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Abstract. Severe tropical storms play an important role in suggested that during non-typhoon conditions approximately
triggering phytoplankton blooms, but the extent to which half of the export of organic carbon occurs via convective
such storms influence biogenic carbon flux from the eu-mixing of dissolved organic carbon, a conclusion consistent
photic zone is unclear. In 2008, typhoon Fengwong pro-with earlier work at comparable latitudes in the open ocean.
vided a unique opportunity to study the in situ biologi-
cal responses including phytoplankton blooms and particu-

late organic carbon fluxes associated with a severe storm iR |ntroduction

the southern East China Sea (SECS). After passage of the

typhoon, the sea surface temperature (SST) in the SEC®ecent research has shown that typhoons (severe tropical
was markedly cooler~25 to 26°C) than before typhoon storms also referred to as tropical cyclones or hurricanes)
passage~+28 to 29°C). The POC flux 5 days after pas- can cause marked cooling of the sea surface, enhance nutri-
sage of the typhoon was 26514 mg C nT2d~1, whichwas  ent pumping and result in phytoplankton blooms along storm
~1.7-fold that (140-180mgCmnfd~') recorded during a  paths of the typhoon and in adjacent areas (Babin etal., 2004;
period (June—August, 2007) when no typhoons occurred. ABates et al., 1998; Chang et al., 1996; Chang et al., 2008; Lin
somewhat smaller but nevertheless significant increase iRt al., 2003; Shang et al., 2008; Walker et al., 2005; Zheng
POC flux (224-225mg C nfd~1) was detected following  and Tang, 2007). Previous studies of typhoon induced phyto-
typhoon Sinlaku which occurred approximately 1 month af- plankton blooms have been based largely on satellite remote
ter typhoon Fengwong, indicating that typhoon events can insensing data, but it can often be difficult to obtain clear ocean
crease biogenic carbon flux efficiency in the SECS. Remarkcolor images during or shortly after typhoon passages be-
ably, phytoplankton uptake accounted for only about 5% ofcause of extensive cloud cover. Sea-based measurements of
the nitrate injected into the euphotic zone by typhoon Feng-pre- and post-typhoon phytoplankton biomass and biological
wong. Itis likely that phytoplankton population growth was activity are also limited because of the dangers inherent in
constrained by a combination of light limitation and grazing field work associated with typhoon events. Consequently, in
pressure. Modeled estimates of new/export production wergitu field observations on the effects of typhoons on biologi-
remarkably consistent with the average of new and exporkal processes are rare (Chang et al., 1996; Chen et al., 2003;
production following typhoon Fengwong. The same modelShiah et al., 2000; Zheng and Tang, 2007) and no reports
of the effects of typhoon passage on ocean biogeochemistry,
especially carbon export fluxes measured using floating sed-

Correspondence tcC.-C. Hung iment traps, have appeared.
BY (cchung@ntou.edu.tw)

Published by Copernicus Publications on behalf of the European Geosciences Union.



http://creativecommons.org/licenses/by/3.0/

3008 C.-C. Hung et al.: The effect of typhoon on particulate organic carbon flux

7/25/200:;;1? g

The upwelling of subsurface water on the shelf-break of mm;f—j
the SECS has long been observed (Chen et al., 1990; Gon(| o_# —
etal., 1995; Liu et al., 1992). The wax and wane of the out- ,,Qg
crop of cool upwelled water were attributed to the inflow of ¥
the Taiwan Strait water (Gong et al., 1995), or an influence of = »
the strong northeast monsoon in winter (Chuang and Liang,
1994; Gong et al., 1995). Recently, Wu et al. (2008) and =~ ™=
Chang et al. (2009) reported a remarkable seasonal variabil; *'#*, :
ity of this upwelling at depths of 100 m or more below the |
surface in summer, but such upwelling was weak in winter. aﬂf é
In addition to such factors, typhoons may also enhance cool- "= #5 . 3
ing in the SECS following passage of a typhoon through an | \J 4
adjacent region (Chang et al., 2008; Tsai et al., 2008). Tsai . . o i Kame
et al. (2008) reported that a typhoon induced significant up- s 24 26 27 28 oo mommm cO)
per water column cooling off northeastern Taiwan. Chang
et al. (2008) reported that upwelled water persisted in theFig. 1. Study area (blue box, sampling location: a red star) and
SECS for more than a week after a typhoon resulting in atrack (red line in paneD) of typhoon Fengwong in the southern
phytoplankton bloom in the shelf region. East China Sea. AVHRR satellite images on 24, 25 and 26 before

Several studies (Bates et al., 1998; Lin et al., 2003; Walkerthe typhoon and 1, 2 and 3 August after the typhoon. The area of
et al., 2005; Zhao et al., 2008; Zheng and Tang 2007) hav&©!d water patch (e.g. SSI27°C) shown in the blue box on 24
inferred that large quantities of nutrients were carried to the‘?UIy (A) s significantly smaller than that on 2 Augu8). The red

L . lines represent the typhoon moving track of Fengwong.
ocean surface resulting in enhanced phytoplankton biomass
(even phytoplankton blooms) in the open ocean and coastal

waters several days after a typhoon event. However, the cite

reports were based on study of satellite images, and the re%engwong on POC flux in the euphotic zone using float-

ported phytoplankton biomass (e.g. usually estimated by us"9 sediment traps. In addition, we conducted field obser-

ing empirical band ratio algorithm OC4) has seldom beenvatlons of vertical profiles of temperature, salinity, density,

confirmed by in situ measurements. Thus, Shang et al. (2008? hotos;(;ntf;:letlcally actt|vet_rad!at|ofrf1 (TAF)'. nt|trate tconce_nbtlr a
indicated with caution that dissolved organic matter and de-'on sn chia (;?nctgn rs(ljogf:n € f?r Stho interpre p;)ts&he

tritus could significantly affect detected chlorophyll (ehl- :Pec anisms ‘Z ec th2008 Fuxt?] erthe passalge ortyp 003
values near the coast of the northern South China Sea. Théeoncgvf\;ﬁggsms al:]%u? days éftel:rtysrrmr;;r:eéi\;vIZI?uSSar:se:;lgveer
study area of Shang et al. (2008) was adjacent to the mout aiwan on 13-14 September 2008, but obtained no vertical

of the Mekong River, which may discharge runoff containing X ) .
a high concentration of chromophoric dissolved organic mat_hydrographlc data on either occasion.
ter. However, no large river was located near the study area,
and the satellite ocean color data are thus likely to accurately
represent sea conditions, being unaffected by influx of terres2  Materials and methods
trial materials. In addition, they are supported by ship-based
measurements and, therefore, are included in this study as éampling was conducted in the SECS, in an area approx-
important source of information. imately 70km northeast of Taiwan (2548, 122.45 E,

The flux of biogenic carbon from the euphotic zone of the Fig. 1), from the R/V Ocean Researcher I(OR lI).
ocean to depth is one of the main controls on the @artial Five cruises were conducted: one each in June and Au-
pressure in the atmosphere. Therefore, measurement of thggust 2007 (non-typhoon periods), one in August 2008 (2—
POC flux is very important for understanding the global car- 3 August 2008) after the passage of typhoon Fengwong, and
bon cycle and its response to climate change (Emerson et alone each on 19 and 21 September 2008 after the passage of
1997). The flux of particulate organic carbon (POC) from typhoon Sinlaku. Data on wind speed during the typhoons
the euphotic zone after the passage of a typhoon is poorlyvere provided by the Central Weather Bureau of Taiwan.
understood because typhoons form in remote regions of th&alinity, temperature, density and beam attenuation (e.g.
open ocean, and sea-based experiments are difficult to cotransmissometer profiles) were recorded using a SeaBird
duct due to strong winds and high waves. Typhoons Fengmodel SBE9/11 plus conductivity/temperature/depth (CTD)
wong and Sinlaku passed through the SECS during the sunrecorder and a transmissometer (Wet Labs). The mean down-
mer of 2008, and in the following 4—7 days of each typhoonwelling attenuation coefficientk(par) was obtained from
we had a unique opportunity to conduct sea-based investigaa linear regression of the log-transformed underwater irra-
tions in the affected area of the SECS. The main objectivediance profiles which were measured with a PAR scalar
of the study was to better understand the effect of typhoorguantum irradiance sensor (Chelsea Technologies Group
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Ltd, UK). The depth of the euphotic depth (EZ) was defined photoperiod (Behrenfeld and Falkowski, 1997) or by ¥f@

as the depth of 1% surface light penetration (= 4.G3aR). assimilation method (Parsons et al., 1984; Gong et al., 1999,
The concentrations of nitrate (N® and chlorophylla 2003). In brief, water samples for the PP measurements were

(chl-a) at depths of 0, 10, 25, 50, 75, and 100 m were de-prescreened through a 200-um mesh and dispensed into acid-

termined according to Gong et al. (2000). The method ofcleaned polycarbonate carboy (10L, Nalgene). Each sub-

chl-a determination is similar to NASA protocols (Mueller sample was inoculated with 10 uCi N¥€0Os before incu-

and Austin, 1995). In brief, the chil-samples were col- bation. The B-E (photosynthetic-irradiance) curve at each

lected by filtering 500 ml of seawater through a GF/F filter sampling depth was determined using a seawater-cooled in-

and stored at-20°C until analysis. Concentration of chl-  cubator illuminated for two hours with artificial light. PP

on the GF/F filter was extracted by acetone and determine@t each depth could then be calculated with the parameters

according to standard procedures using a Turner Designs 1Grom the P-E curve. The detailed procedures can be found

AU-005 fluorometer by the non-acidification method (Gong in Gong et al. (2003). New production (NP) was derived us-

et al., 2000). Sinking particles were collected using a drift-ing the model of Laws et al. (2000) based on ef (= export flux

ing sediment trap array, which consisted of six cylindrical (or NP)/PP) ratios and a function of temperature, euphotic

plastic core tubes (6.8 cm diameter) with honeycomb baffleszone depth and primary production (the detailed information

covering the trap mouths (Hung et al., 2003, 2004; Hungon the model can be found/attp://usjgofs.whoi.edu/mzweb/

and Gong, 2007). The array was attached to an electric sursyndata.html#Biogeochemical

face buoy with a global positioning system (GPS) antenna

(TGB-500, TAIYO, Japan). The trap tubes, filled with fil-

tered seawater(0.5 um), were deployed daily for 4to 6hat 3 Results

a depth of 70 m. Aliquots from sediment traps were filtered

through 1 pm quartz filters (Whatman QMA) as described in

Hung et al. (2009). The swimmers evident with a microscope

on the filters were carefully removed using forceps. AﬁerTyphoon Fengwong was a category 2 typhoon (sustained
fuming the filters with HCI, the POC on the filters was mea- | ;inqs =43 ms! wind gusts=53m3!) that traveled at

sured using an elemental analyzer (Elementa, Vario EL-II, 5 speed of 4.4-4.7m& on 26-27July 2008 and 3.3—

Germany). In addition to measurements associated with thg g 1, <1 o 28-29 July 2008 (Fig. 1). The typhoon made
passage of typhoon Fengwong, we also analyzed POC fluyghqfaii on the eastern side of Taiwan on 28 July 2008 and
5 and 7 days after typhoon Sinlaku, but no vertical hydro- 4tected the island for 10h. The AVHRR-derived SSTs in
graphic data on either occasion were collected. the study region before (24—26 July) and after (1-3 August)
The sea surface temperatures (SST) from 25.2-25.7 Nye tynhoon are shown in Fig 1. The daily average SST value
and 122.1 to 122.6Ewere estimated (resolution 1.1km) ¢,: the study area (25.2-25.7Nind 122.1 to 122.6F) is
before and after passage of typhoons Fengwong and Singhqyn in Fig. 2a. It is noteworthy that the average SST con-
laku using AVHRR (Advanced Very High Resolution Ra- i ally decreased from 28° on 24 July (before the ty-

diometer) infrared sensors under cloud-free conditions. Thephoon) to 25.7C on 4 August 2008 (after the typhoon) and
AVHRR data were processed at the National Taiwan Oceannan increased to 2€ on 15 August (Fig. 2a). Furthermore,
University ground station. SST estimates and atmospherig,qa area of the cold water patch (defined as S27°C) in-

attenuation correction were based on the multi-channel SST:reased gradually from 118 Rnon 24 July to 14379 KRon
(MCSST) algorithm (McClain, et al., 1985). Comparisons g ayqust (Fig. 2b). Similar surface water cooling phenom-

of the accuracy of AVHRR-derived SSTs with in situ data g4 were also found after the passage of typhoon Sinlaku.
were based on the methpd of Lee et gl. (2095). The ro0igin1aku was a category 3 (sustained windslms?) ty-
mean square errors and biases for satellite-derived SSTS Weg,oqn, in the western Pacific. Its sustained winds decreased
0.65°C and 0.0_fC from 961 match-up data sets (Lee etal.,, {5 - 33ms? as it approached eastern Taiwan. The average
2005), respectively. MODIS ocean color data was generajjy SST decreased continuously from 28%on 7 Septem-
ated from archived Level 2 version of NASA, then the ehl-  po.tg 26 5C on 22 September 2008 (Fig. 2a) and quickly
value was estimated by averaging both Terra and Aqua derepqynded to 27C during 23-27 September. The maximum
rived data. For SeaWiFS data, this sensor was out of workz oo (17876 ki on 17 September) of the cold water patch

ing order during July 2008, and images were clouded during(SST< 27°C) caused by typhoon Sinlaku was greater than
September 2008. Therefore, we could notgenerate daka. 1, resulting from typhoon Fengwong (Fig. 2b). The area

from SeaWiFS to compare with MODIS data. Primary pro- o the cold water patch quickly decreased to 1378 lon
ductivity (PP) was derived using an empirical MODIS chl- 1 September and rebounded to 8056 km 22 September.

a-temperature algorithm based on a function of maximum—ype SST values of the SECS nonetheless showed water cool-
carbon fixation within a water column, sea surface photo-ing after each typhoon.

synthetically active radiation, euphotic zone depth (depth of
1% surface light penetration), chlorophyll concentration and

3.1 \Variation in surface hydrographic settings before
and after typhoon passage

www.biogeosciences.net/7/3007/2010/ Biogeosciences, 7, 30032010
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30 0.41 mgnT2in August 2007, respectively. However, it is ev-
A ident that after passage of typhoon Fengwong (August 2008),
20 M s colder nutrient-rich water (green curve in Figs. 3d and e) was
A4 Aa ‘A brought to the surface from a deep water source derived from
g 28 A: WA oapa the Kuroshio upwelling, and this water mixed with surface
= A A, water of the SECS resulting in a high surface ehkalue
@ 27 | 4 44 A (1.4mgnT3, Fig. 3f). In contrast, the source of cold water
‘A " A 5 days after typhoon Fengwong was significantly deeper than
26 that under non-typhoon conditions (Fig. 3d).
Fengvong Sinlaku P6, Table 1, line 12 should read C fluxa (mg C m-2 d-1):
25 : — — measured by sediment traps. Line 13 should read C fluxb (mg

7112 7/197/26 8/2 8/9 8/16 8/23 8/30 9/6 9/13 9/20 9/27 10/4 C m-2 d-1): measured by sediment traps. Line 14 should read

25000 Date I-PP (mg C m-2 d-1): estimated.
— When non-typhoon conditions were prevalent (June and
g 20000 - B August 2007), the depths of the euphotic zone were 65
g w5000 | " and 43m (Table 1), respectively. However, after the Feng-
o . wong and Sinlaku typhoon events, the euphotic zones be-
£ 10000 | % came shallower (34 m and 30-32m, respectively, Table 1)
3 " . '_ and the depth was only about half that of the mean eu-
e 5000 F _t W = photic zone depth reported by Gong et al. (2001) for this
< - Ty, W region (60t 10 m). Fig. 4 shows the MODIS-derived aver-
71 721 731 8/10 820 8/30 9/9 919 929 10/9 age surface chi- concentrations before and after typhoons
Date Fengwong and Sinlaku. The derived MODIS ehival-

ues were much higher after typhoon Fengwong than before
Fig. 2. (A) Sea surface temperature (SST) ¢BJithe area of cold  the typhoon (Fig. 4a and b), but the difference between de-
water patCh (eg SS¥ 27°C) in the southern East China Sea (be- rived chla values pre_typhoon and post typhoon Sinlaku was
tween 25.2—-25.7 Nand :_122.1 to0 122.68B. Ee}ch datum point rep- |ess (Fig. 4c and d). MODIS-derived surface ahalues
resents thg average daily value. The red line represents the 'nﬂUi'n the study area (25.40N, 122.45 E) were 0.77 mg m3
enced periods of pre- and post-typhoon. (24-26 July), 0.93 mg 8 (31 July—2 August), 0.30 mgni

(8-10 September) and 0.70 mgm(17-19 September), re-

spectively. In comparison, the field-measured c€hlalue

Vertical profiles of temperaturd), salinity (S), potential (1.4 mgn73) at 2m on 2 August (after typhoon Fengwong)

density 6y, wheref is the potential temperature) in the study was 50% higher than the derived 3-day averageaciddue
area after the typhoon (2 August 2008) are shown in Fig. 3a{0.93 mg nT®) determined using MODIS. In situ surface chl-
c, respectively. As it is difficult to obtain measured vertical 4 concentrations on 19 and 21 September were 1.01 and
hydrographic data in the field prior to a typhoon event be-0.56 mgn72, respectively. Similarly, the in situ cla-value
cause of the dangerous and unpredictable sea conditions ¢1.01 mgnT3) on 19 September was also higher than the de-
the typhoon, temperature-salinity-densify-§-0p) diagrams  rived 3-day mean chi-value (0.70 mg m3, 17—-19 Septem-
(Fig. 3d) during non-typhoon (in June and August 2007) andber) noted after passage of typhoon Sinlaku. It is noted that
typhoon periods (August 2008) were used to demonstrate théhe unrealistically high chi- concentration obtained across
vertical mixing vs. upwelling process in the study area. A the Taiwan Strait (Fig. 4b) might be caused by the strong ab-
typical T-S-0p diagram is shown in Fig. 3d. The red curve sorption of colored dissolved organic matter (Gong, 2004;
shows source water of the Kuroshio subsurface upwelling inGong et al., 2007; Tang et al., 2008).
the SECS. During a non-typhoon period, weak upwelling re-
sulting from subsurface water of the Kuroshio was detected3.2 POC flux and vertical hydrographic values after
in June (blue curve) and August (purple curve) 2007, re- passage of Fengwong and Sinlaku
spectively. Upwelled cold water consequently mixed with
warm surface water of the SECS, resulting in slight change®iel variations of POC flux were measured in the ECS in
in the T-S-0p diagrams (Fig. 3d).Thus, variability ifi-S- March/April of 2008 (Hung et al., 2009, unpublished data).
oy association in our study area was not remarkable base®aytime (8a.m. to 5p.m.) POC fluxes at 120m and 150 m
on the many CTD hydrocasts (gray points in Fig. 3d) notedwere 459+6.9mgCnr2d-1and 476+7.6 mgCm2d-1,
under non-typhoon conditions. As upwelling was weak, therespectively. Nighttime (12a.m. to 9a.m.) POC fluxes at
concentration of N@in the surface layer was almost unde- the same depths were 838.5mgCnr2d-! and 438+
tectable (e.g~0pM) (Fig. 3e) and the surface chlcon- ~ 7.4mgCnt2d~1, respectively. Li (2009) investigated POC
centrations (Fig. 3f) were 0.23mgTh in June 2007 and fluxes using a time-series (4, 8, 12 and 24h) of trap
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Fig. 3. Vertical profiles of temperaturg-(A), salinity-S (B), densityey (C) in the study area of the southern East China Sea during non-
typhoon periods (blue and purple curves) and after a typhoon event (green curve). DiagrBnisopf(D): a red curve represents the
characteristics of the Kuroshio Current; a green curve represents the nature of the upwelled water from the deeper water of the Kuroshio
upwelling after a typhoon event; blue, purple, and gray curves represent the upwelled water from the shallow water of the Kuroshio Current
under non-typhoon periods;). One can clearly see the colder water from deep water (after typhoon event was brought to the surface deepe
than non-typhoon periods. Vertical distributions of nitrate concentrédidmand chlorophylla (chl-a) concentratior{F) in the study area of

the southern East China Sea during non-typhoon periods (blue, purple, and gray symbols) and after a typhoon event (green symbols). Note
nitrate concentrations (below detection limitQ uM) in the surface water during non-typhoon periods did not appear because of log scale.

deployments in the same region of the present study andhan that recorded during June and August, 2007 (Fig. 3a).
found no significant difference in POC flux between night The presence of colder water in the upperOm indi-
and day. Thus, if diurnal variability in POC flux occurs, this cates that cooling was quite intense. When averaged over
may be small compared to other possible sources of error ithe upper 75m of the water column (Table 1), the in-
our measurements. The trapping efficiency of floating sedi-crease in N@ concentration associated with this upwelling
ment traps was 75% in the outer shelf of the East China Sewas 6.41uM (=0.534 (0.046 +0.060)/2 mol m?)/75m =
(Li, 2009) and 80% in the oligotrophic water of the north- 0.0064 molnt3). The level of nitrogen associated with the
west Pacific Ocean (Hung and Gong, 2007), based on thécrease in POC concentration must be added to this figure.
234Th/238Y disequilibrium model of Wei and Hung (1998) The change in POC concentration (Table 1) was 2.39 uM
and Hung et al. (2010). POC (=5.5-(3.5+3.2)/2gn?)/75m=0.02867 gC ).
The vertical distribution of temperature, N@nd chla Assumlng that Redfield st0|ch|ometr_y was relevant (Re_d-
. . field, et al., 1963), such a change in POC concentration
concentrations in the study area after the typhoon (2 Au- . . . -
A . would be associated with an increase of 0.36 (=2.39/6.625)
gust 2008) are shown in Fig. 3. The temperature in the eu- =~~~ . : ;
. . N MM in nitrogen. Thus the netincrease in N in the upper 75m
photic zone following the typhoon was significantly lower

www.biogeosciences.net/7/3007/2010/ Biogeosciences, 7, 30032010
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Table 1. Data of mixed layer depth (MLD), euphotic zone (EZ: 1% of surface light intensity), integrated nitratesfl-si@-a (IB), POC
(I-POC) and POC flux from different cruises.

Date MLD EZ I-NO3 IB I-POC  Cfw@ Cflux® I-PP é e

(m) (m) moln2 gm2 gm?2 (trap) (model)  (model) (trap) (model)
6/10/2007 34 65  0.046 0.031 3.2 1800 183 1111 (@6+0.01 0.16
8/3/2007 28 43 0.060 0.051 35 14@2 219 1283/1773 0.11+0.02 0.17
8/3/2008 45 34 0534 0116 55 2684 567 2775 (0+0.01 0.20
9/19/2008 na 32 na n.a n.a 2984 277 1384 (6+0.03 0.20
9/21/2008 na 30 na n.a n.a 2283 359 1711 (3+0.04 0.21

MLD: defined at depth which density increased by 0.1 kgan‘rom the density at surface (Son et al., 2007)
NOj3, IB, I-POC: integrated Ng, chl-« , POC from 0 to 75m.

C flux@ (mg C n2 d~1): measured by sediment traps.

C flux? (mg CnT2d1): measured by sediment traps.

I-PP (mg C T2 d—1): estimated by the model (of Behrenfeld and Falkowski, 1997).

€% C flux?/I-PP; &: C flux?/I-PP.

n.a.: data not available.

* PP value was measured by C-14 incubation.

Data in 2007 from non-typhoon periods. Data in 2008 from post-typhoon periods.

P E——— ; y P tions in a similar study region (25, 122.17 E) in good

i voois £ /00! . Z weather conditions (Gong, et al., 2000, 2001). The change in

& E Tl | S areal chla concentration associated with typhoon Fengwong
was therefore 72 mgnt (=116— (31 +51 + 48 + 46)/4) and
the associated change in areal POC (integrated POC from
0 to 75m) level was 2.15 (=55(3.5+3.2)/2) gm?, giv-
ing aAPOC/Achl-a ratio of 30gC g chl-a (=2.15/0.072).
This is similar to the geometric mean (36 gClgchl-a) of
the range of carbon/chi-ratios reported for phytoplankton
- . from eutrophic environments by Riemann et al. (1989), sug-
MODIS 4 gesting that most of the increase in POC following typhoon

¢ Fengwong was associated with an increase in phytoplankton

biomass. Most previous studies using satellite surface color
images suitable for large scale observations have focused on
the surface layer, and hydrographic variation at depth has sel-
dom been observed.

The POC flux at 70m was approximately 2&5
14mgCm2d-1 5 days after the passage of typhoon Feng-
wong (Table 1). As we were unable to directly measure
the effect of typhoon Fengwong on POC flux, we compared
post-typhoon POC flux with fluxes measured during non-
Fig. 4. The derived surface chi-concentrations by MODIS be- typhoon conditions in June and August 2007, which were
fore and after typhoon Fengwong (pan&lsand B, from 24 July ~ 180+10 and 14622 mg Cnr2d=1, respectively (Table 1
to 31 July 2008) and Sinlaku (paneBand D, from 8 Septem- and Fig. 5). The elevated post-typhoon POC export flux is
ber to 17 September 2008) respectively. A pink dot represents theinlikely to have been caused by lateral transport of coastal
sampling location and a white line represents the track of typhoonsyaters or riverine input because the transmissometer profiles
Fengwong and Sinlaku. did not show any anomalies, and satellite color images did

not display any unusual terrestrial influence due to a signifi-
cant gap between Chinese coast and the study area (Fig. 4).
of the water column averaged 6.77 (=6.41 +0.36) uM. Enhanced POC export in the SECS was also observed after

Areal chlu (integrated chk from O to 75m) concen- passage of typhoon Sinlaku in September 2008. Measured
tration peaked on 3 August 2008 (at 116 mgin and POC fluxes in the SECS study area 5 and 7 days after passage
subsequently declined to 48mg/on 13 August 2008. of this typhoon were 22% 34 and 224:33mg Cn2d-2,

This was similar to the average maximum integratedachl- respectively (Table 1).
concentration of 46 mg i derived from extensive observa-

9/17/2008
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Fig. 5. POC export fluxes (blue bars, mg Cl%dfl) and integrated Temperature (C)

chl-a (1B, green bars: mg m?) in the study regionon 6/10in 2007, ) )

8/3in 2007, and 8/13 in 2008 (non-typhoon conditions), and duringFig- 6. Relationship between and sea surface temperature (SST) and
typhoon events in 2008 on 8/3 (typhoon Fengwong), and 9/19 andhitrate concentration in the study area of the southern East China
9/21 in 2008 (typhoon Sinlaku). Sea.

The change in areal POC concentration following shows how SST in the area of the cold water patch changed
typhoon Fengwong (2.15gCTR) can be equated to over time following passage of typhoon Fengwong, with the
the difference between the integrals of new produc-lowest SST evident in the cooling core. This demonstrates
tion and export production following the typhoon. As- that satellite-derived information can be used to complement
suming that export production increased linearly from ain situ sampling for assessment of the impact of cooling on
baseline of 160 (=(180+140)/2)mgCrhd~! to 265+  POC production and flux (see discussion in Sect. 4.3). Fig-
14mgnt2d-! five days later, the integral of export ure 6 shows a strong relationship between SST and NO
production during that time interval is 1.06gCf  concentration in the study area. The decline in SST caused
(=(160+265)x (5/2)=1062.5mgCm?).  Addition of by typhoons could be caused by various processes including
this value to the observed increase in POC yieldsevaporative heat loss, wind enhanced vertical mixing, wind
3.21 (=5.5-(3.2+3.5)/2+1.06) gC ¥ for the integral of  induced upwelling, and a reduction in solar insolation be-
new production, i.e., a new production rate of 0.642 cause of increased cloud cover, but delineation of the extent
(=3.21/5) gC 12 d~* following the typhoon. of involvement, and the contributions of different processes
to observed cooling (e.g. SST change), is exceedingly com-
plicated. The SST cooling factors are complicated, but they
can be use to predict the nitrate concentration from the SST
4.1 Hydrographic settings during non-typhoon and data a_fter a_typhoon if the relati_onship betwe_en_te_mperature

post-typhoon periods and nitrate in the open ocean is known. This is important

when using an algorithm to estimate new production (NP) by

Dramatic effects of typhoons on chllevels, biological vari- ~ means of remotely sensed ocean color to determine the ni-
ables, and phytoplankton production have been reported seytate concentration in the euphotic zone (e.g., Dugdale et al.,
eral days following the passage of typhoons based on dat&989; Sathyendranath et al., 1991).
from satellite color images or field experiments (Babin, et Chl-a concentrations40.24 mgnt3 in June 2007 and
al., 2004; Chang, et al., 2008; Lin, et al., 2003; Shiah, et al. 0.41 mgn723 in August 2007) at 5 m changed to 1.4 mg#
2000; Walker, et al., 2005; Siswanto et al., 2007; Zhao, eton 2 August 2008 (Fig. 3f), associated with the presence
al., 2008; Zheng and Tang, 2007). The satellite-derived SSTof cold nutrient-rich water. A linear plot of chi-con-
data used in the present study clearly showed cooling aftecentration versus the visible light attenuation coefficient
the passage of typhoons Fengwong and Sinlaku (Figs. 2a an@ In(100)/EZ from Table 1, EZ: euphotic zone), gives a slope
b). Many previous reports have focused on variation in SSTof 37 m? g1 chl-a (Fig. 7,2 =0.976), suggesting that vir-
(e.g. entrainment of cold, nutrient-rich water brought to thetually all of the decrease in EZ following typhoon Fengwong
surface), surface ocean color images, and sea level anomaan be explained by a rise in phytoplankton biomass within
lies between pre- and post-typhoon periods (Chang, et althe euphotic zone. The slope is in agreement with the previ-
2008; Lin, et al., 2003; Zheng and Tang, 2007). Figure 2bously reported values (3099~ chl-« at an irradiance equal

4  Discussion
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0.16 nutrient concentration and phytoplankton biomass. Figure 3b
and C show the vertical profiles of NGnd chla concen-
0.15 r trations after the passage of typhoon Fengwong. When the
014 | chl-a concentrations are converted to phytoplankton nitro-
— gen assuming a carbon/chlratio of 30 (see above) and
H‘g 013 | the Redfield C/N (Redfield, et al., 1963), it becomes appar-
g 012 | A ent that phytoplankton uptake five days after the typhoon
X had removed only 5.3% of N§(=0.36/6.77) in the up-
011 | per 75m of the water column. Why was so little upwelled
A NOsz assimilated by phytoplankton? With an initial areal
010 chl-a concentration 0f~0.041gnm? (=(0.051+0.041)/2)
0.09 (Table 1), and assuming a carbon/ehkatio of 30 (see

above), the biomass of phytoplankton just prior to typhoon
Fengwong would have been 1.23 g C#ror approximately
Chla (mgm?) 37% (=1.23gCm?/3.35gC m?) of the POC in the wa-
ter column. Areal chk concentration roses from about
Fig. 7. A relationship between chi-concentration versus vertical 44 to 116 mg m2, thus showing a net rate of increase of
light attenuation coefficient{(par)- approximately 0.19d' (=(In 116—In 44)/5 day) or a dou-
bling time of 3.6 (=(In 2)/0.19) days. Assuming approxi-
mately one doubling each 3.6 days, phytoplankton biomass
to 33% of the surface level and40 P g~* chl-a at greater  in the upper 75m of the water column could have increased
depths) (Laws et al., 1990). to 3.2gCm? in five days, only equivalent to 0.53 pM
It is noteworthy that in situ concentrations of ehlkl.4  (=3.2gC nT2/12 g mot-1/75m/6.6) phytoplankton nitrogen,
and 1.0 mg m® on 2 August and 19 September, respectively) thus significantly lower than the observed N@umping
were higher than satellite derived average «halues (0.9  (6.77 uM). As these calculations are based on integration to
and 0.7 mg m® on 2 August and 17-19 September, respec-a depth of 75m, and because the 1% light level was substan-
tively), suggesting that the derived chivalues might be un-  tially shallower than 75m (31-44 m), the slow growth rate
derestimated by use of satellite color images following a ty-was probably attributable in part to considerable light limita-
phoon. Although we recognize that the data are limited, wetion. An additional explanation for failure of the phytoplank-
would suggest several possible explanations. (1) Just afteton population to increase is grazing by protozoa, which are
the passage of the typhoon the concentration of surface chlable to multiply rapidly and are among the dominant her-
a is likely to decrease, because chis mixed from surface  bivores in tropical and subtropical open ocean food chains
waters to greater depth. Shortly after the typhoon theachl- (Laws, et al., 2000).
is expected to increase in response to higher nutrient con-
centrations and increasing water stability. After some more4.2 POC fluxes following the passage of typhoons
time the chla concentration is like to decrease again when Fengwong and Sinlaku
nutrient are used up and their concentrations are decreasing.
The measured chi-concentration was obtained at a specific Although typhoon Sinlaku was a category 3 typhoon, the
location several days post-typhoon during a time of rapidlowest SST (26.8C) in the SECS caused by this typhoon
phytoplankton growth, whereas the derived ehlalue was  was higher than that (25°C) resulting from passage of ty-
a 3-day mean value derived from a large arex @km?) phoon Fengwong. Overall, the impact of both typhoons on
and including periods of both high and low phytoplankton SST levels in the SECS was similar to the effect of the cat-
growth; (2) The phytoplankton community may change afteregory 5 typhoon Haitang, which passed over Taiwan on 18—
atyphoon (see detailed discussion in Sect. 4.3); (3) Samplind9 July 2005 (Chang, et al., 2008; Tsai et al., 2008). On
time differences between the two approaches could be influ22 July 2005, after the passage of typhoon Haitang, the cool-
ential if phytoplankton show diel variation in compositional ing area «26°C) expanded rapidly to occupy a crescent
characteristics. However, the presence of suspended partshaped region of 9146 kin This increased area of cooling
cles and/or chromophoric dissolved organic matter (CDOM)weakened gradually but persisted for more than 1 week. Ad-
may cause satellite-derived chlmeasurements to overesti- ditionally, Zheng and Tang (2007) found an initial decrease
mate in situ concentrations (Hoge and Lyon, 2002; Tang ein SST (0.5-2C) associated with the passage of a typhoon
al., 2008; Shang et al., 2008). Therefore, further evaluatiorin the South China Sea, whereas a large decrease in SST (4—
of the relationship between in situ chland satellite derived 5°C) was noted 1 day after passage.
chl-a is warranted. The measured POC fluxes in the SECS 5 and 7 days af-
One obvious benefit of in situ sampling following ty- ter passage of typhoon Sinlaku were 2284 and 224t
phoons is acquisition of information on vertical variation in 33mgCnr2d-1, respectively. These values are higher than
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the fluxes seenin June and August 2007, but less than the fluftow field off northeastern Taiwan could be dramatically al-
observed following the passage of typhoon Fengwong4265 tered by typhoons. The observed fast cooling after typhoon
14mgCnr2d-1). As the sustained wind speeds (51  Sinlaku might be due to the upwelling of the Kuroshio sub-
during typhoon Sinlaku were significantly higher than those surface water, then accompanied by Kuroshio surface wa-
during typhoon Fengwong (43m?%), it is reasonable to ter intrusion onto the continental shelf. Other factors such
assume that more nutrients were injected into the upper wateais Kuroshio instability, internal tide, impinging meso-scale
column upon passage of the former typhoon. Other factoreddies, etc, may also affect the flow field off SECS (Tsai
being equal, one might anticipate that POC fluxes would beet al., 2008). A better understanding of the relative im-
greater 5-7 days after typhoon Sinlaku. Why was this evi-portance of upwelling and mixing in the SECS will require
dently not the case? more field observations. Furthermore, photosynthetic rates
As noted above, the amount of N@hjected into the up-  are probably limited by light (controlled by cloud cover) and
per 75m of the water column after typhoon Fengwong hadthe size of the phytoplankton population after passage of ty-
the potential to cause a much greater bloom of phytoplanktophoons. Typhoon Sinlaku occurred approximately 7 weeks
than was observed. The increase in phytoplankton biomasafter typhoon Fengwong, and it appears that daily insola-
after a typhoon clearly depends on much more than physicgion was about 13% lower during the latter typhodntg:
The greater level of wind mixing associated with typhoon //aom.giss.nasa.gov/srlocat.hyml
Sinlaku likely increased the depth of the mixed layer (MLD)
to an extent greater than that associated with typhoon Feng?-3  Implications for new and export production after
wong. It is apparent from Table 1 and Fig. 3 that the MLD typhoon events
(45 m) after passage of typhoon Fengwong was deeper than . ,
the euphotic zone (34m). Further deepening of the mixed0Yd and Trull (2007) pointed out that many recent bio-

layer would reduce the areal concentration of phytoplanktordeochemical models may over-estimate global POC export

in the euphotic zone and hence reduce net community proflux and suggested that for global carbon modeling, more

duction (Sverdrup, 1953) because ahtoncentrations de- field observations were needed to validate modeled estimates

clined rapidly at depths below 45 m (Fig. 3f). Since theuo (Laws, et al.,, 2000; Moore, et al., 2002). Many typhoons
concentrations at most depths in the water column follow-2nd hurricanes occurring in tropical open oceans each year

ing typhoon Fengwong were more than adequate to saturafe//ebster, et al., 2005), and their collective effects on car-
phytoplankton uptake kinetics (Eppley, et al., 1969), there ishon export flux remain unclear because of sampling diffi-

no reason to believe that additional mixing would have in- Culties. We used existing algorithms to estimate primary
creased growth rates. Indeed, additional mixing and deepProduction (PP) (Behrenfeld and Falkowski, 1997) and new

ening of the mixed layer would have reduced growth rates2d €xport production (Laws, et al., 2000). The algorithm

due to light limitation. This scenario very likely explains ©f Laws et al. (2000) is a steady state model in which

the lower rates of POC export following typhoon Sinlaku, "€W and export production are assumed to be the same.

compared to those noted following the passage of typhoor;rhe estimated new/export production in the present study

Fengwong. was 183-219 mg C if day ! during June and August 2007,

2 a1 -
Other factors are worthy of consideration. Based on the2®/ Mg Cn“day following typhoon Fengwong, and

2 41 -
recorded track (Figs. 4c and d), the center of typhoon Feng?/ /~3°9mg Cm“day™" after typhoon Sinlaku. The mod-

wong did not pass directly through the study area. Previou€'€d néw/export production during June/August 2007 was
reports have indicated that upwelling and sea surface coolSlI9htly higher than the measured POC flux (Table 1). A
ing are primarily observed along the typhoon track, or to thelikely explanation for this discrepancy is that some of carbon

right of the typhoon center, suggesting that wind-enhancedXport frpm the_open ocean at such Ia_titudes is attributable to
convective mixing of dissolved organic carbon (Carlson, et

eddy pumping and/or vertical mixing are major mechanisms :
involved in these phenomena (Lin, et al., 2003; Shang, ofdl-, 1994). Five days after typhoon Fengwong, the average of

al., 2008: Walker, et al., 2005: Zheng and Tang, 2007).n€W/export production was 454 (=642 +265)/2) mgCm

1 . .
For example, enhanced phytoplankton growth to the rightday— , Which is lower than the modeled new/export produc-

. 2 1 .
of a typhoon track has been reported in the Gulf of Mex- ion 0f 567 mg Cm* day™=. At 5-7 days after typhoon Sin-

ico (Walker, et al., 2005) and the South China Sea (Zhenglaku’ the modeled average new/export production was 318

and Tang, 2007). The study area was close to the storm cer(;‘ (277+359)2)mg Cm“day . If this is I|keW|se.|nd|ca-
ter of typhoon Sinlaku but to the right of the track of ty- tive of the average of new and export production at that

phoon Fengwong. Moreover, the two typhoons Fengwongfime. the impzlied new production would be 412 (= 34B-
and Sinlaku had dissimilar paths (Fig. 4b—d). Typhoon Sin-224) Mg Cm“day"", almost twice the measured POC ex-

laku after crossing Taiwan (13-14 September) veered to th@ort. This conclusion is roughly _consistent with .the behavior
northeast over the study area. Tsai et al. (2008) reported th&tf Néw and export production five days following typhoon
SST in the SECS changed abruptly when typhoons IoasseEengwong, i.e., new production glreaterthan P(é)C ex;i)ort by a
by Taiwan from the east or the west, and the complicated@ctor of 2.4 (=642mg C e day /265 mg C nr? day ™ 4).
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Trap results (Table 1) suggest that the export ratio (POCand the fact that the rate of increase in abundance of the phy-
flux/primary production) rises following typhoons. This toplankton community was constrained by a combination of
probably reflects the fact that phytoplankton species compotight limitation and grazing.
sition changes from small-cell species to large diatoms due POC export fluxes observed in the field were lower than
to the influence of nutrient-rich water. We did not investigate those predicted by Laws et al. (2000) during non-typhoon
phytoplankton species composition in the present study, butonditions, probably because a substantial amount of the or-
we did examine phytoplankton assemblage changes (Hunganic carbon export at such times is associated with convec-
et al., unpublished data) in the same study area between Sive mixing of DOC. Following typhoon Fengwong, there
20 August 2009, embracing the period before and after tyivas excellent agreement between the model's estimate of
phoon Morakot which passed over Taiwan on 8 August 2009 new/export production and the average of estimated new
The major phytoplankton assemblages in surface waters beyroduction and POC export, suggesting that following ty-

fore typhoon Morakot (5 August) were smalinoflagel-  phoons most export occurs via sinking POC. Further studies
lates(cell size< 10 um), includingGymnodinium spp.The  are required to elucidate the mechanism of cooling after ty-
abundance o6symnodiniunwas about 1500 cellst!. Tri-  phoons, and to quantify the contribution of storm events to

chodesmium sppwere also found in the study area, imply- global POC export flux in other marine environments includ-
ing that the surface waters were oligotrophic. However, theing marginal seas and tropical open oceans. The field obser-
major phytoplankton assemblages 3 days (on 11 August) afvations of this study were conducted within a small area be-
ter typhoon Morakot were composed of pennate diatoms incause of poor weather conditions. The availability of numer-
cluding Pseudonitzchia sppand Nitzchia spp.Seven days  ous moorings may be useful to help clarify physical mixing
(14 August) after passage of typhoon Morakot, the domi-mechanisms and to enable a comprehensive understanding of
nant phytoplankton species were large cell colony-formedpiological processes operative during and after typhoons.
diatoms includingChaetocerosThalassionemaand Skele-

tonema costatumThe highest abundance of these large di- ocknowledgementsve appreciate the assistance of the crew
atoms (approximately 2 10° cells L™") occurred ten days of the R/V Ocean Research IIG.-S. Hsieh, J.-M. Wu, and C.
after the typhoon. Following the typhoon, phytoplankton w, Tseng. The positive comments of three anonymous reviewers
abundance decreased dramatically. Nutrient conditions werare also deeply appreciated. This research was supported by
similar in the study area before and after typhoons Fengwonghe National Research Council of Taiwan (NSC98-2628-M-019-
and Morakot. Analogous phytoplankton species change$11l, NSC99-2628-M-019-011, NSC98-2611-M-019-014-MY3,
have been reported in the East China Sea (Chang et al., 1998)SC99-2621-B-019-001-MY3) and the Center for Marine Bioen-
and the Kuroshio (Chen et al., 2009). During non-typhoonv'rc_’nme_m and Biotechnology at the National Taiwan Ocean
conditions, a substantial proportion of export production mayY"Versity-

be associated with convective mixing of DOC (Carlson, etEdited by: E. Boss

al., 1994). The model of Laws et al. (2000) suggests that T
the export ratio after typhoon is higher than that during non-
typhoon conditions (Table 1). If this is true, the implication
is that an important difference between typhoon and nonReferences
typhoon conditions is the mechanism of export: primarily
POC sinking following typhoons and roughly equal contri-
butions from POC sinking and convective mixing of DOC
during non-typhoon conditions.
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