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Here we report on our studies of chlorophyll-a in the South China Sea (SCS) and its
structural features based solely on merged satellite ocean color data (Ocean Color
Climate Change Initiative — OC-CCI). The SCS is largely oligotrophic, and its primary
production predominantly comes from picophytoplankton. Short-term changes in
the SCS picophytoplankton community structure driven by typhoon Wind Pump (WP)
are studied against the background of long-term (1998-2016) space-borne OC-CCI
observation data. Two ocean color data processing algorithms were applied permitting
to reveal (a) the SCS total phytoplankton size structure (in terms of its contribution to
chlorophyll-a (chl-a) concentration), and (b) the picophytoplankton community structure.
The first algorithm is for partitioning the total chl-a in water into micro-, nano-, and
picophytoplankton. The second algorithm quantifies the cell abundances of two species
of prokaryotic algae — Prochlorococcus (Pro) and Synechococcous (Syn), and the
entire community of eukaryotic picophytoplankton (Peuk) in the SCS. In general, a long-
term trend toward an increase in chl-a of all phytoplankton size classes was observed,
although the relative share of micro- and nanophytoplankton in the total amount of
chl-a was minor, while the share of picophytoplankton was somewhat more pronounced.
Within the picophytoplankton size class, the numbers of Syn and Peuk cells also showed
a slight upward trend, whereas Pro showed a definite decrease in their numbers. The
short-term dynamics caused by the passing typhoons was marked by a strong growth of
chl-a along the cyclone’s footprint path, with the potential to eventually promote massive
phytoplankton blooms. Within the picophytoplankton size fraction, Syn and Peuk cell
numbers showed some increase, while Pro cells, which proved to be resistant to poor
nutrient conditions, decreased when the typhoon wind pump effect provided nutrients.
The typhoon WP temporal effect on phytoplankton community structure was shown to
last not more than 1 month, but usually 2-3 weeks. Our results indicate that the above two
data processing algorithms are instrumental in establishing the phytoplankton community
structure status and its dynamics in the SCS.
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lMpoBeneHo nccnegosaHne xnopodpunna a dpurtonnaHktToHa B KOxHO-Kutainckom mope
N €ero CTPYKTYPHbIX OCOOEHHOCTEN, OCHOBAHHbIX UCKOYMNTENILHO Ha OObEAMHEHHbIX
CMYTHMKOBBIX AaHHbIX O LuseTe okeaHa (Ocean Colour Climate Change Initiative). IOxHo-
KnTtanckoe Mope B 3Ha4UTEJIbHOM CTENEHU OIMTOTPODHO, 1 ero NepBmyYHas NPoayKUms
B OCHOBHOM obfecneumBaeTcs nukodpuToniaHkToHoM. KpaTkocpouHble M3MEHEHUs B
CTPYKTYpe coobuiecTBa nMkodutonaaHkToHa KOXHO-KuTtanckoro Mops, Bbi3BaHHbIE 3¢-
deKkToM BETPOBOro Hacoca, 00yC/ioBIEHHOr0 TadyHaMn, N3y4aloTCs HA OCHOBE MHO-
ronetHux (1998-2016 rr.) MynbTUCEHCOPHbIX CMYTHUKOBbLIX AaHHbIX. [pYMEHeHbl ABa
anroputMa 06paboTku OaHHbLIX O UBeTe okeaHa. epBblii NO3BONSET BbIABUTL OOLLYIO
pasmMepHyo CTPYKTYPY PUTONNAHKTOHA (C TOYKM 3PEHNA €ro BKIaga B KOHUEHTPauUIo
xnopodwunna a (chl-a)) n paspenntb 06wmin chl-a B Boge Ha MUKPO-, HAHO- U NUKODU-
TOMMAHKTOH. BTOpOWN anropntMm KOJIMMECTBEHHO OLLEHMBAET YMCIIEHHOCTb KNETOK TPex
rpynn nMKOQUTOMNIaHKTOHA, 8 MMEHHO: OBYX BMOOB MPOKAPUOTUYECKMX BOLOPOCIEN
Prochlorococcus n Synechococcous 1 Bcero coobuiectsa 3ykapuoTUHeCcKOoro mmko-
duTonnaHkToHa (MMKoaykapuoThl). B uenom Habnoganacb OOArocpoYHas TeHOEHUMS
K yBenuyeHuio chl-a Bcex pasmepHbIX KaccoB GUTOMIAHKTOHA, XOTS OTHOCUTESbHAdA
00N MUKPO- U HAHOGUTOMAHKTOHA B 06Lem konnyecTse chl-a 6blna He3HaYUTESTbHOW,
B TO BPEMSI KakK 40N MMKODUTONAHKTOHA Oblnia HECKObKO B0ee BbIPAXEHHOM. BHYTpU
pasMepHOro knacca nMKoOUTOMIaHKTOHA KOIMYECTBO KNETOK Synechococcous v nnko-
3yKapuoTOB TakxXe rnokasano HeGOSbLUYID TEHAEHUMIO K POCTY, TOr4a Kak YNCIEHHOCTb
Prochlorococcus cHuxanacb. KpaTkocpoyHas M3MEHYMBOCTb, Bbi3BaHHaA BINAHUEM
NPOXOXAEHNSA TaNdyHOB, XapakTePU3yeTcs CUIbHLIM POCTOM chl-a BOonb TpaekTtopun
NPOXOXAEHWS, 4TO B KOHEYHOM UTOre MOXET CrMocobCTBOBATL MAaCCOBOMY LIBETEHMIO
buTONNAHKTOHA N YBENINYEHMIO BK1aaa 6onee KpyrnHoro GuUTomnIaHKToHa B 06LLYIO KOH-
ueHTpauumio chl-a. B coctaBe NMkoduTONNaHKTOHA KOIMYECTBO KNeTok Synechococcus
M MMKO3YKapUOTOB MNoKa3asio HEKOTOPOE YBENIMYEHME, B TO BPEMSA KaK YMCINO KIETOK
Prochlorococcus, koTopble aganTupoBaHbl K ONIMIOTPOMHLIM YCIIOBUAM OTCYTCTBUS
TandyHOB, yMeHbLUAN0Ch. [loka3daHo, 4TO BpEMEHHOE BO3AENCTBME BETPOBOIO HAcoca,
BbI3BAHHOI 0 TandyHOM, Ha PUTOMIAHKTOHHOE coobLLEeCTBO aAnnTcsa He 6onee 1 mecsaua,
006bI4HO 2-3 Hepenu. MonyyeHHble pe3ynbTaThl NOKa3bIBAIOT, YTO ABa BbilLeyka3aHHbIX
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anropuTma O6pa6OTKI/I AaHHbIX MOT'YT UrpaTb BaXXHYO POJib B YCTAHOBJIEHNN CTPYKTYPbI
CbI/ITOI'IJ'IaHKTOHHOFO coobulecTsa 1 ero auHamunkm B KOxHo-Kutanckom Mope.

Kniodyesble cnoga: lOxHO-Kutaickoe mope; TardyHbl; BETPOBON HACOC; CTPYKTYpa
coobuecTBa GpUTONNIAHKTOHA; 06beANHEHHbIE AaHHbIE O LBETE OkeaHa
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Introduction

The concentration of phytoplankton chloro-
phyll-a (chl-a) is traditionally considered as a valu-
able parameter shedding light on the ecological
state of water bodies and their productivity status.
In application to the problem of climate change, it
is important to elucidate the role of phytoplankton
in the global carbon cycle and workings of marine
ecosystems. In this regard, quantitative know-
ledge, inter alia, on algal cell size distributions in
phytoplankton communities permits to assess
the rates of carbon deposition to the seabed and,
consequently the efficiency of the carbon pump
mechanism regulating the carbon fluxes exchange
between the atmosphere and ocean [Eppley, Pe-
terson, 1979; Liu et al., 2009; Shovonlal et al.,
2013; I0CCG..., 2014].

As the world’s largest marginal marine envi-
ronment, the SCS (Fig. 1) substantially deter-
mines the regional climate including its carbon ba-
lance aspect [Wong et al., 2007]. At least beyond
the coastal zone, this sea is an oligotrophic water
body exposed to multiple external forcings includ-
ing monsoonal seasonal variations in wind condi-
tions, typhoon/tropical-cyclone Wind Pump (WP)
[Li, Tang, 2022] and the Kuroshio water intrusions
[Nan et al., 2015]. The typhoon WP may cause
strong algal blooms even in strictly oligotrophic
parts of the SCS, where such intensive blooms
would not be possible otherwise.

Here we report on our study addressing such
algal blooms in the SCS as local events that ap-
pear in both high primary productivity spates and
alterations in the phytoplankton community struc-
ture (PCS).

Picophytoplankton is known as the most abun-
dant algae in oligotrophic waters, but their abun-
dance and cell size structure prove to be sensitive

to changes in the phytoplankton community com-
position and density, which happens due to the im-
pact of the typhoon WP.

Numerous in situ/ship-borne studies addressed
the issue of phytoplankton composition [Pan et al.,
2006; Liu et al., 2007; Chen et al., 2009; Huang
etal., 2010; Li et al., 2010; Lin et al., 2011; Zhang
et al., 2013; Wang et al., 2016]. However, only a
few investigations of this subject were based on
satellite ocean color remote sensing [Pan et al.,
2013; Ye, Tang, 2013; Morozov, Tang, 2019]. The
in situ data available to us was used to develop
the two algorithms used in the present study [Ye,
Tang, 2013; Morozov, Tang, 2019].

The present research is focused on spatio-tem-
poral variations of chl-a depending on the phyto-
plankton community composition in the SCS within
the framework of the typhoon WP phenomenon.
We employed two ocean color data processing al-
gorithms for retrieving (a) phytoplankton cell size
structure [Ye, Tang, 2013] and (b) picophytoplank-
ton community structure [Morozov, Tang, 2019].
A combination of these two algorithms provided
detailed insights into the PCS specific features and
dynamics.

Another specific aspect of our study is that
it addresses both inter- and intra-annual PCS
dynamics. The inter-annual scale is intended to
relate the PCS variations to some climatological
parameters such as the sea surface temperature
(SST), El Nino index and intensity of the Kuroshio
intrusion into the SCS. The recent studies show that
typhoon WPs significantly affect the marine eco-
system and induce phytoplankton blooms [Zheng,
Tang, 2007; Liu et al., 2019; Xu et al., 2019].

On the intra-annual scale, we study the ef-
fect of typhoon WPs on the PCS. Previously,
there have been no PCS dynamics studies done
solely by means of space-borne remote sensing.
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The long-term/interannual PCS variability and the
factors driving it have not been well studied either.
In the present paper we address both of the above
issues to reveal how episodic but very intensive/
powerful interventions of typhoons affected the
PCS against the background of multidecadal PCS
variations in the SCS.
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Fig. 1. Study areas in the SCS. Footprints paths of the
typhoons that caused algal blooms are shown in various
shades of gray. The area in the SCS within which long-
term studies were performed is marked as a polygon
bounded by a red line

9°N

Data sources and research methodology
Data sources

The present study is based on the merged
satellite data provided by the Ocean Colour Cli-
mate Change Initiative (OC-CCI) Project [2016].
The employed OC-CCI dataset comprises level 3
images at a 4x4 km spatial resolution.

The OC-CCI dataset consolidates radiometri-
cally and spectrally harmonized results from the
level 1b, 3 reprocessing MERIS (MEdium Resolu-
tion Imaging Spectrometer) Reduced-Resolution
(1 km) data, MODIS level 1A data, R2014.0.1,
level 2 VIIRS data, and level 2 Local Area Coverage
(1 km) and Global Area Coverage (4 km) Sea-
WIiFS data, R2014.0 [Lee et al.,, 2002; Mélin,
Sclep, 2015; Grant et al., 2017]. The OC-CCI data
on remote sensing reflectance R_ are recalcu-
lated to match the SeaWiFS spectral bands cen-
tered at 412, 443, 490, 510, 555, and 670 nm
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[Grant et al., 2017]. Monthly and 8-day averaged
images were used.

Additionally to OC-CCI data, satellite data on
wind and sea surface temperature (SST) were
used. Available at www.remss.com [Ricciardulli
et al., 2011; Ricciardulli, Wentz, 2016], monthly
and weekly averaged wind data are from the Ad-
vanced Scatterometer (ASCAT) launched on the
EUMETSAT MetOp-A satellite and the Quick
Scatterometer (Quikscat). Both the ASCAT and
QuikScat data were used at monthly and weekly
averaged temporal resolution in bitmap format.

MODIS Level-3 nighttime SST Standard
mapped image (SMI) products were utilized
[NASA..., 2010]. The product is the skin sea sur-
face temperature in degrees Celsius retrieved from
the 11um and 12 um spectral channels. The algo-
rithm is based on a modified version of the nonli-
near SST algorithm of Walton [Walton et al., 1998;
Brown, Minnett, 1999; Kilpatrick et al., 2015].
Available at https://oceancolor.gsfc.nasa.gov, the
MODIS-Aqua and MODIS-Terra data cover the
entire operational time period extending, respec-
tively, from 04 July 2002 and 24 February 2000 to
present [NASA..., 2014]. The MODIS-Terra data
were employed only for the time periods of gaps
in the MODIS Aqua data availability.

Phytoplankton community structure algorithms

Within the PCS issue, we examined both the
proportions of co-existing algal cell size classes
and the species composition of the picophyto-
plankton size class. Two independent satellite OC
data processing algorithms were used. One of
them, employing a cell size class model, quanti-
fies the percentage of chl-a contained in each of
the following three cell size classes: micro-, nano-,
and picophytoplankton. The second algorithm de-
termines the cell abundance (cells/ml) in the pico-
phytoplankton class, specifically in the aforemen-
tioned Pro, Syn, and Peuk species.

Algorithm for discrimination between algal
cell size classes. A Three-Component Model by
Ye and Tang (TCM-YT) [Ye, Tang, 2013] for phyto-
plankton size class analysis in application to the
SCS stems from the Brewin et al. [2011] model
permitting to ascribe the total chl-a (chl-a ) in
water to three components of phytoplankton, viz.
pico-, nano-, and microplankton. To derive the lin-
ear relationships between chl-a , and the above
cell-size classes, the TCM-YT employed in situ
measurements obtained in both open sea and
coastal areas of the SCS during different seasons;
part of these data were used for the model valida-
tion. The resultant linear relationship is further used
to re-estimate the distribution of chl-a _, between
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the three size classes in order to calculate the mi-
cro-, nano-, and picophytoplankton proportions.

The TCM-YT algorithm proved to assure higher
correlations and smaller errors as compared with
other models when applied to the SCS. The sta-
tistical analysis shows that the Root Mean Square
Errors (RMSEs) of pico-, nano- and microplankton
were 17.6, 9.9 and 9.8 % of chl-a,,, respectively.
The TCM-YT performs well with OC-CCI input data
from entire SCS, i. e. the marginal and pelagic wa-
ters [Ye, Tang, 2013].

Picophytoplankton community structure al-
gorithm. The M&T algorithm by Morozov and Tang
[2019] developed for the retrieval of cell concen-
trations (cell/ml) of three picophytoplankton types,
namely the prokaryotic Prochlorococcus (Pro)
and Synechococcus (Syn), and picoeukaryotes
(Peuk), in the surface waters of SCS from ocean
color satellite data was employed.

The incentive of choosing Pro, Syn and Peuk
as the object of our research resides in the invari-
able interest of marine algologists specifically
to these particular picoalgae [Chen et al., 2007,
2009, 2011; Zhang et al., 2013; Wang et al., 2016;
Lietal., 2017].

The M&T algorithm is based on the spectral-
response approach, exploiting the differences in
the optical properties of specific algal groups even
if they belong to one and the same cell-size type of
phytoplankton. Indeed, it is known that the above
three picoalgae have a distinctly specific pigment
package composition. As a result, they differin light
harvesting. Besides, their nutrition preferences are
different. These dissimilitudes provide additional
opportunities to identify each of them. So, the M&T
performance can be substantiated by a number of
predictors such as reflectance at the wavelengths
of satellite sensor’s channels, normalized reflec-
tance, log-transformed normalized reflectance,
band-ratios and log-transformed band-ratios, and
chl-a. Level-3 merged multi-sensor Ocean Colour
Climate Change Initiative satellite data were uti-
lized for algorithm development/training. Training
was performed with in situ data on abundances
of the three picophytoplankton groups. Assessed
against the training dataset and characterized via
the coefficient of correlation (r) and the mean ab-
solute percent difference (MAPD), the accuracy of
retrieval of algal cell concentrations with the M&T
algorithm proved to be 0.90, 0.75, and 0.74 and
34, 59, and 46 % for Peuk, Pro, and Syn, respec-
tively. The regression form that assures the high-
est accuracy of the algorithm was chosen based
on independent data cross-validation (CV). Ac-
cording to the CV independent data tests, the al-
gorithm performance is characterized by r and
MAPD values of 0.89, 0.72, and 0.73 and 38, 71

and 51 % for Peuk, Pro, and Syn, respectively [Mo-
rozov, Tang, 2019].

Data processing

Long-term data series. Monthly mean level-3
OC images were processed with the TCM-YT and
M&T algorithms to retrieve the phytoplankton size
structure and determine specifically the composi-
tion of the picophytoplankton size class. Applying
a spatial averaging procedure (to the area marked
by the red polygon in Figure 1), spatio-temporal
monthly time series were obtained to compute
the average annual values of the contribution (%)
of micro-, nano-, and picophytoplankton to total
chl-a, and the concentrations (cells/ml) of Pro, Syn,
and Peuk. The SST and wind data were averaged
similarly. The Chl-a data were taken as monthly
mean images provided by the OC-CCI Project.

Typhoon events time scale. Monthly and
8-day averaged SST and OC images were taken
to study PCS spatial and temporal variations as-
sociated with the algal blooms induced by the
typhoon WP. The retrieved data were spatially
averaged over the typhoon bloom area, which was
identified by visual analysis of monthly images.
Algal blooms that were apparent in the monthly
image were checked for the presence of the typhoon
that could have caused them. Figure 2 exemplifies
outlining of a typhoon-induced algal bloom area:
because the shape of the detected bloom proved
to be expressly non-uniform, it was outlined as two
separate areas.

As the bloom discernibility in a chl-a image may
depend on the background concentrations, and
thus no strict thresholds for the algal bloom selec-
tion and delineation could be confidently set, the
following criteria for the algal bloom identification
were employed:

— the bloom is clearly visible in the monthly
average chl-a image;

— the bloom or any similar high chl-a fea-
ture (area) is not present in the same place in the
monthly average image for the previous or subse-
quent month;

— the onset of the bloom can be tracked down
to a typhoon during the analysis of wind speed
weekly images.

Delineation of the algal bloom and bloom mask
defining for further spatial averaging was done in
monthly images. The onset and development of
the phytoplankton bloom was studied in tempo-
rally averaged 8-days images with spatial averaging
over the earlier defined bloom mask (see Fig. 3
for example). In total, 15 typhoon-induced algal
blooms were identified. The trajectories of these
typhoons are marked with gray lines in Figure 1.
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The real number of typhoon-induced algal blooms
in the SCS could be greater, but sometimes it was
difficult to reliably identify the algal bloom and con-
fidently attribute it to any typhoon. In some cases,
algal blooms may become indiscernible because of
either storm-driven sediment re-suspension, or river
runoff enhancement driven by rainfall, or else the
bloom associated with the Kuroshio intrusion. Such
blooms were not considered as reliably identified.

3. Results and discussion
Interannual variability

In general, the long-term changes in the SCS
state were characterized by a rise in both SST
(Fig. 4) and chl-a (Fig. 5, a). The coefficients of
correlation between the variations of SST and mi-
cro-, nano-, and picophytoplankton shares (Nm,
Nn, and Np) over the entire period 2003-2016
were 0.75, 0.79, and 0.91, respectively. The ob-
served growth of the above variables followed the
increase of the El Nino index during 1998-2016,
which is a manifestation of a long-term process
that may be of the same nature as the phenome-
non observed in connection with the Kuroshio Cur-
rent. Nan et al. [2013, 2015] showed that the Kuro-
shio intrusion into the SCS had a weakening trend
in the 1990s and 2000s. These two global oceanic
hydrodynamic systems largely underlie PCS varia-
tions/changes in the SCS.

In turn, the aforementioned rise in chl-a resulted
in an increase in the share of the larger (micro- and
nano-) algal cell-size fractions and a decrease in
the share of picoalgae in the phytoplankton com-
munity (see Fig. 5, b). Therefore, the average cell-
size fraction of the phytoplankton became larger.
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In terms of cell numbers, the contributions of
Peuk and Syn grew while the contribution of Pro
decreased (Fig. 6).

An increase in SST should generally lead
to stronger stratification and, consequently, to
less vertical mixing and lower levels of nutrients,
i. e. conditions favorable for the growth of Pro
[Ting et al., 2002; Fang et al., 2015]. This was not
however actually observed in this study. Weaker
intrusions of the Kuroshio waters, which are more
oligotrophic and more expressly Pro-dominated
as compared to the SCS waters, should basical-
ly correlate with higher chl-a and less Pro in the
SCS [Li et al., 2017]. This was indeed observed
in our study.
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phoon-induced bloom
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The effects produced by El Nino, SST and wind
forcing, as well as alterations of the SCS thermo-
haline structure are arguably main drivers of the
PCS long-term changes [Wang et al., 2006; Liu et
al., 2015]. However, this issue is beyond the scope
of our paper since it is predominantly focused on
obtaining space-borne data on PCS and their analy-
sis rather than on in-depth study of the pheno-
menon’s forcing factors, which could be the topic
for a separate study.

Seasonal variability

The relationship between the cell-size classes/
groups of picophytoplankton was found distinctly
expressed in the seasonal cycle the same way as in
the long-term/interannual variations, viz. increases
in chl-a were accompanied by rising shares of the
cell-size groups, viz. Nm, Nn, Syn, and Peuk, and a
reduction in Pro concentrations (Fig. 7).

Phytoplankton composition studies at the
Southeast Asia Time-series Station in 2001-2002
and 2004-2005 [Liu et al.,, 2007] revealed the
main features of PCS seasonal variations, simi-
lar to the intraannual variations observed by us in
the SCS area. Indeed, chl-a surface concentra-
tions showed a distinct peak in winter months:
as the SST decreases, the MLD deepens and the

associated increase in the supply of nutrients fol-
lows the intensification of wind mixing. Such win-
ter-time conditions are favorable for most types of
phytoplankton with the exception of Pro. Pro is re-
sistant to low concentrations of nutrients and rather
stable light conditions that are generally typical
of low MLD [Ting et al., 2002; Moore et al., 1995;
Bricaud et al., 1999; Lindell and Post, 1995]. This
is illustrated in Figure 7 (d, e, f): Pro outnumbered
Syn and Peuk by one and two orders of magnitude,
respectively.

Pro did not follow the common seasonal pat-
tern of variations, and being the most abundant
picophytoplankton in the area it lowered the rela-
tive contribution of picophytoplankton chl-a to the
total chl-a. It is noteworthy that although the value
of Np is minimal in winter and maximal in summer,
the absolute chl-a values of picophytoplankton
were higher in winter. The absolute chl-a values are
calculated in the following way: chl-a_= chl-a*N,,
where the subscript x denotes the phytoplankton
cell-size class (m, n, and p for micro-, nano-, and
pico-, respectively); chl-a_is the chl-a attributed to
the cell-size class x; Nx is the contribution/share of
algae of cell-size class x to the total chl-a.

Seasonal PCS variations were to a large extent
correlated with the seasonal variations of chl-a.
The contributions of cell-size classes to chl-a,
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Fig. 7. Mean seasonal variations: shares of the phytoplankton cell size classes: (a) — micro-;
(b) — nano-, and (c) — picophytoplankton in the total chl-a; seasonally averaged chl-a concen-
trations of the three cell-size classes: (d) — micro-; (e) — nano-, and (f) — picophytoplankton;
cell concentrations of (g) — Pro, (h) — Syn, and (i) — Peuk
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in our research were quantified with the TCM-YT
abundance-based algorithm [Ye, Tang, 2013] and
are illustrated in Figure 7 (a—c). The contributions
of different picophytoplankton cell-size classes to
chl-a_, proved to be varying over the year. Nm and
Nn were maximal in winter and minimal in summer
with the difference between the lowest and high-
est values of about 5 % of chl-a,_, for both cell-size
classes (Fig. 7, a, b). The Np was minimal (57 %)
in winter and maximal (67 %) in summer, i. e. the
difference amounted to 10 %. Although picophy-
toplankton became a less important contributor
to chl-a_, in winter, it remained the most important
among the three size classes.

The patterns of seasonal variations in abso-
lute values of chl-a concentrations contributed by
each cell-size class were very similar, exhibiting
one maximum in winter and two minima in May and
September (Fig. 7, d-f). The chl-a of picophyto-
plankton varied within the range of 0.07-0.13 mg/m?3
and constituted the main portion of the entire chl-a
produced in the SCS over the year.

In the annual pattern of Pro cell concentrations
there were maxima in May and November and one
minimum in January (see Fig. 7, g).

Seasonal variations in Syn cell concentrations
exhibited one maximum in January (or rather in De-
cember-January because the maxima were nearly

equal in both months) and a minimum in May, fol-
lowed by a slight decline in September (Fig. 7, h).

Monthly variations in Peuk cell concentrations
had one maximum in January and two minima oc-
curring in May and September (Fig. 7, i).

Typhoon wind pump-induced variability

All cases. In the above sections we presented
and discussed the long-term and large-scale
variations in phytoplankton cell-size structure as
well as the typical seasonal variations in light of
the main oceanographic processes that can initi-
ate/underlie them. This section addresses the PCS
changes following the passage of typhoons that in-
duce phytoplankton blooms.

Table 1 presents all the identified typhoon-in-
duced blooms considered in this study. The following
designations were used: Unclear = bloom is rela-
tively weak and its area is difficult to delineate; Clear
= bloom boundaries are well expressed; Intrusion =
bloom may have been affected by the Kuroshio in-
trusion into the SCS; Coastal = bloom was caused by
a typhoon WP but was likely affected by coastal run-
off or near-shore sediment re-suspension. Typhoon
Maria (typhoon #2) was considered together with
typhoon Wukong because the bloom was mostly
caused by typhoon Maria: Wukong travelled closely

Table 1. The list of typhoon WP-caused blooms and the associated information

Bloom intru- Bloom Max
No Name Typhoon dates Bloom dates Bloom type duration, | coast . area, Chl-a
sion
weeks km? | 8d mean
1 |[Leo 27 Apr — 2 May 1999 | 1-16 May Unclear 2 - - 27,744 0.85
Maria 28 Aug - 1 Sept 2000 | - _ _
2 (+Wukong) 5-10 Sept 2000 5-12 Sept Unclear 1 10,832 0.25
3 |Lingling 612 Nov 2001 11Nov—2Dec |OPenseaclear, | 4 , - - | 89,680 | 0.49
very large
4 |Nepartak 13-19 Nov 2003 17Nov-2Dec | OPensea 1-2 - | - |24704| 027
clear, weak
5 [ Nanmadol 28 Nov — 3 Dec 2004 |24 Nov — 25 Dec | Intrusion 3-4 + + 12,384 0.70
6 |Damrey (#17) [21-27 Sept 2005 22 Sep — 7 Oct Coastal 2 + - 13,584 0.69
7 | Kai-Tak (#22) |8 Oct -2 Nov 2005 1-4 Nov Open sea, clear 2-3 — = 11,424 2.07
8 |Changchu 8-18 May 2006 17May—1Jun | OPENS€a 1-2 - — | 48,128 | 0.64
clear visible
9 |Cimaron 27 Oct - 4 Nov 2006 | 1-24 Nov %if;esea’ 2-3 - - | 12288 | 0.24
10 |[Lekima 30 Sept — 3 0ct 2007 |8 Oct — 8 Nov Coastal 2 + — 19,472 0.79
11 |Hagibis 19-27 Nov 2007 25 Nov - 26 Dec %i’l’esea’ 3-4 - - | 62,304 | 1.66
12 | Typhoon #2 13-19 Apr 2008 14-21 April Open sea, weak 1 + - 73,360 0.22
13 |Linfa (#3) 13-22 Jun 2009 18 Jun — 11 Jul | Open sea, clear 2-3 - - 7,344 0.41
14 | Megi 13-23 Oct 2010 24 Oct - 24 Nov | OPen se&: 3-4 - | - | 19216 | 1.41
intrusion
15 | Jebi 8-14 Aug 2013 28 Jul - 12 Aug | Open sea, weak 1-2 - - 15,696 0.21
16 | Nari 9-150c¢t 2013 16 Oct — 16 Nov | Open sea, clear 3-4 - - 52,720 0.79
17 | Rammasun 12-19 Jul 2014 20-28 Jul Open sea, weak 1 - - 61,552 0.17
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to the footprint of Maria and therefore it was difficult
to separate the influence of one from the other.

Since some of the bloom cases listed in Table
1 were studied by others, it was possible to obtain
additional information on the conditions of bloom
initiation and its development. A summary descrip-
tion of the blooms selected for the present study
is given in Table 2, which also contains information
on data sources for each bloom, its origin and the
mechanism by which the bloom was produced.

Typical bloom development. A typical ty-
phoon-induced bloom is characterized by increased
chl-a , with the prevalent chl-a and cell count con-
tribution to the phytoplankton community from
larger (micro- and nano-) algal groups. At the same
time, the picophytoplankton contribution decreas-
es. Within the picophytoplankton cell-size class, the
changes are multidirectional: Synechococcus and
Picoeukaryotes cell counts increase while that of
Prochlorococcus declines.

In the case of a typhoon WP event in the open
sea, storm wind-induced water mixing and upwell-
ing conjointly lead to an increase in both MLD and
the Ekman layer depth, with a result of bringing nu-
trient-rich deep waters to the surface and stimulat-
ing phytoplankton growth [Zhao et al., 2008, 2009;
Yang, Tang, 2010; Chen et al., 2011; Chen, Tang,
2012; Yu et al., 2013]. Another important mecha-
nism of phytoplankton concentration increase can
reside in the presence of a subsurface maximum,
which becomes mixed up with the surface waters
due to the typhoon-induced upwelling [Ye et al.,
2013, 2018a, b; Xu etal., 2019].

Being resistant to nutrient-poor conditions, the
smaller cell-sized (pico-) phytoplankton benefit
from this sudden increase in nutrient availability
not so much as the larger cell-sized (micro- and

nano) phytoplankton. Within the picophytoplank-
ton community, Syn and Peuk generally benefit
from the increased nutrient supply. Contrarily, Pro,
which prefers oligotrophic stratified waters, is the
only phytoplankton group that is depressed by the
typhoon. Its share in chl-a_, goes down, while the
populations of Syn and Peuk are enlarged.

Because of its specific light harvesting system,
Pro prefers growing at some depth [Ting et al.,
2002]. Thus, an alternative or additional mecha-
nism of downgrading the status of Pro in the phy-
toplankton community might be a sudden lifting
of Pro cells closer to the surface due to typhoon-
driven water pumping with the eventual effect of
reducing the growth of these algae. While, e.g.,
Syn algae are generally distributed rather uniform-
ly in the upper part of the euphotic zone (0-50 m),
the water pumping effect alone, in the absence of
nutrient enrichment, would not affect the abun-
dance of this species [Li et al., 2017].

In some cases, the typhoon-related forcings
may also include heavy rainfall resulting in inten-
sification of river/land runoff [Zheng et al., 2007].
The Kuroshio intrusion is another possible factor
capable of affecting the PCS in the SCS, e. g. case
#5 [Tang et al., 1999; Liet al., 2017].

Open sea bloom induced by typhoon. One of
the examples is the bloom caused by Typhoon
Chanchu on 8-18 May 2006 (see Fig. 8). The
phases of the onset and unfolding of the bloom
were clearly distinguishable and the associated
changes in the PCS could be confidently detect-
ed, quantified and interpreted. A similar example
(typhoon Nari) is illustrated in Figures 2 and 3.

The 8-day-averaged spatio-temporal time se-
ries of the PCS changes induced by Typhoon #2
are presented in Figure 8 (b). The bloom lasted

Table 2. Blooms studied and reported elsewhere and the associated information

Case # Typhoon Typhoon Date Reference Bloom formation mechanism
- Zhao et al., 2008 .
3 Lingling 6-12 Nov 2001 Yang, Tang, 2010 Strong, fast-moving typhoon
5 Nanmadol 28 Nov — 3 Dec 2004 |Tang et al., 1999 (similar case) Winter-time upwelling in Luzon Strait
_ Zheng, Tang, 2007 Coastal runoff due to typhoon
6 Damrey 21-27 Sept 2005 Zhao et al., 2009 (similar case) associated rainfall
Zhao et al., 2008
7 Kai-Tak 8 Oct — 2 Nov 2005 Yuetal., 2014 Weak, slow-moving typhoon
Yang, Tang, 2010
11 Hagibis 19-27 Nov 2007 Sunetal., 2010 Long forcing time, strong upwelling
. Chen, Tang, 2012 .
13 Linfa 13-22 Jun 2009 Liu et al., 2019 Multiple passage of 1 typhoon
Wutip 26-30 Sept 2013 ) - .
16 Nari 9-15 Oct 2013 Ye etal., 2017 Wind mixing and upwelling

Note. Water vertical mixing and upwelling were possibly the accompanying processes in all cases of the listed typhoons.
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for 2 weeks (May 17 — May 25 in Figure 8, b), and
during this time period clouds did not interfere with
the observations so that the data coverage was not
less than 94 % (see Fig. 8, b). Data coverage is the
percent of the 8-day average image covered by
cloud free satellite data. The bloom started inten-
sively in the first 8 days right after the typhoon had
passed (May 18 in Fig. 8, b). The bloom exhibited
all the typical features specified in section 3.3.2.
In the second week (May 25 in Fig. 8, b), the
bloom-induced changes in the PCS remained
clearly discernible: Pro and Syn abundances were
still very low and high, respectively. It is also worth
noting that during the second week, the bloom was
barely noticeable in the spatial distribution of chl-a
(Fig. 8, b) but it stayed distinctly expressed in the
patterns of the PCS parameters, especially, Nn,
Np, Pro, and Syn.

Coastal zone bloom induced by typhoon. Ty-
phoon Damrey passed the area during two weeks
(21 and 27 September 2005 in Fig. 9). The coastal
runoff affected the development of the typhoon-
induced bloom. Figure 9 illustrates the typhoon
footprint trajectory, successive bloom locations
(Fig. 9, a) and the associated chl-a dynamics
(Fig. 9, b). The co-occurring coastal runoff pro-
longed the bloom lifetime: the bloom remained
very strong during two weeks with the maximum in
the second week [Zheng, Tang, 2007].

Combined effect of typhoon passage and the
Kuroshio intrusion. The decrease in the picophy-
toplankton cell numbers produced by Nanmadol
typhoon (28 Nov — 3 Dec 2004) proved to be not
so strong as in the two previously discussed cas-
es (Fig. 10, a). This may be due to the intrusion of
highly oligotrophic and Pro-rich Kuroshio waters
[Li et al., 2017]. Remarkably, the most prominent
bloom feature appeared in the chl-a spatial distri-
bution prior to the actual passage of the typhoon
(Fig. 10, b). So, it would be more appropriate to
speak of a contribution of the invading typhoon to
the already existing bloom rather than of the bloom
actually triggered by the typhoon.

Typhoon-induced blooms discussed in this
study can be roughly classified into three types,
i.e. open-sea bloom induced by typhoon, bloom
induced by typhoon with the “assistance” of coastal
water nutrients, and bloom induced by typhoon
with the “assistance” of the Kuroshio.

Such a classification is certainly rather specu-
lative since in the absence of matchup oceano-
graphical data, it is hardly possible to ascertain the
nature of the processes involved in the formation
of a concrete bloom. In real life, the bloom initia-
tion is prompted either by one of such factors as
proximity to the coast (for instance, in the Luzon
Strait area), the Kuroshio intrusion, wintertime

Luzon Strait upwelling, or even by a combination of
the said factors. Further extension of the number
of studied/analyzed typhoon-related cases may be
helpful in understanding the mechanisms that de-
termine the PCS dynamics in the SCS.

Conclusions

Application of the TCM-YT and M&T retrieval
algorithms to the OC CCI data permitted investi-
gating the PCS variations in the SCS on different
time scales.

Long-term (1998-2016) PCS changes followed
the rise in chl-a levels that continued throughout
this period and were marked by a redistribution of
the shares of micro-, nano- and picophytoplankton
groups in favor of the algae with a larger cell size.
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Fig. 8. Outlined area of the bloom caused by the Chan-
chu typhoon (8-18 May 2006) in the oligotrophic open
sea region (a); 8-day spatio-temporal time series av-
eraged over the typhoon-induced bloom area (b).
The red dot is the week of the typhoon event
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Within the picophytoplankton group, the concen-
tration of Pro, the smallest cell-size species, de-
creased while the abundance of Syn and Peuk spe-
cies remained largely unaltered.

During the long-term period, similar patterns
were found in the PCS seasonal variations, which
indicates that the entire PCS variability was prima-
ry due to the Pro algae.

Investigation of blooms initiated by typhoon
WP showed that an increase in chl-a was invari-
ably accompanied by an increase of the micro-
and nanophytoplankton share in chl-a_, while
picophytoplankton’s share clearly tended down-
ward. The same applies to the respective cell
numbers.
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It was found that the typhoon WP impact upon
the PCS in the SCS extends over an area of about
100-300 km, and can last up to 4 weeks, but usu-
ally its lifetime is 2 weeks.

The results indicate that the above two data
processing algorithms are instrumental in estab-
lishing the PCS status and its dynamics in the SCS,
especially when respective ship-borne data with
appropriate spatial coverage and time-and space
resolution are unavailable.

Nevertheless, it should be noted that the in-
tensity and spatial extent of the typhoon-driven
impacts on the PCS can be fashioned by the pres-
ence of a bloom formed prior to the typhoon ar-
rival, as well as by lifting of deep-water nutrients
closer to the surface. The Kuroshio invasion,
proximity to the coast or the wintertime Luzon
Strait permanent upwelling can arguably aug-
ment/modulate the actual influence of the ty-
phoon WP on the PCS in the SCS. These are the
aspects of the typhoon WP phenomenon calling
for further investigation.
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