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The Penghu Channel is the main channel connecting the East and South China Seas, two of the largest marginal
seas in the world. Located in the southeast of Taiwan Strait, the Penghu Channel is usually covered by the high
salinity water from the South China Sea and the Kuroshio. However, we observed abnormal low-salinity water
in the Penghu Channel during a cruise through the southern Taiwan Strait and northern South China Sea in Au-
gust 2008.We argue that the normalized alkalinity is a good indicator for the identification of a river plume as it is
not affected by rainwater. Using satellite-derivedwater transparency and chlorophyll images andfield-measured
alkalinity, the source of this low salinitywaterwas found to be the intrusion of the Pearl River plume. A significant
phytoplankton bloom across the entire Taiwan Strait occurred with the intrusion event. The intrusion was not a
unique event, as we also found a strong jet-shaped Pearl River plume intruding into the Penghu Channel in the
summer of 2009 from cloud-free satellite-derived images. Time series satellite data reveal that the Pearl River
plume intrudes into the Penghu Channel in the summer of most years. Multiple data analysis andmodeling sim-
ulation indicate that a large river discharge and strong southwesterly winds on the shelf may be responsible for
the significant intrusion of the Pearl River plume into the Penghu Channel in summer. As the Pearl River plume
has a high nutrient and dissolved inorganic carbon content, combined with the strong northward flows through
the Penghu Channel, such intrusionsmay contribute to the nutrient dynamics and carbon budget of the East and
northern South China Seas.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

The South China Sea (SCS) and the East China Sea (ECS) are the two
main marginal seas in the western Pacific Ocean, and are ranked as the
second and eleventh largest marginal seas in the world, respectively.
The SCS and ECS are connected by the Taiwan Strait (TWS), which is
about 180 km wide and 350 km long, with an average depth of about
60 m (Jan et al., 2002), as shown in Fig. 1. The current through the
TWS has a direct impact on the circulation and biogeochemical process-
es in the SCS, the ECS and even the Japan Sea (Chen and Wang, 1999;
Hong et al., 2011a; Isobe, 1999; Katoh et al., 2000; Liu et al., 2000).

Circulation in the TWS is mainly controlled by the strong East Asia
monsoon and the complex topography of the Strait (Hong et al.,
2011a; Naik and Chen, 2008; Tseng and Shen, 2003). In winter, the
+86 571 81963112.
Zhejiang–Fujian Coastal Current flows southward along the eastern
coast of China, but the direction of the current on the eastern side of
the TWS is still not well defined (Chen and Sheu, 2006; Chen and
Wang, 1999; Wu and Hsin, 2005). In summer, it is generally accepted
that the entire TWS is dominated by a northward current driven by
southwesterly winds, except during typhoon events (Chen et al.,
2003; He et al., 2014; Hsin et al., 2010). Separated by the shallow
Taiwan Bank located in the middle of the southern TWS, the northward
currents in the southern TWS are divided into a two-pronged flow. The
eastern prong flows through the Penghu Channel and is made up of ol-
igotrophic waters from the SCS and the Kuroshio, whereas the western
prong flows through the channel between mainland China and the
Taiwan Bank and derives from the upwelling of the SCS subsurface
water and coastal water (Hong et al., 2009, 2011b). It is well known
that thedeep PenghuChannel is themainpathway for volume transport
through the Strait in summer because of the topography of the TWS (Jan
and Chao, 2003; Jan et al., 2002; Wu et al., 2007).
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Fig. 1. Location andbathymetry (isobaths inmeters) of the study area. Also shown are the sampling stations along the southern Taiwan Strait transect of theORI-873 cruise in 2008 (upper
left panel). Star symbols of S1, S2, and S3 are the locations of three selected points to show the variation of time series satellite data during 2000–2010 (shown in Fig. 9).

2 Y. Bai et al. / Journal of Sea Research 95 (2015) 1–15
Flowing into the northern SCS, the Pearl River is the largest river
which inputs into the northward currents in TWS. As the largest river in
China after the Yangtze River and the 13th largest river in the world in
terms of freshwater discharge (Yin et al., 2004), the Pearl River delivers
3.5 × 1011 m3/yr of freshwater and 85 × 106 tons/yr of sediment load
into the SCS. The Pearl River has about 80% of the discharge occurring
during the wet season of April–September and only 20% during the dry
season of October–March (Yin et al., 2004; Zhang et al., 1999). The
annual-mean discharge of the Pearl River is 10,524 m3/s, and the maxi-
mum river discharge occurs in July (Yin et al., 2004). The water comes
from three main branches – the Dong Jiang (East River), Xi Jiang (West
River) and Bei Jiang (North River) – before entering the SCS. The general
pathway of the Pearl River plume (PRP) is well defined, and is mainly
driven by the East Asia Monsoon (Dong et al., 2004). During the dry sea-
son, with strong northeasterly winds and low river discharge, the plume
is advected westward by coastal current induced by the northeasterly
wind, and the horizontal extent of the plume is much smaller. However,
during the wet season with relative weak southerly winds and a large
river discharge, the plume is advected eastward andoffshore by the coast-
al current induced by the upwelling favorable winds (Dong et al., 2004).

Previous studies have found that the PRP could intrude into the
southern TWS in summer. Based on the underway measured tempera-
ture and salinity at the surface, Chen et al. (2002) observed a 20 km
zone with a high temperature (up to 28.6 °C) and low salinity (about
33) extending to the south of the Taiwan Bank. This phenomenon was
also found in the summer of 2005, and was confirmed by numerical
modeling (Hong et al., 2009). These studies indicate that the PRP and
the Yuedong (the eastern Guangdong) Coastal Current, which has a
high temperature and a low salinity and density in the upper layer,
flow northeastwards through the channel west of the Taiwan Bank
(the western prong defined by Hong et al., 2011b). More recently,
modeling studies by Gan et al. (2009) and Shu et al. (2011) revealed
that the PRP also extends northeastwards to the southern TWS and as
far as the southern part of the Penghu Channel. However, these model-
ing results require validation by satellite and field observations.

During a cruise through the southern TWS andnorthern SCS inAugust
2008, we observed water of abnormally low salinity in the Penghu Chan-
nel. At the same time, a phytoplankton bloomwas observed in themiddle
and northern TWS from satellite ocean color images. This study aims to
trace the source of this low-salinity water to the Pearl River, and to reveal
the biological responses to this event through both in-situmeasurements
and satellite data. To the best of our knowledge, this is the first time that
the intrusion of the PRP into the Penghu Channel has been observed by
satellite images and confirmed by both modeled results and field data.

2. Data and methods

2.1. In situ data

The ORI-873 cruise onboard the R/V Ocean Researcher I traversed
the northern SCS and the southern TWS from 30 July to 6 August in
2008. The underway salinity and temperature were obtained by a
self-recording CTD instrument. The temperature and salinity profiles
at each station (Fig. 1) were determined with a shipboard SBE-911-
plus conductivity–temperature–depth (CTD) unit manufactured by
the Sea-bird Corporation. The temperature was recorded on the
1990 International Temperature Scale and the salinity on the 1978
Practical Salinity Scale. Discrete samples were collected at various
depths with a Rosette sampler fitted with 2.5 L Niskin bottles that
were mounted on the CTD unit to determine the salinity, pH and ti-
tration alkalinity (TA). Data from the sensors on the CTD unit were
obtained during both the downcast and the upcast periods. The
CTD unit was lowered as well as raised at a rate of about 1.0 m/s. Dis-
crete water samples were taken during the upcast. Salinity in the dis-
crete samples was determined by measuring conductivity with an
AUTOSAL salinometer, which was calibrated with IAPSO standard
seawater with a precision of 0.003. Values of pH were measured to
a precision of ±0.002 at 25 ± 0.05 °C with spectrophotometric sea-
water pH measurement of m-cresol purple on total scale (Clayton
and Byrne, 1993). Total alkalinity was measured using Gran titration
(Gran, 1952) composed of an Orion 81-02 pH meter, an Orion 3-Star
pH benchtop meter, an 18-ml titration cell and a temperature-
controlled water bath set at 25 ± 0.05 °C. The precision of the TA
values was ±2–3 μmol/kg, and corrected using Dickson seawater
standard as reference. More detailed method descriptions of pH
and TA measurements can be referred to Chen and Wang (2006).

image of Fig.�1
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2.2. Satellite data

Daily satellite images of chlorophyll-a concentration (chla),
water transparency, and sea surface temperature (SST) were obtain-
ed from the satellite data receiving station of the Second Institute of
Oceanography of China (SIO/SOA). The chla and water transparency
were retrieved from Aqua/MODIS (the Moderate Resolution Imaging
Spectroradiometer) data, while the SST was retrieved from the
NOAA-17/AVHRR (Advanced Very High Resolution Radiometer).
The water transparency was determined by a semi-analytical algo-
rithm based on the satellite-retrieved chla and suspended particu-
late matter concentration (He et al., 2004, 2014; Jiao et al., 2007).
The spatial resolution of the daily satellite-derived water transpar-
ency images is 1′.

We obtained the 8-day composite chla data retrieved by Aqua/MODIS
(2002–2010), Terra/MODIS (2000–2010) and SeaWiFS (1998–2010)
Fig. 2. Distributions of the underway surface water salinity and temperature in the south
satellite data from the NASA Ocean Color Website (http://
oceancolor.gsfc.nasa.gov). The monthly mean SST retrieved by
Terra/MODIS (2000–2010) was also obtained from the NASA ocean
color website. The SST is retrieved by the 11 μm band of the Terra/
MODIS observed in the daytime. The spatial resolution of the chla
and SST datasets is 2.5′ with a global coverage. In addition, we ob-
tained the daily global sea surface wind vector (SSW) data retrieved
by QuikSCAT from the NASA Jet Propulsion Laboratory, which has a
spatial resolution of 25 km.

2.3. Model simulation

The numerical simulations we used are the Seas Around Taiwan
(SAT) model (Wu and Hsin, 2012; Wu et al., 2008), which is based on
the Princeton Ocean Model. Using the hydrostatic approximation, the
SAT model solves three-dimensional primitive equations for the
ern Taiwan Strait and northern South China Sea as measured on the ORI-873 cruise.

http://oceancolor.gsfc.nasa.gov
http://oceancolor.gsfc.nasa.gov
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Fig. 3. (a) Alkalinity versus salinity and (b) normalized alkalinity versus salinity in surface
waters at the HOT and SEATS stations in recent years (taken from Lui and Chen, in prepa-
ration), in the cross-section across the southern Taiwan Strait (this study), and Chen's un-
published data off the Pearl River estuary a week before the measurement in the cross-
section across the southern Taiwan Strait. The broken arrow shows the flow of the Pearl
River plume schematically.
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momentum, heat and salt and evaluates turbulence by the 2.5-level
Mellor–Yamada scheme. The domain of the SAT model extends zonally
from110.5°E to 126°E andmeridionally from13.8°N to 28°Nwith a hor-
izontal resolution of 1/20° × 1/20°, and it has 26 sigma levels in the
vertical. On open boundaries, the lateral boundary conditions are daily
one-way nested to a 1/8° × 1/8° East Asian Marginal Seas (EAMS)
model with an expanded domain of 99°E–140°E and 0°–42°N. The SAT
and EAMS models we used had been validated carefully with observa-
tional data around Taiwan, and used to investigate variations of the
Fig. 4. Cross-sectional views of (a) θ, (b) S, (c)
current in the Taiwan Strait and the Kuroshio around Taiwan (Hsin
et al., 2008, 2010, 2012; Wu and Hsin, 2005, 2012). In this simulation,
the model was forced by the 6-hourly 1/4° × 1/4° Cross-Calibrated
Multi-Platform (CCMP) Ocean Surface Wind, which was derived
through cross-calibration and assimilation of ocean surface wind data
from SSM/I, TMI, AMSR-E, SeaWinds on QuikSCAT and SeaWinds on
ADEOS-II, and by the 6-hourly 2.5° × 2.5° NCEP-DOE reanalysis II heat
flux dataset.
3. Results and discussion

3.1. Identification of the intrusion of the PRP into the Penghu Channel by
field observation

The distributions of the underway measured surface water salinity
and temperature in the southern TWS and northern SCS are shown in
Fig. 2. In region A, the surface water had a much lower salinity (as low
as 29) and a higher temperature (up to 31 °C), indicating the eastward
transport of the PRP. In contrast, in region B along the southern Fujian
coast, the surface water had a higher salinity (larger than 34) and a
lower temperature (less than 26 °C), probably caused by the strong up-
welling in this region (Hu et al., 2003). Upwelling was also observed in
region C, which had a high salinity and a low temperature but a relative-
ly narrow width. Regions B and C represent two upwelling areas in the
southern TWS, one being wind-driven and topographically forced near
Dongshan and Nanao in the southwestern TWS, and the other being to-
pographically induced northeast of the Taiwan Bank and southwest of
Penghu Island (Hu et al., 2003; Tang et al., 2002). The distributions of
the surfacewater salinity and temperature in regions A, B and C are nor-
mal in summer. However, in region D, which is located in the Penghu
Channel, the surface water salinity was abnormal and was as low as
32. Normally, the flow through the Penghu Channel is made up of oligo-
trophic waters from the SCS and the Kuroshio with a surface water sa-
linity of higher than 33.5 (Naik and Chen, 2008). It would thus be of
interest to find out the source of the freshwater in the Penghu Channel.

Salinity is arguably one of the most frequently used parameters in
identifying a freshwater river plume (e.g. Cooley et al., 2007; Gan
et al., 2009, 2010; Hong et al., 2011). However, rain falling off the
coast can also make the surface seawater fresher, which makes the
plume less identifiable based on a lower salinity level alone. In contrast
to river water, rainwater carries little or no alkalinity, especially in the
case of the Pearl River, as the basin is widely covered by karst. Conse-
quently, the Pearl River contains a high level of dissolved inorganic car-
bon, and thus a high level of alkalinity (TA) (Cai et al., 2004; Lou et al.,
2014). The average TA just before the various branches of the Pearl
pH and (d) NTA from the ORI-873 cruise.
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River enter its main estuary is about 1200 μmol/kg at a salinity of less
than 0.3 (Chen et al., 2008). In the open ocean, the surface water TA is
very predictable, especially in tropical regions because the TA is
Fig. 5.Water transparency images retrieved byMODIS during the intrusion of the PRP into the
sun-glint. (a) 15 July 2008; (b) 22 July 2008; (c) 24 July 2008. (For interpretation of the refere
primarily a function of salinity (Chen and Millero, 1979; Chen and
Pytkowicz, 1979; Chen et al., 2006a, 2006b; Lee et al., 2006). Thus, pre-
cipitation or evaporation does not affect the normalized alkalinity
Penghu Channel. The black regions in the images are covered by cloud or contaminated by
nces to color in the text, the reader is referred to the web version of this article.)

image of Fig.�5
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(NTA = TA × 35/S, where S is the measured salinity). As an example,
Chen and Pytkowicz (1979) showed that in the entire Pacific Ocean ex-
cept for the northwest Pacific, theNTA equals 2306+/− 10 μmol/kg for
surface waters with a temperature above 25 °C. More recent TA data
from two widely used stations are plotted against salinity in Fig. 3a as
another example. The HOT (Hawaii Time Series; data coverage between
1988 and 2009) station is located in themiddle of the North Pacific gyre
whereas the SEATS (SouthEast Asia Time-Series; data coverage
1998–2008) station is located inside the SCS, yet the TA at both stations
covaries linearly with the salinity over the years, and the NTA is
2303 +/− 5.1 μmol/kg (Fig. 3b), which is very close to the value that
Chen and Pytkowicz (1979) reported over 30 years ago. Of note is the
small standard deviation of this stable NTA value of only slightly higher
than the analytical error of 3 μmol/kg (Chen and Wang, 2006), which
means that it is relatively easy to identify any disturbances in the NTA.

Although the Pearl River's TA value is only about half of the TA
value at the HOT or SEATS stations, the PRP's NTA value is much
higher because of the river plume's low salinity. Alkalinity data for
the cross-section across the southern Taiwan Strait are also plotted
against salinity in Fig. 3a. It is immediately clear that most of the
data are higher than the trend for HOT or SEATS stations, especially
Fig. 6. Climatology distributions of the monthly mean chla (a) a
the surface waters near the Chinese coast (Stn. M2 and stations fur-
ther west in Fig. 1). Surface waters in the Penghu Channel also fall
above the linear TA/S trend (Fig. 3a). Fig. 3b shows the NTA vs. salin-
ity, and the data for the southern Taiwan Strait are again much
higher than those from the HOT and SEATS stations. Excluding the
four highest values affected by small rivers near the Chinese coast,
the highest values of around 2340–2360 μmol/kg are at the surface
in the Taiwan Strait in the Penghu Channel. Restated, the NTA for
the surface waters at the HOT and SEATS stations is very constant
at 2303 ± 5.1 μmol/kg yet the values are as high as 2360 μmol/kg
for surface waters in the Penghu Channel. Shown in Fig. 3a and b
are also Chen's unpublished data collected off the Pearl River estuary
oneweek before themeasurement in the southern Taiwan Strait, and
the NTA values as high as 2480 μmol/kg are noted, and these values
gradually reduced to 2360 μmol/kg in the Pearl River plume found
in the Penghu Channel. Note that we use the traditional normalization
method of the TA in this study. Friis et al. (2003) have argued the defi-
ciency of the traditional method to normalize the TAwhen other factors
other than precipitation were in play such as river runoff, and they pro-
posed a salinity adjustment based on a constant and region-specific
term for S = 0. Because the purpose of the normalization of the TA in
nd SST (b) in July as retrieved by satellite remote sensing.

image of Fig.�6
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this study is only to identify the riverine input instead of analyzing the
quantitative relationships of NTA and control factors, the effect of the
deficiency of traditional normalization method could be ignored.

Another way to show the distribution of the NTA is given in
Fig. 4d. Again, the surface waters in the Penghu Channel show dis-
tinctively higher values compared to deeper waters in the Channel
and further west. These high surface NTA values of 2360 μmol/kg
found between Taiwan and Penghu Island (stations A2–C2) in
2008, given in Fig. 4d, are clearly indicative of the riverine influence,
which is also in agreement with the satellite water transparency im-
ages showing that the PRP extended to east of Penghu Island in that
year (Fig. 5). The clean water (shown in blue in Fig. 5a) in the Penghu
Channel was replaced by more turbid water (seen in Fig. 5b–c). It is
worth noting that the discharge of Taiwanese rivers could also have
increased the NTA at station A2 in 2008, but clear water seems to ex-
tend northward in the middle of the Penghu Channel and separates
any Taiwanese coastal water from waters that have a lower water
transparency away from the coast, as can be clearly seen in Fig. 5c.
Further, the transect of salinity shown in Fig. 4b clearly shows that
the water at station C2 is separated from the water at station A2 by
the slightly more saline water at station B2. Thus, the Taiwanese
coastal waters with a high NTA only flow along the coast and do
not flowwestward south of Penghu Island. In addition, although bio-
geochemical processes such as the formation of pyrite and decalcifi-
cation of CaCO3 in shallow coastal sediments may increase the
alkalinity levels (Brasse et al., 1999; Chen, 1993, 2002; Wang et al.,
2000), the high NTA found in surface waters of the Penghu Channel
cannot be from bottom sediments as values are higher near the sur-
face rather than near the bottom (Fig. 4d). Fig. 3a clearly demon-
strates that the alkalinity values decrease as the salinity decreases,
mainly due to dilution effect. To summarize, the NTA data support
the satellite observation that the PRP indeed intruded into the
Penghu Channel in 2008.
Fig. 7. chla images retrieved byMODIS before and after the intrusion of the PRP. The black region
July 2008; (c) 23 July 2008; (d) 24 July 2008.
3.2. Phytoplankton blooms in the TWS with the intrusion of PRP

Before we present the satellite image of phytoplankton blooms, we
first show the climatology distributions of the satellite-derived monthly
mean chla and SST data in July in Fig. 6. Near the coasts, chla concentra-
tions are high because of the large amount of nutrients supplied by river
runoffs and vertical mixing, even when considering the possibility that
the satellite remote sensing may overestimate the chla in turbid waters
induced by the strong absorption of terrestrial material such as colored
dissolved organic matter (CDOM) and detritus (He et al., 2013;
Yamaguchi et al., 2012). In the cold upwelling areas (region A in
Fig. 6b) in the southern TWS (Tang et al., 2002), chla concentrations
are higher than in the surroundings. In contrast, in the Kuroshio region
and the basin of the SCS, chla is very low with values of less than
0.25 μg/l due to the oligotrophic surface waters. It is worth noting that
the chla is higher in the TWS, although the TWS obtains its water from
the oligotrophic SCS and the Kuroshio in summer. We will now look at
the chla changes with the intrusion of PRP as an example in 2008.

Before the intrusion of PRP, chla in the TWSwas similar to the clima-
tology distribution, as the image taken on 15 July 2008 in Fig. 7a shows.
High chla value occurred near the coasts and in the upwelling areas in
the southern TWS, whereas low chla values and cleanwater were locat-
ed in the center of the middle and northern TWS (Fig. 5a). Due to the
strong northward flow made up of clean oligotrophic waters from the
SCS and the Kuroshio, chla was low in the Penghu Channel on 15 July
2008. However, with the intrusion of PPR (Fig. 5b–c), significant phyto-
plankton blooms occurred across the entire TWS (Fig. 7b–d), indicating
that nutrients might be brought into themiddle and northern TWS due
to the intrusion of PRP combingwith the runoffs from the small rivers in
the TWS. It is unfortunate that the satellite images for 2008 are imper-
fect due to clouds, but the images domatch the shipboard observations.
Some of the better satellite images are presented and discussed in the
following section, although there are no matching field data.
s in the images are covered by cloud or contaminated by sun-glint. (a) 15 July 2008; (b) 22

image of Fig.�7


Fig. 8.Water transparency (a), chla (b) and SST (c) images on 9 July 2009. The black regions are covered by cloud or contaminated by sun-glint.
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Important to point out is that although it is beyond the scope of
this research there is no indication whether the nutrient supplied
by the Pearl River is sufficient to sustain the phytoplankton bloom.
Entrainment of subsurface, nutrient-rich water as the Pearl River
plume spreads is perhaps also a significant source of nutrients
(Chen, 2008).

image of Fig.�8
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3.3. Intrusion of the PRP into the Penghu Channel in other years

The intrusion of the PRP into the Penghu Channel in 2008 was not a
unique event. Fig. 8 shows that the same event occurred in 2009, al-
thoughwe have no field data to validate the satellite remote sensing re-
sult. Both thewater transparency and chla images on 9 July 2009 clearly
show the PRP flowing eastwards like a narrow jet breaking away from
the shore and passing the southern edge of the Taiwan Bank and into
the Penghu Channel. The basic difference between the water transpar-
ency and chla images is that the water transparency shows the com-
bined effects of the underwater light attenuation by terrestrial
material and phytoplankton, whereas the chla reflects mainly phyto-
plankton. The low water transparency levels in the Pearl River estuary
are caused by the runoff of turbid riverwater (Fig. 8a). The transparency
Fig. 9. Satellite-derive chla and SST at the three selected points (S1, S3 and S3) in Fig. 1. (a) 8-D
point S2; (c) monthly mean SST at S1, S3 and S3 from 2000 to 2010.
then increases when the plume flows away from the estuary because
the turbid freshwater is diluted by the clear seawater and the terrestrial
particle material mostly settles. However, the maximum chla value oc-
curs outside of the turbid estuary (Fig. 8b) where there is sufficient
light for photosynthesis.

On the eastern side of the Taiwan Bank, the PRP turns to the north-
east because of the strong northward flow in the Penghu Channel. It
could be argued that the high chla values around the Taiwan Bank and
Penghu Island are caused by upwelling, as the cold regions in Fig. 8c
show. Upwelling may indeed bring rich nutrients up from the deep
water to the upper layer and increase the chla value. However, the cli-
matological distributions of chla and SST in the southern TWS in Fig. 6
show that high chla induced by upwelling is foundonly in the upwelling
region south of Penghu Island. Further, a comparison of the positions of
ay composite chla at point S1 during June–August from 1998 to 2010; (b) as in (a) but for

image of Fig.�9


Fig. 10.Discharge of the three branches of the Pearl River. TheWuzhou, Shijiao and Bolou are the three hydrology stations that correspond to thewest, north and east branches of the Pearl
River, respectively.
Data are from the Hydrological Information Centre of China (http://xxfb.hydroinfo.gov.cn/).
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the high chla and cold regions near the Taiwan Bank and Penghu Island
reveals a high chla area (Fig. 8b) extending to the east of the cold up-
welling region (Fig. 8c), indicating the intrusion of the PRP into the
Penghu Channel.

Due to the heavy cloud coverage in the daily satellite images of
water transparency and chla, it is difficult to establish a full map of
the PRP in each year. To examine the intrusion of the PRP into the
Penghu Channel during the summer in other years, we selected
three representative points, S1 (119.50°E, 21.50°N), S2 (119.50°E,
22.60°N) and S3 (119.10°E, 23.00°N), as shown in Fig. 1. S1 is located
in the basin of the SCS where the water depth is more than 2000 m,
and is not affected by the PRP. S2 is located in the southwestern
Penghu Channel where the water depth is about 200 m and is direct-
ly affected by the intrusion of the PRP, as revealed in Fig. 8. S3 is lo-
cated at the upwelling region in the Taiwan Bank where the water
depth is less than 25 m (Tang et al., 2002), as demonstrated by the
climatology SST in Fig. 6b.

Fig. 9a and b shows the time series of the 8-day composite chla dur-
ing June–August at points S1 and S2, respectively. In the basin of the SCS,
as represented by point S1, chla is generally quite low with values of
around 0.1 μg/l in summer. The episodic high chla in the summer of
1998 may be caused by a typhoon (Chen et al., 2012). However, the
chla values at S2 are much higher than those at S1, indicating the addi-
tion of nutrients at S2. Generally, there are twopossible sources of nutri-
ents at S2: the PRP and upwelling.

Fig. 9c shows the time series of the monthly mean SST values from
March 2002 to December 2010. Clearly, during summer, the SST values
at S3 are about 2 °C lower than that at S1, which is consistent with the
results of previous studies (Hu et al., 2003; Tang et al., 2002) that
posit a strong upwelling in the Taiwan Bank. However, the SST values
at S2 are almost the same as those at S1 during summer, indicating
that S2 is not directly affected by upwelling. In addition, the strong
northward flows in the Penghu Channel (Jan et al., 2002; Jan and
Chao, 2003; Wu et al., 2007, see also Section 4.2) prevent the advection
of nutrients and chla from the upwelling region around S3 to S2. The
strong upwelling in 2010 and the weak upwelling in 2009 correspond
to the low chla values in 2010 and the high chla in 2009, which supports
the notion that upwelling in S2 is not the main controlling factor of the
high chla values at S2. The source of nutrients that lead to the high chla
values at S2 ismore likely to be the intrusion of PRP. A comparison of the
chla values at S2 and S1, as shown in Fig. 9a–b, shows that the intrusion
of PRP into the Penghu Channel likely happens almost every year,
although at different magnitudes. During the period 1998–2010, the in-
trusion in the summer of 2009 was the strongest, as revealed in Fig. 9b,
but the intrusion was also quite strong in the summers of 2003, 2007
and 2008.

3.4. Factors controlling the intrusion of the PRP into the Penghu Channel

Many factors may affect the path of the PRP on the shelf in summer,
including various oceanic dynamic forcings (wind, upwelling and basin-
scale circulation), river discharge and the topography of the shelf (Ou
et al., 2009). Of these various factors, river discharge and wind fields
are the most variable (Ou et al., 2009), and thus may determine the oc-
currence of the intrusion of the PRP into the Penghu Channel.

We first examine the time series river discharges of Pearl River.
Fig. 10 shows the river discharges at theWuzhou, Shijiao and Boluo hy-
drological gauging stations from 4 November 2004 to 19 March, 2011,
located in three main branches of the Pearl River, the Xi Jiang (West
River), Bei Jiang (North River) and Dong Jiang (East River), respectively.
The discharge in 2005, 2008 and 2009 was significantly larger than in
other years. The significant intrusion of the PRP into the eastern TWSoc-
curred in 2008 and 2009, which corresponds to large river discharges,
but no significant intrusion can be identified in 2005 although the max-
imum river discharge occurred in this year. Variation in the wind field
may better explain the intrusion events, thus, we will examine the sea
surface wind vector data in the following.

We first show the 8-day mean chla images corresponding to the
maximum PRP extension retrieved by Aqua/MODIS in the summers of
2005, 2008 and 2009 in Fig. 11a–c, and then present the 3-day merged
sea surface wind vector images retrieved by QuikSCAT just before the
chla images in Fig. 11d–f. Before the maximum PRP extension in the
summers of 2008 and 2009, the northern SCS was dominated by strong
southerly and southwesterly winds, which favor the eastward transport

image of Fig.�10
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Fig. 11. Eight-day mean chla images corresponding to the maximum extension of the high chla retrieved by MODIS, and the 3-day merged sea surface wind vector (SSW) (m/s) images
retrieved by QuikSCAT just before the chla images. (a) chla image between 12 and 19 July 2005; (b) chla image between 20 and 27 July 2008; (c) chla image between 4 and 11 July 2009;
(d) SSW image between 9 and 11 July 2005; (e) SSW image between 17 and 19 July 2008; (f) SSW image between 1 and 3 July 2009.

Fig. 12. Three-daymerged sea surfacewind vector (SSW) (m/s) and daily chla images retrieved by QuikSCAT and Aqua/MODIS. (a) SSW image between 1 and 3 July 2009; (b) SSW image
between 4 and 6 July 2009; (c) chla image on 7 July 2009; (d) chla image on 8 July 2009.
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of the PRP on the shelf of the northern SCS. A southwesterly wind also
favors upwelling along the coasts of the northern SCS and the southern
TWS, whichmay enhance the offshore detachment of the PRP. Based on
a numerical model simulation, Gan et al. (2009) found that the PRP en-
hances the stratification and thins the surface frictional layer, which en-
hances the cross-shelf circulation in the upper water column such that
the surface Ekman current and compensating flow beneath the plume
are amplified. This effect may be important for the eastward transport
of the PRP and its intrusion into the Penghu Channel in the summers
of 2008 and 2009. However, before the maximum PRP extension in
the summer of 2005, winds were weak on the shelf of the northern
SCS and the directions of thewindvectorwere confused.Weak and con-
fused winds are unfavorable for the eastward transport of the PRP,
which may explain the weak intrusion of the PRP into the eastern
TWS in the summer of 2005, despite this being the year of the highest
river discharge.

The formation of the jet-shaped PRP in the summer of 2009 merits
further discussion. Generally, driven by the climatological southwester-
ly winds in summer, the PRP forms a wide and deep buoyant plume
Fig. 13. Six-day average flow fields at the surface layer just before themaximum extension of th
during 17–22 July, 23–28 July and 29 Jul–4 Aug 2008, respectively; (e) Flow fields during 1 to
over the shelf after leaving the estuary (Gan et al., 2009). At first
order, winds may play an important role. Before the formation of the
jet-shaped PRP, very strong southwesterly winds occurred near the
coast of Shanwei with a maximum wind speed of up to 15 m/s, as
shown in Fig. 12a–b. Such strong southwesterly winds lasted for about
one week, which may have caused the rapid eastward transport of the
PRP and the formation of the jet. Fig. 12c and d shows the daily chla im-
ages on the 7 July and 8 July 2009, respectively, just after the bursts of
strong wind. Clearly, the jet-shaped PRP formed before 7 July and de-
tached offshore near the coast of Shanwei, where the strong southwest-
erly winds occurred. Unfortunately, there are no valid satellite chla
images taken during these strong winds because of cloud coverage,
and we cannot judge the exact date of the formation of the jet.

To further validate the intrusion and its controlling factors, we use
the numerical Seas Around Taiwan (SAT) model to simulate the flow
fields. Fig. 13 shows the 6-day averaged flow fields at the surface layer
during the periods 4 to 9 July 2005, 17 to 22 July 2008, 23 to 28 July
2008, 29 July to 4 August 2008, and 1–6 July 2009, which are just before
the maximum extension of the high chla as retrieved by MODIS. The
e high chla retrieved byMODIS. (a) Flow fields during 4 to 9 July 2005; (b)–(d) flow fields
6 July 2009.
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eastwardflows along theGuangdong coast carried the Pearl River runoff
firstly to Shanwei and then into the TWS, with part of the flows intrud-
ing into the PenghuChannel. Comparedwith theflows during July 2005,
the eastward flows near Shanwei during July 2008 and July 2009 were
much stronger, with a maximum velocity of up to 1 m/s. Due to the
strong eastward flow near Shanwei, the intrusions of the PRP into the
Penghu Channel in 2008 and 2009 were also much stronger than that
in 2005, which is consistent with the satellite observations in Fig. 11a–
c. In addition, the narrow and strong eastward flow near Shanwei in
2009 caused the jet-shape intrusion of the PRP into the PenghuChannel,
as observed by the satellite images in Fig. 8.

Model-simulated trajectories of particles further support the intru-
sion of the PRP into the Penghu Channel. Fig. 14 shows the trajectories
of particles released near Shanwei and the mouth of Pearl River on 9
Fig. 14.Model-simulated trajectories of particles during the first 9 days after released near Sha
with launched depths of 2.5 m, 5.0 m, 7.5 m, 10.0 m and 15.0 m. (a) and (d) launched from July
July 2005, 17 July 2008 and 1 July 2009, corresponding to the period
of simulatedflowfields in Fig. 13. Comparedwith the trajectories of par-
ticles released on 9 July 2005, particles transported into the Penghu
Channel in 2008 and 2009 were much stronger than that in 2005,
which was consistent with the strong intrusions of the PRP into the
Penghu Channel in 2008 and 2009 observed by the satellite.

4. Implications of the intrusion of the PRP into the Penghu Channel

River plumes are critical zones of land–ocean interaction where
transformation takes place for the export of sediments, nutrients and
organic material from land to the oceans (Cooley et al., 2007; Dagg
et al., 2004; Dai et al., 2008). The PRP has high nutrient concentrations
(silicate 130–140 μM, nitrate 75–100 μM and phosphate 0.2–1.2 μM)
nwei (left), and during the first 15 days after released near the mouth of Peal River (right)
9, 2005; (b) and (e) launched from July 17, 2008; (c) and (f) launched from July 1, 2009.
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and a high total dissolved inorganic carbon (DIC) (1500 μmol/kg) and
TA (1200 μmol/kg) content at near-zero salinity in the Pearl River
basin, which is widely covered by karst (Cai et al., 2004; Chen et al.,
2008). In the wet season, with an average discharge of 16,000 m3/s,
the nutrients in the plume contribute about 70% of the total annual nu-
trient load and 80% of the total annual biomass in the shelf waters, and
biological productivity is higher in the plume than in the upwelled
water (Gan et al., 2010).

The flow through the Penghu Channel is much stronger than that
through the western prong between mainland China and the Taiwan
Bank (Fig. 13). The maximum velocity through the Penghu Channel is
up to 1.2 m/s. Carried by the strong northward flow, the PRP intruding
into the PenghuChannel is quickly transported to themiddle and north-
ern TWS and then enters the ECS. Thus, the intrusion of the PRP into the
Penghu Channel may be important for understanding the nutrient dy-
namics and carbon budget in the ECS and SCS.

In addition, the northward flows in the TWS are generally parallel to
the axis of the TWS, as shown in Fig. 13. Thus, the nutrients entering the
ECS that are carried by the flows through the western prong between
mainland China and the Taiwan Bank may be limited along the coasts
of mainland China, whereas the nutrients carried through the Penghu
Channel may be transported to the wide shelf of the ECS, where nutri-
ents are quite limited in summer.

5. Conclusion

The large Pearl River discharge and strong southwesterly winds on
the shelf are known to be responsible for the occurrence of the intrusion
of the PRP into the western Taiwan Strait in summer. Our results have
identified the intrusion of the PRP into the Penghu Channel in the east-
ern Taiwan Strait in the summers of 2008 and 2009 based on in situ
measurements of the NTA and satellite remote sensing data. A signifi-
cant phytoplankton bloom occurred across the entire TWS with an un-
usually strong intrusion of the PRP. Our results also reveal that the PRP
intrudes into the Penghu Channel in the summer of most years. To the
best of our knowledge, this study is the first time that the intrusion of
the PRP into the Penghu Channel, the major channel connecting the
East and South China Seas has been observed by satellite images and
confirmed by modeling and field data.

Both satellite observations and the numerical model simulation
showed a jet-shapedPRP intruding into the PenghuChannel in the sum-
mer of 2009, perhaps induced by the strong northward winds on the
shelf of the northern SCS. However, the bottom topography, coast line,
basin-scale circulation, eddies, internal wave and tides may also affect
the PRP, and these factors deserve further study. Because of the high nu-
trient and DIC in the PRP and its fast transportation to the wide shelf of
the ECS through the Penghu Channel, the intrusion of the PRP into the
Penghu Channel may be important for understanding the nutrient dy-
namics and carbon exchange between the East and South China Seas.
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