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a  b  s  t  r  a  c  t

Most  previous  studies  confirmed  that  marine  phytoplankton  biomass  can  increased  dramatically  and
then  formed  blooms  along  the typhoon  track  after typhoon  passage.  However,  many  events  of  no  signif-
icant  responses  to  typhoons  were  neglected.  In order to figure  out  the  most  important  factor  for  bloom
formation,  a  coupled  physical-biogeochemical  model  was  used  to study  the  biogeochemical  phytoplank-
ton  responses  to  all 79  typhoon  events  that  affected  the  South  China  Sea  (SCS)  during  2000–2009.  The
major  factors  investigated  included  typhoon  intensity  and  translation  speed,  Chlorophyll  a  concentration
(Chl-a)  and  vertical  nitrate  transport  in  the  euphotic  zone  before  and  after  typhoon  passage.  The results
revealed  that  phytoplankton  blooms  were  triggered  after  43  typhoon  events,  but  no  significant  blooms
were  found  after  36  other  typhoons.  Of  the  43  typhoon  events  that triggered  blooms,  24  were  in  the  open
ocean  and  19 were  on the  coast. Subsurface  blooms  were  detected  after  five  typhoon  events  that  did
not  trigger  surface  blooms.  Over  half of  the  typhoons  that  affect  the  oligotrophic  SCS can  trigger  phyto-
plankton  blooms,  and contribute  to the  marine  primary  productivity.  The  mechanism  of the above  results
were  surveyed,  we  found  that  (1)  an  increased  nitrate  concentration  is the  basic  and  key  precondition  for
phytoplankton  blooming  in  the oligotrophic  SCS;  (2)  typhoon  intensity,  and  translation  speed  control  the
upward  flux  of  nitrates  together,  and  translation  speed  has  more  effect  than  intensity;  (3)  uplifted  nitrates

could trigger  phytoplankton  bloom,  and  Chl-a  levels  reached  a peak  3  days  later  than  nitrate  levels;  (4)
mesoscale  eddies  and  the  nutricline  depth  before  a typhoon’s  arrival  also  affects  bloom  genesis;  and  (5)
the  composition  of phytoplankton  functional  groups  in  the coast  was  adjusted  by  typhoon,  which  have
more  complex  mechanism  of bloom  formation  than  that in  the open  ocean.  In summary,  the  physical
driving  force  that  modulates  blooms  is  vertical  nutrient  transportation  in  the  SCS.

©  2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

Typhoons (also referred to as tropical cyclones, or hurricanes)
re powerful sea surface dynamical processes that are gener-
ted in tropical oceans. It is well known that the vertical mixing
nd upwelling induced by typhoons can uplift the deeper chloro-
hyll to the surface, and bring nutrient-rich deeper water up into
he upper euphotic zone (Price, 1981; Shang et al., 2008; Zheng
nd Tang, 2007). The uplifted nutrients can trigger phytoplank-
on blooms (as measured by Chlorophyll a concentration, Chl-a)

nd increase marine new productivity, particularly in oligotrophic
ropical oceans (Lin et al., 2003; Shang et al., 2008; Ye et al., 2013;
hao et al., 2008). Most previous studies on biogeochemical phy-

∗ Corresponding authors.
E-mail addresses: gpan@scsio.ac.cn (G. Pan), dxwang@scsio.ac.cn (D. Wang).

ttp://dx.doi.org/10.1016/j.ecolmodel.2017.04.013
304-3800/© 2017 Elsevier B.V. All rights reserved.
toplankton responses to typhoons focused on positive event, in
which obvious phytoplankton blooms were observed by satellite
remote sensing (Babin et al., 2004; Lin, 2012; Subrahmanyam et al.,
2002; Walker et al., 2005) and field observation (Naik et al., 2008;
Shiah et al., 2000; Zhang et al., 2014). There are separate typhoon
events, case by case. Many events of no significant responses to
typhoons were neglected. Lin (2012) systematically checked phy-
toplankton blooms induced by all 11 typhoon events in the part of
pacific ocean (15–25◦N, 127–180◦E) in 2003, and found that only
two (18%) phytoplankton blooms occurred (Lin, 2012).

The South China Sea (SCS) is the largest marginal ocean of the
pacific ocean, and a third of the typhoons generated in the North-
West Pacific Ocean (NWPO) affect the SCS, with about 8 typhoons
per year (Mendelsohn et al., 2012; Wang et al., 2007; Zhao et al.,

2008) (Fig. 1). Typhoon plays an important role in enhancing phyto-
plankton biomass and primary productivity in oligotrophic SCS (Lin
et al., 2003; Shang et al., 2008; Zhao et al., 2008; Zheng and Tang,

dx.doi.org/10.1016/j.ecolmodel.2017.04.013
http://www.sciencedirect.com/science/journal/03043800
http://www.elsevier.com/locate/ecolmodel
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ecolmodel.2017.04.013&domain=pdf
mailto:gpan@scsio.ac.cn
mailto:dxwang@scsio.ac.cn
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Fig. 1. Tracks of typhoon observed between 2000 and 2009, which affected the South China Sea and adjacent ocean. Red dashed box (6◦–24◦N, 108◦–122◦E) indicates the
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inter  (DJF), respectively. Gray patch means land. (For interpretation of the referen

007). However, few phytoplankton blooms triggered by typhoon
ave been detected. The factor that is the most important for bloom

ormation is unknown. Checking the typhoon events systematically
s a good method to figure out the key factor.

In general, marine phytoplankton blooms along the typhoon’s
rack after its passage can be observed by satellite remote sensing
Babin et al., 2004; Lin, 2012; Subrahmanyam et al., 2002; Walker
t al., 2005) and field observations (Naik et al., 2008; Shiah et al.,
000; Zhang et al., 2014). However, visible/infrared satellite sen-
ors [i.e., Sea-Viewing Wide Field-of-View Sensor (SeaWiFS) and
oderate Resolution Imaging Spectroradiometer (MODIS)] are sen-

itive to cloud cover; therefore, they do not provide a clear spatial
r temporal indication of typhoon-induced responses. Field obser-
ations of pre- and post-typhoon phytoplankton biomasses are
ew, because of the dangers inherent in fieldwork associated with
yphoon events. Therefore, a reliable technique is needed.

Physical-biogeochemical models that link physics and ecosys-
em components with phytoplankton growth are useful tools with
hich to fill the gaps in space and time in field and satellite obser-

ations. Therefore, physical-biogeochemical models, once their
erformance has been evaluated by available observations, pro-
ide an alternative means of investigating the overall response of
he upper ocean to typhoons (Chai et al., 2009; Gierach et al., 2009;
ung et al., 2010; Shibano et al., 2011). However, only a few indi-
idual typhoons’ passages have been investigated in terms of Chl-a
nd nutrient responses by combining biogeochemical processes
ith physical models, such as Katrina in 2005 in the Gulf of Mexico
Gierach et al., 2009), and Keith in 1997 in the NWPO (Shibano et al.,
011).

Until now, to our knowledge, the contributions of all typhoon
vents over several years have never been systematically quan-
agenta lines are typhoon tracks in spring (MAM), summer (JJA), autumn (SON), and
colour in this figure legend, the reader is referred to the web version of this article.)

tified. The purpose of this study was to simulate phytoplankton
and nutrient responses to typhoon events, characterize blooms
after a typhoon’s passage, determine the factors that affect bloom
genesis, and elucidate the mechanisms involved. A coupled three-
dimensional physical-biogeochemical model (i.e. the Regional
Ocean Modeling System (ROMS)–Carbon, Si(OH)4, Nitrogen Ecosys-
tem (CoSiNE) model, ROMS–CoSiNE model) was used.

2. Methods

2.1. Study area

The SCS has a total area of about 3.5 million km2. Its bottom
topography is characterized by a basin with a maximum depth of
5000 m at the center, wide continental shelves in the north and
south, and steep slopes in the east and west (Chai et al., 2009; Tang
et al., 2004). It has tropical oligotrophic surface waters, with a shal-
low mixed layer and nutricline depths (Gong et al., 1992; Wang
et al., 2012; Wong et al., 2007). The NWPO has the highest density of
typhoons in the world, both in number and intensity (Mendelsohn
et al., 2012; Wang et al., 2007).

The distribution of small phytoplankton (<5 �m in diameter)
in the SCS is highly uniform. The annual mean depth-integrated
phytoplankton concentration in the entire basin is estimated to
be ∼35 mmol  m−2. Diatoms mainly exist in the central and south-

ern basins, and high concentrations are found from western Luzon
Island to eastern Vietnam. The annual average total phytoplank-
tonic carbon content is similar to that of diatoms, i.e., diatoms
account for the majority of the biomass (Ma  et al., 2013). The main
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Table  1
Summary of phytoplankton blooms were observed using satellite remote sensing after typhoon passage.

before after

typhoon name area phyto (mg  m−3) data bloom (mg  m−3) data references

Ivan GoM 0.36 mean 4d 0.81 day Walker et al. (2005)
GoM 0.24 mean 4d 0.99 day

Ling-ling 2001 SCS 0.14 climatologies 0.54 mean 8d Zhao et al. (2008)
Kai-tak 2005 SCS 0.15 climatologies 0.45 (max 1.05) mean 8d
Kai-tak 2000 SCS 0.1 mean 8d 0.56 (max 3.2) mean 4d Lin et al. (2003)
Ling-ling 2001 SCS 0.08 mean 5d 0.37 day Shang et al. (2008)
Damrey 2005 SCS 0.129 mean 2d >1 (max 4.1) day Zheng and Tang (2007)
Katrina 2005 GoM 0.2 8d L3 0.53 (peak 2.69) day Gierach and

Subrahmanyam (2008)Rita 2005 GoM 0.2 8d L3 (peak 1.97) day
Nakri  2008 NWP 0.05 8d 0.3 Zheng et al. (2010)
08A  1998 Arabian S 0.4 weakly >1 (max 4) weak Naik et al. (2008)
Fengwong 2008 ECS 0.77 mean 3d 0.93 mean 3d Hong et al. (2010)
Sinlaku  2008 ECS 0.3 mean 3d 0.7 mean 3d
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imitation to phytoplankton growth is the availability of nutrients
Chen et al., 2004; Tang et al., 2004; Wang et al., 2012).

.2. ROMS–CoSiNE coupled model

We  coupled the ROMS with the CoSiNE model to investigate
hanges in Chl-a and nitrate levels before and after typhoon events.
OMS is a physical ocean model widely used by the scientific com-
unity (Shchepetkin and McWilliams, 2005). This ROMS model

omain is for the entire Pacific Ocean (45◦S–65◦N, 99◦E–70◦W).
he horizontal grid size is 1/8◦, and there are 30 terrain-following

evels in the vertical direction (Wang and Chao, 2004). In this
tudy, we only used model outputs for the SCS domain (5◦S–25◦N,
00◦E–125◦E; the model resolution is about 12.5 km in the SCS).
he CoSiNE model is developed by (Chai et al., 2002; Dugdale et al.,
002). The CoSiNE model has ten components representing two
izes of phytoplankton, small phytoplankton cells (S1) (<5 mm in
iameter) and diatoms (S2), micro- and meso-zooplankton (Z1 and
2), non-living detrital nitrogen and silicate, dissolved silicic acid,
nd two forms of dissolved inorganic nitrogen: nitrate and ammo-
ium, total CO2. S1 represents small, easily grazed phytoplankton
hose specific growth varies, but whose biomass is regulated

y micrograzers (Z1). S2 represents relatively large phytoplank-
on (>5 mm in diameter) that makes up high biomass blooms.
he S2 phytoplankton class has the potential to grow fast under
ptimal nutrient conditions. The detrital pool is split into detri-
al nitrogen and silicon in order to balance supplies of nitrogen
nd silicon through the upwelling and vertical mixing separately.
he pacific version of the ROMS-CoSiNE used here was  forced
ith satellite-derived blended-wind stress and National Centers

or Environmental Prediction (NCEP) heat and freshwater fluxes.
odel results are compared with field data for new and total nitro-

en production and export of N, Si, and C, that match very well
ith the Joint Global Ocean Flux Study (JGOFS) data. More detailed

escriptions of the coupled model are given in (Xiu and Chai, 2011,
012) The nominal temporal resolution of the three-dimensional
ariables was 73 h (3 days and 1 h), and each time slice represented
he values of the biogeochemical variables averaged over the 73 h
eriod.

The CoSiNE model was forced by the upwelling velocity and
ertical diffusivity obtained from the pacific version ROMS model,
hich had been compared with the satellite data in the SCS and

he Gulf of Alaska (Xiu et al., 2010, 2012). The coupled ROMS-

oSiNE model can reproduce the general features of the ocean
ynamics in the pacific ocean, such as nutrient transport, phy-
oplankton biomass, phytoplankton functional groups, and new
roduction, which are in agreement with the in situ observation
5 weak Sun et al. (2010)

in the South East Asia Time-Series Station (SEATS) station (18◦N,
116◦E) and some research cruises in the SCS and the Sea of Japan
(Chai et al., 2009; Liu and Chai, 2009; Ma  et al., 2013; Xiu and
Chai, 2011); and the CoSiNE simulated nitrogen uptake rates and
phytoplankton community composition are validated by the data
from the two research cruises undertaken in December 2004 and
September 2005 in the equatorial upwelling zone in the pacific
ocean (Alexander et al., 2008; Chai et al., 2007; Parker et al., 2011);
the phytoplankton, zooplankton, and SST derived from the pacific
version ROMS-CoSiNE model were calibrated by satellite data and
field campaign observation in the Peru upwelling area (Xu et al.,
2013). According to abovementioned, the use of the coupled model
could significantly advance our understanding of the biogeochem-
ical responses to typhoon passage in the SCS.

2.3. Typhoon track data

The typhoon track data used in this study were downloaded
from the webpage of the National Institute of Informatics of
Japan (http://agora.ex.nii.ac.jp/digital-typhoon/search date.html.
en), and were based on the best typhoon track data issued by the
Joint Typhoon Warning Center. The track data included typhoon
location and intensity (maximum sustained winds in knots, and
central atmospheric pressure in mbar) every 6 h.

The typhoon dataset covers the period 2000–2009. We  chose all
typhoon events that had an impact on the SCS, including typhoons
in the area of 6–24◦N and 108–122◦E (Fig. 1).

2.4. Phytoplankton bloom criteria

The average Chl-a level between 5 and 12 days before typhoon
arrival was  considered the background value (Table 1), and the dif-
ference in Chl-a levels between after the typhoon’s passage and the
background value was  used to identify blooms, which were iden-
tified using satellite remote sensing (Babin et al., 2004; Lin, 2012;
Subrahmanyam et al., 2002; Walker et al., 2005) and field obser-
vations (Naik et al., 2008; Shiah et al., 2000; Zhang et al., 2014).
Blooms last for about 1–2 weeks and then disappear. In this study,
we selected simulated model outputs that had been averaged over
2–4 time slices (corresponding to 5–13 days) before typhoon arrival
as background values, because each time slice model output rep-
resented the variables averaged over a 3 day period. The change

in Chl-a (�C) was  the difference between the Chl-a level after
the typhoon’s passage and the background value. Areas in which
�C > 0.5 mg m−3 and that were 200 km or closer to the typhoon’s
track were identified as bloom areas (Fig. 2).

http://agora.ex.nii.ac.jp/digital-typhoon/search_date.html.en
http://agora.ex.nii.ac.jp/digital-typhoon/search_date.html.en
http://agora.ex.nii.ac.jp/digital-typhoon/search_date.html.en
http://agora.ex.nii.ac.jp/digital-typhoon/search_date.html.en
http://agora.ex.nii.ac.jp/digital-typhoon/search_date.html.en
http://agora.ex.nii.ac.jp/digital-typhoon/search_date.html.en
http://agora.ex.nii.ac.jp/digital-typhoon/search_date.html.en
http://agora.ex.nii.ac.jp/digital-typhoon/search_date.html.en
http://agora.ex.nii.ac.jp/digital-typhoon/search_date.html.en
http://agora.ex.nii.ac.jp/digital-typhoon/search_date.html.en
http://agora.ex.nii.ac.jp/digital-typhoon/search_date.html.en
http://agora.ex.nii.ac.jp/digital-typhoon/search_date.html.en
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Fig. 2. A phytoplankton bloom was defined. The averaged Chl-a between 5 and 13 days before typhoon Ketsana (200916) arrival was  considering as background value (a),
the  difference of Chl-a after the typhoon passage and the background (b) was used to identify the bloom. All 43 blooms were identified in (c), 24 of them in open ocean, and
19  in coastal. The colorbar shows the Chl-a concentration (mg m−3). Black thick line represents the typhoon track; yellow circle means the location of bloom, and blue line
means 100 m isobaths. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. Climatological euphotic zone depth (a), surface nitrate (b) and 0–75 m averaged nitrates (c) in SCS. According to the approach of Morel et al. (2007), euphotic zone
depth  was  derived from the entire mission composite (Jul 2002–Apr 2014) 4 km resolution Aqua MODIS chlorophyll concentration data. The averaged depth was 71.5 m in
the  study area. Seasonal depth was  77, 75, 69, 65 m in spring, summer, autumn, and winter, respectively.
Zeu was  derived by:
l
w
N

t
m
o
o
t

og10(Zeu) = 1.524 − 0.436X − 0.0145X2̂ + 0.0186 X3̂
ith X = log10(Chl-a).
itrate concentration obtained from World Ocean Atlas 2009 (WOA09).

The modeled Chl-a level was derived from the phytoplank-
on biomass concentration (mmol  N m−3), and was converted to

g m−3 using a nominal gram chlorophyll-to-molar nitrogen ratio

f 1.67, which corresponded to a chlorophyll-to-carbon mass ratio
f 1/50 and a C/N molar ratio of 7.3 (Chai et al., 2009). To inves-
igate the mechanisms involved in the formation and dispersal of
phytoplankton blooms, Chl-a and nitrate levels, which were aver-
aged from the surface to the euphotic layer, were simulated. We
averaged nitrate and Chl-a levels from 0 to 75 m,  which is close

to the bottom of the euphotic zone in the SCS (Morel et al., 2007)
(Fig. 3a).
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Fig. 4. Typhoon tracks in different months. The background color shows the model simulated monthly 0–75 m averaged NO3 concentration in Jun (a), Aug (b), and Sep (c)
d  place of typhoon genesis, and red, green, blue lines present typhoon tracks, which can
t ctively. (For interpretation of the references to colour in this figure legend, the reader is
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Table 2
Statistics analysis of typhoon intensity and translation speed in different months.

month type intensity (mb) intensity (kt) speed (m/s)

June coastal 975 60 6.7
no  bloom 971.6 ± 16.8 63.6 ± 17.0 4.3 ± 1.7
month 972.0 ± 15.6 63.1 ± 15.8 4.6 ± 1.8

August deep sea 977.5 ± 6.5 52.5 ± 10.4 2.8 ± 1.2
coastal 982.9 ± 15.1 49.2 ± 16.9 5.0 ± 1.1
no  bloom 981.0 ± 14.6 51.3 ± 16.5 4.5 ± 1.1
month 980.9 ± 12.5 50.7 ± 14.1 4.3 ± 1.4

September deep sea 981.0 ± 22.9 51.7 ± 20.2 4.3 ± 1.8
coastal 967.5 ± 20.1 65.0 ± 20.7 5.1 ± 3.0
uring 2000–2009. Typhoon track was superimposed. Red solid circles present the
rigger  bloom in open sea (red), coastal (green), and no surface bloom (blue), respe
eferred to the web  version of this article.)

. Results

.1. Model driver and its validation

We  followed the approach of Wang and Chao (2004) for set-
ing up the ROMS model, but increase the horizontal resolution to
2.5 km for the entire Pacific Ocean domain. Initialized with cli-
atological temperature and salinity from the World Ocean Atlas

001, the Pacific ROMS model has been forced with the climatolog-
cal NCEP/NCAR reanalysis of air-sea fluxes (Kalnay et al., 1996) for
everal decades in order to reach quasi-equilibrium. The model is
hen integrated for the period of 1991–2010 forced with daily air-
ea fluxes of heat and freshwater from the NCEP reanalysis (Kalnay
t al., 1996). The typhoon wind and pressure fields were estimated
sing the observed typhoon track and central pressure.

The ROMS-CoSiNE model can simulate the characteristics of
iogeochemical variables in a way that is comparable with field
nd satellite observations. The modeled eddy kinetic energy, eddy
umber, and eddy-occupied area agreed well with results from
rchiving, Validation and Interpretation of Satellite Oceanographic

AVISO) data (Xiu et al., 2010, 2012); the modeled Chl-a and partic-
late organic carbon levels showed a high correlation with SeaWiFS
atellite derivations (R = 0.8, p < 0.01) (Ma  et al., 2013; Xiu and Chai,
011) in reproducing Chl-a, nitrate, silicate, and total CO2 level and
heir variability over the same period, which were obtained from
he SEATS station (18◦N, 116◦E) and some research cruises in the
CS (Chai et al., 2009; Liu and Chai, 2009).

.2. Effect of typhoon diversity on blooms

There were 79 typhoon events in the SCS during 2000–2009, and
3% of them occurred in July, August, or September. Over the same
eriod, there were 239 typhoon events in the whole NWPO. Of the
9 typhoon events in the SCS, 50 were generated in the NWPO and
oved to the SCS, and nine were generated in the SCS and moved to

he NWPO. Twenty typhoon events were confined to the SCS (Fig. 1).
n general, the number of typhoon events slightly increased over
he 10-year period, as did the number of typhoon events globally.

Blooms were detected after 43 typhoon events, but no signifi-
ant blooms were found after 36 other typhoons. Of the 43 typhoons

hat triggered blooms, 24 were over the open ocean (deeper than
00 m)  and 19 occurred in coastal areas (shallower than 100 m)
Fig. 2). Subsurface blooms were detected after five typhoon events
ithout surface blooms.
no  bloom 989.7 ± 4.5 38.3 ± 2.9 5.3 ± 1.8
month 976.4 ± 19.5 55.0 ± 20.1 4.9 ± 2.3

3.3. Effect of typhoons in different months

Of the 79 typhoon events, 15 and 12 occurred in August (Fig. 4b)
and September (Fig. 4c), respectively. These two months had
the highest frequency of typhoons. Furthermore, 20 of 27 events
(74%) triggered phytoplankton blooms. We  simulated the average
monthly surface and 0–75 m depth nitrate levels in the different
months from 2000 to 2009 (Fig. 4). According to the simulated
nitrate profiles, there is a shallower nutricline during these months.
Typhoons cause seawater containing high concentrations of nitrate
to rise to the euphotic zone, which induces phytoplankton blooms.

There were eight typhoons in the SCS in June (Fig. 4a). Only one
(12.5%) (Chanthu, ID 200405) triggered a phytoplankton bloom,
which appeared in the west of the SCS, where the nitrate level was
much higher than in the surrounding waters (Fig. 4a). No surface
phytoplankton blooms were found after the other seven typhoons.
According to the simulated nitrate profile, there are lower average
surface and 0–75 m depth nitrate levels in June. A subsurface bloom
was found after typhoon Chan-Hom (ID 200902), but no significant
surface bloom was observed.

Typhoons in June have a lower central atmospheric pressure
and a higher maximum sustained wind speed than those in August
or September (Table 2). Typhoon translation speed is similar in
different months. The statistical analysis revealed that few phy-
toplankton blooms appear after typhoons in June. In contrast to

typhoons in August and September, those in June have a stronger
intensity, and consequently are stronger driving forces for nutri-
ent transportation. However, because of the deeper nutricline, the
strong driving force cannot uplift a sufficient amount of nitrates
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Fig. 5. Chl-a (*) and NO3 (o) concentration at before and after typhoon Neoguri (200801) passage (b). The concentration was averaged using 5 by 5 pixels, and the central of
5  by 5 box is the location of bloom, which was shown as yellow circle in (a). The background color refers to the Chl-a concentration during the bloom. (For interpretation of
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he  references to colour in this figure legend, the reader is referred to the web versi

o the eutrophic zone to trigger a phytoplankton bloom (Fig. 4a);
onsequently, fewer are triggered by typhoons in June.

.4. Effect of nutrient concentration on bloom genesis

As oceans are highly spatially heterogeneous, we  used averaged
 × 5 pixel model outputs to investigate the temporal variabil-

ty of nitrate and Chl-a levels in bloom areas, both before and
fter the typhoon’s passage. Before typhoon arrival, Chl-a levels
re generally low with values lower than 0.2 mg  m−3 in most of
he study area. In the case of typhoon Neoguri (ID 200801), the
urface nitrate level dramatically increased from 0.13 mmol  N m−3

efore the typhoon to 3.30 mmol  N m−3 after, and reached a
eak of 4.99 mmol  N m−3. The Chl-a level increased from 0.18 to
.22 mg  m−3, and then to 0.73 mg  m−3, and reached a peak of
.09 mg  m−3. The Chl-a peak was 3 days later than the nitrate peak
Fig. 5). In the case of typhoon Ketsana (ID 200916), a large area
f seawater with high nitrate concentrations appeared along the
yphoon’s track after its passage.

Regarding the average surface (Fig. 6a) and 0–75 m depth
Fig. 6c) nitrate levels, we found that surface nitrate levels are
ower than those deeper. Deep high-nitrate-containing seawater
s uplifted to the eutrophic zone. The nitrate transportation pro-
ess is shown in Fig. 7. In the eutrophic zone (0–75m), there are
ow nitrate levels in the 15.6◦N section before the typhoon’s arrival
Fig. 7a), and high levels after its passage (Fig. 7b). The nitrate pro-
le in the bloom area during typhoon events (about 27 days) is
hown in Fig. 7c. Before the typhoon’s arrival, the nitrate level in the
utrophic zone is low; with its arrival, nitrate levels in the eutrophic
one increase sharply, before gradually decreasing. After the nitrate
s uplifted to the eutrophic zone, large, high Chl-a content areas of
eawater are found in the same places along the typhoon’s track
Fig. 6b), indicating that phytoplankton are utilizing the uplifted
itrates.

A comparison of the nitrate and Chl-a levels before and after
 typhoon’s passage revealed several patterns. Firstly, before the
yphoon’s arrival, surface Chl-a and nitrate level in the euphotic
one are very low in the oligotrophic SCS. Secondly, during the

yphoon’s passage and over the following few days, nitrate and Chl-

 levels increase sharply before gradually decreasing. Thirdly, Chl-a
evels peak after those of nitrate have peaked. Changes in nitrate
upply is a key factor in controlling the amount of phytoplank-
this article.)

ton biomass (Chl-a). Phytoplankton biomass gradually increases
after the nitrate concentration in the euphotic zone increases, and
then decreases to a low concentration once the nitrates have been
consumed.

4. Discussion

4.1. Physical factors affect nitrate transportation

It has been known for decades that slow moving or strong
typhoons can cause larger phytoplankton blooms in the upper
ocean than fast moving or weak typhoons, due to the duration or the
strength of the force applied (Gierach and Subrahmanyam, 2008;
Lin, 2012; Zhao et al., 2008). Many studies reported that bloom
was not found at the point where this typhoon had its maximum
strength (Lin, 2012; Shibano et al., 2011). The effects of the pass-
ing typhoon could not completely explain why the phytoplankton
bloom developed at this location.

In the present study, we compared typhoon intensity and trans-
lation in different months (Table 2). In August, typhoons can trigger
open-ocean phytoplankton blooms, and have a slower average
translation speed (2.8 ± 1.2 m s−1) and lower central atmospheric
pressure than in the other months. A relatively long lingering time
extends the influence of the entrainment/upwelling and mixing
induced by typhoons; as a result, the increase of in Chl-a levels in
regions with the strongest typhoons [e.g., Prapiroon (ID 200606)]
was not more obvious than that in the two high Chl-a patches
(Kammuri, ID 200212; Kammuri, ID 200809) with relatively slow
translation speed. For typhoons with similar intensities, a slower
translation speed (i.e., longer lingering time) has a much longer
effect on the upper oceans, possibly by increasing mixing and
upwelling, which induces a greater injection of nutrients from the
subsurface waters. Typhoons in September have similar effects as
those in August. Weak, slow-moving typhoons, which occur more
frequently than strong typhoons, may  strongly impact tropical
marine ecosystems.

Lin (2012) investigated all 11 typhoon events that passed
through the part of pacific ocean in 2003. Only two induced phy-

toplankton blooms, and the most intense typhoon on earth in
2003 (Meami) did not (Lin, 2012). Sun et al. (2010) investigated
11 typhoon events in the middle of the SCS from 1997 to 2007.
Only a weak typhoon (Hagibis in 2007) had a notable effect on Chl-
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lack  line shows the typhoon track.

 concentrations (Sun et al., 2010). In one typhoon event (Keith
n 1997), no bloom occurred at the point where the typhoon had
ts maximum strength of 910 hPa on November 3 (Shibano et al.,
011). At the time of passage over the Gulf of Mexico, hurricane
atrina (2005) had a translation speed of 3.4 m s−1 and a minimum
entral pressure of 950 mbar. Gierach and Subrahmanyam (2008)
uggested that the magnitude and orientation of the responses
xhibited within the region of interest were the result of Kat-
ina’s slow translation speed, and not its intensity (Gierach and
ubrahmanyam, 2008). These observations suggest that slow-
oving typhoons have a stronger driving force than high-intensity

nes due to strong wind stress that swirls the mixed layer (Price,

981). Our results suggest that increases in surface nitrate and Chl-

 levels strongly depend on translation speed. Typhoon lingering
ime seems to be as important as intensity, because the upwelling
nd mixing produced is maintained over a longer period.
ana (200916) passage. (a) and (c) were nitrate concentration 3 days after typhoon
) were surface concentration, and (c) and (d) were 0–75 m averaged concentration.

4.2. Pre-existing oceanic condition

It is well known that phytoplankton blooms are caused by the
vertical mixing and upwelling produced by slow-moving typhoons
at the blooms’ locations. However, it cannot be used to explain why
and where blooms develop only according to the passing typhoon
there is difficult to estimate where blooms develop according to
the passing typhoon, and it remains unclear why some typhoons
induced more extreme upper ocean responses in certain areas than
in other areas along their tracks.

Observations and models both indicate that the background
ocean environment, such as mesoscale eddies, ocean fronts, etc.

could significantly modulate the upper ocean’s dynamical and ther-
mal  responses to a typhoon. Jaimes and Shay (2009) showed that
for similar wind speeds under hurricanes Katrina (2005) and Rita
(2005), the mixed layer velocity was  nearly twice high inside cold
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Fig. 7. 0–200 m vertical sections of nitrate at 15.6◦N before (a) the typhoon Ketsana (200916) arrival and after (b) the typhoon passage. Identified bloom area (111.0◦E,
15.6◦N) was shown as green cross in Figure b, and nitrate evolutions associated with typhoon events were present in Figure c. The time series nitrate data were averaged
using  5 by 5 pixels, which centered round the bloom area pixel. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version
of  this article.)
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ig. 8. Sea level anomaly, surface nitrate, and surface Chl-a evolution map  before an
eans  day of year. Typhoon Hagibis arrives in 10.5◦N section on the 324th day of th

ore eddies as it was in warm core eddies, depending on the pre-
urricane ocean’s mixed layer thickness (Jaimes and Shay, 2009).
alker et al. (2005) reported that hurricane-induced upwelling

nd increases in Chl-a concentration increased within cold-core
yphoons in the Gulf of Mexico (Walker et al., 2005). Lin (2012)
ound that the presence of warm ocean eddies can effectively iso-
ate cold, nutrient-rich water at the surface. In this situation, even

aemi  (2003), a category five typhoon, could not induce phy-
oplankton blooms in the pacific ocean at its peak intensity of
50 knots (Lin, 2012). Our results are consistent with those from
revious studies, suggesting a considerable effect of pre-existing
yclonic circulations on the strength of the upper ocean’s responses
o typhoons and the development of phytoplankton blooms. Before
yphoon Hagibis’s (ID 200724) arrival, eddies themselves did not
enerate a phytoplankton bloom at the surface, as can be seen in
he Chl-a map  (Fig. 8). One possible mechanism underlying phyto-

lankton blooms is that cold nutrient-rich water, which is normally

n the nutricline depth of ∼100 m (Gong et al., 1992), is brought up
y eddies to the subsurface layer, but does not reach the surface

ayer because of strong stratification caused by warming. Indeed, it
r the typhoon Hagibis (200724). Horizontal axis means Longitude, and vertical axis
r 2007.

was the strong vertical mixing and upwelling induced by typhoon
Hagibis that brought nutrients up to the surface, and thereby gener-
ated a phytoplankton bloom. Therefore, the upper ocean response is
significantly related to the pre-existing background ocean features.

Nutricline depth is another important oceanic condition, and
depends on the degree of water column stratification and the mag-
nitude the momentum transfer associated with wind stress. (Gong
et al., 1992) demonstrated that the nutricline in the SCS could be
uplifted by as much as 100 m,  and its surface water chlorophyll lev-
els would be twice as high as under normal conditions. Under the
strong wind stress caused by typhoons, deep, nutrient-rich seawa-
ter is uplifted to the surface. If the uplifted nutrients cannot reach
the surface, a subsurface bloom may  occur. Remote sensing obser-
vations have only provided measurements of the ocean’s surface
properties, such as the sea surface temperature and chlorophyll
level, and have not provided any information from below the sur-

face. Subsurface blooms are difficult to identify using traditional
satellite remote sensing techniques, but are occasionally seen by
ships (Ye et al., 2013). A subsurface bloom was seen after typhoon
Chan-Hom (ID 200902), which did not trigger a significant sur-
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Fig. 9. Nitrate and Chl-a vertical profile (113◦E, 13.2◦N) evolution map before and
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fter the typhoon Chan-Hom (200902). Horizontal axis means day of year, and ver-
ical axis means depth. Typhoon Chan-Hom arrives in subsurface location on the
26th day of the year 2009.

ace bloom. According to the nitrate profile, typhoon Chan-Hom
ncreased the nitrate concentration to 6 mmol  N m−3 at approxi-

ately the 50 m isobaths (Fig. 9), and only a subsurface bloom was
riggered.

.3. Differences between the coastal and open ocean

Of the 43 typhoon events that triggered blooms, 24 were in
he open ocean and 19 were on the coast. The strong winds that
re associated with typhoons can cause vertical entrainment and
pwelling, which bring up nutrients from deeper layers to the
pper euphotic zone, and produce phytoplankton blooms. This is
ow blooms form in the open ocean. On the coast, however, entrain-
ent and upwelling can also result in sediment re-suspension and

ransport from nearby locations, and hurricane-induced sediment
e-suspension in the eastern Gulf of Mexico has been reported
Chen et al., 2007). Shang et al. (2008) investigated the bloom trig-
ered by typhoon Ling-Ling (ID 200123), and stated that dissolved
rganic matter and detritus significantly affected Chl-a levels near
he coast of the northern SCS. Their study area was  adjacent to the

outh of the Mekong River, which discharges runoff that contains
 high concentration of chromophoric dissolved organic matter
Shang et al., 2008). Two large phytoplankton blooms with high lev-
ls of Chl-a appeared in the SCS after typhoon Damrey (ID 200518),
ne in the open ocean and the other on the coast. The open-
cean bloom was caused by nutrient increases that resulted from
ixing and upwelling, and the coastal bloom was  caused by rain-
ater discharge. By these two mechanisms, both the wind and rain

roduced by typhoons can increase marine phytoplankton produc-
ivity (Zheng and Tang, 2007).

Near coasts, where nutrients are abundant, dense and often
ransient blooms of colonial centric diatoms develop. Biomass
ccumulates because diatoms outgrow their microbial competi-
ors and macrozooplanktonic predators. Increased upward nutrient
ransportation after a typhoon’s passage induces a bloom of
hain-forming diatoms, because diatoms are capable of growing
ore rapidly than other phytoplankton under light-saturated and

utrient-replete conditions (Chai et al., 2007). In contrast, in the
ligotrophic open ocean, small phytoplankton dominate. The graz-
rs of small phytoplankton are also small, and have similar growth
ates as their prey. Diatoms are the main contributors to the

easonal variability of biomass and primary productivity; small
hytoplankton exhibit less seasonal variability (Ma  et al., 2013).

In the model, phytoplankton functional groups consisted of
mall phytoplankton (s1) and diatoms (s2). Model simulations
lling 356 (2017) 38–47

revealed that large phytoplankton are most responsive to typhoon-
induced turbulent mixing and nutrient injection, with increases
in biomass along the typhoon track. Small phytoplankton mainly
move location and increase in spatial extent. On the coast, before
the typhoon’s arrival, s2 accounts for 50% of the total biomass; dur-
ing the typhoon’s passage and over the following several days, s1
comprises 90% of the total biomass. Approximately, two weeks after
the typhoon has passed, s2 dominates again, and accounts for 60%
of the total biomass.

5. Conclusions

We  constructed a coupled three-dimensional physical-
biogeochemical model (ROMS-CoSiNE) to evaluate the marine
phytoplankton response to typhoon events in the SCS from 2000
to 2009. The model could reasonably reproduce the characteristics
of the biogeochemical variables before and after typhoon passage.
The results revealed that phytoplankton blooms were triggered
after 43 typhoon events, and no significant blooms were found
after 36 other typhoons. Of the 43 typhoon events that triggered
blooms, 24 were in the open ocean and 19 were on the coast.
Subsurface blooms were detected after five typhoon events that
had no significant surface blooms.

In summary, we  found the following:

• An increased nitrate concentration is the basic and key precondi-
tion for phytoplankton blooming in the oligotrophic SCS. In June,
due to the deeper nutricline, even strong driving forces cannot
uplift enough nitrate to the eutrophic zone, so few blooms are
triggered.

• Typhoons can rapidly uplift nitrates from deep ocean layers, the
concentrations of which gradually decrease after a typhoon’s
passage. Uplifted nitrates can trigger phytoplankton bloom, and
Chl-a levels reach a peak 3 days later than nitrate levels.

• Typhoon intensity and translation speed both control the upward
flux of nitrates. Slower translation speed induces strong wind
stress and uplisfts more nutrients, means translation speed is
more effective.

• Mesoscale eddies and the nutricline depth before a typhoon’s
arrival also affect bloom genesis.

• The mechanism involved in bloom formation on the coast is more
complex than that in the open ocean, and phytoplankton func-
tional groups also differ between the coast and the open ocean.
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