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SPECIAL ISSUE ON THE
OCEANOGRAPHY OF TAIWAN

BIOGEOCHEMICAL RESPONSES
IN THE SOUTHERN EAST CHINA SEA
AFTER TYPHOONS

BY CHIN-CHANG HUNG AND GWO-CHING GONG

ABSTRACT. To understand the biogeochemical impact of typhoons in marginal
seas, 16 sea-going expeditions were conducted from 2007 to 2009, covering all
four seasons and including periods following the passage of several typhoons in
the southern East China Sea (SECS). Higher surface nitrate and chlorophyll a
2 (Chl a) concentrations were measured in winter and spring, but surface nitrate
(< 0.1 uM) and Chl a (0.47 + 0.17 mg m*) concentrations were low in
summer under nontyphoon conditions. In comparison, elevated surface
_ ; nitrate (0.2-2.3 uM) and Chl a concentrations (1.11 + 0.40 mg m™)
: were recorded in the SECS several days after the passage of each of
e three typhoons in 2008. The results demonstrate that nutrient-
s rich waters are brought to the surface after the passage
y A of typhoons, after which phytoplankton flourish. Most
P v v importantly, elevated particulate organic carbon (POC)
fluxes (552 + 28 mg C m~ d!) were observed after

e 3 : Typhoon Jangmi, about a threefold increase from the
o' J .t
¢ monthly mean value (184 + 37 mg m~ d"). These
Y A T field investigations demonstrate that typhoons
- = can have a profound effect on nutrient
e é; supply, phytoplankton growth, and POC
= fluxes in marginal seas.
-
The diatom Chaetoceros sp. is one of the ’ d
dominant phytoplankton in the southern I"" e
East China Sea in April and June. v e
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INTRODUCTION

Continental margins account for only
8% of the ocean’s surface area, but they
contribute approximately 30% of the
global primary production (Liu et al.,
2000). Walsh (1989) proposed conti-
nental shelf regimes as an important
organic carbon source to the open ocean
because marginal seas have elevated
phytoplankton primary production

and higher particulate organic carbon
(POC) inventories as compared to the
open ocean. Thus, marginal seas are
believed to have crucial influence on
marine carbon biogeochemical cycling
(Liu et al., 2010, and references therein).
Indeed, one of the major objectives of
the international research project Land-
Ocean Interaction in the Coastal Zone
(LOICZ) is to quantify the exchange

of carbon among continental shelves,
marginal seas, and the open ocean. In
addition, the coastal upwelling zones of
marginal seas, among the most produc-
tive regimes of the marine food chain,
contribute significantly to global fishery
resources and catches (FAO, 2002).

The East China Sea (ECS) is one of
the largest marginal seas in the western
Pacific Ocean. The southern East China
Sea (SECS), a major ECS fishing ground,
is located near the northern tip of
Taiwan. Mackerel and swordtip squid
are two of the most important fishery
resources in the SECS, with a produc-
tion season from approximately spring
to early winter (Sassa et al., 2008; Wang
et al., 2008). Elevated phytoplankton
biomass on the SECS shelf break has
been documented (Gong et al., 1995,
2000; Chen, et al., 2001) and likely
provides a good source of food for both
adult and larval mackerels (Sassa et al.,

2008). Researchers have found recurring

upwelling off northeast Taiwan in the
SECS (Chern et al., 1990; Liu et al., 1992;
Jan et al., 2011, in this issue), and with
it, transport of nutrients, mainly from
subsurface Kuroshio waters, onto the
shelf. However, some reports suggest that
phytoplankton production in the ECS
is limited in summer due to nitrogen
deficiency (Chen et al.,, 2001; Liu et al.,
2010). Satellite-derived average sea
surface temperature (SST) in the SECS
is about 28°C from July to September
(Wang et al., 2008), suggesting that SECS
surface water is likely nitrate-limited,
based on the relationship between nitrate
and temperature (Gong et al., 1995). The
results of fishing catches (Figure 1) also
suggest that nutrient supply may not
support high biological productivity in
the SECS in summer.

Elevated biogeochemical concentra-
tions (e.g., nutrients, chlorophyll a
[Chl a]) and new and primary produc-
tion (NP and PP) in the SECS have
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been reported after an upwelling event
(Chen et al., 2001; Gong et al., 2003).
Although POC flux out of the euphotic
zone is also an important parameter to
measure, it has seldom been investigated
directly in the SECS. Floating sediment
traps, with some possible biases caused
by hydrodynamic, particle-solubility,
and zooplankton effects (Gardner, 1980;
Buesseler et al., 2007), were used to
measure POC fluxes at the bottom of the
euphotic zone. A gap remained in our
understanding of biogeochemical fluxes
in the SECS, however, because most of
the previously published data, including
nutrient, Chl g, and PP in the SECS,
were collected under good weather
conditions (suitable for cruise investiga-
tions, roughly defined as wind speed less
than 15 m s™ or wave height less than

2 m; Chen, 2000; Chen et al., 2001; Gong
etal.,, 1995, 2000, 2003) and seldom after
extreme atmospheric events (such as

dust storms and typhoons).
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Figure 1. Monthly mackerel catches (nine-year mean, 2001-2009) in the southern
East China Sea. From http://www.fa.gov.tw
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Episodic atmospheric events can
enhance ocean nutrient supplies, signifi-
cantly affecting marine biological activity
and geochemical cycling (Chang et al.,
1996; Shiah et al., 2000; Chen et al., 2003,
2009; Walker et al., 2005, 2006; Zhao
et al., 2008; Siswanto et al., 2007, 2008,
2009; Goni et al., 2009; Hung et al., 2009,
2010a; Ren et al,, 2011). According to
historical typhoon records, eight to ten
typhoons pass the Asian continental
marginal seas each year (see http://www.
cwb.gov.tw). To better understand the

biogeochemical impacts of typhoons on
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marginal seas, we present hydrographic
information (e.g., temperature, nitrate
concentration, and Chl a) and POC flux
measurements in the SECS from 2007
to 2009, covering all four seasons and
including periods following the passage

of several typhoons (Figure 2, Table 1).

NITRATE SUPPLY AND PHYTO-
PLANKTON BIOMASS DURING
NONTYPHOON PERIODS
Under nontyphoon conditions, SST in
the SECS shows great seasonal varia-

tion, ranging from 18.4° to 29.0°C, with
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Figure 2. Satellite-observed
(using Advanced Very High

Resolution Radiometer) sea

surface temperature before
(left panels) and after (right
panels) typhoons in the
southern East China Sea.
Typhoons include Kalmaegi
(a, b), Fungwong (c, d),
Sinlaku (e, f), and Jangmi

(g h). Solid lines on panels b,
d, f, and g represent typhoon

tracks in the western
Pacific Ocean in 2008. Red
stars in panels d, f, and h
represent sediment trap
deployment locations.
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the highest SST in summer, followed

by autumn and spring, and the coldest
value in January (Figure 3a). Surface
nitrate concentrations in the SECS also
exhibit significant seasonal variation,
ranging from below the detection limit
(~ 0.1 uM) to 4.1 uM, with maximum
value in January, median value in
spring, and lowest value in summer
(Figure 3b). Field surveys from 2007

to 2009 indicate that surface nitrate
concentration was below detection
levels in the SECS during the summer
months when no typhoons occurred
(Tables 1 and 2). Previous monthly and
intensive investigations show similar
values for the seasonal variation of SST
and surface nitrate values in the SECS
(Gong et al., 1995, 2003; Liu et al., 1992;
Chen et al., 2001). Liu et al. (1992) and
Gong et al. (1995) reported that the cold,
nitrate-rich water brought to the SECS
shelf area is mainly from bottom intru-
sion of Kuroshio water during autumn,
winter, and spring. Despite the persistent
southwest monsoon during summer
over Taiwan Strait (June to September),
nitrate-rich upwelled water at the surface
has seldom been observed in the SECS
(Liu et al., 1992; Gong et al., 1995).
Generally, the nitrate inventory in the
SECS water column in summer is lower
than that in other seasons. For example,
the integrated nitrate inventory (I-NO,)
down to the bottom of the euphotic zone
(defined as 1% of surface light inten-
sity) in summer ranged from 0.05 to
0.293 (average = 0.161) mol-N m™
(Table 2). The nitrogen inventories

in March 2007, December 2008, and
February 2009 were 0.236, 0.323, and
0.444 mol-N m™, respectively. These
observations suggest that nitrate supply
in the whole water column in the SECS

in the summer is indeed lower than


http://www.cwb.gov.tw
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that in other seasons.

According to Gong et al. (1995),
the presence of the upwelled Kuroshio
subsurface water is a major nutrient
source to the SECS shelf. The riverine
input of nutrients, which is revealed
by the less-saline coastal water with a
salinity < 34, is seldom observed in the
mid and outer shelf. Moreover, benthic
regeneration of nutrients is unimportant
in the shelf region, where the sedi-
ments are relic sand and the organic
carbon content is very low (< 0.3%; Liu
et al,, 1992). Furthermore, atmospheric
nitrogen (nitrate and ammonium) depo-
sition (including dry and wet deposition
of ~ 1.4 mg-N m~ d™!) should be minor
sources as compared to the derived
nitrogen flux (31.8 mg-N m=d™")

measured in the euphotic zone (Table 2;

Chen and Chen, 2008; Hung et al., 2009).

supply in the SECS is that it cannot
support the high biological activity
that Hung et al. (2000) reported
(PP =1,000 mg-C m™d™ in summer)
or that Chen et al. (2001) reported
(PP =1,010 mg-C m~ d'in summer).
These concentrations imply that any
combination of regular nitrate upwelled
under nontyphoon conditions, atmo-
spheric deposition, and riverine input
cannot account for the observed high
nitrogen export flux out of the euphotic
zone. Other nitrogen sources need to be
found to balance the nitrogen budget.
Surface Chl a concentrations varied

seasonally (Figure 3c), with higher values

(0.7 ~ 1.3 mg m™) in spring and winter,
and lower values (0.24-0.65 mg m™)

in summer under nontyphoon condi-
tions. Chen (2000) reported that the
surface Chl a values ranged from

0.71 to 1.51 mg m~in a similar area

of the SECS in April and June. Gong

et al. (2003) conducted four cruises
covering four seasons and found that
higher surface Chl a concentrations

(~ 1 mg m~) occur in autumn and
winter, and lower surface Chl a values
(~ 0.3-0.4 mg m~) in summer. These
results demonstrate that our field obser-
vations for Chl a distribution patterns

during nontyphoon conditions are in
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Table 1. Sea surface temperature (SST), nitrate concentration, and chlorophyll a (Chl a) concentration before and after 2008 typhoons.
Note: SST and Chl a data for 25.2°N-25.7°N, 122.1°E-122.6°E before typhoon passage were derived using Advanced Very High Resolution
Radiometer (AVHRR) infrared sensors and Moderate Resolution Imaging Spectroradiometer (MODIS) ocean color, respectively. Nitrate
concentrations before the typhoon were derived by the relationship between nitrate (nitrate = 33—1.25 x SST; Hung et al., 2010a) and SST.
SST, nitrate, and Chl a data were measured in the field shortly after typhoon passage at the trap station located at 25.40°N, 122.45°E.

Wind Speed (ms™") Landfall Affecting SST (°C) Nitrate (uM)  Chla (mgm™)
Max  Near ECS (mm/dd) Time (days) Before After Before After Before After
Fungwong 43 37 07/28 3 07/21-07/25 28.7 < 0.1 na
Fungwong 08/03 26.7 0.3 1.45
Sinlaku 51 41 09/14 5 09/08-09/11 28.0 < 0.1 0.39
Sinlaku 09/19 28.0 0.2 0.85
Sinlaku 09/21 27.5 0.3 0.73
Jangmi 53 50 09/28 3 09/25-09/26 27.5 <0.1 na
Jangmi 10/03 246 23 0.92
Jangmi 10/06 24.0 1.9 1.61

Max = Maximum wind speed

ECS = East China Sea

Affecting Time: Time period in the southern East China Sea affected by typhoons.

Cruise: The field cruise was conducted four to eight days after typhoon landfall.

Some SST and Chl a data before the typhoons were not available (na) due to cloud cover.
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agreement with previous studies, particu-

larly the low Chl a concentrations during

summer under good weather conditions.
The seasonal pattern of surface

Chl a concentration in the SECS is

similar to that of nitrate, suggesting

that nitrate supply is directly related

to phytoplankton growth (Figure 3c).

As mentioned earlier, Kuroshio water

intrusion is the major nutrient source

for phytoplankton growth in the SECS

(Liu et al., 1992; Chen et al., 2001; Jan

et al., 2011, in this issue). In summer,

the warm, nitrate-depleted Taiwan

Strait Water often suppresses upwelling

events off northeastern Taiwan, and
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therefore the nutrient-rich cold dome
water is hardly observed in the upper
layer (Gong et al., 1995; Wu et al., 2008;
Jan et al., 2011, in this issue). Chen
(2000) reported that the dominant
phytoplankton composition in the SECS
in April and June is diatoms (including
Nitzschia sp., Thalassionema nitzschi-
oides, Chaetoceros sp., Rhizosolenia
fragilissima, and Leptocylindrus
minimus), dinoflagellates (including
Prorocentrum and Protoperidinium),
Trichodesmium sp., and coccolitho-
phores (Chen, 2000). Recent work of
C.C. Chung of the Center for Marine

Bioenvironment and Biotechnology,

Figure 3. Field-measured
(a) sea surface tempera-
ture (T), (b) nitrate
(NO,), (c) chlorophyll a
(Chl a) concentrations,
and (d) particulate
organic carbon (POC)
flux in the southern
East China Sea under
nontyphoon condi-
tions (black dashed
line boxes) and after
typhoon conditions
(red box) from 2007

to 2009. Note: There
are no surface nitrate
concentrations during
nontyphoon periods
because they fall

below the detection
limit (< 0.1 uM).

S = Typhoon Sinlaku.
) = Typhoon Jangmi.

F = Typhoon Fungwong.

National Taiwan Ocean University,
Keelung, Taiwan, and authors Gong
and Hung shows that small dinoflagel-
lates, such as Gymnodinium spp. and
diazotrophic filamentous cyanobacteria
Trichodesmium spp., were the dominant
phytoplankton in summer under good

weather conditions.

POC FLUXES IN THE SECS
WHEN NO TYPHOONS OCCUR
POC fluxes in the SECS, measured by
floating sediment traps at 70 m depth,
approximately 10 m below the bottom of
the euphotic zone, at 25.40°N, 122.45°E,
~ 70 km northeast of Taiwan (Hung
etal,, 2003; 2010a) during nontyphoon
periods did not show any remark-

able seasonal variation, ranging from
140 £ 22 t0 236 £ 25 mg-Cm=d™,
respectively (Table 2 and Figure 3). The
trapping efficiency of floating sediment
traps was 75% in the East China Sea
(Li, 2009) and 80% in the oligotrophic
waters of the Northwest Pacific Ocean
(Hung and Gong, 2007), based on the
24Th/>8U disequilibrium model of Hung
et al. (2004) and Hung et al. (2010b).
Hung et al. (2003) reported that POC
fluxes measured by moored sediment
traps in a region (i.e., 25.41°N, 122.35°E
and 25.34°N, 122.30°E) similar to

that of the present study ranged from
390 (at 325 m) to 730 mg-C m=2d™" (at
407 m), and from 100 (at 378 m) to

736 mg-C m=d™' (at 528 m).

Even when considering the trapping
efficiency (assuming 80%) of sediment
traps in this study, the estimated POC
fluxes should range from 175 + 28 to
295 + 31 mg-C m™ d, which are still
lower than values reported by Hung et al.
(2003). Normally, sinking material is
remineralized or consumed by bacteria

below the euphotic zone, decreasing



the POC flux with increasing depth.
However, the increase in POC flux with
increasing depth (Hung et al., 2003)
suggests that lateral transport of resus-
pended sediment near the bottom signifi-
cantly contributed to the measured POC
fluxes, resulting in an overestimate of the
vertical flux. Chen et al. (2001) reported
that new production (down to 0.6% of
surface light intensity) in the SECS was
approximately 320 mg-C m~2d, and
Hung et al. (2000) found that nitrate
uptake rate (down to 10% of surface
light intensity) in similar regions

(i.e., 25.41°N, 122.35°E and 25.34°N,
122.30°E) was 226 mg-C m~=d". In
other words, the POC fluxes measured

by floating sediment traps are in agree-
ment with those values measured by
Chen et al. (2001) and Hung et al. (2000),
if analytical uncertainty on both new
production and nitrate uptake rate are
considered (Chen, 2001).

Because the study area is approxi-
mately 70 km from Taiwan, it could be
argued that particle composition has
been influenced by bottom resuspen-
sion or lateral advection from terrestrial
inputs. As mentioned earlier, the bottom
sediments in the study area are relic sand
with low organic carbon content (< 0.3%;
Liu et al., 1992). No large river is located
near the study area, so the recent satel-

lite ocean color data likely represent sea

surface conditions that are unaffected by
the influx of terrestrial materials (Hung
et al.,, 2010a). Consequently, sediment
resuspension and lateral particle trans-
port are unlikely to have occurred in the
study area (as suggested by Hung et al.
[2003], the lateral transport occurred

in deep depths).

CHANGES IN WATER-COLUMN
PROPERTIES AFTER TYPHOONS
Satellite-derived SSTs and field data
used in the present study show cooling
after the passage of Typhoons Kalmaegi
(no field data), Fungwong, Sinlaku, and
Jangmi (Figure 2, Table 2). This cooling
phenomenon near the SECS after the

Table 2. Data on mixed layer depth (MLD), euphotic zone (EZ: 1% of surface light intensity), surface nitrate (NO,), surface chlorophyll
(Chl a), integrated nitrate (I-NO,), integrated Chl a (I-Chl a), integrated particulate organic carbon (I-POC), and POC flux in the
southern East China Sea, covering four seasons, including periods before and after typhoon events.

Date MLD EZ NO, I-NO, Chla I-Chl a I-POC POC flux
(mm/dd/yy)  Typhoon (m) (m) (M) (molm?) (mgm?) (gm™?)  (gm?) (mgm=d™)
03/23/07 35 na 1.7 0.236 0.73 0.041 4.59 215122
06/10/07 34 65 0.0 0.046 0.24 0.031 3.20 180+ 10
08/03/07 28 43 0.0 0.060 0.41 0.051 3.50 140 = 22

09/01/07 14 38 0.0 0.293 0.43 0.039 2.71 na

01/04/08 38 53 4.1 0.384 1.08 0.053 4.90 158 + 16
08/03/08 Fungwong 45 34 03 0.534 1.45 0.116 5.52 265t 14
09/19/08 Sinlaku na 32 0.2 na 0.85 na na 225+ 34
09/21/08 Sinlaku na 30 0.3 na 0.73 na na 224+ 33
10/03/08 Jangmi na na 23 na 0.92 na na 285+ 14
10/06/08 Jangmi na na 1.9 na 1.61 na na 552 + 28
10/20/08 22 44 1.2 0.272 1.87 0.120 3.46 230 £ 24
11/14/08 52 51 2.4 0.370 1.08 0.048 4.20 141 £ 15
12/12/08 51 50 39 0.323 1.10 0.067 498 236 £ 25
02/24/09 47 51 3.0 0.444 1.25 0.058 4.70 162 £ 16
07/22/09 37 38 0.0 0.243 0.62 0.035 na 166 * 21
08/05/09 na na 0.4 na 0.65 na na 215+ 23

MLD = Depth at which density increased by 0.1 kg m~2 from the density at the surface.
I-NO,, I-Chl g, I-POC = integrated NO,, Chl g, and POC from 0 to 75 m depth.

Na = Data not available.

No post-storm field data are available for Typhoon Kalmaegi (mid July 2008).
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passage of a typhoon has been observed
frequently (Chang et al., 2008; Tsai et al.,
2008; Zhao et al., 2008; Siswanto et al.,
2007, 2009; Hung et al., 2010a; Jan et al.,
2011, in this issue).

The greater level of wind mixing
associated with Typhoon Jangmi likely
increased the mixed layer depth (MLD,
defined as the depth at which density
increased by 0.1 kg m™ compared
with the density at the surface) to an
extent greater than that associated
with Typhoons Fungwong and Sinlaku
(Table 1). Figure 2 shows that SST after
passage of Typhoon Jangmi was colder
than that after Typhoons Fungwong
and Sinlaku. Additionally, the MLD
after passage of Typhoon Fungwong
(45 m) was deeper than the MLD zone
(14-37 m) in summer when no typhoons
occur. When nontyphoon conditions
were prevalent in summer, the depth of
the euphotic zone ranged from 38-65 m

(Table 2). However, five to seven days

The shallow EZ after a typhoon may be a
good indicator of higher phytoplankton
biomass induced by nitrate supply.

ENHANCED BIOGEOCHEMICAL
RESPONSES AFTER TYPHOONS
Surface nitrate concentrations in the
study area four to seven days after the
passage of Typhoons Fungwong, Sinlaku,
and Jangmi were 0.3, 0.2-0.3, and
1.9-2.3 uM, respectively (Table 1). In
comparison, surface nitrate concentra-
tions during summer under pretyphoon
conditions were generally below the
detection limit (< 0.1 uM; Table 2), and
suggest that surface nitrate concentra-
tions after Typhoons Fungwong and
Sinlaku did not increase significantly.
This result may be attributed to: (1) quick
nutrient consumption by phytoplankton
five to seven days after the passage

of Typhoons Fungwong and Sinlaku,

(2) dilution with ambient nutrient-

depleted Kuroshio surface water, or

INTENSIVE FIELD OBSERVATIONS COVERING FOUR
SEASONS, INCLUDING PERIODS BEFORE AND SHORTLY
AFTER THE PASSAGE OF TYPHOONS, ARE PROVIDING
EVIDENCE THAT TYPHOONS INFLUENCE NUTRIENT
SUPPLY, PHYTOPLANKTON DYNAMICS, AND CARBON
EXPORT IN A CONTINENTAL SHELF BREAK REGION.

after the Fungwong and Sinlaku typhoon
events, the euphotic zones (EZ) became
shallower, ranging from 30 to 34 m,
respectively (Table 2), and the depth

was only about half that of the mean
euphotic zone depth reported by Gong
et al. (2000) for this region (60 + 10 m).

48 Oceanography | Vol.24,No.4

(3) mixing with nitrate-depleted water
from Taiwan Strait. In an extreme case
such as Typhoon Jangmi, the measured
surface nitrate concentration under
nontyphoon conditions was 0.4 uM (on
8/5/09 in Table 2), with pretyphoon

derived surface nitrate concentration

less than 0.1 pM (Table 1), whereas the
nitrate concentrations five and eight days
after typhoon passage (on October 3
and 6, 2008) increased five- to sixfold
(Table 2). The data collected before and
after the typhoon suggest that the strong
winds and slow speed of Typhoon Jangmi
led to upwelling of cold, nutrient-rich
waters (Table 1). Babin et al. (2004) and
Zheng and Tang (2007) report similar
phenomena caused by typhoons.

In addition to comparing surface
nutrient concentrations, the amount
of nitrate injected into the euphotic
zone can also be compared under
nontyphoon and post-typhoon condi-
tions. The average, or integrated, nitrate
concentration in the water column
(I-NO, in Table 2; 0-75 m) in the SECS
after Typhoon Fungwong was 7.1 pM
(= 0.534 mol m™/75 m in Table 2; see
Hung et al. [2010a] for a detailed nitrate
profile), suggesting that the typhoon
strongly influenced nitrate supply.
However, some typhoons may not
cause strong upwelling, as suggested by
the SST data, which barely showed a
decrease after the passage of Typhoon
Sinklaku (Table 1 and Figure 2). This
slight cooling could be due to upwelling
of Kuroshio subsurface water, accompa-
nied by Kuroshio surface water intru-
sion onto the continental shelf. Others
studies show that upwelling strength
after typhoons in the SECS differs
greatly depending on typhoon strength,
speed, and track; Kuroshio instability;
and internal tides (Tsai et al., 2008;
Siswanto et al., 2009; Hung et al., 2010a).
Indeed, the strong correlation between
integrated POC and nitrate concentra-
tion in the study area supports that
concept (Figure 4). When nitrate supply
in the water column reaches a certain
threshold, the POC inventory is elevated,



demonstrating that nitrate is an impor-
tant source for phytoplankton growth.
As mentioned earlier, phytoplankton
production in the East China Sea is
likely limited by nitrogen in summer
(Chen et al., 2001). The data suggest that
the nitrate supplied through episodic
typhoon events in the SECS contrib-
utes to phytoplankton growth, and
thus is also important for zooplankton
and larval fish.

Surface Chl a concentrations in
the study area four to seven days after
the passage of typhoons Fungwong,
Sinlaku, and Jangmi were 1.45,
0.73-0.85 and 0.92-1.62 mg m~,
respectively (Table 1). The average
Chl a under nontyphoon conditions
was 0.47 £ 0.17 mg m~ (= [0.24 +
0.41 + 0.43 + 0.62 + 0.65]/5 mg m™3;
Table 2). The average Chl a concen-
tration after the typhoons was
1.11 £ 0.40 mg m~ (= [1.45 + 0.73 + 0.85
+0.92 + 1.62]/5 mg m; Table 1). The
elevated Chl a concentrations may
be related to nutrient supply in the
euphotic zone (Figure 3 and Table 1).
Alternately, Babin et al. (2004) propose
that the mixing of the subsurface Chl a
maximum layer with low-Chl a surface
water (e.g., phytoplankton dilution
theory) can explain such increased

surface phytoplankton biomass.

IMPLICATIONS FOR

POC FLUXES AFTER

TYPHOON EVENTS

The biogenic carbon flux to the deep
ocean is one of the main factors affecting
CO, partial pressure in the atmosphere.
Therefore, the amount of POC flux is
crucial for understanding the global
carbon cycle and its response to climate
change (Emerson et al., 1997). Typhoons
have a notable impact on POC flux,

Figure 4. Relationship

- between integrated
particulate organic
carbon (I-POC) inventory
and integrated nitrate
(I-NO,) concentrations
covering four seasons,
including periods before
and after typhoons.

1 I-POC=4.12*I-NO, + 2.96, R* = 0.486
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but how important are they to the
summer POC flux in the study area?
The average areas of the cold-water
patch (e.g., < 27°C) in the SECS under
nontyphoon and post-typhoon condi-
tions are 2,900 and 10,000 km?, respec-
tively (Hung et al., 2010a). If the POC
flux (nontyphoon vs. post-typhoon =
175vs. 310 mg m~2 d™') is assumed to be
the same in the whole cold-water patch,
the nontyphoon and post-typhoon whole
POC fluxes will be 5.1 x 10° kg-C d™! and
31 x 10° kg-C d' (approximately sixfold
higher than nontyphoon conditions),
respectively. The result demonstrates
that typhoons indeed enhance POC
export flux, and the enhanced POC flux
can be partially transported out of the
euphotic zone. The elevated POC flux
after passage of a typhoon might be also
caused by changes in the phytoplankton
community and the zooplankton
grazing effect (i.e., producing more
fecal pellets; Figure 5). As mentioned
earlier, Chang et al. (1996) reported
that major phytoplankton assemblages
in the ECS before a typhoon were
composed of small phytoplankton,
including dinoflagellates and tricho-

desmium spp., and then changed to

04 0.5 0.6

pinnate diatoms (e.g., Nitzschia spp.
and Thalassionema spp.) and large-

cell diatoms (Bacteriastrum spp.,
Chaetoceros spp., and Skeletonema spp.)
after the typhoon’s passage. Analogous
phytoplankton species changes have
been reported in the Kuroshio (Chen
et al., 2009). In addition to phyto-
plankton assemblage changes, other
factors, such as zooplankton grazing
(e.g., enhancing fecal pellets produc-
tion), aggregation of small particles,
and mineral ballast effects, may also

be involved in enhancing the biogenic
POC flux. Further studies are required to
collect vertical profiles of water proper-
ties and POC fluxes before and after the
passage of a typhoon in other marine
environments, including marginal seas
and tropical open ocean areas, in order
to assess the effects of storm events on
global POC export flux.

CONCLUSIONS

Intensive field observations covering four
seasons, including periods before and
shortly after the passage of typhoons,

are providing evidence that typhoons
influence nutrient supply, phytoplankton

dynamics, and carbon export in a
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continental shelf break region. Most
importantly, enhanced nutrient supply
after the passage of typhoons results in
higher biological production, and likely
zooplankton production as well. Specific
conclusions are: (1) typhoons have an
important impact on SST, nitrate, Chl 4,
and POC flux; (2) both in situ Chl a
concentrations and POC fluxes after a
typhoon are much greater than those
before its passage; and (3) typhoons
greatly enhance the export flux of POC
out of the euphotic zone rather than
enhancing recycling in the surface

layer, suggesting that enhancement

in biogenic carbon production can be
efficiently exported down to deep water

by tropical cyclones.
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