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Abstract: In this study, using Moderate Resolution Imaging Spectroradiometer (MODIS) satellite images and environmental satellite
CCD images, the spatio-temporal distribution of Ulva prolifera in the southern Yellow Sea during the period of 2011-2018 was ex-
tracted and combined with MODIS Level3 Photosynthetically Active Radiation (PAR) product data and Earth System Research Labora-
tory (ESRL) Sea Surface Temperature (SST) data to analyze their influences on the growth and outbreak of Ulva prolifera. The follow-
ing conclusions were drawn: 1) comprehensive analysis of Ulva prolifera distribution during the eight-year period revealed that the cov-
erage area of Ulva prolifera typically exhibited a gradually increasing trend. The coverage area of Ulva prolifera reached a maximum of
approximately 1714.21 km?® during the eight-year period in late June 2015. The area affected by Ulva prolifera fluctuated. In mid-July
2014, the area affected by Ulva prolifera reached a maximum of approximately 39 020.63 km®. 2) The average growth rate of Ulva pro-
lifera was positive in May and June but negative in July. During the outbreak of Ulva prolifera, the SST in the southern Yellow Sea
tended to increase each month. The SST anomaly and average growth rate of Ulva prolifera were positively correlated in May (R>=
0.62), but not significantly correlated in June or July. 3) The variation trends of PAR and SST were approximately the same, and the
PAR during this time period maintained a range of 40-50 mol/(m*d), providing sufficient illumination for the growth and outbreak of
Ulva prolifera. In addition, the abundant nutrients and suitable temperature in the sea area near northern Jiangsu shoal resulted in a high
growth rate of Ulva prolifera in May. In summary, the outbreak of Ulva prolifera was closely related to the environmental factors in-
cluding SST, nutrients, and PAR. Sufficient nutrients and suitable temperatures resulted in a fast growth rate of Ulva prolifera. However,
under poor nutrient conditions, even more suitable temperatures were not sufficient to trigger an outbreak of Ulva prolifera.
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1 Introduction

Green tide is ecological anomalies consisting of marine
macroalgae outbreaks and aggregation that endanger the
balance of marine ecosystems (Wu, 2015). In recent years,
dominated by Ulva prolifera, severe green tide disasters
have occurred in the southern Yellow Sea of China, which
have had a considerable impact on the tourism, aquaculture
and ecological environment of coastal cities in China (Mao
et al., 2018). Every year, China has to invest many human,
material and financial resources in the monitoring and con-
trol Ulva prolifera. Due to the substantial impact of green
tide disasters on the coastal ecological environment and
economic development, Ulva prolifera has become a
popular research topic worldwide (Liu et al., 2009; 2016;
Xu et al., 2014). Given its large-scale, rapid and real-time
dynamic observation capabilities (Mao et al., 2020), re-
mote sensing technology plays an important role in moni-
toring outbreaks of Ulva prolifera and studying their in-
fluence on the marine environment.

To date, numerous studies of Ulva prolifera have
been performed. In terms of the origin of Ulva prolifera,
Keesing et al. (2011) and Song et al. (2015) found that
the occurrence of green tides in the Yellow Sea was
closely related to the expansion of seaweed cultivation
in the sea area near the shoal of northern Jiangsu Prov-
ince, because the culture rafts of Porphyra provide ideal
conditions for the germination of Ulva prolifera’s mi-
crocosmic propagules. Ding et al. (2009) and Li et al.
(2009) comparatively analyzed the meteorological and
hydrological conditions in the sea areas of Jiangsu
Province and Qingdao during outbreaks of Ulva prolif-
era and found that they were closely related to factors
such as eutrophication, illumination, temperature and
precipitation in nearshore waters. To analyze and predict
the drifting path of Ulva prolifera, Lee et al. (2011),
Qiao et al. (2011) and Zhao et al. (2018) simulated the
drifting path of Ulva prolifera with a coupled three-di-
mensional surface wave-tide-circulation model and
Lagrangian particle tracing experiments, which revealed
that sea surface wind and sea surface currents jointly
affected the drifting of Ulva prolifera, and the simulated
path was similar to the actual drifiting of Ulva prolifera.
In studies on the competitive relationship between Ulva
prolifera and microalgae, Xing et al. (2015) and Sun et
al. (2018) inverted the chlorophyll-a concentration in the

Yellow Sea based on MODIS data and Geostationary
Ocean Color Imager (GOCI) data respectively, and then
analyzed the relationship between chlorophyll-a and
Ulva prolifera. Their results indicate that outbreaks of
Ulva prolifera were negatively correlated with plank-
tonic microalgae in the same sea area. In a study on the
use of remote sensing to monitor and extract informa-
tion on Ulva prolifera, Wang et al. (2014) used MODIS
data to evaluate the accuracy of five different vegetation
indexes in the extraction of Ulva prolifera information
and found that an algorithm based on the Normalized
Difference Vegetation Index (NDVI) was the most ac-
curate and stable. Qi et al. (2016) statistically analyzed
the outbreak area of Ulva prolifera over multiple years
in the Yellow Sea using MODIS data, determining that
2015 was the year with the largest outbreak area of Ulva
prolifera in recent years.

The growth of Ulva prolifera, a macroalgae, is sub-
ject to the influence of illumination and temperature.
Studies based on Ulva prolifera cultured in the labora-
tory reveal that, under suitable illumination conditions,
Ulva prolifera has a good population growth rate in a
temperature range of 5°C to 30°C, with a suitable tem-
perature range of 18°C to 23°C, and it is adaptable to a
relatively wide range of temperatures (Taylor et al.,
2001; Fan et al., 2015; Wang et al., 2018). Most previ-
ous studies focused on the relationship between the
early growth stage of Ulva prolifera and Sea Surface
Temperature (SST), but few focused on the relationship
between the whole life cycle of Ulva prolifera and SST.
In particular, in studies on the relationship between the
monthly average growth rate of Ulva prolifera and
monthly average SST, the effect of Photosynthetically
Active Radiation (PAR) on the two factors has not been
considered. Therefore, in this study, we combine
MODIS satellite data and high-resolution environmental
satellite (HJ-1A/B) CCD data via the algorithm based on
NDVI to extract temporal and spatial distribution in-
formation for Ulva prolifera from 2011 to 2018. The
aims of this study are to: 1) explore the temporal and
spatial characteristics of SST in the southern Yellow
Sea; 2) analyze the influence of SST on the growth rate
of Ulva prolifera during 2011-2018 in the study area;
and 3) explore the relationship between SST and PAR in
the natural growth environment. We hope to provide a
scientific basis for monitoring Ulva prolifera.
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2 Data and Methods

2.1 Study area

The southern Yellow Sea (119°E-123°E, 32°N-37°N)
was selected as the study area (Fig. 1). This is a
semi-enclosed shallow sea area of approximately 309
000 km? located near Shandong Peninsula and Jiangsu
shoal, and the turbidity of water in the study area is
highly variable (Sun et al., 2017). In particular, Jiangsu
shoal has been developed into the largest Porphyra cul-
tivation base in China because of its unique geographic
conditions and local microclimate. The complex hydro-
logical conditions of the southern Yellow Sea, including
the influence of the warm current in the Yellow Sea, the
tidal current along the Yellow Sea and fresh water from
the Yangtze River, result in a large degree of variability
in the temporal and spatial distributions of nutrients.

2.2 Data sources

The remote sensing data used in this study primarily in-
cluded MODIS image data, environmental satellite image
data (HJ-1A/B CCD), MODIS Level3 PAR data and SST
data from the National Oceanic and Atmospheric Ad-
ministration (NOAA) Earth System Research Laboratory
(ESRL). The PAR data are tertiary product data provided
by the SeaWiFS website (https://oceancolor.gsfc.nasa.
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gov), and the ESRL SST data are from the ESRL
(http://www.esrl.noaa.gov/psd). The MODIS satellite data
cover a wide width and have high temporal resolution
(http://ladsweb.modaps.cosdis. nasa.gov), two scenes are
acquired every day, and the first and second bands have a
spatial resolution of 250 m. The environmental satellite
(http://www.cresda.com/CN) data include four bands in a
range from visible to near-infrared light, with a spatial
resolution of 30 m, enabling more accurate acquisition of
information about Ulva prolifera. Because remote sens-
ing satellites are affected by factors such as time period
and weather, it is very difficult to sufficiently satisfy the
time and quantity requirements for the extraction of Ulva
prolifera information from single-source satellite data.
Therefore, in this study, we comprehensively used
MODIS and environmental satellite remote sensing im-
age data. By extracting the coverage area of Ulva prolif-
era from the two types of satellite images on the same
date, we established a linear relationship of y = 2.266x +
1.730 (R*= 0.991). This equation was used to calculate
the coverage area of Ulva prolifera from the MODIS data
to complete the missing environmental satellite data, thus
enabling better extraction of Ulva prolifera distribution
information over multiple years (Zhang et al., 2018). The
acquisition dates of the multisource remote sensing satel-
lite images during 2011-2018 are reported in Table 1.
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Table 1 The date of satellite images of Ulva prolifera from
2011 to 2018 in the southern Yellow Sea, China

Year HJ-1A/B CCD image date

MODIS image date

2011 05-29, 07-26, 08-09 06-13, 06-20, 07-04

2012 05-17, 06-12, 06-22, 08-06  05-26, 07-11
2013 05-22, 06-26, 07-24 05-13, 06-03, 06-29, 08-05
05-12, 05-26, 06-06, 06-12, 6-30,
07-14, 07-28

05-20, 06-21, 07-04, 07-30

2014 05-22,07-09, 08-01

2015 05-10, 07-14

2016  05-17,07-14, 07-30 05-25, 06-01, 06-13, 06-25, 07-02
05-21, 05-28, 06-04, 06-09, 06-11,
06-17, 06-27

06-11, 06-21, 06-29, 07-06

2017 05-20, 07-05

2018 06-24

Note: MODIS represents Moderate Resolution Imaging Spectroradiometer

2.3 Research method and data processing
Numerous studies have found that the NDVI can also
extract Ulva prolifera information in the presence of
thin clouds and has the greatest Ulva prolifera detection
capability at different growth stages (Wang et al., 2014).
Therefore, the NDVI algorithm was adopted in this
study to extract Ulva prolifera information. The calcula-
tion formula of the NDVI algorithm is as follows:

NDVI = (RNIR - RRED) / (RNIR + RRED) (1)

where Ry and Rrgp denote the remote sensing reflec-
tivity in the near-infrared band and infrared band, re-
spectively. The NDVI values of water and vegetation are
negative and positive, respectively. We used the NDVI

threshold to partition and differentiate the distribution
regions of Ulva prolifera and then extracted the area of
Ulva prolifera by setting a reasonable threshold T. When
extracting information from remote sensing images by
the NDVI algorithm, the threshold for vegetation is usu-
ally 0, but owing to the influences of mixed pixels, ag-
gregation density, and suspension status of Ulva prolif-
era at different stages, the threshold value may not be 0
(Cai et al., 2014). We empirically determined the best
NDVI threshold for extracting Ulva prolifera by exten-
sive experiments and visual interpretation. We checked
all the HJ-1 CCD and MODIS images available for the
study area and found that the NDVI threshold of Ulva
prolifera was within 0-0.15 for MODIS (the lowest
threshold value was —0.15 on July 30) and 0-0.4 for
HJ-1 (Sun et al., 2018). The specific process of extract-
ing Ulva prolifera information is presented in a flow-
chart (Fig. 2).

The extracted distribution information for Ulva pro-
lifera was vectorized with ENVI remote sensing proc-
essing software and then imported into ArcGIS. We
conducted a cluster analysis of the coverage area data
for Ulva prolifera. The scattered patches of Ulva prolif-
era were aggregated into concentrated, large patches,
and the aggregated patches represented the influence
area of Ulva prolifera. The tertiary monthly MODIS
satellite PAR product data and monthly SST data ob-
tained in this study had a spatial resolution of 4 km. By
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using ocean color remote sensing processing software
(SeaDAS), we subjected the data to regional clipping,
segmentation and land masking. The generated images
were imported into ArcGIS and combined with variation
in spatial location during the growth and outbreak of
Ulva prolifera for statistical analysis and processing.

3 Results

3.1 Temporal and spatial distributions of Ulva
prolifera

We used ArcGIS software to process the Ulva prolifera
information and obtain the temporal and spatial distribu-
tions of Ulva prolifera in the southern Yellow Sea dur-
ing 20112018 (Fig. 3). Due to limited data, we selected
four representative distribution maps of different Ulva
prolifera growth stages every year to reflect the tempo-
ral and spatial distributions and variation in Ulva prolif-
era in the southern Yellow Sea, China. With the ob-
tained quantitative relation, we calculated the coverage
area of Ulva prolifera, which was extracted from the
MODIS data, to replace the missing HJ satellite data.
Moreover, by combining remote sensing satellite moni-
toring data for Ulva prolifera over multiple years, we
obtained monitoring information for Ulva prolifera dur-
ing 20112018, as presented in Table 2. The coverage
area of Ulva prolifera represents the real distribution
area, and the area of influence represents aggregation
scattered fragments of the Ulva prolifera coverage area
into large fragmented areas.

By analyzing the temporal and spatial distributions of
Ulva prolifera in the southern Yellow Sea during the
period of 2011-2018, we found that Ulva prolifera
blooms exhibited five stages, namely emergence, de-
velopment, outbreak, decline, and disappearance, during

the eight-year period (Wu et al., 2014). Moreover, using
the remote sensing approach, we discovered for the first
time that the region of Ulva prolifera was located in the
sea area near Jiangsu shoal. The interannual variation in
Ulva prolifera drifting direction was approximately
uniform. Specifically, Ulva prolifera found early in the
year in the sea area near Jiangsu shoal moves northward
to the sea area near Shandong Peninsula, driven by sur-
face sea currents and sea surface wind. In June, Ulva
prolifera undergoes large-scale growth resulting in an
outbreak, aggregating in a wide swath of sea area along
the coast of Rizhao and Qingdao City and leading to a
green tide disaster. From late June to early July, Ulva
prolifera begins to enter a declining stage, whereby the
area affected by Ulva prolifera gradually decreases be-
fore the green tide eventually dies out in the sea area
near Yantai and Weihai cities. The largest area of Ulva
prolifera during the eight-year period was observed in
2015 (1752.76 km?); at this time, the range of the arca
of influence was at a maximum, extending to the sea
area near Weihai, Shandong Province, consistent with
the research results of Qi et al. (2016). In addition, the
area in 2012 was the smallest during the eight-year pe-
riod during the Ulva prolifera outbreak. We used remote
sensing images to monitor the disappearance of Ulva
prolifera on August 6, 2012, when the influence range
of Ulva prolifera reached its farthest extent; the sea area
near Yantai City, Shandong Province.

By analyzing the monitoring dates of Ulva prolifera
during the period of 2011-2018, we found that the cov-
erage area of Ulva prolifera reached its eight-year
maximum extent of approximately 1752.76 km® on June
21, 2015. Beginning in 2016, the coverage area of Ulva
prolifera gradually decreased each year. In a given year,
the coverage area of Ulva prolifera reached a peak in

Table 2 Remote sensing monitoring information for Ulva prolifera from 2011 to 2018

Year Initial discovery time Last discovery time Time of duration (d) Maximum distribution area (km®) ~ Maximum influence area (km®)
2011 05-29 08-09 73 392.46 8002.50
2012 05-17 08-06 82 221.68 20076.51
2013 05-13 08-05 85 690.74 14945.82
2014 05-12 08-01 82 621.29 39020.63
2015 05-10 08-05 88 1752.76 34784.11
2016 05-17 07-30 75 1487.81 31979.11
2017 05-20 07-05 47 910.44 15920.08
2018 06-07 07-15 39 1151.81 12145.53
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Fig. 3 The spatial and temporal distribution of Ulva prolifera extracted from Moderate Resolution Imaging Spectroradiometer
(MODIS) and HJ-1A/B images in the southern Yellow Sea during 2011-2018

June. From May to June, the coverage area of Ulva pro-
lifera tended to gradually increase. The earliest detec-
tion date of Ulva prolifera was later in 2018 than in the
previous seven years on the basis of remote sensing im-
ages, and the large-scale area of Ulva prolifera that ag-
gregated and floated in the sea area near Jiangsu shoal
was significantly reduced in 2018 compared with 2017.
This change was related to the early deployment of
measures to prevent and control Ulva prolifera green
tide in Jiangsu Province in 2018. Surveillance, monitor-
ing, salvage, and disposal of Ulva prolifera during green
tide was thoroughly organized and performed. Removal
of Ulva prolifera epiphyte on Porphyra culture rafts and
Ulva prolifera floating in aquiculture area was made a
priority. During the eight-year study period, the area
affected by Ulva prolifera exhibited fluctuations. On
July 14, 2014, the total area affected by Ulva prolifera
reached the eight-year maximum of approximately
39 020.63 km®. Due to the influence of different levels

of dispersion for the Ulva prolifera patches, the varia-
tion in the area affected by Ulva prolifera was not com-
pletely consistent with that in the coverage area of this
species. When the area affected by Ulva prolifera
reached its maximum size, the coverage area of Ulva
prolifera did not simultaneously reach a maximum.

By calculating the coverage area of Ulva prolifera in
the period of 2011-2018 (http://ncs.mnr.gov.cn/), we
obtained the average growth rate of Ulva prolifera from
May to July during the eight-year study period (Table 3).
The growth rate was calculated by the daily rate of
change in the Ulva prolifera coverage area. The initial
month in which Ulva prolifera appeared during the pe-
riod of 2011-2017 was May, whereas in 2018 it was
June. Therefore, in this study, no growth rate was ob-
tained for Ulva prolifera in May 2018. Because remote
sensing satellite images are affected by factors such as
weather, Ulva prolifera monitoring was not continuous
over some of the dates, resulting in certain errors in the
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Table 3 The average growth rate of Ulva prolifera during
May—July from 2011 to 2018

Average growth rate  Average growth rate Average growth rate

Year i May (km?/d) in June (km%d) in July (km%/d)
2011 21.77 ~11.20 ~12.25
2012 13.36 1.89 ~2.03
2013 334 12.88 ~16.96
2014 26.01 4.42 ~10.41
2015 23.73 ~1.65 —14.34
2016 26.29 7.63 ~11.19
2017 60.62 0.45 ~11.07
2018 - 9.19 -3.71
Average 25.02 2.95 —10.25

average growth rate of Ulva prolifera. The analysis
showed that the average growth rate of Ulva prolifera in
May during the eight-year period was positive. In this
month, Ulva prolifera was in a large-scale growth stage.
In June, the average growth rate of Ulva prolifera de-
clined from that in May. Specifically, the average
growth rate of Ulva prolifera was negative in both 2011
and 2015, but it was still at the outbreak phase through-
out the month. In July, the average growth rate of Ulva
prolifera was negative, and Ulva prolifera severely de-
clined and died out in this month during 2011-2018.

3.2 Temporal and spatial distributions of SST
In this study, ArcGIS software was used to conduct spa-
tial interpolation of ESRL SST data from 2011-2018 in
the southern Yellow Sea. Then, we obtained monthly
average SST maps for May—August of each year (Fig. 4).
By analyzing the temporal and spatial distributions of
average SST in the southern Yellow Sea during May to
August in 2011-2018, we found that the average SST in
May during the eight-year study period was approxi-
mately 12°C—18C; specifically, the SST in 2011 was
approximately 15°C, which was the lowest value in the
eight-year period. In contrast, the SST in 2017 was ap-
proximately 17°C, which was the highest value in the
eight-year period. There was an obvious difference in
SST in May between the coasts of Shandong Peninsula
and the Jiangsu shoal; specifically, the SST in the sea
area near Jiangsu shoal was approximately 14'C—17°C
in May, which was higher than the average SST of
14°C—16"C in the sea area along the coast of Shandong
Peninsula in May. In June, the SST in the southern Yel-
low Sea area typically increased, and the average SST in
June for the eight-year study period was approximately

18°C-21°C. SST in 2011 was approximately 18.5°C,
which was the lowest during the eight-year period, and
SST was approximately 21°C in 2017, which was the
highest during the eight-year period. The SST in the sea
area near Shandong Peninsula and Jiangsu shoal ranged
from 19°C-22°C. The difference in SST between the
two locations in June was significant in May but not in
June. In July, the SST in the Yellow Sea area increased
again to 24°C-26"C; a comparison of interannual SST in
the study area during the same month showed that the
SST in July 2015, measuring 23°C, was the lowest dur-
ing the eight-year period. The SST in July 2017 was
27°C, which was the highest during the eight-year pe-
riod. With remote sensing images, Ulva prolifera could
not be detected in early July 2017, which was the
earliest disappearance date of Ulva prolifera in the
recent eight-year period. In August, the SST in the
southern Yellow Sea was approximately 25°C-29°C,
and the SST in the sea area near Shandong Peninsula
and Jiangsu shoal increased again compared to that in
July. The interannual variation in SST was not
significant in the study area.

The trend of interannual variation in SST in the
southern Yellow Sea was consistent during the
eight-year period, and the temperature increased each
month from May to August. The difference in interan-
nual variation in SST was not significant. However, un-
der the influence of global warming, the interannual
SST in the southern Yellow Sea area has exhibited a
gradually increase in recent years (Park et al., 2015; Liu
etal., 2018).

4 Discussion

4.1 Influence mechanism of SST on Ulva prolifera
To further study and analyze the mechanism underlying
the influence of SST on Ulva prolifera, we conducted
SST anomaly detection with the SST data collected in
the study area (Jin et al., 2018). With correlation analy-
sis, we quantified the relationship between SST from
May to July in 2011-2018 and the average growth rate
of Ulva prolifera during the same time period in the
southern Yellow Sea, China (Figs. 5, 6). Because the
growth rate of Ulva prolifera differs among growth
phases and varied among years during the 8 yr, we ana-
lyzed the influence of SST on the growth rate of Ulva
prolifera by month.
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Fig. 5 Monthly anomalies of sea surface temperature (SST)
during May—July from 2011 to 2018

Figs. 6a—6¢c show the association between the SST
anomaly and the average growth rate of Ulva prolifera
in May, June and July (specifically, Fig. 6a is for
2011-2017), respectively. The SST anomaly was sig-
nificantly and positively correlated with the average
growth rate of Ulva prolifera in May in each of the eight
years (R*= 0.62, P < 0.05). The average SST in the
study area was approximately 15.73°C in May during
the eight-year period. In May, the average growth rate of
Ulva prolifera increased with an increase in SST anom-
aly. In 2017, when the SST was approximately 17.06°C,
the average growth rate of Ulva prolifera reached a
maximum in May, which was consistent with the result
of Fan (Fan et al., 2012). Based on field survey data,
those authors found the water temperature during the
formation of large-scale Ulva prolifera outbreak was
approximately 17°C. In June and July, the correlation
between the SST anomaly and the average growth rate
of Ulva prolifera was relatively weak. In the two
months, there was no strong association between the
change in SST and the average growth rate of Ulva pro-

a 70-
604

y=21.83x+21.982 *
504 =

R*=0.62

b 15-

lifera in the study area.

In contrast to Ulva prolifera cultured under labora-
tory conditions (Zhang et al., 2012; Mao et al., 2019),
Ulva prolifera in the sea area near Jiangsu shoal exhib-
ited a relatively high growth rate despite most tempera-
tures being lower than the suitable temperature range.
This phenomenon can likely be attributed to the abun-
dant nutrients and suitable meteorological conditions in
the sea area near Jiangsu shoal (Cui et al., 2014; Wei et
al., 2016). Moreover, the microscopic propagules of
Ulva prolifera have a high germination rate under tem-
peratures of 10°C-25°C. These conditions lead to
large-scale outbreak of Ulva prolifera in May, indicating
that May is the key month for outbreaks of this species
(Jin et al., 2018). In June and July, Ulva prolifera drifted
in the northeast direction and entered the sea area near
Shandong Peninsula, driven by the surface current and
sea surface wind (Yi et al., 2010). During this process,
the SST in the study area gradually increased and
reached a range of temperatures suitable for Ulva pro-
lifera. However, based on the analysis in Fig. 6, the
change in SST did not cause a high growth rate of Ulva
prolifera, likely because of the consumption of nutrients
by the large propagation of Ulva prolifera in this region
(Shi et al., 2015).

4.2 Relationship between PAR and SST

Irradiance and temperature are two major factors influ-
encing algal growth, and they also affect the release of
spores and germination (Zhang et al., 2016). Moreover,
temperature is directly related to irradiance (Wild et al.,
2005). During periods of growth and outbreak, Ulva
prolifera converts carbon dioxide into organic matter
through photosynthesis, providing the basis for its
growth and material accumulation (Collini et al., 2010).
The portion of solar radiation used by vegetation for
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Fig. 6 The correlation between monthly sea surface temperature (SST) anomaly and average growth rate of Ulva prolifera (a, b, c

represents May, June and July, respectively)
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photosynthesis is known as PAR (Zhu et al., 2010). As
the main energy source, solar radiation continuously
affects the growth of Ulva prolifera. When the illumina-
tion intensity is within a certain range, photosynthesis
increases with illumination intensity. However, when the
illumination intensity exceeds a certain range, photoin-
hibition occurs. The rate of algal photosynthesis also
varies among temperatures (Fu et al., 2018). Therefore,
to investigate the relationship between PAR and SST in
the southern Yellow Sea, we conducted a simple com-
parative analysis of PAR and SST in this area (Fig. 7).
Figs. 7a-7c show that the variation trends of PAR and
SST were approximately the same in the study area
during May-July over the eight-year period. With an
increase or a decrease of PAR, SST also increased or
decreased correspondingly, which was consistent with
the research results of Wang (Wang et al., 2010). Cui et
al. (2015) found that the fluctuation of light intensity in
the Yellow Sea was more than 300 pmol/(m*s) on sunny
days and the maximum light intensity was approxi-
mately 2000 pmol/(m™s). Under the influence of global
warming, light intensity trends to increase each year. In
the southern Yellow Sea, PAR maintained a range of
40-50 mol/(m*d) during May—July. Thus, PAR in the
study area during the eight-year period remained some-
what stable, and suitable illumination provided energy
for the growth and outbreaks of Ulva prolifera. The
amount of solar radiation absorbed by Ulva prolifera
during photosynthesis was stable, but the correlation
between SST and the average growth rate of Ulva pro-
lifera varied. The most significant correlation between
the two factors occurred in May because there was more
suspended sediment and lower seawater transparency
near the Jiangsu shoal than observed during other
months. This attenuated light intensity and incident light
penetration improved algal metabolism and productivity.

In addition, the sea area near the northern Jiangsu shoal
was characterized by abundant nutrients, which caused
SST to become the key environmental factor limiting
the growth of Ulva prolifera in May (Jin et al., 2018). In
June and July, free-floating green algae are exposed to
extremely high irradiance levels when they continuously
float on the surface, which causes photoinhibition and
damage by ultraviolet radiation (Kim et al., 2011).
Meanwhile, the photosynthetic rate of Ulva prolifera
decreases. Although SST is within the optimum tem-
perature range of Ulva prolifera at this time, the growth
of this species is restricted by deficient nutrient condi-
tions and different environmental factors compared with
those occurring in the Jiangsu shoal, such that the cor-
relation between SST and the average growth rate of
Ulva prolifera is not significant.

5 Conclusions

In this study, by using MODIS and HJ-1A/B CCD im-
ages, we extracted spatiotemporal distribution infor-
mation for Ulva prolifera and its monthly average
growth rate in the South Yellow Sea during 2011-2018.
Based on analysis the influence of SST on Ulva prolif-
era, PAR was examined to explore the relationship
between the three factors. The following conclusions
can be drawn:

(1) Comprehensive analysis of the Ulva prolifera dis-
tribution during the eight-year period revealed that the
coverage area of Ulva prolifera tended to gradually ex-
pand. The coverage area of Ulva prolifera reached a
maximum of approximately 1714.21 km® during the
eight-year period in late June 2015. The area affected by
Ulva prolifera fluctuated. In mid-July 2014, the area
affected by Ulva prolifera reached the eight-year maxi-
mum of approximately 39 020.63 km”.
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July (a—c) during 2011-2018
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(2) The average growth rate of Ulva prolifera was
positive in May and June but negative in July. During
the outbreak of Ulva prolifera, the SST in the southern
Yellow Sea tended to increase each month. The SST
anomaly and average growth rate of Ulva prolifera were
positively correlated in May (R>= 0.62), whereas they
were not significantly correlated in June or July.

(3) The variation trends of PAR and SST are ap-
proximately the same, and the PAR in this time period
maintained a range of 40-50 mol/(m*d). The energy
provided by illumination was suitable for the growth
and outbreak of Ulva prolifera. In addition, because of
the abundant nutrients and suitable temperatures in the
sea area near northern Jiangsu shoal, high growth rate of
Ulva prolifera was observed in May.

In summary, the growth and outbreak of Ulva prolif-
era in the southern Yellow Sea were subject to the com-
bined influence of multiple factors. In this study, using
remote sensing satellite data, we analyzed the influence
of SST on the outbreak of Ulva prolifera. In subsequent
studies, we will combine more hydrological and envi-
ronmental data (nutrients and sea surface wind) to con-
duct a multifactor comprehensive study of the life cycle
of Ulva prolifera.
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