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[1] The authors investigate two phytoplankton blooms near or off the Pearl River Estuary
(PRE) triggered by Category 2 Typhoon Nuri with moderate wind intensity in the South
China Sea using both remotely sensed and in situ data sets. An offshore triangular
phytoplankton bloom (chlorophyll a (Chl a) > 0.5 mg m�3) was observed near Dongsha
Archipelago along Nuri’s track, prolongating southeastward to 18�N 1 week after the
typhoon’s passage; a stronger nearshore phytoplankton increase (Chl a > 1.5 mg m�3)
with high total suspended sediment appeared southwest of the PRE from the coast toward
the South China Sea. After the typhoon’s passage, sea surface cooling (�3�C), strong
wind (>20 m s�1), and heavy rainfall (>100 mm d�1) were also observed in the region,
especially offshore. In addition, the freshwater discharge from the PRE during the typhoon
passage increased fivefold in comparison with the August climatology in the nearshore
bloom region. The nearshore bloom was probably due to the increased discharge from the
PRE and favorable current, as well as mixing, upwelling, and near-inertial resonance
driven by strong typhoon wind. The offshore bloom may be triggered by upwelling and
entrainment induced by strong typhoon wind and the topography of islands and islets.
The present study suggests that one typhoon may nourish phytoplankton biomass by
inducing transport of nutrient-rich water from both the Pearl River Estuary to offshore and
the sublayer to surface.
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1. Introduction

[2] A typhoon is an extremely strong wind event, which
can have dramatic effects on the upper ocean. Typhoon-
induced winds can cause entrainment, strong vertical
mixing, and upwelling, as well as the cooling of near-
surface water on the right-hand side of the storm track
[Hazelworth, 1968; Dickey and Simpson, 1983; Stramma et
al., 1986; Sanford et al., 1987; Price, 1981; Emanuel,
1999]. Typhoons also play an important role in phytoplank-
ton blooms and primary productivity in typhoon-dominated
oligotrophic oceanic waters [e.g., Lin et al., 2003; Babin et
al., 2004; Walker et al., 2005; Zheng and Tang, 2007; Wang
and Zhao, 2008]. Typhoons or tropical cyclones occur
frequently in the South China Sea (SCS), over seven
annually on average; they can trigger sea surface cooling
and phytoplankton blooms near their paths in the SCS,
through oceanic eddies, mixing, and upwelling, as well as
topography [Chang et al., 1996; Chen et al., 2003; Lin et
al., 2003; Zheng and Tang, 2007; Chang et al., 2008; Zhao
et al., 2008]. Cyclones and typhoons have important effects

on chlorophyll a (Chl a) or phytoplankton blooms with a
contribution of 20–30% of the annual new production in
the SCS. Zheng and Tang [2007] showed that Typhoon
Damrey during September 2005 triggered two phytoplank-
ton blooms in northern SCS via upwelling, vertical mixing,
and increased terrestrial runoff, which supplied nutrients to
the surface layer from depth and from land. However,
previous studies mostly focused on the effects of typhoons
on phytoplankton (i.e., Chl a) or primary productivity in
offshore regions of the SCS; the possible effects of
typhoons on phytoplankton near the Pearl River Estuary
(PRE) have not been well investigated.
[3] The Pearl River, the second largest river (in terms of

freshwater discharge) in China, stretches over 2200 km. Its
average discharge is 10,524 m3 s�1, with 80% of the
discharge occurring during April –September [Zhao,
1990]. The PRE is situated north of the SCS (Figure 1a),
mainly influenced by the following three regimes: the PRE
discharge, seawater from the SCS, and coastal waters
[Williamson, 1970; Morton and Wu, 1975; Mao et al.,
2004]. In comparison to seawater, river water contains
higher concentration of nutrients and suspended sediments
[Yin et al., 2004] and, therefore, could be an important
source of nutrient materials to northern SCS. The impact of
the river water in summer is limited to coastal regions
because coastal currents generally cannot transport rich
nutrients farther into the open sea [Watts, 1971, 1973].
Because of the effects of fluvial flux on inorganic carbon
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and nutrients [Cai et al., 2004], high Chl a and primary
productivity [Revelante and Gilmartin, 1976; Fisher et al.,
1988; Cloern, 1996; Yin et al., 2004; Zhao and Tang, 2007;
Shen et al., 2008] were detected in nearshore regions. The
impact of increased freshwater discharge during typhoon
passage on phytoplankton of the northern SCS, however,
has not been well documented.
[4] In the summer season, the northern SCS is generally

stratified, tropical, and oligotrophic. Low phytoplankton
biomass were suggested in this area by Sea-viewing Wide
Field-of-view Sensor (SeaWiFS)-derived Chl a concentra-
tion averaged for August 2000–2007 (Figure 1b). The
increased Pearl River discharge, strong winds, and wind
curls induced by a typhoon during its passage can exert
important effects on the river-ocean interaction and the
ecosystem of the northern SCS in summer. Nuri is a
moderate Category 2 typhoon (which occurred in August
2008 in the SCS) that passed over the PRE. Quality Chl a
data was available during this period because of the nearly
cloud-free condition after the typhoon, which provides us
with an opportunity to investigate the effect of a typhoon

near the PRE on phytoplankton of the northern SCS with
SeaWiFS-derived Chl a images and other satellite products,
as well as in situ data. In this study, we first analyzed
patterns of Chl a, sea surface temperature (SST), sea surface
winds, total suspended sediment (TSS), and surface currents
in the northern SCS during Typhoon Nuri. We will present
the influence of the typhoon on the phytoplankton blooms
in the northern SCS, with an emphasis on evaluating the
increased injection of river water into the bloom region
south of the PRE and the possible mechanism of the bloom
from the nearshore region to the open sea.

2. Data and Methods

2.1. Satellite Data, Typhoon Data, and in Situ Data

2.1.1. Satellite Data
[5] Merged Aqua-derived Chl a product with 9 km

resolution was obtained from the Distributed Active
Archive Center of NASA (ftp://oceans.gsfc.nasa.gov/
Merged/). Daily level 3 Chl a product was used in this

Figure 1. (a) Location of the study area and location and track of Typhoon Nuri in northern SCS.
(b) Merged August Chl a climatology (mg m�3) averaged over 2000–2007 dervied from SeaWiFS and
Moderate Resolution Imaging Spectroradiometer-Aqua. In Figure 1a, box a is the location of northern
SCS; DSI, Dongsha Island; PRE, Pearl River Estuary; HI, Hainan Island; LI, Luzon Island; kts, knots;
MSW, maximum sustained wind (in knots;1 knot = 0.514 m s�1); NWP, Northwest Pacific Ocean. Also
in Figure 1a, box b is the study area (111–120�E, 18–23�N), circle c (the solid circle) is PRE and box d
is the location of Dongsha Island.
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study, which is calculated using the ocean chlorophyll
4 algorithm [O’Reilly et al., 1998].
[6] SeaWiFS-derived total TSS was produced and

analyzed as a proxy for determining the influence from
terrestrial materials. From the daily SeaWiFS files (available
at http://oceancolor.gsfc.nasa.gov/cgi), the normalized
water-leaving radiance (nLw) 443 and 555 products were
extracted. This was followed by the derivation of the daily
composites of the two bands. TSS calculation was then
made by using the daily images of the two bands and
applying

TSS ¼ 3:2602� R443=R555ð Þ�3:9322 ð1Þ

as in the work of Pan et al. [1999]. Furthermore, the daily
TSS images were processed into mean images to discuss
variations of TSS during pre-Nuri and post-Nuri periods.
[7] Surface current data (i.e., absolute geostrophic veloci-

ties) were obtained from the Colorado Center for Astrody-
namics Research (CCAR) at the University of Colorado
(http://las.aviso.oceanobs.com/). The data set was generated
from model mean and altimeter measurements from the
TOPEX/POSEIDON and ERS-2 satellites by CCAR [Le
Traon and Morrow, 2000].
[8] Daily rainfall rate data were derived from the Tropical

Rainfall Measuring Mission (TRMM) Microwave Imager
(TMI). They have a resolution of 0.25� by 0.25�. Because of
the cloud-penetrating capacity of TMI, the measurements
can overcome the influence of cloudy conditions [Wentz et
al., 2000]. Therefore, TMI data can provide continuous
rainfall observations with a good resolution before, during,
and after a typhoon or hurricane, which is particularly useful
during a hurricane.
[9] A new generation of global high-resolution (<10 km)

SST products was provided by the Group for High-
Resolution SST (GHRSST). Every day, GHRSST global
processing systems combine several complementary satel-
lites and in situ SST data streams together and deliver
integrated SST products with supporting data in a common
network Common Data Form format. Here daily level 4
(L4) remote sensing system (RSS) microwave (MW) IR
optimally interpolated (OI) SSTs with spatial resolutions of
9 km were used in the present study.
[10] Daily data of absolute geostrophic velocities derived

from merged altimeter products (Jason-1, Envisat, ERS-1/
ERS-2, Geosat Follow-On, and TOPEX/POSEIDON) are
available at http://www.aviso.oceanobs.com. The altimeter
data were produced by the Segment Sol Multimission
Altimetry and Orbitography/Data Unification and Altimeter
Combination System and distributed by Archiving, Valida-
tion, and Interpretation of Satellite Oceanographic data with
support from the Centre National d’Etudes Spatiales,
France.
2.1.2. Typhoon Data
[11] The typhoon track data used in this study were

available from the Unisys Weather Web site (http://weather.
unisys.com/hurricane/w_pacific/), which is based on the
best hurricane track data issued from the Joint Typhoon
Warning Center (JTWC). The data include the maximum

sustained surface wind speed and the location of the
hurricane center every 6 hours. The translation speed of a
hurricane was thus estimated based on the position of its
center every 6 hours in our analysis. The maximum sus-
tained surface wind speeds are shown for the period of
Typhoon Nuri (Figure 1a). The surface wind data are based
on the microwave scatterometer SeaWinds on the Quick
Scatterometer (QuikSCAT) satellite [Liu et al., 2000]. The
daily QuikSCAT data, including ascending and descending
passes (available at http://poet.jpl.nasa.gov), were used to
study Typhoon Nuri.
2.1.3. In Situ Data
[12] In situ Chl a, temperature, and salinity data were

measured at five stations along Transect E7 (marked by
stars in Figure 1a) by the South China Sea Open Cruise, R/V
Shiyan 3, carried out by the South China Sea Institute of
Oceanology, Chinese Academy of Sciences, south of the
PRE during 16–18 August 2007 and 2–6 September 2008.
The Chl a samples of 0.5–2 L were collected from the
surface (2 m) to a depth of 100 m. Vertical profiles of
temperature and salinity were monitored with an integrated
conductivity, temperature, and depth sensor at the five
stations. In the present study, we used only Chl a data at
25 m due to the absence of surface data.

2.2. Methodology

2.2.1. Sea Surface Wind Vectors
[13] To present the spatial-temporal variation of wind

before and during Nuri, daily sea surface wind vectors were
processed by combining the two ascending and descending
passes and then the combined daily products were imaged
on 19 and 21 August 2008, respectively. Time series of
wind speeds were obtained by averaging daily data over the
box shown in Figure 2h.
2.2.2. SST and Rainfall
[14] The images of SST and rainfall rate were imaged

during Nuri to display the change of SST and rainfall rate
during the pre-Nuri (1–19 August 2008) and post-Nuri
(20 days after typhoon Nuri’s passage, i.e., 22 August to
9 September 2008)/Nuri (20–21 August) periods.
2.2.3. Chl a Concentration and TSS
[15] Chl a concentrations and TSS were first averaged

over the following two periods: the pre-Nuri and post-Nuri
period. The post-Nuri period was chosen because phyto-
plankton blooms generally appear several days after a
storm, last 3–4 weeks, and decay to the prestorm level
after about 1month and because there are generally rela-
tively sparse observations of Chl a due to cloudy weather
conditions [Lin et al., 2003; Zheng and Tang, 2007; Zhao et
al., 2008].
2.2.4. In Situ Data
[16] In situ data of Chl a, temperature, and salinity

(Table 1) observed during 2007 and 2008 were used for
the offshore phytoplankton bloom region (E7 in Figure 1a).
Vertical profiles of temperature and salinity were produced
along Transect E7 for 2007 and 2008, respectively. The
analysis of the in situ data can provide some useful
information for probing into the bloom near the PRE. In
addition, in order to evaluate the validity of satellite ocean
color in the study, we chose some small square regions
(about 81 km2 per region), which were centered on the
location of station E7, and extract satellite data from the Chl

C12027 ZHAO ET AL.: TYPHOON-INDUCED PHYTOPLANKTON BLOOMS

3 of 9

C12027



a data averaged for 22 August to 9 September 2008 based
on the responding regions.
2.2.5. Time Series of Satellite Data
[17] To investigate the relationship between Chl a con-

centration and oceanic conditions, we chose the box in

Figure 2h for the time series of the during Nuri period,
where the variations of Chl a and TSS were more notable.
Time series of wind speed, SST, Chl a, and TSS averaged
over the box during 10 August to 6 September 2008 were
obtained, when the changes were more evident in the box.

Figure 2. Images (a, c, e, g, and i) before Typhoon Nuri and (b, d, f, h, and j) during/after Typhoon
Nuri. QuikSCAT surface wind vectors (m s�1; Figures 2a and 2b), TRMM rainfall (mm d�1; Figures 2c
and 2d), GHRSST L4 RSS MW IR OI SST (�C; Figures 2e and 2f), merged Chl a concentrations
(mg m�3; Figures 2g and 2h), and SeaWiFS-derived TSSs (g m�3; Figures 2i and 2j). The tracks indicate
the passage of Typhoon Nuri in Figures 2b, 2f, 2h, and 2j.
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We also used TRMM rainfall data averaged in the region
(20–23�N, 112–115�E) near the PRE for the time series to
evaluate the variation of the PRE discharge.

3. Results

3.1. Wind Variation

[18] Nuri was a Category 2 typhoon (according to the
Saffir-Simpson hurricane scale), which originated from the
tropical depression in the Northwest Pacific (14.7�N,
140.8�E) on 1300 UTC on 17 August 2008, strengthened
to a typhoon at 1200 UTC on 18 August with the strongest
wind speed near the Luzon Island, and traversed the SCS
from the coastlines north of the Luzon Island to the PRE
from 0000 UTC on 20 August to 1200 UTC on 22 August
2008.
[19] The wind vector image (Figure 2a) on 19 August

2008 displayed that the wind was weak (<7 m s�1) north of
the SCS before Nuri’s intrusion into the SCS and even
weaker (<3 m s�1) south of the PRE and (<5 m s�1)
northwest of the northern SCS. Here, we chose an image
of the wind vector on 21 August (Figure 2b) to represent the
wind during the typhoon. During Nuri’s intrusion into the
northern SCS, the strong wind (>11 m s�1, Figure 2b)
prevailed over the entire northern SCS, and the intensity of
wind speed (Figures 1a and 2b) was strong (>25 m s�1)
along Nuri’s track, which was followed by a weakening
tendency from 48.82 m s�1 at 0000 UTC on 20 August to
23.13 m s�1 at 0600 UTC on 22 August. It traveled with a
mean moving speed of 4.767 m s�1 (under a mean maxi-
mum wind speed of 32.5 m s�1), a relatively slow moving

speed of 3.55 m s�1 (under a mean maximum wind speed of
33.4 m s�1) from 0600 to 1200 UTC on 21 August (i.e.,
near the Dongsha Islands), and a relatively fast moving
speed of 4.37 m s�1 (under a mean maximum wind speed of
23.13 m s�1) from 0000 to 1200 UTC on 22 August (i.e.,
near the PRE).

3.2. Rainfall and SST

[20] Before Nuri’s passage, the mean rain is generally
low (<16 mm d�1) in northern SCS and even lower
(<8 mm d�1) in other regions (Figure 2c). During Nuri,
the rainfall (>40 mm d�1) around the area to the left of the
typhoon’s passage increased to 5–10 times (Figure 2d) that
of the pre-Nuri rainfall (Figure 2c). At 0600 UTC on
22 August, the most intensive storm rain (�10 m h�1)
was located near the PRE, roughly centered at (112�E,
21.5�N; Figure 2d).
[21] The SST averaged for 15–18 August suggested that

high temperature (>28.5�C) prevailed in the northern SCS
under the condition of no typhoon (Figure 2e). The falling
tendency of SST was evident after the typhoon in the
northernmost SCS (Figure 2f). After the typhoon, a low
SST patch (<27.5�C) appeared to the right of Nuri’s path
(Figure 2f), roughly a decrease of 1–3�C, especially near
the PRE and Dongsha Archipelago.

3.3. Chl a and TSS

[22] The Chl a climatology displayed that August Chl a
concentrations presented a gradual falling tendency from
nearshore regions to offshore regions in the northern SCS
(Figure 1b). There were higher Chl a (>1.5 mg m�3) in a
rough range of 50 km from the coastlines and lower Chl a
(<0.2 mg m�3) in offshore regions. The Chl a image
averaged from 1–19 August (Figure 2g) displayed similar
patterns to the August climatology, implying a low Chl a
level (<0.2 mg m�3) in offshore regions in August in
general. After Nuri’s passage, Chl a concentration averaged
for 22 August to 9 September (Figure 2h) was obvious
higher in the northernmost SCS, especially in offshore
regions near the PRE (>1.2 mg m�3) and Dongsha Archi-
pelago (>0.3 mg m�3), roughly coinciding with the patches
of stronger wind speed, lower SST, and strong rainfall. In

Table 1. Information on In Situ Measurements at Different

Stations During 2007 and 2008

Station Station’s Location 2008 2007

E701 116.00�E, 19.00�N 0305 Sep 2 0845 Aug 18
E703 115.00�E, 20.00�N 0541 Sep 3 1915 Aug 17
E705 114.50�E, 20.50�N 2041 Sep 5 0403 Aug 17
E707 114.00�E, 21.00�N 0248 Sep 6 2137 Aug 16
E709 113.50�E, 21.50�N 0850 Sep 6 1642 Aug 16

Figure 3. Absolute geostrophic current (m s�1) (a) before and (b) after Typhoon Nuri. The tracks
indicate the passage of Typhoon Nuri. Blue shading indicates the region with different current features
before and after the typhoon; the red curve is the isobath of 50 m.
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the two bloom regions, a higher Chl a patch (more than
6 times that of the pretyphoon Chl a) near the PRE is more
evident than (more than 2 times that of the pretyphoon Chl
a) in the offshore region near the Dongsha Archipelago.
Similar to Chl a distribution before and after the typhoon
(Figures 2g and 2h), TSS displayed obvious increase
(>0.1 g m�3) in the two bloom regions near the PRE and
Dongsha Archipelago after the typhoon’s passage (Figures 2i
and 2j), indicating generally elevated level of TSS.

3.4. Absolute Geostrophic Velocities

[23] There was an anticyclonic current in the northwestern
SCS and two anticyclonic eddies south of 18 �N in August
before Nuri’s intrusion (Figure 3a). A weak southward
current (<0.2 m s�1) was observed from the PRE to
20�N. After the typhoon’s passage, a strong southward
current (>0.4 m s�1) occurred south of the PRE all the
way to 20�N (Figure 3b) with a location similar to that
before the typhoon. The enhanced current can transport
more rich nutrients from the estuary and coastal regions to
offshore regions. Two eddies (Figure 3b) appeared near the
Dongsha Archipelago, a cyclonic one around the archipe-

lago and an anticyclonic one northeast of the archipelago.
Between the two eddies, a northwestward current was
evident to the left of the typhoon’s track.

3.5. In Situ Data Along Transect E7

[24] The Chl a time series at 25 m depth displayed a
high value (>0.6 mg m�3) at Station 5 (E705 in Figure 1a)
in 2008 coinciding with the bloom south of the PRE
(Figure 4a), which did not appear in August 2007. In
contrast, the Chl a values at the two stations near the PRE
in 2007 were a little higher (>0.3 mg m�3) than those in
2008 (0.1–0.3 mg m�3). Comparison (Figure 4b) between
satellite and in situ Chl a data in 2008 indicated that good
correlations existed in the offshore regions (i.e., E701–
E705), except for the coastal locations (i.e., E707 and
E709). Stable stratification observed by the vertical profiles
of temperature and salinity also suggested an oligotrophic
status in the upper layer of the northern SCS (Figures 4c–
4f). The swelling zones in Figures 4c and 4d near E705
indicated the existence of upwelling tendency at the station
in summer 2008, which did not appeared in 2007 (Figures 4e
and 4f). According to the patterns of temperature and

Figure 4. Comparisons of Chl a, temperature (�C), and salinity (practical salinity unit (psu)) along
Transect E7 (stations marked by stars in Figure 1a) during 2008 and 2007. (a) Chl a comparison at 25 m
depth (mg m�3), (b) Chl a derived from in situ and satellite observations in 2008, (c and d) vertical
temperature distribution (�C), and (e and f) vertical salinity distribution (psu). Merged satellite Chl a
(Figure 4b).
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salinity (Figures 4c–4f), for the upper 30 m layer, intrusion
input of fresh water in 2008 was more evident than that in
offshore regions (i.e., E701–E705); it was, however,
weaker in coast regions (i.e., E707–709) compared with
2007.

3.6. Time Series of SST, Wind, Chl a, TSS, and Rainfall

[25] Decrease of SST is significant, with a maximum
reduction of 2.5�C 3 days after the typhoon’s passage on
25 August (Figure 5a). The speed (<8 m s�1) was weak
during the pretyphoon and posttyphoon period (Figure 5a).
The wind speed was strong (>18 m s�1) during the typhoon,
up to 20 m s�1 on 22 August.
[26] Before the typhoon’s passage, there were generally

low concentrations of TSS (mean values < 1.2 g m�3) and
Chl a (mean values < 0.37 mg m�3). Increasing concen-
trations of Chl a (mean values of 1.2 mg m�3) and TSS
(mean values of 3.1 g m�3) after Nuri was generally
observed in the region (Figure 5b). The results may indicate
that a greater volume of nutrient-rich water from terrestrial
runoff with high concentration of TSS were transported to
the region.
[27] There was seldom rainfall (<5 mm d�1) during most

of August 2008 (Figure 5c); however, intensive storm
rainfall (�85 mm d�1) occurred near the PRE during the
typhoon’s passage. The rainfall of August 2007 (Figure 5d)
was, however, generally higher than that of 2008, except
during the typhoon period. According to the rainfall time
series of 2008 and 2007, the rainfall was evidently stronger
(mean rainfall of 20 mm d�1) in the 7 days before the 2007
cruise than that (<11 mm d�1) of the 2008 cruise.

4. Discussion

4.1. Typhoon-Induced Phytoplankton Blooms in Two
Regions

[28] The Chl a concentration evidently increased after the
typhoon’s passage in the northern SCS, especially in the two

regions south of the PRE and east of the Dongsha Archi-
pelago. The patches of high Chl a blooms were showing up
for 15 days. Typhoons can trigger phytoplankton blooms or
high primary production where the strongest wind speeds
and slowest moving speed occur [Lin et al., 2003; Babin et
al., 2004; Walker et al., 2005; Zheng and Tang, 2007; Zhao
et al., 2008], due to uptake of nutrient-rich waters from the
depth through entrainment, mixing, Ekman pumping, or
inertial resonances. In the present study, two phytoplankton
blooms appeared, however, south of the estuary and near the
archipelago (roughly around the typhoon track), instead of
where the strongest wind speeds and slowest moving speeds
occurred. This implies some other important factors induced
the two blooms.
[29] According to previous studies [e.g., Zhao et al.,

2008], the phytoplankton blooms in offshore deep oceans
appeared in these regions with stronger wind speed and
slower moving speed during the typhoon’s passage. In the
bloom regions near the PRE, typhoon wind speed was
weaker and moving speed was relative faster. The rainfall
during the typhoon (Figure 2d) was over 5 times that of
before the typhoon (Figure 2c) near the estuary, implying
rapid increase in the discharge from the river. Rainfall
averaged for the PRE (20–23�N, 112–115�E) also dis-
played significant increase during the typhoon (Figure 5c),
suggesting the typhoon induced dramatic increase of the
PRE discharge. The increased discharge can support the
bloom south of the estuary. Moreover, the current south of
the PRE was weak and northward before the typhoon, while
after the typhoon a strong southward current from the
estuary was observed (Figure 3b). This southward current
can transport the coastal water or the discharge from the
estuary into the northern SCS. In comparison to seawater,
river water contains concentrations of nutrients orders
of magnitude higher [Yin et al., 2004] and suspended
sediments [Milliman and Meade, 1983]. The higher TSS
(Figure 2j) in the bloom region after the typhoon also
suggested that the discharged water or coastal water with

Figure 5. Time series of (a) Chl a (mg m�3) and (b) TSS (g m�3) based on a box offshore of the PRE in
Figure 2h,and time series of rainfall for (c) 2008 (during Typhoon Nuri in mm d�1) and (d) 2007
(corresponding period) based on the area average (20–23 �N, 112–115�E) in Figure 2d. The parts
pointed by arrows in Figures 5c and 5d are the periods of the cruises.
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high suspended sediment may intrude southward up to 20�N
south of the PRE. Thus, the significant increase in discharge
after the typhoon and the strong southward current played
an important role in triggering the bloom near the estuary.
[30] In the other bloom region east of the Dongsha

Archipelago, an appropriate water depth, a steep slope
(Figure 1a), and a strong cyclonic boundary current were
observed (Figure 3b). These conditions favor upwelling of
deep water under the influence of typhoon wind speed and
topography. On the side, there was relatively stronger wind
speed (33.4 m s�1) and slower moving speed (3.55 m �1) of
he typhoon. Thus, under the influence of island effects and
strong wind, the conditions of stronger wind speed and
slower moving speed [Zhao et al., 2008] induced more
prevailing upwelling and stronger mixing or near-inertial
resonance during/after the typhoon’s passage, as well as
input of scouring water of ocean wave and rainfall for
the archipelago, leading to the phytoplankton bloom in the
region. In addition, there were a cyclonic eddy to the
left of the bloom and an anticyclonic eddy to the right of
the bloom, between which a northwestward current was
induced/reinforced, leading to the northwestward transport
of high phytoplankton biomass. The change of TSS indi-
cated limitation of influence of river runoff near the Dong-
sha Archipelago in the offshore bloom region. Compared
with the bloom region south of the PRE, the offshore
phytoplankton bloom may be induced by local upwelling/
mixing and near-inertial resonance, as well as its topogra-
phy, instead of discharge from the river estuary.

4.2. Nearshore Phytoplankton Bloom Induced by the
PRE Discharge

[31] The Chl a displayed high concentration at 25 m
depth (Figure 4a) in Station 5 (E705 in Figure 1a) coincid-
ing with the bloom offshore of the PRE in 2008 (Figure 2h).
The good consistent tendency between the cruise data and
the satellite data in most of the stations suggested it is
roughly feasible using satellite Chl a in the present study
and also confirmed the existence of the phytoplankton
bloom near the PRE. Generally, there is higher salinity
below the surface in the northern SCS [Boyer et al., 2006]
and lower salinity in regions affected by river waters. Thus,
obvious gradient changes in the vertical profiles of temper-
ature and salinity (Figures 5b and 5c) also indicated large
freshwater input (Figures 4c–4e) for the upper 30 m layer in
the region and the existence of upwelling tendency
suggested by the doming zones of isotherms (Figure 4e)
and isohalines (Figure 4d) near E705. It indicated that the
nutrient-rich water reached the region and there was pre-
vailing upwelling tendency at E705 in summer 2008. The
relatively low concentrations in stations E707 and E709
(Figure 1a) close to the PRE, may be associated with high
TSS and light limitation because productivity due to high
dilution and light limitation was caused by high turbidity in
the freshwater-dominated estuary [Yin et al., 2004; Milliman
and Meade, 1983], which can obviously lead to high
estimations of satellite ocean color products, as observed
in Figure 4b. There were obvious high SST (mean SST >
28.7�C) and weak wind speed (<6 m s�1) before the typhoon.
Because of stronger surface wind speed (17 � 20 m s�1) and
related decreasing temperature (27.5 � 28�C), the mixing/
upwelling tendency [Lin et al., 2003; Zheng and Tang,

2007; Zhao et al., 2008] may be prevailing during Typhoon
Nuri. High TSS after Nuri (Figure 5b) also indicated that
discharge from the PRE can influence the region. However,
compared with the pretyphoon TSS (Figure 5b), it suggests
that nutrient-rich water from the terrestrial runoff can
support the bloom in the region. Moreover, the higher
salinity (Figure 4f) and rainfall (Figure 5d) during the cruise
of 2007 also indicated more input from the PRE discharge
in 2008 after the typhoon. The phenomena implied that
increasing discharge from the estuary associated with
favorable current direction exerted an important effect on
the phytoplankton bloom, as mentioned in the work of Yuan
et al. [2004].
[32] In addition, abundance of phytoplankton in euphotic

zones generally depends on various physical, chemical, and
biological factors. Among the physical variables, turbulence
(mixing) in the water column plays a major role in uptake of
nutrient-rich water, especially for shallow continental
regions. For the shallow bloom region (<100 m, Figure 2h),
strong wind stress also evidently influenced Chl a concen-
tration and production, because of its contribution to the
dynamics of the upper layer (i.e., waves, currents, shear,
turbulence, etc.) [Takahashi et al., 1977; Pingree et al.,
1978; Therriault et al., 1978; Klein and Coste, 1984]. Thus,
strong wind stress of the typhoon and increased discharge
from the PRE, as well as a favorable cross-shelf current also
played an important role in increased Chl a concentration
south of the PRE.

5. Conclusion

[33] Two phytoplankton blooms were observed after
Typhoon Nuri, one nearshore south of the PRE and one
offshore east of the Dongsha Archipelago. The nearshore
bloom was mainly due to the increased discharge from the
PRE and a strong southward current from the Pearl River
after the typhoon’s passage, as well as mixing and upwelling
driven by strong typhoon wind. The offshore bloom may
have been triggered by upwelling and entrainment induced
by strong typhoon wind and the topography of islands. By
these mechanisms, one typhoon may induce transport of
nutrient-rich water from depth and from the coast to offshore
regions, nourishing phytoplankton biomass.
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