al., 2013), with serious
implications for fishing operations and output
(Cushing, 1969). With regards to g@revious studies
predict that an increase in atmospheric ,d® the

coming decades may result in intensification in the

located on
northwest coast of the island of Mindanao has long
been noted to support a thriving sardine fishery in

adverse consequences on climate.

2. Spatial and Temporal Variability of
Upweélling in the South China Sea

Results of a phylogenetic study of bacterial
community structures in surface seawater of nomther
South China Sea (NSCS) revealed that the bacterial
communities exhibited heterogeneity within zones of
upwelling and anticyclonic eddies, suggesting a-two
level pattern of spatial distribution of surfacecteaial
communities of which upwelling plays an important
role (Li et al., 2014). Prominent upwelling regions in
the SCS have been found to be mostly located in
Northern SCS, and include: inshore areas from the
Shantou Coast to the Nanri Islands, off southeljiafu
Province, referred to as the Yuedong Upwelling Zone

st of Hainan Island, east of the Leizhou Pennsul

and the southeast of the Zhanjiang/Guangzhou Bay,
coastal Guangdong province, referred to as the
Qiongdong Upwelling Zone, south of Lingshui, north

Xo the east side of Qiongzhou Strait (Jetgal., 2008),

and the Taiwan Strait Upwelling (TSU) near the

‘Taiwan Shoal (Jinget al., 2007; 2008). Tangt al.
y(2002) investigated upwelling in the Taiwan Stiaitl

uncover the presence of five upwelling zones: (1)
coastal upwelling near Pingtan Island (2) coastal
upwelling between Meizhou and Xiamen; (3) intense
coastal upwelling near Dongshan lIsland, sometimes
extending offshore, (4) small occasional upwelliegr

the Penghu Island (PHU) and (5) an intensive
upwelling in the Taiwan Bank. Het al. (2001) used a

combination of the hydrographic indicators and Sea
Surface Temperature (SST) to establish evidence for
the existence of four upwelling zones in the Taiwan
Strait during the summer-time, including: along the

Southwestern coast of the Taiwan Strait, along the

northwestern coast of the Taiwan Strait, near the
Taiwan Bank and around the Penghu Islands,
respectively. S.W. Taiwan upwelling zone is
characterized by important geological systems sasch
Gaoping Submarine Canyon and numerous other deep
sea canyons which have been the subject of humerous
geological surveys (Selvarg} al., 2015). In Northern
SCS which has generally been the focal point for
upwelling research, the phenomenon is said to e on
of the most outstanding features (Jiag al., 2006;
2007; 2008; Hong and Li, 1991; Li 1990, 1993). e t
continental shelf of South China in particular,
numerous upwelling zones have been identified and
studied over the past decades, including: off thast

of Hong kong by Wyrtki (1961), the east coast of —
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Fig 1: General bathymetry of the South China Sea
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Source: This map is based on Satellite datain situmeasurements combined to form a global dat:
of the earth's surface relief (v 9.0) by Smith &aohdwell (1999); data provider: APDI-SOEST, URL:
http://apdrc.soest.hawaii.edu/datadoc/sr.php; Image produced with Meteolnfo v.1.1.1

Table 1: Summary of upwelling zones and studighénSouth China Sea (S(

Name of upwelling zone

Location

Off Luzon (e.g.Martin and Villanoy 2008Liu et al.,2002; Qu, 2000; Shaet al.,1996;
Nitani, 1970) andZamboanga Peninsul northwest coast of the island of Minda
(Villanoy et al.,2011)

East / Southeast
SCs

South Vietnam (e.g. Boltoet al., 2016; Sadatzlét al., 2016; Zhenget al.,2016; Jinget West SCS
al., 2011; 2008; Hein, 2007; Liet al.,2002; 2007; Xieget al.,2003; Yuan, 2004AVanget

al., 2003; 2006; 2008; Kuet al. 2000; 2004; Cushing, 1969; Wyrtki, 1961)

North Vietnam off Hanoi (e.g. Ndah, 20 North SCS
Taiwan Strét (e.g. Ndah, 2016; Honet al., 2008; Jinget al., 2007; 2008; Tangt al. Northeast SCS
2002; Huet al.,200Q 2001; Peng and Wang, 19¢

Off Guangdong including off Hongkong (e.g. Ndah1@0Jinget al.,2007; 2008; Wyrtki North SCS
1961,

Off Hainan (e.g. Ying, 2006; Niino and Emery, 1¢ North SCS
Off Fujian (e.g. Jingt al.,2007; 2008 North SCS
Off West coast of Malaysia (e.g. Akhir, 20 Southwest SC
Gulf of Thailand (e.g. Cushing, 1969; Wyrtki, 19 Northwest SC
Off Borneo (e.gYan and Chen, 201Wanget al.,2012; Xiu and Chai, 2011; Yuan, 20( South SCS

Xie et al.,2003; Wanget al. 2012; Xiu and Chai, 2011, Yuan, 2004; Xieal.,2003).
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Fig 2: Prominent upwelling zones in the South China Seas Fig 3: Popular upwelling zones in the SCS associated with

adapted from Hu and Wang, 2016 seasonal advection of cold waters courtesy of Hu and
Wang (2016)
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the coast of Northern Vietnam is being documented for the
firsttime by Ndah (2016).

Island, southern coast of Shantou (Niino and Emeryextending some hundreds of miles up the coast
1961). In subsequent years, especially since 198GCushing, 1969; Wyrtki, 1961) has especially reediv
prominent upwelling zones on the coast of Southahi great attention. Recent studies have documented the
have been named as follows: inshore areas from thevolution, mechanisms of the South Vietham
Shantou Coast to the Nanri Islands, generally offUpwelling (e.g. Yuan, 2004; Xiet al.,2003). Contrary
southern Fujian Province, referred to as the Yugdonto what is generally reported, this upwelling zavas
Upwelling Zone and the east of Hainan Island, eést first observed and reported by Dale who documeated
the Leizhou Peninsula and the southeast of theold SST anomaly off the central Vietnam coast in
Zhanjiang Bay generally off Guangdong province, summer, as early as 1956 (Akliral.,2015). Another
referred to as the Qiongdong Upwelling Zone (Jhg important upwelling zone in the SCS which has
al., 2008). Another significant upwelling zone in NSCS received great attention in the scientific commyrist
is located in the Taiwan Strait on the northeasistof  located off Luzon, Northern Philippines. Nitani 719
the SCS. Taiwan Strait Upwelling (TSU) has attrdcte made the first observation of a cold pool northedst
significant attention since the 1980s based onthe SCS off Luzon Island during winter. More recent
hydrological, chemical, biological and satellite investigations by Jinget al. (2011), Martin and
observations (Jingt al.,2008). Villanoy (2008) confirm previous findings of strong
winter upwelling events off the northwest tip ofZam
3. Temporal Variability of Upwelling in the in the South China Sea during the northeast monsoon
SCS Another study by Chwet al. (1997a, b) using SST
Jpeasurements observed that the mesoscale cold pool
off Luzon is a warm pool during boreal spring,
indicative of a seasonal alternation between upmell
and down-welling. Off the coast of Zamboanga
Peninsula, northwest coast of the island of Mindana
S.W. Philippines, Villanoyet al. (2011) found, in
agreement with numerous studies that cooler
temperatures and elevated chlorophyll a were
indicative of upwelling.

The phenomenon has been observed to occur
various temporal scales: seasonal and at finee soal
longer scales.

3.1 Seasonal Variability of Upwelling
Seasonal variability is a dominant feature of
upwelling in the SCS. Cushing mentioned that
upwelling occurs slightly all year round at 12°Ndan
%ﬂlflw'd‘“_‘ trf Weft (go\?jt,'v:n the shaIIO\év Gulfthof Summer upwelling is a regular phenomenon on
ailand ‘in August (S. onsoon), and on € the northern continental shelf of southern Chimamf

northeast coast in October and January (N.E MoosoonJune-Se tember based on observations of proxids suc
(Cushing 1969). In Northern SCS, summer upwelling P P

off the central South Viethamese coast at Nhatran é':ls surface and subsurface water characteristia®grlo
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temperature, higher salinity and higher potentialamplified by ENSO-induced anomalies (Yan and Chen,
density especially on the coasts of Shantou anth&in  2015).

off Guangdong and Fujian Provinces respectivelygJi

et al., 2007). Large and strong upwelling has also beerg.2 Long Term Variability of Upwelling in the
found to occur within 150~200 km from the coasttea sSCS

and northeast of the Hainan |S|and, the east ofHaoei In Comparison with seasonal ObservationS,

Peninsula and the southeast of the Zhanjiang Baystudies of long term variability of upwelling aimlted
south of Sanya to the west of Qizhou Archipelagoesn the SCS and largely based on the use of proxy
mostly occurring at depths of less than 100 m withi indicators such as anomalies of temperature, salini
130 km off the coast, and at 100 m depth within 100ch|orophyll-a, and even nutrients, from which Ekman
km off the coast, where the SST was found to beTransport and pump|ng are extrapo]ated (Sagaﬂ
generally lower than offshore waters during the2013; Liuet al.,2007; 2002; Xieet al., 2003). Using a
summer of 1998 (Jingt al., 2007). In Qiongdong multivariate statistical analysis, Liet al. (2011) have
upwelling ~ zone  (off Guangdong province), demonstrated that analysis of surface nutrient
characterized by two hundred kilometers |0ng cosestl anomalies (S|||Cate) in the SCS can be a viable

and an average width of 100 kilometers wide, andindicator or proxy for identifying and measuringeth
about 130 kilometers to the North and about 90 &m t occurrence of upwelling based on the observatioa of
the south, coastal upwelling is a common occurrémce strong correlation between upwelling and silicate
summer, that is from April-September, but peaksnfro concentrations across multiple zones in Norther$.SC
June to July (Jingt al.,2008). Further east, upwelling |n their attempt to analyze upwelling over interaal
has been WIde'y studied in the Taiwan Shoal, wést Otime scales using a time series of SST, V|||a90w|
Penghu Archipelagoes (Jireg al., 2007) and Taiwan (2011) observed that La Nifia and El Nino were the
Strait in general (Honet al., 2008). Huet al. (2001),  primary sources of inter-annual variability of upkivey
using hydrographic data (salinity as an indicator) off zamboanga Peninsular. Horgg al. (2008) also
August of 1997-1999 and a four-year satellite-d=iv  studied inter-annual variability of summer coastal
Sea Surface Temperature (AVHRR SST) dataset tqpwelling in the Taiwan Strait, based on empirical
establish evidence for the existence of four summeprthogonal function (EOF) analysis using NOAA
UpWel“ng zones in the Taiwan Strait ConslstentlyAdvanced Very H|gh Resolution Radiometer
observed high salinity and low temperature anorsalie (AVHRR) sea surface temperature dataset from 1985
in the four zones, indicating the occurrence of s8N to 2005; hydrographic records at two coastal statio
UpWe”ing in the Taiwan Strait. Another satellisote from 1970 to 2001, cruise measurements in 1988 and
sensing-based study aimed at studying the inteosity 2004 and alongshore wind component, derived from 17
upwelling on the Taiwan Bank Upwelling Region in years of the European remote sensing (ERS) satellit
1998 found that upwelling intensifies on its and QuickScat wind dataset from 1992 to 2005. In
southeastern edge, measuring about an averag®6f 27another study, a 20-year historical water tempeeatu
km? with a mean temperature anomaly of about 2.3°Csalinity and dissolved oxygen data has been used to
in the summer, July to October (25-26 °C) coupledextrapolate summer upwelling in the NSCS (Hong and
with high mean Chl-a concentrations (up to 0.8-2 mgyj 1991; Li, 1990, 1993). Moreover, using multiepy
m®) consistent with field measurements of wateryecords of two sediment cores from the north-easter
temperature, salinity, and Chl-a (Taeg al., 2002).  South China Sea in comparison with sediment records
Upwelling has also been studied on the west cdast df summer monsoon-driven upwelling east of South
the SCS, off east Peninsular Malaysia during theyietnam, to determine millennial-scale changeshia t
southwest and inter-monsoons (June to Septembefhtensity of winter monsoon upwelling over glacial-
using cruise and satellite remote sensing data athtergIaciaI cycles, Sadatzket al. (2016) found
established that SOUthWGSterly wind that b|OW|rQI]1g| seasonal upwe”ing in the SCS to be in response to
coast are important drivers of Ekman dynamics andprhital-scale changes in the East Asian Monsoon.
upwelling (Akhir, 2015). In Southern SCS, winter Another study based on radiocarbon-based techniques
coastal upwelling has been studied off northwestporitesiutea coral collected from Hon Tre Island,
Borneo using satellite data, climatological tempe®  vietnam, South China Sea (SCS) was analyzed over a
salinity fields and reanalysis data and established! - 100- -yr-long period from AD 1900 to 1986, Bolteh
upwelling forms and strengthens between Decembeg|. (2016) confirm the historical occurrence of
and March induced by the alongshore N.E monsoonpwelled water depleted in 14C from the deeper SCS
wind which drives Ekman transport and Ekman pasin. This study suggests that the South Vietnam
pumping, modulated orographic wind stress curl andypwelling region occupies a unique oceanographic
position, reflecting the seasonal influence of olde
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deeper SCS waters that upwell periodically in #Hrisa  structures including gyres and eddies in South€&@8 S
and modify local surface waters over the last 18@ry (Wanget al., 2012; Xiu and Chai, 2011; Yuan 2004;
(Bolton et al., 2016). In brief, the study of upwelling Xie et al., 2003). Ying (2006) has attempted to
dynamics in the SCS, both in short and long timlesca simulate observed upwelling characteristics in NSCS
is based on proxy indicators which may or may ret b using a three-dimensional Regional Ocean Model
perfect representations of upwelling. System (ROMS), forced with idealized upwelling
favorable winds. The results of this study sugdgkeat

4. Mechanisms and Forcings of Upwelling upwelling over the shelf of NSCS has a strong
in the South China Sea alongshore variation occurring with great intensiff/
Upwelling, one of the most important features Shantou, Hainan Island, Daya Bay - Red Sea Gulf and

of sea surface circulation studied since the 1930£ast of Hong Kong largely driven by the interaction

(Sverdrup, 1938) has long been known to result whe etween the coastal upvyelling Jet and the localfshe
sea water surface deforms under the action of wind topography, coastline orientation and strength fef t

other forces (Bakun and Agostini, 2001), but the local wind stres_s. Jingt al. (.2007) have investiggted
mechanics of the interaction between wind and wiater SUMMer upwelling systems in the northern contirlenta

: : ; : shelf of the South China Sea (NCSCS) using
increasingly complex (Schwingt al., 1996). Wind r%athfinder, Advanced Very High  Resolution

fields over the ocean are important components o .
many geophysical parameters because the marine wi adiometer (AVHRR).Sea $urface Tempgrature (.SST)
ata and a three-dimensional baroclinic nonlinear

induces heat and momentum transfers between th ; .
ocean and the atmosphere and is a main drivingeforcm_”‘nerICaI model (ECOMSED) f_orced k_)y kaSC_AT
winds. In a follow-up study, using QuikSCAT wind

for surface ocean circulation (Kubota and Yokota,OI i t del ling index Ji | (2008) h
1998). Air-sea coupling thus generates surface rocea ata to model upwelling index Jireg al. ( ) have

circulation which is responsible for the distrilmutiof conlﬂr(;n.ed thatfflo;al aI(I)ET(gshore winds and v(\jnn_d;jsﬂre

variable oceanographic, cyclonic and anti-cycloniccir rves ofis ored Iman 'tralr;sport "’lm. |fn uces
structures (Griffaet al., 2008). Therefore, two major Ekman pumping, an piay a signi icant role in fogl

types have been identified: wind-driven and summer coastal gpwelllng in Guangzhou —Bay
geostrophic upwelling. Wind-driven upwelling is (Qlong_dong Upv_velllng). I_n contrast, results of
therefore an important component of surface ocearpumerICaI mo_dellng exp_erlments _reveal that stabl_e
circulation, inducing a vertical circulation whealger ~ 2longshore wind stress is a very important dynamic

deeper ocean waters rise up from beneath to tiecsur factor _WhiCh induces upwelling _in the Yuedong
in the open ocean and along coastlines (Schefra. Upwelling (YDU) zone, while the wind stress curlsha
1996: Picket and Paduan, 2003). However alth’ougﬂittle contribution and even unfavorable to upwadliin

most coastal upwelling regions are governed by theIhis zone (Jinget al., 2008). In another study, Kuet

classical wind-driven Ekman dvnamics (Schwetl. al. (2000) observed the evolution pf upwelling along
1996! Bavlllimet ;\f 2015: Bak)llm a:1d S/Veeks g;do4- the western coast of the South China Sea (SCSY usin

Bakun, 1973; 1975; 1990), several possible locdlize NOAA satellite AVHRR (Advanced Very High

mechanisms have been attributed to upwelling in thé?esolution Radiometer) IR (infrared) data for the

SCS. Some of the most important ones include: theummer of 1996-1997 and found that upwelling

nature of the coastlines, the bathymetry, localdwin Intensity, defined by the total heat loss in the

stress and Kuroshio intrusion (Hu and Wang 2016.anoma|ous low cold water region, is determined by
Wanget al.,2012; Jinget al.,2011; Yuan, 2004; X,iet 'alongshore wind stress which is the dominant factor

.. 2003: Chuet al. 1999). Ch in th responsible for the pumping of cold water onto 4ka
girculation syl;'?ema in the) chngge(;svérrwnede gj)f)pﬁ:esurface. Xieet al. (2003) have studied the inter-annual

alternating monsoons which generate the stron ariations of summer upwelling off Vietham coastlan

southwesterly/northeasterly winds and drive cyaoni he offshore spread of cold water using a range of

and anticyclonic gyres or mesoscale eddies in ©8,S satellite measyrements and. estqbllshed that
found to result in localized upwelling (e.g., Chesral., southwesterly winds force an anticyclonic oceanyedd

2011; Xiuet al., 2010: Zhuangt al., 2010; Liuet al. to the southeast in July and August, advectingctiie
2008 Wanget al. 2003 Chiet al. 1’998).’During the coastal water offshore into the open South China Se
N.E monsoon (winter) the northeasterly winds have(SCS) In - summer, . moduIaFed by the .effects of
been found to force a cyclonic gyre in the SCS andopography (Indo-(}hma corqnlera mouqtams east of
drive the localized upwelling off the western Luzon Saigon) on  impinging \_Nlno!s, leading to the
(Qu, 2000; Liuet al., 2002). These mechanisms have development of a strong wind jet curl at the southe

. dge of this mountain range, inducing upwelling off
also been found to drive the development of theBor & v .
Vortex as well as other anti-cyclonic oceanographicVIetnam (Yuan, 2004; Xieet al., 2003). During the
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N.E. Monsoon part of the southward jet off Saigen i on upwelling in the SCS all year is very significan
pushed across the Sunda Shelf into the shallow Javlaeing more prominent in the northern part in winter
Sea by the initiated Ekman transport due to theachp while in summer, the anticyclonic gyre in the s@uth

of the wind stress vector but the shallow natur¢hef = SCS is pronounced. Because of the strong upwaedling
shelf (a mean depth of only 43 m) prevents thedeep water, the cyclonic gyre in northern SCS (NSCS
occurrence of upwelling since only surface water isis weakened, but the anticyclonic gyre in the seuth
transported (Jinget al., 2011) while a significant SCS (SSCS) is intensified in summer (S.W. monsoon),
portion turns eastwards in a cyclonic motion, &iitig  while cyclonic gyres in both the southern and nemth

a weak upwelling on the coast of Borneo Island,SCS are weakened in winter (Waagal., 2012). By
specifically off northwestern Sarawak around Kughin including an "upward pumping" component into the
Bay (Jinget al.,2011; Yuan, 2004; Xiet al.,2003). In  simulation model, the study further points out finaall
Southern SCS, wind-stress and ocean circulatiorseasons, the dynamic influence of thermohaline
patterns across the SCS during the N.E Monsoortirculation on wind-driven circulation is larger the
generate conditions for upward Ekman pumping ornorthern SCS than in the southern SCS, and that the
upwelling, such as the development of the Borneoupwelling associated with the thermohaline cirdolat
Vortex as well as other oceanographic structures su in the deep ocean plays a crucial role in regujatite

as anticyclonic gyres and eddy (Waetgal.,2012; Xiu  wind-driven circulation in the upper ocean (Wagig
and Chai, 2011; Yuan, 2004; Xet al.,2003). Martin  al., 2012). Finally, Villanoy et al. (2011) have
and Villanoy (2008) found that winter upwelling ew®  established the strong association between ENSO and
on the east coast of the SCS, off the northwesbftip upwelling, noting that La Nifia causes the strengjtiee
Luzon in the South China Sea using Empirical of the monsoon-driven upwelling while EI Nino
Orthogonal Functions based on ocean altimetry datanduces an opposite effect, suppressing upwellifig o
They found in agreement with numerous other studieZamboanga Peninsular, Southwestern Philippines.
that upwelling is associated with positive windess  Deep wind-driven ocean circulation patterns hage al
curl initiated by the Northeast monsoon winds as/th been identified as playing a significant role in
enter the SCS via Luzon Strait and modulated bymodulating the occurrence and intensity of upwgllin
topographic effects. Similar mechanisms relatedover the entire sea basin over much longer timescal
offshore Ekman transports forced by northeastThe influence of the strong ‘western boundary’
monsoon winds have been found to initiate upwellingKuroshio current, with velocity of up to 250 cm S-1
off the coast of Zamboanga Peninsular (Villambyl.,  generally flowing northward, partially intruding t;
2011). A simulation study forced with observed the SCS via the Luzon strait during the N.E monsoon
upwelling favorable winds in the SCS by Ying (2006) is found to be responsible for conditions of weak
reveals that upwelling intensity at the near-shoreupwelling in Northern SCS and strong upwelling off
location is sensitive to the orientation and sttengf the coast of Luzon (Dat al.,2013; Duet al., 2013;

the local wind stress. In a study by Céual. (1999), Wanget al.,2012; Jinget al.,2011;Yuan, 2004; Xiet
based on simulations using the Princeton Ocean Modeal, 2003; Cheret al.,2001; Chuwet al.,1999).

(POM), while recognizing that seasonal oceanographi In summary, wind stress and ocean circulation
circulation patterns and upwelling are determinad a patterns across the SCS have thus been found to
forced by winds, their results also point out thegenerate conditions for upward or downward Ekman
significance of lateral boundary forcing which play pumping in the SCS, coupled with topographic effect
secondary role in limiting the circulation veloesi  Upwelling in the SCS is thus largely driven shent
Overall, Jinget al. (2011) suggests that the adjacentdynamic wind stress patterns which significantly
basin-scale upwelling in the SCS have differentimpact onthe Ekman layer acting as a major irtiaf
responses and maintaining mechanisms because of tleeastal upwelling over short time scales (hourbilyd
anticyclonic atmospheric circulation anomaly ovee t weekly), modulated by the seasonally reversing
SCS and Northwest Pacific. The northern flank & th monsoon winds and the intervening periods (inter-
atmospheric circulation anomaly intensifies the monsoons). The frontal interaction of the two catre
monsoonal winds off the NSCS coast, while thesystems with contrasting origins and thermal
southern flank suppresses the southwesterly windsharacteristics, humerous canyons, the orientabion
along the Vietnam coast resulting in strong summerthe coastline and the seasonal monsoon gap winds
upwelling (Jinget al., 2011). In another simulation which force their way through the narrow Taiwanaftr
model by Wanget al. (2003; 2008), the seasonal are generally identified to be major contributiagtbrs
variation of upwelling between northern and souther to upwelling in Taiwan Strait or Taiwan Bank (Jiag
SCS has also been addressed. According to thal., 2007; 2008; Tangt al., 2002; Huet al., 2001).
research, the influence of the deep ocean cyclgyie  These mechanisms impart lateral and vertical mdtion
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the sea surface layers (Deti al., 2013), resulting in a al., 2003; Xieet al.,2003; Liuet al.,2002; Kuoet al.,
dynamic exchange with the Western Pacific Ocean vi&2000; 2004, Qu, 2000; Chdt al., 1998). Even long
an upper part exchange with the Kuroshio and oxerfl term analysis proxy indicators such as coral rexare
at depth (Chemt al., 2001; Daiet al.,2013; Duet al.,  often collected from specific locations e.g off Rian
2013). Island and extrapolated to wider areas of the S@S (
the case of Liwet al., 2013), although such a sample

5. Challenges and Limitations of Upwelling may not be representative of this diverse margieal

Research in the South China Sea The study of upwelling is therefore imbued with
It has become increasingly important to numerous challenges (McGreget al., 2007) and

understand upwelling regions for the coming decadeé:IImate .models have not alsq proven very effective
due to the possible dramatic ecosystem andl€nerating consistent upwelling results (Waetgal.,

socioeconomic impacts which may emanate from rapioiplo)l' The primary relal*t.son. fgr the dlftf)ICU|tIesl .Of
environmental and climatic changes (Bakenh al., Irectly measuring upwelling Is because obser u

2010; 2015) especially driven by changes in theaar igggs O_f the pkhenomenon _dr? nor: exist (Schveingl., h
cycle, regional climates, primary production and ), In stark contrast with other ocean-atmospher

. : : irculation indices such as winds, currents andesav
fishery systems. However, despite extensive rebearcC!fcl ) ’ -
and growing understanding of the importance Of(Ndahet al.,2015; Huanget al.,1994). This is because

upwelling and upwelling systems, its occurrencerove O.f the mherenlt qlﬁlcultles In estimating, mea?*@”?‘”d
fllrectly quantifying the process amidst the intdoac

remains unclear (Yinget al., 2006), and limited to O_f various _complex mechanisms, coupled with its
monthly to seasonal observations (e.g. Sa&daal., highly Ioca!|zed occurrence In space. Cons_equ_ently,
2013; Jinget al., 2011; Xiuet al., 2010; Lin et al., understanding the behavior of coastal upwellinghia
2010; Zhuangt al., 2010; Liuet al., 2007; 2002; Chen >CS under contemporary and future global changes
et al.,2006; 2011; Ningt al., 2004; Wanget al.,2003; ~ '€mains evasive, poorly understood, documented and
Xie et al., 2003; Liuet al., 2002: Kuoet al., 2000 appreciated. It is therefore imperative to directly

2004, Qu, 2000; Cet al.,1998). quantify upwelling in the SCS over longer time ssal

Even where an attempt is made to analyze a{'n order to ascertain and forecast the current and

time series of upwelling it has been based entiogly po_tential change_s _in the_ pattem and intensity amma
different proxy variables, including the observatio Primary productivity, fishery systems and general

and/or modeling and extrapolation of water circulation in the SCS.

chlorophyll-a, sea surface temperature, salinityrak .

records (e.g. Sasat al., 2013 Jinget al.,2011; Liuet 6. Conclusion

al., 2002, 2007, 2013; Xiet al., 2003; Honget al., Studies of upwelling in the SCS find the
2000, 1993). Overall, the study of upwelling in ®@S  Phenomenon to be largely a seasonal phenomenon,
has been largely based on a seasonal timescaldédduced by many factors including: alongshore wind
associated with seasonal monsoon variability andstress, wind stress curl, bottom topography, coastl
shorter term intra-seasonal variability often assted  orientation shelf circulation, eddies and island®l a
with tropical cyclones (Het al.2016); a few studies Ccapes shape of the coastline. However, very few
have observed the phenomenon at an inter-annual tin@nalyses have been done of inter-annual and longer
scale and associate it with the El Nifio Southernterm variability of the phenomenon. Moreover,
Oscillation (e.g. Villanoyet al.,2011; Zhao and Tang, Upwelling studies in the SCS and around the world
2007), and an even smaller number of studies havBave largely ignored the opposite process of down-
attempted to describe the phenomenon over longewelling which generally occurs in reverse of upgj|
time-scales based on proxy indicators such as pointooth of which culminate to produce an upwelling-
specific coral records from which centennial SSTdownwelling cycle forced by opposing mechanisms.

records are inferred (e.g. Bolten al.,2016; Liuet al., Therefore, since down-welling could be the dominant
2013) and at millennial time-scale, using sedimentProcess under conditions of weak or no upwellinigh w
core records (Sadatzét al.,2016). potentially  significant  implications for the

Moreover, previous studies of upwelling biogeochemistry of coastal and shelf zones, it is
occurrence and its mechanisms in the South Chiaa Sémperative to pay more attention to this process.
(SCS) have been genera”y point_specificl mosﬂyovera”, UpWe”ing in the SCS has been entirelwuas
focusing on single zones with disproportionately On analysis of proxy variables from which upwellisg
greater attention on South Vietnam Upwelling (e.g.inferred. In fact, a previous long term study o th
Chenet al., 2006; 2011; Xiuet al., 2010; Linet al.,  subject, based on coral records, suggests thatethe
2010; Zhuanget al., 2010; Ninget al., 2004; Wanget of upwelling in northern South China Sea has been
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weakening since 1961 (e.g. Lat al., 2013) and this intensity. An approach to achieve this is alreaduse
could have far-reaching implications for marine by NOAA-Pacific Fisheries Environmental Lab
primary production and carbon flux. A direct (PFEL) to derive upwelling indices and could be
measurement and time-series of upwelling could lenab adopted to generate a time series of upwellingcewi
researchers to determine the validity of previousfor the SCS spanning several decades.

findings, and with greater certainty, ascertain the Finally, since the major coastal upwelling zones
potential for significant changes in  marine coincide with Major River systems in S.E Asia, fres
biogeochemistry and primary productivity in upwedi  water flux may have a significant impact on upweli
zones. Based on the observed limitations of upmglli strength resulting in changing patterns of nutrignd
research in the SCS and mindful of the immensephytoplankton dynamics. The varying shape of the
significance of the phenomenon, there are thereforeoastline, the influence of the riverine dischafigenm
numerous and exciting opportunities for the furtimee  the Mekong, Xi, Red, Jiulong Rivers etc., which
of upwelling research in this marginal sea. Thisudtt  influence surface water stratification and the Hepf
however begin with the derivation of a long timéee  the mixed layer, and the seasonal dynamics of the
of upwelling indices for the SCS from which the don monsoon winds and current patterns culminate to
term pattern can be ascertained, and which cantljire create a complex system of processes that enhance o
be analyzed using multivariate statistical methtmls impede upwelling in the South China Sea. Generally,
determine the direct implications of upwelling on the complex interaction between stratification, the
oceanographic and regional meteorological/climaticgeneral circulation of the SCS, should thus be
patterns, as well as uncover the mechanisms that marecognized as a major control factor of upwelling
have a significant modulating effect on upwelling intensity and deserves greater attention.
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