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Abstract

Based on satellite remote sensing dataset and survey data during upwelling season of 2015, the spatial structures
of phytoplankton biomass and community for the first  time in the eastern Hainan upwelling (EHU) and its
adjacent area, the eastern Leizhou Peninsula upwelling (ELPU) were illustrated. It is found that a significant cold
tongue with high salinity and low temperature along the eastern Hainan coast driven by upwelling-favorable
summer monsoon. The ELPU was relative weaker than the EHU because of its wide and gentle continental slope.
Due to mixing by tides and waves, DO concentration with high value (>6.0 mg/L) were almost homogenous from
surface to 30 m depth at the EHU. Beneath that, low DO water (<6.0 mg/L, anoxia) were pumped upward from
bottom by the upwelling. The ELPU has worse DO condition compared with the EHU where bottom DO were
lower than 3.5 mg/L owing to abundant DO consumption. The phytoplankton biomass reached maximal value
about 1.5 mg/m3 at 30 m depth layer rather than surface layer at the EHU indicating the impact limit of upwelling
on phytoplankton growth and DO distribution. Nourished by rich nutrient input, the phytoplankton biomass at
the  ELPU  were  much  higher  than  the  EHU  where  the  maximal  value  can  reach  about  4.0  mg/m3.  The
phytoplankton biomass were reduced to about 0.2–0.3 mg/m3 at the offshore areas of the EHU and ELPU which
were close to the value at open sea. At the inshore of the EHU, the phytoplankton community was dominated by
diatom which accounted for about 50% of phytoplankton biomass. And prokaryotes (about 40%), green algae
(about 20%) and prochlorococcus (about 20%) became main species at the offshore of the EHU. At the ELPU,
diatom accounted for  about  80% of  phytoplankton biomass followed by green algae,  indicating a  different
ecosystem at this region compared with the EHU.
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1  Introduction
Oceanic upwelling is a common phenomenon in coastal re-

gion which takes deep water with low temperature, high salinity,
and rich nutrients to upper layer that impacts carbon cycling,
blooms biotic community, and raises fishery production (Smith,
1995; Pauly and Christensen, 1995). It has been found in global
coastal areas including the South China Sea (Xie et al., 2003; Gan
et al., 2009; Wang et al., 2014; Shu et al., 2018), the Yellow Sea (Lü
et al., 2010), the East China Sea (Yang et al., 2013), the California
coast (Benson et al., 2002; Du and Peterson, 2018), the Chile
coast (Sobarzo et al., 2007), the Baltic Sea (Lehmann and
Myrberg, 2008), the Eastern Atlantic coast (Roy and Reason,
2001), and the North Benguela coast (Emeis et al., 2018).

The eastern Hainan upwelling (EHU) is one of the strongest
upwelling systems in the northern South China Sea (NSCS) (Wu
and Li, 2003). This upwelling occurs in summer driven by Asian
summer monsoon (Hong and Li, 1991; Li, 1993; Gan et al., 2009).
Its spatial structure and intensity have been identified by many
studies. For instance, Han et al. (1990) defined a region below 30 m
depth where sea surface temperature (SST) were less than 24.5°C
and salinity were higher than 34.3 psu as the upwelling center off
the eastern Hainan coast (EHC). Guo et al. (1998) extended the
upwelling center to region within 40 km offshore and depth less
than 100 m based on 2-D model results. Xu et al. (2013) found the
EHU can merge with western Guangdong upwelling system in
the subsurface layer based on survey data. More studies revealed  
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that this upwelling system varied with year by year under impact
by climate modulation (Liu et al., 2009; Jing et al., 2011; Su et al.,
2013, Xie et al., 2016). And its driven mechanism were discussed
extensively (Lü et al., 2008; Jing et al., 2009, 2015; Su et al., 2011;
Li et al., 2012; Wang et al., 2015; Lin et al., 2016; Xie et al., 2017).

The influence of upwelling on temporal and spatial distribu-
tions of primary production and biotic community were investig-
ated by few observations at the EHU (Deng et al., 1995; Li et al.,
2010, 2011; Yin et al., 2011; Xie et al., 2012). Based on in-situ ob-
servation during 1978–1979, Deng et al. (1995) concluded that the
number of phytoplankton achieved maximum value in June
when coastal upwelling reached a period of prosperity at the
EHU. Jing et al. (2011) analyzed long-term satellite remote sense
dataset and found that chlorophyll a (Chl a) concentration var-
ied inter-annually at the EHU in which it was much higher dur-
ing 1997–1998 El Niño year when costal upwelling was enhanced
significantly. Chen et al. (2016) measured Chl a concentration at
two continuous stations and partially illustrated spatial variation
of Chl a distribution at the EHU during summer 2013. However,
these studies were unable to give spatial distribution of phyto-
plankton at the EHU during upwelling season. In addition, previ-
ous studies all focused on variation of phytoplankton biomass at
the EHU, while its community structure was rarely identified.

The importance of coastal upwelling ecosystem on determin-
ing fishery product has been documented by many studies at the
EHU and its adjacent upwelling areas. For instance, Deng et al.
(1995) compared the biologic and fishery data at the EHC and
stated that the high fish catch occurred at the Qionghai upwelling
region. Wang and Hu (2017) evaluated the relation between up-
welling and fishery resource at the NSCS based on remote sens-
ing dataset and found the consistency of the primary product and
fishery resources at the upwelling areas. Hence, it is necessary to
find out the phytoplankton biomass and structure for assessing
the impact of upwelling ecosystem on fishery in the EHU. To
achieve that, we implemented a cruise during summer 2015 and
collected high resolution CTD (conductivity-temperature-depth)
data and water samples along the EHC. For comparison, the
cruise also covered the eastern Leizhou Peninsula upwelling area
(called ELPU hereafter). And we used photosynthetic pigment
analysis method to identify phytoplankton community at the
EHU and ELPU. This paper was organized as follows: The data
and method were described in Section 2, hydrologic structure,
phytoplankton distribution and its community structure at the
EHU and ELPU were illustrated and discussed in Section 3, and
discussions were concluded in Section 4 and  the Section 5 is  the
conclusions.

2  Data and method

2.1  Hydrological data
The cruise was taken from 29 July to 7 August in 2015, which

collected hydrological data by CTD and water samples by manu-
al water sampler at 69 stations in total along 10 transections
(northwest-southeast direction) from the eastern Leizhou Penin-
sula coast (ELPC) to the EHC ranging from 17°30′ to 21°30′N in
latitude and from 110° to 112°30′E in longitude (Fig. 1). These
transections were designed to be almost perpendicular to coastal
isobaths and stopped at 200 m isobaths where is far away from
the EHU and ELPU (Jing et al., 2009; Xie et al., 2012). Hydrologic-
al data including temperature, salinity, depth, density and dis-
solved oxygen (DO) were measured by Seabird SBE-25 plus CTD
at all casting stations and standardized into 1-m interval in
vertical.

2.2  Satellite remote sensing data
For representing monthly change of hydrologic and phyto-

plankton characteristics at the EHU during the upwelling season
of 2015, the Moderate Resolution Imaging Spectroradiometer
(MODIS) monthly averaged sea surface temperature (SST) and
Chl a concentrations data with 4 km resolution in horizontal
from May to September were used in this study (https://ocean-
data.sci.gsfc.nasa.gov/MODIS-Terra/Mapped/Monthly). The Ad-
vanced Scatterometer (ASCAT) monthly and daily averaged wind
field data with 0.25°×0.25° resolution in horizontal were used to
illustrate external forcing in different time scales at the EHU and
E L P U  ( h t t p : / / a p d r c . s o e s t . h a w a i i . e d u / d a t a / d a t a . p h p ?
discipline_index=3). In addition, daily averaged surface level an-
omaly (SLA) data derived from the AVISO database were used to
detect mean dynamic conditions of the EHU and ELPU during
the cruise (http://www.aviso.altimetry.fr).

2.3  Water sample data
Water samples were collected at standard levels at each sta-

tion based on water depth (Table 1). Then they were filtered by
GF/F filter membrane with 47 mm diameter and 0.7 μm aperture,
and the filter membrane were preserved in the liquid nitrogen
canister. After the cruise, they were moved into –80°C refrigerat-
or and subjected to the high performance liquid chromato-
graphy (HPLC) experiments in the laboratory.

2.4  Photosynthetic pigment analysis
To obtain phytoplankton community, we conducted photo-

synthetic pigment analysis based on HPLC separation methods
(van Heukelem and Thomas, 2001). The product model of HPLC
analysis system was Waters 1525 Binary HPLC pump and the
chromatographic column was Symmetry shields C8 column. We
detected the signal with diode array and used two phase gradient
elution program in which mobile phase A was the mixture of
methanol and 0.5 mol ammonium acetate solution (volume ratio
of 70:30 hybrid) and mobile phase B was methanol for HPLC
level. Elution gradient was shown in Table 2. We calculated the
contents of every pigment (15 pigments in total) according to the
peak area of each pigment and its calibration curve, and then
gradually transformed them into the concentration of the pig-
ment (Table 3).
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Fig. 1.   Topography and sampling station (black dots) along the
EHC. Black thin lines represent isobaths (unit: m) and S1–S10
represent 10 survey transections during 2015 cruise.
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In this study, we chose five main species of the phytoplank-
ton community for analysis and calculated each contribution
based on diagnostic pigments (Hirata et al., 2011), they were diat-
oms, dinoflagellates, green algae, prokaryotes and prochlorococ-
cus, respectively. Accordingly, the five diagnostic pigments, Fuco,
Perid, Chl b, Zea and DV Chl a, were selected.

3  Results

3.1  Remote sensing hydrology and Chl a
The East Asian monsoon was set up in the NSCS with south-

ern wind prevailing along the EHC and ELPC since May 2015
when it begun to trigger the EHU and ELPU and drive offshore
cold SST tongue with negative SLA and surface high Chl a (Fig. 2).
It can be seen that the EHU appeared along the EHC within 50 m
isobaths from the Lingshui coast to the Qizhou Archipelagoes
and contained two upwelling centers in which one showed up at
the Qionghai coast (19.2°N, 110.6°E) due to wind-enforced off-
shore Ekman pumping (Xie et al., 2012) and another showed up
at the Qizhou Archipelagoes (20°N, 111.2°E) due to interaction
between abrupt topography and coastal current (Su and Pohl-

mann, 2009; Jing et al., 2015). The EHU was enhanced to peak
driven by augmented upwelling-favorable southwestern wind
from June to July when inshore SST was about 2.0°C lower than
the offshore water. It was reduced to almost disappearance from
August to September when wind was weakened and shifted from
southwestward to southeastward (Fig. 2). In response to out-
break of the upwelling, the surface high Chl a band occupied the
EHC with about 0.5–1.5 mg/m3 concentration at the upwelling
center during May. It extended farthest over 50 m isobaths dur-
ing July and retreated within 50-m isobaths again but remained
high values (about 0.5–1.0 mg/m3) from August to September at
the EHU.

The monthly variation of the ELPU has similar trend with the
EHU during the period. It centered at (20.4°N, 111°E) with rela-
tive weaker upwelling due to its wide and gentle slope of topo-
graphy but with much higher surface Chl a concentration eu-
trophicated by plentiful coastal nutrient input from the ELPC
compared with the EHU (Zeng et al., 2015; Feng et al., 2019). The
Chl a concentration generally reached about 2.0–4.0 mg/m3 at
the ELPU. The ELPU was still significant with extremely high sur-
face Chl a existing within 50 m isobaths along ELPC in Septem-
ber because of increase of SST and rich nutrient input from coast
(Feng et al., 2019).

Figure 3 shows the averaged SST, SLA and surface Chl a con-
centration at the EHU and ELPU during the cruise period from 29
July to 7 August in 2015 based on satellite remote sensing daily
dataset. Noted that although the EHU and ELPU was weakened
largely during the period, surface phytoplankton was still bloom-
ing at the upwelling areas and extending over 50 m isobaths. Giv-
en that, the cruise was taken in the right time to measure and
represent phytoplankton community at the EHU and ELPU du-
ring the upwelling season.

3.2  Survey hydrology
The hydrologic structures of the EHU and ELPU have been

illustrated by many previous surveys in which lower temperature
and higher salinity water were pumped from deep layer to sur-
face (Su and Pohlmann, 2009; Jing et al., 2009, 2011, 2015). Our
survey results have similar hydrologic structures with previous
studies during the upwelling season. The horizontal distribu-
tions at different layers from surface (4 m) to 50 m and transec-
tion vertical profiles at five representative transections of temper-
ature, salinity and DO at the EHU and ELPU were plotted in Figs 4
and 5, respectively. In accordance with satellite SST images, the
surface low-temperature and high-salinity belt stretched from
Lingshui to the ELPC and three upwelling centers showed up in
which the surface water was 2.0–3.0°C colder and 0.5 psu saltier
than offshore water (Fig. 4). Driven by the upwelling, the iso-
therms and isohalines were squeezed to build a strong thermo-
haline front and uplifted to ventilate air at the EHU. It can be
seen that 24°C isotherm and 34.3 psu isohaline were ventilated
from about 60 m depth layer to surface. At subsurface 10-m layer
the belt was extended to near 25 km offshore and the tempera-
ture and salinity gradients were augmented, which was compar-
able with other observation (Jing et al., 2009). The belt was exten-
ded further to near 100 m isobaths and over 40 km offshore at the
50 m layer. At 100 m depth, the thermohaline isolines became al-
most even and upwelling was much weakened (Fig. 5). The ELPU
was relative weaker than the EHU due to the gentle slope and
strong stratification in which 26°C isotherm and 34.1 psu iso-
haline were ventilated from about 10 m depth layer.

3.3  Survey DO
At the EHU, DO distributions showed different pattern at dif-

Table 1.   Water sample standard layers
Standard layer depth/m

depth≤100 m 100 m<depth≤200 m
  0   0

10 10

20 30

30 50

40 75

50 100  

75 150  

100   200  

Table 2.   HPLC mobile phase gradient table
Time/min Mobile phase A/% Mobile phase B/%

  0 75 25

  1 50 50

15   0 100  

25   0 100  

26 75 25

36 75 25

Table 3.   Pigments measured by HPLC experiments
Pigment name Short name

Chlorophyll a Chl a

Divinyl chlorophyll a DV Chl a

Divinyl chlorophyll b DV Chl b

Chlorophyll b Chl b

Chlorophyll c2 Chl c2

Chlorophyll c3 Chl c3

Peridinin Perid

Fucoxanthin Fuco

Diadinoxanthin Diad

Alloxanthin Allo

Violaxanthin Viol

β-carotene Beta

19’-butanoyloxy-fucoxanthin 19’-But

19’-hexanoyloxy-fucoxanthin 19’-Hex

Zeaxanthin Zea
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ferent layers. The surface DO were generally 1.0 mg/L higher
than offshore water and maximum value reached about 8.0 mg/L
near the Qionghai coast. Vertical profiles in Fig. 5 show that the
high values can extend downward to 20 m depth owing to river
discharge input (Wang et al., 2015). Contrarily, bottom anoxia
water with values less than 6 mg/L were carried upward along the
slope under 30 m depth by the wind-driven upwelling indicating

30 m depth as an interface to distinguish the impacts of the two
dynamic processes on biochemical characteristics at the EHU.
The values of DO at the ELPU were relative lower than that at the
EHU due to large amount of COD and BOD in this area (Feng et
al., 2019). In overall, surface DO at the ELPU were about 1.0 mg/L
lower than surrounding surface water and its minimum value
reached about 5.0 mg/L. Beneath the surface, the DO were con-
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Fig. 2.   The distributions of monthly averaged remote sensing SST with wind field (upper panel), sea level anomaly (middle panel)
and chlorophyll a (lower panel) at the EHC from May to September of 2015.
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Fig. 3.   The distributions of averaged remote sensing SST with wind field, sea level anomaly and chlorophyll a at the EHC during the
cruise.
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sumed largely that led a severe anoxia condition at the ELPU, es-
pecially at the bottom area with <3.5 mg/L DO concentration.

3.4  Total Chl a
We summarized all amounts of the phytoplankton species

based on 15 pigment analysis and obtained the total Chl a in the
upwelling area at different standard depth levels (Fig. 6). Similar
with remote sensing Chl a pattern, it can be seen that surface
total Chl a concentrations of the inshore water showed much
higher values than that of the offshore water (0.2–0.3 mg/m3) due
to rich nutrient supply from coasts (Zeng et al., 2015, Feng et al.,
2019). The maximum values can reach 1.0 mg/m3 and 4.0 mg/m3

at the EHU and ELPU, respectively, which were comparable with
remote sensing results (Fig. 3) and previous surveys (Chen et al.,
2016; Feng et al., 2019). And this distinct differences of phyto-
plankton biomass between inshore and offshore was constant
with trend in the NSCS (Chen et al., 2006; Zhai et al., 2011). At
subsurface layer of 10 m, maximum total Chl a was reduced to
0.5 mg/m3 at the Qionghai coast, while phytoplankton biomass
bloomed extensively at 30 m layer in which maximum total Chl a
reached about 1.5 mg/m3. And the blooming of phytoplankton

biomass at middle layer of this upwelling area also was found by
Chen et al. (2016). The thermohaline images in Fig. 5 show that
bottom water only can be pumped up to 30–40 m depth layer at
this area which helped to block upward supply of nutrient to sub-
surface but nourish phytoplankton underneath. At the Qizhou
Archipelagoes, phytoplankton biomass grew up to over 1.5 mg/m3

at the subsurface of 10 m depth where bottom rich-nutrient wa-
ter were easily to be pumped up to this layer. The phytoplankton
biomass at the ELPU was decreased gradually with water depth
likely due to photosynthesis reduction by shade of surface
blooming algae. To the deeper area, total Chl a concentration
were reduced largely at the upwelling areas but still somewhat
higher than offshore water at 50 m layer (Fig. 6) and it became
same level as the open sea in the NSCS at 100 m layer (not shown).

3.5  Phytoplankton community
Phytoplankton community structure usually vary with differ-

ent marine bio-physical systems under impacts of coastal up-
welling (Li et al., 2014), mesoscale eddy (Huang et al., 2010), river
plume front (Li et al., 2018) and typhoon (Tsuchiya et al., 2013,
Xie et al., 2017) etc. Among them, upwelling is most ubiquitous
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Fig. 4.   The distributions of observed temperature (upper panel), salinity (middle panel) and DO (lower panel) at 4 m, 10 m, 20 m,
30 m and 50 m depth layers at the EHC during the cruise.
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dynamic process to take nutrient underlying to upper layer and
change phytoplankton community in coastal area (Eppley and
Thomas, 1969). Basically, phytoplankton can be divided into
three types according to the particle size, microplankton (>20 μm),

nanoplankton (2–20 μm) and picoplankton (0.2–2 μm) in which
diatom (micro), dinoflagellates (micro), green algae (nano)
abundances are the most representative marine biomarkers
(Sieburth et al., 1978). In addition, we found other two picoplank-
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Fig. 5.   The vertical distributions of observed temperature (upper panel), salinity (middle panel) and DO (lower panel) along S1, S4,
S5, S6 and S8 transections during the cruise.
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ton abundances, prokaryotes and prochlorococcus, were no-
nignorable besides the three main types of phytoplankton, espe-
cially at the offshore area. For comparison, contributions of five
phytoplankton groups to total Chl a were calculated and ex-
pressed as Chl a concentration (mg/m3) based on diagnostic pig-
ment analysis at the EHU and ELPU.

As we know, diatom is more prevalent in eutrophic waters
and its growth ability is high even at low temperature with high
nutrition levels (Peng et al., 2006; Hirata et al., 2011). Indeed, the
phytoplankton categorization in our study show that diatom
were the main population which account up to 50% phytoplank-
ton abundances at the inshore of the EHU (Figs 7 and 8). Its
abundance was decreased to 10% with increasing depth and dis-
tance from inshore gradually and replaced by prokaryotes (about
50%), green algae (about 20%) and prochlorococcus (20%) at the
continental shelf area. The dinoflagellates has least contribution
to phytoplankton community at the EHU. Zeng et al. (2015)
stated that nutrient concentration were relatively low and nitro-
gen- and silica-limitation prevailed at the EHU. While, diatom is
sensitive to silica-limitation and prokaryotes is more suitable for
growing in oligotrophic area (Hallegraeff, 1981; Tilman et al.,
1986; Örnólfsdóttir et al., 2004). Different with the EHU, nutrient
concentration were relative high and phosphorus-limitation was
prevailing in the ELPU during summer and fall (Feng et al., 2019).
As a result, diatom dominated phytoplankton population and it
can account up to 80% of phytoplankton abundances in this up-
welling area. Green algae (about 10%) was secondary to diatom
and prochlorococcus (about 5%) for the next. And prokaryotes
and dinoflagellates contributed very small portion for phyto-
plankton biomass. At the offshore of the ELPU, phytoplankton
structure was similar with the offshore of the EHU in which
prokaryotes and prochlorococcus abundances were relative high
from surface to 30 m, while green algae abundance rose up un-
der 30 m.

4  Discussion

4.1  Physical control on DO and Chl a distributions
The importance of upwelling on controlling surface phyto-

plankton bloom at the EHU were recognized extensively (Deng et
al., 1995; Jing et al., 2011; Xie et al., 2012). However, we found the

peak value of Chl a concentration occurring at 30 m depth rather
than surface at the upwelling center of the EHU (Fig. 6). In addi-
tion, DO distribution also showed high value at this layer (lower
panel in Fig. 5). The themerhaline structures revealed that this
kind of sandwich structures of DO and Chl a were controlled by
physical dynamics. The upwelling-favorable summer monsoon
driven offshore Ekman drift at the Qionghai coast that carried
cold and salt bottom water with low DO to upper mixing layer
and suppressed warm and fresh water with high DO to thermo-
haline layer. Together with bottom cold and saltier water with
low DO, such a sandwich structure of DO was formed. The high
value of DO at the nearshore of the Qionghai may was originated
from the freshwater discharge from coast rivers (Wang et al.,
2015). It can be seen that strong vertical stratification was built at
30–40 m depth under thermohaline layer that may restored nutri-
ent and conduced to phytoplankton growth at this layer.
However, the relative rich nutrient water upwelled from bottom
may be diluted by oligotrophic water at surface to subsurface lay-
ers that was unfavorable of phytoplankton growth at these layers.

4.2  Phytoplankton species
At the EHU, the dominant phytoplankton specie was diatom

during the survey since diatom can bloom more prevalently than
other speices in eutrophic water with low temperature (Peng et
al., 2006; Hirata et al., 2011). It was often observed at upwelling
systems over the world such as the northwestern and western
Gulf of Mexico, the Algarrobo Bay in Chile, the southern
Benguela, the northeastern Black Sea, the western Taiwan Strait,
and the southeast coast of Algarve (Lambert et al., 1999; Wang et
al., 2016; Anglès et al., 2019; Sañé et al., 2019; Silkin et al., 2019;
Ferreira et al., 2020; Burger et al., 2020). However, unlike some
other upwelling systems, our results showed that green algae and
prokaryotes were the second dominant species at the EHU while
dinoflagellate has least contribution to phytoplankton com-
munity. Neverthless, dinoflagellate takes second place at the
western Taiwan Strait, northwestern Gulf of Mexico, and the Al-
garve coast (Wang et al., 2016; Anglès et al., 2019; Sañé et al.,
2019). We summarized the potential reasons for the difference of
species among different ecosystems: (1) the intensity of the up-
welling varies from each other and the phytoplankton com-
munity show different response to the nutrition concentration in-
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Fig. 6.   Total Chl a distributions (mg/m3) at surface, 10 m, 30 m and 50 m depth layers at the EHC during the cruise.
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fluenced by the upwelling intensity (Li et al., 2014); (2) the ther-
mohaline structure was different and stratification was relative
strong in the EHU. It impeded upward transport of the nutrient
and caused unfavorable conditions for some phytoplankton spe-
cies growth at the upper layers, while some species are more suit-
able for growing in the oligotrophic area (Hallegraeff, 1981;
Tilman et al., 1986; Örnólfsdóttir et al., 2004).

4.3  Relation with climate event
Jing et al. (2011) analyzed long-term remote sensing data dur-

ing 1997–2007 and found the relation between upwelling intens-
ity of the EHU and El Niño index. They reported that the en-
hanced wind stress curl during El Niño year can drive stronger
upwelling of the EHU and induce larger amount of phytoplank-
ton biomass than other normal years. Xie et al. (2016) gave the
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Fig. 7.     The abundance distributions (expressed as Chl a  concentration) of five phytoplankton species to total Chl a  (mg/m3) at
surface, 10 m, 30 m, and 50 m depth layer during the cruise.
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similar conclusion of upwelling trend based on longer reanalysis
dataset during 1982–2012. And this trend of upwelling variation
modulated by climate event can be recorded by coastal coral at
this area (Liu et al., 2009). The year of 2015, as we know, was a re-
lative strong El Niño year (Xue and Kumar, 2017). And the Niño
3.4 index presented a significant positive SST signal and wind
stress at the EHU was strengthened accordingly during summer
2015 (Fig. 9). To examine the differences of phytoplankton bio-
mass between 2015 and other years, we calculated the Chl a con-
centration at the EHU using recent remote sensing dataset dur-
ing 2000–2018. Different with Jing et al. (2011), our results illus-
trated that the Chl a during summer 2015 was leading other nor-
mal years indistinctively and even less in some case (Fig. 9). To
prove that, we compared two survey results between our and pre-
vious cruises at the EHU. Zeng et al. (2015) measured the surface
Chl a concentration at the EHU during summer 2013 as a normal
year and its maximum value (about 2.0 mg/m3, see Fig. 2 in their
paper) exceeded our survey result in this study at the Qionghai
coast. It can be understood that the phytoplankton dynamics is a
very complex process and can be impacted by many factors be-
sides physical process, such as nutrient condition, pH value etc.
To further diagnose the relation between the phytoplankton bio-
mass variations at the EHU and large-scale climate event, more
processes will need to be considered in future work.

5  Conclusions
In this study, we analyzed multiple remote sensing datasets

and survey data to explore the physical structure, DO distribu-
tion, phytoplankton biomass and community during summer
2015 at the EHU and its adjacent upwelling area, the ELPU. There

was a significant cold band with three upwelling centers of high
salinity and low temperature at the EHU and ELPU driven by up-
welling-favorable summer monsoon in which they were located
at the Qionghai coast, the Qizhou Archipelagoes and the ELPC.
And the inshore water was 2.0–3.0°C colder and 0.5 psu saltier
than offshore water at surface at the upwelling system generally.
The EHU was significantly stronger than the ELPU where 24°C
isotherm and 34.3 psu isohaline can ventilate from about 60 m
depth layer to surface. Base on survey results, we found water en-
vironmental condition at the EHU was healthier than the ELPU.
At the upper layer of the EHU, DO values were larger than 6.0 mg/L
from surface to 30 m depth. Beneath this depth, DO values were
ranged from 4.0 mg/L to 6.0 mg/L generally. While, DO values at
the ELPU were less than 6.0 mg/L in whole water column, espe-
cially at the bottom layer where its values were less than 3.5 mg/L
owing to abundant COD and BOD. There was significant aug-
ment of the phytoplankton biomass at middle layer of 30 m at the
EHU in which rich-nutrient water were pumped to this layer. The
phytoplankton biomass at the ELPU were much higher than the
EHU where the maximal value can reach about 4.0 mg/m3 due to
its plentiful nutrient input. Form the inshore to offshore, five spe-
cies of phytoplankton community dominated the EHU and
ELPU. At the inshore of the EHU, the phytoplankton community
was dominated by diatom which accounted for about 50% of
phytoplankton biomass. Nevertheless, prokaryotes (about 40%),
green algae (about 20%) and prochlorococcus (about 20%) do-
minated the offshore of the EHU. At the ELPU, diatom accounted
for about 80% of phytoplankton biomass and green algae was
secondary to it. Compared with previous survey, we found there
was no significant increase of phytoplankton biomass in this El
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Fig. 8.   The relative abundance of five phytoplankton species (%) at representative transections S5 for the EHU (left panel) and S8 for
the ELPU (right panel) at surface (a), 10 m (b), 30 m (c) and 50 m (d) depth layers during the cruise.
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Niño year and more studies need to be conducted to investigate
the relation between phytoplankton distribution and climate
event.
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Fig. 9.   Monthly variation of Chl a at the EHU (upper panel), Niño 3.4 index (middle panel) and alongshore wind stress (lower panel)
during 2000–2018.
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