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A B S T R A C T

The world's largest green tide originated from the Jiangsu Shoal of the Yellow Sea was due to fast reproduction of
floating green macroalgae (Ulva prolifera). It brought significant impacts on marine environment and ecosystem
in the Yellow Sea. In this study, we examined the expansion of green tide from the Jiangsu Shoal during the
period from 29 April to 25 June 2016. Using high-resolution satellite images, we revealed a declined growth rate
during the northward drifting of early-stage green tide for the first time, i.e., the green tide had higher growth
rate (up to 25% per day) in the turbid waters of the Jiangsu Shoal in May and a lower growth rate (low to 3% per
day) in the relatively clear waters in the middle of the western Yellow Sea in June, which suggests that water
clarity might not be the key factor controlling the growth rate of the floating macroalgae in the surface waters
under natural conditions. The high growth rate led to shortened time windows for controlling the green tide by
employing macroalgae collecting campaigns at the initial sites of the green tide, which was no more than 14 days
in the 2016 case.

1. Introduction

Macroalgal blooms (MABs) caused by fast growth and accumulation
of macroalgae, e.g., green macroalgae of Ulva prolifera and brown
macroalgae of Sargassum, have been increasing in recent years in the
global oceans (Liu et al., 2009; Gower et al., 2013; Smetacek and
Zingone, 2013; Xing and Hu, 2016; Xing et al., 2017). These large-scale
blooms can bring significant adverse ecological and economic impacts
on marine and coastal areas (Wang et al., 2009; Xing et al., 2015a; Liu
et al., 2016; Li et al., 2018).

The world's largest green tide caused by the Ulva prolifera blooms in
the Yellow Sea was reported to occur in every late spring and summer
since 2007 (Hu and He, 2008; Xing et al., 2009, 2011; Hu et al., 2010;
Keesing et al., 2011; D. Liu et al., 2013; Hu et al., 2017). This led to the
speculation that the green tide in the Yellow Sea was caused by re-
cycling aquaculture facilities for growing seaweed - Poryphyra yezoensis
- at the Jiangsu Shoal of the southern Yellow Sea at the end of April (Liu

et al., 2009; D. Liu et al., 2013a; F. Liu et al., 2013; Wang et al., 2015);
that is, green macroalgae originally grow on the seaweed aquaculture
facilities of poles, ropes and nets. After the last round of seaweed har-
vesting in every April, green macroalgae thallus are removed and dis-
carded into sea water when the facilities are recycled. The unattached
macroalgae grow and expand in sea water, and eventually form large-
scale green tide in the southern Yellow Sea during April–August, with a
peak in June (Liu et al., 2009, 2013a; D. Liu et al., 2013; Keesing et al.,
2011; Xing et al., 2015b; Liu et al., 2016; Qi et al., 2016; Hu et al.,
2017).

Considering the fact that the green macroalgae may be used as
fertilizer, food, biofuel materials, so on, the Ulva green tide may be
controlled at the initial sites by collecting the macroalgae before the
green tide is out of control due to the expansion of its biomass (Lotze
et al., 1999; Liu et al., 2017). Compared to the fully-developed large-
scale green tide, the initial early-stage small-scale MABs are more im-
portant for exploring the origin and causes of full-bloom green tide. So,
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monitoring the development of early-stage green tide is an essential
step to carry out effective countermeasures.

Through satellite remote sensing, researchers reported the world's
largest MABs of Ulva prolifera in Summer 2008, and explored their
possible causes (Hu and He, 2008; Liu et al., 2009; Shi and Wang, 2009;
Xing et al., 2009). The seasonal dynamics of MABs in the East China Sea
(ECS) and the Yellow Sea (YS) have been documented (Keesing et al.,
2011; Xing et al., 2011, 2015b; Qi et al., 2016; Hu et al., 2017); and the
MABs in the YS were tracked back to the year of 1999 (Xing and Hu,
2016). However, most of the findings were based on low- and mod-
erate-resolution images (250–500m), which failed to reveal small
macroalgae patches or wrongly classified them (Hu et al., 2010; Xing
et al., 2011; Ding et al., 2015; Q. Xu et al., 2016; F. Xu et al., 2016;
Zheng et al., 2016); consequently, the MABs may be overlooked or
overestimated (Ding et al., 2015; Xiao et al., 2017), especially for the
early-stage small-scale MABs.

The Normalized Difference of Vegetation Index (NDVI) may be the
most used index for detecting MABs in offshore waters in the southern
Yellow Sea (Hu and He, 2008; Xing et al., 2010; Cui et al., 2012).
However, this index is very sensitive to environmental conditions, and
is affected by aerosols, sea surface glints and water constituents (Hu,
2009; Garcia et al., 2013). To reduce spatial variation in large-size
image, such an image is divided into small windows, and targets can
then be identified window by window (Xing et al., 2011; Garcia et al.,
2013; Meng and Xing, 2013). Specific indices for different satellite
cameras were also designed to mitigate these impacts (Hu, 2009; Son
et al., 2012, 2015; Wang and Hu, 2016). The band-difference indices,
such as the Floating Algae Index (FAI), the Virtual Baseline Floating
macroAlgae Height (VB-FAH), the Difference of Vegetation Index (DVI)
between near-infrared and red bands for MABs detection, were tested
and shown to be less sensitive to aerosol variation and sea surface glints
than the NDVI, and are suitable for high-resolution images with limited
blue, green, red, and near-infrared bands (Hu, 2009; Xing and Hu,
2016).

Since it is now known that the green tide (macroalgae) originated
from the Poryphyra yezoensis farming rafts, can the green tide be con-
trolled by adopting countermeasures at the initial sites of the Jiangsu
Shoal? Many suggestions have been put forward to control the early
blooms of green tide, such as disposing macroalgae when recycling the
Poryphyra yezoensis farming rafts (D. Liu et al., 2013), recycling farming
facilities as early as possible (Liu et al., 2017), cutting down nutrient
input (F. Liu et al., 2013), removing the farming industry of Poryphyra
yezoensis, adjusting the farming location, replacing the materials used
for making rafts, raising macroalgae-eating animals, using chemicals to
kill or control the macroalgae on the rafts, collecting the early-stage
macroalgae, and so on (personal communications with Dr. Song Qin,
Dr. Chuanming Hu, Dr. Song Sun, and so on). However, this is a difficult
task when the environmental, ecological, economic and social effects,
and the feasibilities are concerned. Relatively speaking, the early-stage
collecting campaign has several major merits. First, it is environment-
friendly. Second, the macroalgae may be used as resource, and thus
there is a potential of collecting them in a commercial way. Third, the
effectiveness can be seen immediately. Then, the question becomes, can
the early-stage collecting work be done in a cost-effective and feasible
way? In this work, high-resolution satellite images are used in a bio-
mass-estimation model to explore the features in the expansion of early-
stage green tide in the Yellow Sea, and to assess the feasibility of using
the macroalgae collecting approach to control their spread.

2. Data and methods

2.1. The study area

Fig. 1 shows the study area of the Jiangsu Shoal and its vicinity. The
true color image, a composite of satellite images bands 3 (red), 2
(green) and 1 (blue) acquired on 29 April 2016, shows the Jiangsu

Shoal where the water was shallow and full of suspended sediments.
Fig. 2 shows the tidal flat was dominated by the seaweed aquaculture of
Poryphyra yezoensis.

2.2. Satellite images and processing

In this study, satellite images during the period of April–June 2016
were collected and used for MABs extraction, including the GaoFen-1
(GF-1), China-Brazil Earth Resources Satellite-4 (CBERS-4) and the
Moderate Resolution Imaging Spectrometer (MODIS). Specifically, the
red band (Red) and near-infrared band (NIR) data acquired by these
sensors were processed to give top-of-atmosphere reflectance (R, unit-
less). Then, the DVI, the reflectance difference between the NIR band
and the Red band (RNIR-RRed), which has a linear correlation to the
coverage of floating plants at the sea surface (Xing and Hu, 2016; Xing
et al., 2017), was calculated for each image. The spatial resolutions of
GF-1, CBERS-4 and MODIS used in this work are 16, 30 and 250m,
respectively. In practice, the high-resolution GF-1 and CBERS-4 images
were used to monitor the early-stage MABs, which might be overlooked
in the lower- and moderate-resolution images (e.g., the MODIS).

Macroalgae pixels have higher DVI values than the background
seawater. In this work, a dynamic threshold of DVI was used to extract
macroalgae pixels. The DVI images were segmented into small win-
dows, and a threshold was set to classify the macroalgae pixels window
by window, i.e., pixels with their DVI values larger than the threshold
(from −0.02 to 0.01) depending on the water surface optical condi-
tions, were regarded as macroalgae pixels. Meanwhile, the R(band 4)-
G(band 3)-B(band 2) false-color images were used for visual inspection
of each window where macroalgae showed red or brown color in the
enhanced 432 image. This approach can reduce the chance of mis-
classification, and is useful for extracting macroalgae pixels under op-
tically complex water conditions. The areas of these macroalgae pixels
were summed to give the total area (AT, Km2).

2.3. Estimation of total biomass of floating macroalgae

In order to estimate how much manpower would be needed to
collect the floating macroalgae, managers need to estimate the potential
total biomass of macroalgae (BM, ton). In this study, the total area
completely covered by macroaglae (ACCM, Km2) and the unit biomass
(BU, ton/Km2) were used to calculate the biomass using Eq. (1) below:

= ∗B A B ,M CCM U (1)

where BU refers to the biomass per area (or pixels) for the study area
completely covered by the aggregation of macroalgae.

ACCM was estimated from the macroalgae coverage, which was de-
rived from the satellite image via the above-mentioned procedures. In
high-resolution images, it is reasonable to assume that there should be
sites where the sea surface was completely covered by macroalgae and
the corresponding pixels should have the largest DVI values. The DVI
values of all the macroalgae pixels were normalized, so the minimum
and the maximum are 0 and 1, i.e., a term of [01DVI] where 0 is set to
present that the pixel has 1% of macroalgae while 1, for 100%. Then,
the portion of macroalgae (POM, %) in each macroalgae pixel was
calculated using Eq. (1), and ACCM was calculated using Eq. (2).

= ∗ +POM 99 [01DVI] 1, (2)

∑= ∗
=

A POM PS ,CCM
i 1

n

i i
(3)

where n is the number of pixels containing macroalgae; PS is the pixel
size, e.g., 16m ∗ 16m for GF-1 images. For more details, please go to
Xing et al. (2017).

The unit biomass of macroalgae (BU, ton/Km2) was measured
during the cruise conducted in the Jiangsu Shoal on 25 May 2016. In
the field work, the floating macroalgae slicks or patches were visually
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inspected by the crew. When the sea surface was completely covered by
macroalgae, a 0.1m2 round-mouth fishing net was put under the
macroaglae mats using a pole, and then the net was lifted out of water
to collect the macroalgae while the surface of the net was being placed
horizontally. Macroalgae attached to but outside of the net-mouth was
cut and discarded, and the macroalgae in the net was immediately
drained in the net and then wrapped in paper issue to remove the re-
sidual seawater. Finally, the wet weight (Kg) of alive macroalgae was
weighted, and the unit biomass of macroalgae (Kg/m2) was calculated.
The measurements were repeated three times at each site, and the BU

values were 2.9, 2.3 and 2.6 Kg/m2, respectively, with an average of
2.6 Kg/m2, i.e., 0.26 ton/Km2. In this work, BU was assumed to be a
constant (0.26 ton/Km2) over the period from 29 April to 25 June 2016

when the macroalgae patches were in free-drifting state before accu-
mulating in the coastal waters.

The workflow for image and data processing is outlined in Fig. 3.
Once the biomass was calculated, the macroalgae collecting campaign
can be evaluated.

3. Results and discussion

3.1. Expansion of MABs in the Yellow Sea in 2016

The initial sites and the drifting paths are the key factors for de-
termining the areas for the collecting campaign. The red patches in
Fig. 4 show the detailed spatio-temporal distribution of green tide

Fig. 1. The study area indicated by the red box. The true color image is a composite of GaoFen-1 bands 3 (red), 2 (green) and 1 (blue) acquired on 29 April 2016. The
dashed green line shows the region visited by large scale of macroalgal blooms in the Yellow Sea and the East China Sea. This figure is based on several studies (He
et al., 2011; Xing et al., 2011, 2015b; Xing and Hu, 2016; Sun et al., 2017). (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

Fig. 2. Farming of Poryphyra yezoensis on the tidal flat of the Jiangsu Shoal. (a, b): Photos of seaweed aquaculture in good conditions (photo taken by Q. Xing); (c, d):
macroalgae growing on the farming facilities. After Zhou et al. (2015a).
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during the period from 29 April to 25 June 2016 in the Yellow Sea. The
floating green macroalgae were first detected by GF-1 satellite in the
Jiangsu Shoal on 29 April, and the impacted area expanded quickly in
the northward direction. About one month later, on 1 June the floating
macroalgae had moved from the turbid plumes of the Jiangsu Shoal
into the relatively clear waters in the western Yellow Sea. These results
show that the green tide initially occurred the aquaculture area in the
Jiangsu Shoal. The time series of green tide from 29 April to 25 June

show that it took about two months for floating macroalgae to drift
northward from the Jiangsu Shoal to the Shandong Peninsula (for de-
tails, please see Supplement I for a GIF animation). Macroalgae blooms
in early-May 2015 were also observed in the Jiangsu Shoal, and its
northward drifting path was shown by high-resolution images (Zheng
et al., 2016). The hypothesis on the source of green tide (Liu et al.,
2009) is also supported by the observations here, i.e., floating macro-
algae were produced while the facilities of Poryphyra yezoensis farming

Fig. 3. The workflow chart for estimating total macroalgae biomass (BM) on the basis of satellite images and in-situ measured unit biomass (BU).

Fig. 4. Distributions of MABs (patches in red) from 29 April to 25 June 2016. The data were derived from satellite images whose acquisition date and time are shown
in the format of YYYYMMDD HH:MM (local time). The background images are a true color composite by MODIS bands acquired on 30 April 2016. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)
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on the tidal flats of the Jiangsu Shoal were recycled.

3.2. Changes in the coverage and biomass of MABs

Table 1 shows the total area of macroalgae pixels (AT), the area
completely covered by macroaglae (ACCM) and the corresponding bio-
mass (BM) from 11 May to 25 June 2017. On 29 April, the scale of green
tide first detected by GF-1 satellite might be too small to ensure that
there were pure macroalgae pixels in the 16m ∗ 16m image; thus, ACCM

and BM were not calculated. On 25 June when the MABs reached the
coastal waters of the Shandong Peninsula (Fig. 4), the total biomass of
macroalgae was about 1,401,000 tons, which is close to those observed
in recent years (Hu et al., 2017).

In addition to the indices of BM and ACCM, AT and other similar
indices with which the sub-pixel portion of macroalgae is not taken into
account were also used to evaluate the scale of MABs (Hu et al., 2010;
Garcia et al., 2013; Xing et al., 2015a; Qi et al., 2016). In this work, we
find that the ratio of ACCM to AT ranged from 13% to 22%, with an
average of 17.7%; and the ratio was generally larger during the period
from 11 May to 1 June (18% to 22%) than that in the later period from
9 June to 25 June (13% to 16%). As shown in Fig. 5, the latitude of
34.5°N can be roughly used as the boundary between the turbid plume
of the Jiangsu Shoal and the relatively clear waters in the northward drifting path of MABs. As shown by the drifting path indicated by the

sites of MABs' geometry centers, the MABs were mainly located in the
turbid waters before 1 June, and they were in clear waters after 1 June
(see Fig. 5). Qi et al. (2016) calculated the ratio of ACCM:AT in a similar
way for the maximum daily MABs, which were located north of 34.5°N,
and the derived ratios were 9–10% in 2013, 2014 and 2015, which are
close to our results (13% to 16%) in the clear waters rather than those
(18% to 22%) observed over the turbid plumes of the Jiangsu Shoal.

3.3. Growth rate of MABs

On the basis of the data of BM or ACCM shown in Table 1, the growth
rate (% per day) was calculated for the periods from the same starting
date to different ending dates. As shown in Fig. 6, the estimated growth
rate varied with time and space. In general, the growth rate showed a
sharp decrease from 20 to 25% to 3–5% when the MABs drifted
northward from the turbid plume to the clear waters from 11 May to 25
June, i.e., crossing 34.5°N.

The experiments using field cultures under controlled conditions
(Zhang et al., 2013; Wang et al., 2015) showed that the growth rate of
early blooms in the Jiangsu Shoal was 23–26%, which is very close to
the results (20–25%) derived from satellite observations in this work.
Hu et al. (2017) estimated the growth rate in the entire growing phase
using the MODIS observations from 2008 to 2015, and found an
average growth rate of 14.9% per day with which similar results
(9–13%) were obtained for the periods of 11 May-25 June, 20 May-25
June and 25 May-25 June.

The nutrient supply also supported this spatial pattern of the growth
rate of MABs, i.e., higher growth rate in the southern turbid plume of
the Yellow Sea than in the northern clear waters. Higher nutrient
supply in the Jiangsu Shoal (Xing et al., 2010, 2015a; Keesing et al.,
2011; Zhou et al., 2015b) as well as more favorable water temperature

Table 1
Changes in macroalgae area and biomass in the Yellow Sea.a

Date of 2016
(Day of year)

11 May
(131)

20 May
(140)

25 May
(145)

1 June
(152)

9 June
(160)

17 June
(168)

25 June
(176)

AT, Km2 12 71 158 791 2098 3446 3319
ACCM, Km2 2.5 13 35 153 320 442 539
BM, 104 ton 0.65 3.38 9.10 39.80 83.20 114.80 140.10
ACCM/AT, % 21 18 22 19 15 13 16

a The unit biomass BU is set to 0.26 ton/Km2 (see Section 2 on data and
methods).

Fig. 5. The geometry centers (black circles) of green tides and the changes in
the north latitude (blue solid line with diamonds). The yellow dashed line in-
dicates 34.5°N. The patches in green show the floating green macroalgae on 1
June 2016. The patches in magenta show the farming zones of Poryphyra ye-
zoensis. The blue dashed line is a linearly-fitted line of the north latitude with
the date (DOY, day of year), showing the due north drifting speed of about
0.041° per day. (For interpretation of the references to color in this figure le-
gend, the reader is referred to the web version of this article.)

Fig. 6. Growth rates (% per day) calculated for different drifting durations. The
blue line with circles shows the growth rate in a period between every two
neighboring dates (TND). Other points with the same symbols show the growth
rates calculated against the periods from the same starting date to different
ending dates (x-axis, DOY), e.g., ◊ D131 shows the growth rate with the starting
date of 131 (DOY), i.e., 11 May 2016, and the ending date of 25 June 2016. The
GR1 (20–25%) presents the grow rate of MABs in the turbid plumes of the
Jiangsu Shoal, while the GR2 (2–5%), for the growth rate in the clear waters.
The GR12 (9–13%) covered the entire growing periods when the MABs drifted
from the Jiangsu Shoal to the clear waters in the north. (For interpretation of
the references to color in this figure legend, the reader is referred to the web
version of this article.)
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(Liu et al., 2009; Xing et al., 2015a) would support a faster growth of
green macroalgae in this region. The turbid waters in the Jiangsu Shoal
(Wang et al., 2011) would reduce the light availability under the sur-
face water, which however had negligible effect on the floating mac-
roalgae at the water surface.

4. Implications on early-stage macroalgae collecting campaign

Massive macroalgae collecting campaigns have been carried out to
mitigate the impacts every summer in the Yellow Sea since 2008. Such
campaigns cost huge amount of money; e.g., one billion Chinese Yuan
was spent on combating the green tide in 2008 (Wang et al., 2011).
During the past years, many equipments and collecting strategies were
used to improve the effectiveness of macroalgae collecting campaigns
(Wang, 2015; JSChina, 2016).

In the late spring and summer 2016, macroalgae collecting cam-
paigns were carried out in the Yellow Sea. In these field campaigns, a
“1+n” fleet model, a useful model in practice for macroalgae-har-
vesting (see Supplement I for an example), was used to collect macro-
algae. As shown by Fig. 7, the “1+n” fleet is composed of a big boat
and a number of small boats: “1” represents one specially-designed boat
(3000–5000 displacement tons) with the capability of receiving mac-
roalgae, de-watering, storing, transportation, and so on; and “n” re-
presents a number of fishing boat (each with ~100 displacement tons)
equipped with specially-designed nets to collect macroalgae; the
number “n” usually ranges from 10 to 50. The results of collecting
campaigns showed that a fishing boat usually collected about 25 tons of
macroalgae per day, and a “1+n” fleet might collect 1000–2000 tons
of macroalgae, depending on the scale of the fleet (JSChina, 2016).

The standing biomass (BT) and the growth rate (GR) are the es-
sential factors for predicting the biomass, and for further calculating the
response effort, which should be invested to control the green tide. For
the only purpose of clearing all of the floating macroalgae, in theory,
the earlier the collecting activities start, the less the biomass there is for
collecting, and thus less effort would be needed. For example, if a
collecting campaign was conducted on 11 May with a standing biomass
of 6500 tons (Table 1), no more than 8125 tons (a growth rate of 25% is
assumed) need to be collected. And under ideal conditions, all the
macroalgae could be removed in one day. However, in practice it is
difficult to detect all the sparsely-distributed small patches of macro-
algae in the early stage of green tide. Moreover, it is difficult to access

the shallow waters in the tidal zone.
Under the forcing of surface wind and currents, the macroalgae

patches tend to aggregate in specific zones where the floating macro-
algae are suitable for more efficient in-situ collecting, e.g., in the con-
vergence zone (Hu et al., 2014; Xing and Hu, 2016), the tidal channel,
and so on. So, a more practical plan may be first considered to control
the green tide under a manageable scale at the initial stage. For ex-
ample, for the purpose of no more increase in biomass since 11 May, the
critical collecting capability should be 1625 ton (6500 ton ∗ 25%) per
day. In the same way, if it starts from 20 May, the collecting capability
should be 8450 ton per day. However, if it starts from 25 May, the
collecting capability should be 22,750 ton per day, and accordingly it
needs more than 10–30 fleets to achieve this goal, which is difficult to
succeed.

The above analysis suggests that the early-stage green tide might be
manageable in an economic way at the initial sites, i.e., at the Jiangsu
Shoal; and due to the rapid increase in biomass at the Jiangsu Shoal, the
time window is also limited. For the 2016 case, the time window was no
more than 14 days.

In this study, BU= 2.6 kg/m2 is used to calculate the absolute total
biomass of macroalgae. The value of BU may vary with actual condi-
tions. For instance, for the green tide in the Qingdao coastal waters, BU

had higher values of 3.5–4.4 kg/m2 (Hu et al., 2017) due to stronger
accumulation effect jointly caused by tides, wind, currents, and espe-
cially the blocking of macroalgae's drifting path. Accordingly, using Eq.
(1), BU can be replaced by the new value to estimate total biomass and
further assess the capability for macroalgae collecting in the Qingdao
coastal waters.

5. Concluding remarks and prospective

To control green tide at the early stage through macroalgae col-
lecting, high-resolution satellite remote sensing images were used to
reveal the expanding process of early-stage green tide from the Jiangsu
Shoal, and to estimate the corresponding growth rate. Combining the
analysis on the macroalgae collecting capability with the biomass
change, we showed in this study that the early-stage green tide is
manageable by macroalgae collecting effort although the time window
might be no more than two weeks.

In addition to the green tide shown in this work, “golden tide”
caused by floating Sargassum also occurred in Chinese coastal seas,

Fig. 7. (a) The schema of a “1+n” fleet model for macroalgae collecting, (b) n-boats in collecting macroalgae, (c) 1-boat in receiving macroalgae parcels, and (d) a
small boat sending the collected-macroalgae to 1-boat (JSChina, 2016; photos credits: Qingdao news, Nantong news).
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which might lead to ecologic damages. We suggest that a regional sa-
tellite monitoring system be established over the Yellow Sea and the
East China Sea to help manage the floating macroalgae blooms. The
green macroalgae collecting plan could be modified to control the
golden tide for the purpose of managing bio-resources and/or ha-
zardous materials. Especially, high-resolution satellite images should be
included to detect early blooms and estimate their biomass.

With the consideration of marine transportation cost, the land/
harbor processing capability and the macroalgae product, economic
plan can be determined to carry out these types of collecting campaigns.
The biomass distribution maps and drifting paths derived from satellite
images can be used to set the priority zones or transects for macroalgae
collecting and for allocating the collecting resources and facilities more
efficiently.
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