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Abstract: Since 2008, annual outbreaks of green tides in the Yellow Sea have had severe impacts
on tourism, fisheries, water sports, and marine ecology, necessitating effective interception and
removal measures. Satellite remote sensing has emerged as a promising tool for monitoring large-
scale green tides due to its wide coverage and instantaneous imaging capabilities. Additionally,
drift prediction techniques can forecast the location of future green tides based on remote sensing
monitoring information. This monitoring and prediction information is crucial for developing an
effective plan to intercept and remove green tides. One key aspect of this monitoring information
is the green tide distribution envelope, which can be generated automatically and quickly using
buffer analysis methods. However, this method produces a large number of envelope vertices,
resulting in significant computational burden during prediction calculations. To address this issue,
this paper proposes a simplification method based on azimuth difference and side length (SM-ADSL).
Compared to the isometric and Douglas—Peucker methods with the same simplification rate, SM-
ADSL exhibits better performance in preserving shape and area. The simplified distribution envelope
can shorten prediction times and enhance the efficiency of emergency decision-making for green
tide disasters.

Keywords: green tide; satellite remote sensing; distribution envelope; buffer analysis; simplification
method

1. Introduction

Since the large-scale outbreak in 2008 [1-7], the green tide in the Yellow Sea has
occurred annually. Through years of monitoring, the process of green tides is usually
divided into five stages: occurrence, development, outbreak, decline, and extinction [4-8].
Each year, the green tide originates from the radial sandbanks in northern Jiangsu in
early May and drifts northward under the influence of wind and ocean currents. The
green tide reaches its maximum scale in the waters near the southern coast of Shandong
around late June or early July. From early to mid-July, the green tide begins to decline
and gradually disappears in mid-to-late August. As the green tide drifts from south to
north and east, it causes varying degrees of harm to aquaculture, water sports, tourism
and marine ecology [4-11]. Therefore, the Marine Management Department of the area
affected by the disaster expends a lot of workforce and material resources in preventing
and eliminating the green tide disaster [3-5].

Satellite remote sensing, with its wide range and advantage of instantaneous data
acquisition, has become the primary data resource for monitoring green tides in the Yellow
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Sea and the only way to obtain complete green tide information [2-8,12,13]. Satellite remote
sensing typically employs vegetation indices to extract green tide information. Vegetation
indices effectively enhance vegetation information while mitigating interferences from
imaging angles, solar glare, the atmosphere, and other factors. Commonly used indices
include the Normalized Difference Vegetation Index (NDVI) [2,8,12], Normalized Difference
Algae Index (NDAI) [14], Floating Algae Index (FAI) [15], Scaled Algae Index (SAI), Index
of floating Green Algae for GOCI (IGAG) [16], Virtual-Baseline Floating macroAlgae Height
(VB-FAH) [17], and Multispectral Green Tide Index (MGTI) [18]. Among these, the NDVI
only requires two bands, red and near-infrared, making it applicable to all satellite imagery
and the most widely used in operational applications and green tide research. During
green tide satellite remote sensing emergency monitoring, firstly, satellite imagery is used
to detect the green tide patches, and then, patches are used to produce the distribution
envelope [2,5,12]. Finally, the distribution envelope vertices are used as the initial field for
predicting the drift of the green tide [19-22]. Based on the monitoring and drift prediction
results, disaster management plans are determined [22,23]. The main disaster management
methods include ship-based removal, fence-based blocking, and coastal cleanup.

At present, the distribution envelope of green tide can be delineated by manual
interpretation [2,24] or computer analysis based on the green tide patches [25]. The manual
interpretation option has the following advantages: the quantity of distribution envelope
vertices is moderate, they can be directly used as the initial field, and predicting drift
requires only a short calculation. The weaknesses of this method include intense subjectivity,
a lack of uniform standards, and the fact that different scientists analyzing the same green
tide patches will draw different distribution envelopes. The second option (computer
analysis) uses the buffer analysis method. The buffer analysis tool of ArcGIS is usually
applied to form a green tide distribution envelope by buffering the green tide patches [25].
The distribution envelope formed by this method is automatic and standard. However, the
number of distribution envelope vertices often reaches tens or hundreds of thousands. Due
to the high computational pressure, they cannot be used directly as initial fields for drift
prediction and must be simplified. A simplification method for polygons created by buffer
analysis has not yet been reported.

Existing polygon simplification models include the equidistance method, the ray-barrier
method, the vertical distance tolerance method, and the Douglas—Peucker method [26-29].
The equidistance method selects vertices by setting a fixed side length between them.
The ray-barrier method achieves vertex selection by setting the angle threshold between
adjacent sides, which is not suitable for polygons with uniform distribution of vertex angles.
The vertical distance tolerance method achieves simplification by controlling the vertical
distance between simplified and original envelopes, which is a local algorithm and not
suitable for envelopes with little different side lengths and vertex angles. The Douglas—
Peucker algorithm is an improved version of the vertical distance tolerance method, and is
a global algorithm rather than a local algorithm. The above methods have their respective
advantages, weaknesses, and applicability. They are all designed to simplify geographic
information data, such as administrative boundaries and contour lines [28,30,31]. The
feasibility of simplifying polygons formed by buffer analysis using the above methods has
not been evaluated.

The objective of this study was to develop a simplification model of the distribution
envelope formed by buffer analysis. The model obtained in this paper can effectively
simplify the distribution envelope vertices, reducing the calculation pressure associated
with drift prediction and improving the efficiency of green tide disaster emergency decision-
making. The paper is organized as follows: Section 2 describes the study area, as well as
the data and their processing. Section 3 proposes the method for building a simplification
model and model assessment. Section 4 presents the simplification model, precision
evaluation and applications. Section 5 gives the simplified envelopes analysis, methods
comparison analysis, and drift prediction analysis. Section 6 includes the conclusions.



Remote Sens. 2024, 16, 3520

30f19

2. Study Area and Data
2.1. Study Area

The study area was the southern region of the Yellow Sea (see Figure 1), where the
north wind prevails in winter, and the south wind prevails in summer. Due to wind
effects, the area’s sea surface current shows the same mode, flowing from south to north
in summer [32]. This area experiences semi-diurnal tides, with a greater tidal range in the
east than in the west. At the same time, the semi-diurnal tidal currents in this region are
pronounced, and the flow velocity in the east is greater than that in the west [33,34]. The
western part of this area includes the Subei radiation shoal, which due to unique geological
and tidal conditions, provides a favorable environment for the growth of Porphyra yezoen-
sis. This area has become a well-known area for the aquaculture of Porphyra yezoensis [35].
Porphyra rafts offer conditions for the adhesion and growth of green tide algae [36,37].
During the harvesting of Porphyra yezoensis in late April and early May, green tide algae
are abandoned into the sea from the culture rafts and become the primary source of the
green tide. They continue to grow and drift northward under favorable oceanographic
conditions (temperature, wind and current) for the transportation and rapid growth of the
Enteromorpha prolifera bloom [3,38,39]. Eventually, the green tide reaches the waters of
Shandong Province (to the north of the study area) and sinks to the bottom of the sea off
southern Shandong Province in late June or early July, causing damage to local fisheries,
water sports, tourism, and marine ecology.
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Figure 1. Schematic diagram of study area.
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2.2. Data and Data Processing
2.2.1. Satellite Data

The HaiYang-1D satellite (HY-1D), launched on 11 June 2020, operates as a dual-
satellite network with HaiYang-1C (HY-1C). Together, they can capture a full view of
the green tide in the Yellow Sea twice every three days with a spatial resolution of 50 m
and a scanning range of 950 km. The Coastal Zone Imager (CZI) on satellite HY-1C/D
contains four wavebands for effective green tide monitoring: blue (0.42-0.50 um), green
(0.52-0.60 um), red (0.61-0.69 um), and near-infrared (0.76-0.89 um) [40]. Since 2019, this
imagery has been one of the primary satellite resources for green tide monitoring in the
Yellow Sea. Eight HY-1C/D satellite images from 2021 were used in this study (see Table 1).

Table 1. Information on satellite images used for green tide monitoring in this paper.

Satellite/Sensor Date Object Stage

HY-1C/CZI . . .

HJ-2B/CCD 10 May 2021 Process analysis, comparative analysis Emergence
Algorithm development, application,

HY-1D/CZI 17 May 2021 validation, comparative analysis, and =~ Development
process analysis

HY-1C/CZI 25 May 2021 Process analysis Development

HY-1D/CZI 6 June 2021 gior;i};? aepaﬂ:laclatslizn:azghdrfclzsz Explosion

HJ-2A/CCD parativ ysis,and p P
analysis
Algorithm application, validation,

HY-1C/CZI 9 July 2021 comparative analysis, and process Explosion
analysis

HY-1C/CZI 18 July 2021 Process analysis Decline
Algorithm application, validation,

HY-1C/CZI 5 August 2021 comparative analysis, and process Decline
analysis

HY-1C/CZI 25 August 2021  Process analysis Extinction

The Huanjing-2 A/B Satellites (HJ-2A /B) were successfully launched on 27 September
2020. Each satellite has four types of optical payloads: a 16 m camera, a hyperspectral
imager, an infrared camera, and an atmospheric corrector. The 16 m camera payload
consists of four visible CCD cameras that cover the blue, green, red, red edge, and near-
infrared bands, each with a single width exceeding 200 km. By mosaicing the fields of
view, it can provide multispectral images with a width of 800 km [41]. The two satellites,
networked in the same orbit, can quickly acquire imagery and can cover the green tide area
with visible and infrared multispectral data once every two days, serving as a valuable
supplementary data source for HY-1C/D satellites. Two HJ-2A /B satellite images from
2021 were used in this study (see Table 1).

2.2.2. Green Tide Extraction

The normalized difference vegetation index (NDVI), which is calculated using Formula (1)
based on the unique spectral characteristics of green algae in the red and near-infrared
bands, is widely applied in the extraction of green tides [2,4,6-8,12,42—44]. The optical
satellite images used in green tide monitoring all have red-light bands and near-infrared
bands. Therefore, this paper applies the NDVI threshold method to extract green tide
information. From April to July every year, the Yellow Sea is cloudy and foggy [45,46],
which seriously affects the monitoring of green tide. Therefore, we designed a green tide
information extraction process combining visual and automatic processes to reduce the
influence of cloud and sea fog on green tide extraction (see Figure 2). First, a standard
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false-color image combined with NDVI is used to visually identify the green tide area,
which can effectively eliminate interference factors such as clouds and fog. Next, the NDVI
threshold method is used to extract the green tide in the green tide area. Under normal
conditions, the NDVI threshold is 0 and can be slightly adjusted regarding the extraction
effect of green tide.

NDVI = (Rnir — Rred)/(Rnir + Rred) @

where Rnir and Rred denote the reflectance in near-infrared and red wavebands, respectively.

the Yellow Sea
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Figure 2. Schematic diagram of green tide information extraction on 17 May 2021. The green tide
area outlined in red was obtained by visual interpretation based on standard false color image B432
(R-nir, G-red, B-green), which has a higher contrast than true color image B321 for green tide, and
green tide patches shown in green that were obtained by the NDVI threshold method.

2.2.3. Side Lengths and Vertex Angles of the Envelope

The buffer analysis tool in ArcGIS desktop 10.6 software was used to create green
tide distribution envelopes based on green tide patches. Based on field monitoring, there
are meter-scale and sub-meter-scale patches surrounding the large patches. In operational
monitoring, the primary satellite source, HY-1, has a spatial resolution of 50 m, making it
difficult to detect these smaller patches. Additionally, there are errors in drift prediction. To
ensure that smaller patches around the bigger patches are not omitted during an emergency
response, we set the buffer radius to 3 km in the buffer analysis. It is well-known that buffer
analysis can form an envelope with smooth boundaries. We calculated the side lengths
and angles on the distribution surface of 17 May 2021 as an example. Figure 3 shows that
the angles were all greater than 175 degrees, concentrated between 178 and 180 degrees,
and the side lengths were all less than 0.2 km, mostly within 0-0.1 km. The characteristics
of the side lengths and angles corroborated the smooth boundary characteristics of the
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envelope. Therefore, the ray-barrier method and the vertical distance tolerance method are
not suitable for the distribution envelope formed by the buffer analysis.

180

175

170 F

Angle/°

165 F

160 1 1 J
0 0.1 0.2 0.3

Side length /km

Figure 3. Side lengths and angles of green tide distribution envelope on 17 May 2021.

3. Method
3.1. Method for Building Simplification Model

As seen in Section 2.2.3 above, the buffer-formed distribution envelope has the charac-
teristics of small side lengths and large vertex angles, resulting in many redundant points.
Increasing the side length of the envelope surface can effectively eliminate redundancy,
thereby compressing the boundary vertices. At the same time, to effectively maintain the
shape of the envelope surface after simplification, different side lengths should be applied
in flat boundary areas and areas with high curvature. Therefore, we firstly manually se-
lected the sample vertices from the original distribution envelope vertices, and secondly,
analyzed the characteristics of azimuth differences and side lengths of adjacent sample
vertices. We then established the simplification model by applying statistical methods
based the above two factors.

3.2. Accuracy Assessment
3.2.1. Simplification Error

Distribution envelope simplification can lead to deformation and area change. The
overall error (OE) takes into account both the increase and decrease in the deformation
compared to the original distribution envelope. Therefore, the overall error was adopted to
evaluate the deformation error. The OE formula is as follows:

OE = (S; + Sq4)/So, 2)

where Sy, S;, and S4 denote the areas of the original envelope, and the increased and
decreased parts of the simplified envelope, respectively.

The algebraic error (AE) is the ratio of the area difference between the simplified and
the original envelope to the original envelope area, and can be used to evaluate the area
change. The AE formula is as follows:

AE = (S — Sp)/So, 3)

where Sy and S denote the areas of the original and simplified envelope, respectively.
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3.2.2. Simplification Rate

The simplification rate was used to evaluate the simplification degree of an envelope,
which is the number of original envelope vertices divided by the number of simplified
envelope vertices, using the formula Sr = N /Ngim, where St, Ni;i, and N, denote the
simplification rate, the vertex number of the original envelope, and the vertex number of
the simplified envelope, respectively.

4. Results
4.1. Simplification Model Based on Azimuth Difference and Side Length (SM-ADSL)
4.1.1. Manually Simplifying the Envelope

The selection of distribution envelope simplification samples followed two principles.
First, to obtain a high simplification ratio, the sample vertices selected should be as few as
possible. Second, to reduce the simplification error, the line segment between adjacent sam-
ple vertices should have a small deformation to the original envelope. These two principles
are contradictory because a large simplification rate requires a long side length between
sample vertices, which increases deformation and generates a large simplification error.
Therefore, during sample selection, it is necessary to balance the above two principles and
focus on envelope areas with large or small curvature. For a boundary with low curvature,
the side length between adjacent sample points should be as long as possible to enhance
the simplification rate. For a part of an envelope with high curvature, the deformation
between the original and simplified envelope should be mainly focused on reducing the
simplification error. Figure 4A shows a part of the envelope with low curvature. Points ag
and a; are adjacent sample vertices with a longer side length. Figure 4B shows a part of the
envelope with high curvature. Points by, by, and b, are the adjacent sample vertices with
shorter side lengths.

Legend
® (Green tide patch
8! Original envelope
[ Sample vertex

—p Azimuth direction

N Legend N
A ® Green tide patch A
vertex . Original envelope vertex
® Sample vertex
—p Azimuth direction
)
®

L

Figure 4. Schematic diagram of sample vertices selection in parts of an envelope with (A) low curva-
ture and (B) high curvature. The ray directions are the azimuth directions of the vertices connected to
them, and «; and o are the azimuth differences of the vertices byb; and b1by, respectively.

Taking the green tide distribution envelope in 17 May 2021 as an example, there
were 56,763 vertices in the original distribution envelope. According to the two principles
introduced above, we selected 177 vertices with a simplification rate of 196. Figure 5 shows
that the hand-selected vertices are a good representation of the original envelope shape.
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Figure 5. Schematic diagram of sample vertices selection in green tide distribution envelope on 17
May 2021.

4.1.2. Building the Simplification Model

Based on the two principles of sample vertex selection, we identified two character-
istics. The first was the side length between adjacent sample vertices, which determined
the simplification rate, such as side lengths aga; and bob; in Figure 4. The second was the
azimuth difference between adjacent sample vertices, which determined the deformation
between the original and simplified envelopes. The azimuth of a vertex is defined as
the direction of the ray passing through that vertex, which is tangent to the distribution
envelope and biased towards the next vertex to be selected. For example, the ray starting at
by in Figure 4B is the azimuth of by, and angle «; is the azimuth difference between the
two selected vertices by and b;.

Applying the 177 sample vertices on the distribution envelope on 17 May, we calcu-
lated the azimuth differences and side lengths of adjacent vertices. Figure 6 is the scatter
plot of the sample vertices, where the x-coordinate is the azimuth difference, and the
y-coordinate is the side length. The following two rules can be discerned: (1) When the
azimuth difference varies between 0 and 60°, there is a negative correlation between az-
imuth difference and side length in general, and almost all side lengths are larger than
3 km. (2) When the azimuth difference is larger than 60°, the corresponding side length
varies between 3 km and 4 km.
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Figure 6. Azimuth difference and side length of adjacent sample vertices (x and y represent the
azimuth difference and the corresponding side-length minimum, respectively).

The smaller the side length between the adjacent sample vertices, the smaller the
deformation and area change between the simplified and the original distribution envelope.
Therefore, we used the azimuth difference of the sample and the corresponding minimum
side length to establish a simplification model (see Figure 6), which can ensure that the
error of the simplified result is smaller than that of samples. The distribution envelope
simplification formula was determined as follows:

[ —00333x +5, x < 60° "
Y= 13 ,60° < x < 80°

where x indicates the absolute value of the azimuth difference between adjacent vertices,
and y indicates the corresponding side length in the distribution envelope.

4.2. Model Application Process

The flow chart in Figure 7 illustrates the process of mapping the green tide distribution
and its drift prediction initial field. It shows three steps: First, the green tide coverage
information was extracted, which includes NDVI calculation from the satellite image and
the green tide pixels extraction using the NDVI threshold value method. Second, the green
tide distribution was mapped through buffer analysis based on the coverage information;
and third, the initial field of drift prediction was mapped using the developed simplification
method. The distribution usually contained several polygons. We simplified the polygons
in the order of the ID number in the SHP file. Each polygon simplification process was
as follows: First, we selected the NO.1 vertex as the current vertex and calculated the
side-length and azimuth difference between the next vertex. Then, the next vertex was
judged to be selected or not according to the simplification algorithm developed. It became
the current vertex if selected, and the process was repeated until all the vertices of the
polygon were judged.
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One polygon simplification processing
Coverage information extraction

The current :
L No
vertex
Distribution mapping l
Next vertex
l (Calculate x,y)
Distribution simplification [
l Simplification . Yes
. Select
algorithm electing
Drift prediction initial field
No
v v
No selecting End

Figure 7. Mapping flow chart of green tide distribution and drift prediction initial field (x and y
represent the azimuth difference and side length, respectively).

Azimuth difference x refers to the absolute value of the azimuth difference between the
currently selected vertex and the candidate vertex. There are four situations encountered
in the calculation of azimuth difference: (1) When the azimuth of the candidate vertex
changes in the direction of increase, the azimuth difference x = x, — x;. (2) If the azimuth
of the candidate vertex is close to 360° and crosses 360° during iteration, the azimuth
difference is x = xp — x1 + 360°. (3) When the azimuth of the candidate vertex changes in
the direction of decrease, the azimuth difference x = x; — xp. (4) If the azimuth decreases
to 0° and crosses 0° during iteration, the azimuth difference x = x; — xp + 360°. Here,
xp represents the azimuth of the candidate vertex, and x; represents the azimuth of the
previously selected vertex.

4.3. Simplification Model Evaluation

The four distribution envelopes for 17 May, 6 June, 9 July, and 5 August 2021 were
simplified based on the SM-ADSL. The simplified distribution envelopes are shown in red
in Figure 8, which have very little deformation compared to the original envelops shown
in black.

The number of original envelope vertices (NOEV), number of simplified envelope ver-
tices (NSEV), area of the original distribution envelope (AODE), and area of the simplified
distribution envelope (ASDE) were calculated (see Table 2). The simplification rate, overall
error, and algebraic error were calculated based on the evaluation methods in Section 3.2.1.
The results are shown in Table 2. Overall, the simplification rates for these four dates were
higher than 150, the overall errors were less than 0.75%, and the absolute values of algebraic
errors were less than 0.13%.

Table 2. Simplification rate and errors of the simplified envelope produced by this method.

Vertex

Vertex

Number of Number of  Simplification Ar.ea} of A rea O.f Overall Algebraic
Date . . . . Original Simplified
Original Simplified Rate 2 2 Error Error
Envelope/km Envelope/km
Envelope Envelope
17 May 2021 34,704 218 159 8216 8212 0.75% —0.05%
6 June 2021 58,830 391 150 43,708 43,729 0.25% 0.05%
9 July 2021 101,881 602 169 42,501 42,558 0.42% 0.13%
5 August 2021 35,510 225 158 8615 8606 0.65% —0.10%
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Figure 8. Simplified and original envelopes for 17 May (A), 6 June (B), 9 July (C), and 5 August (D) in
2021. The 5 August image zooms in some details of the envelope, showing a good fit between the
simplified and original envelopes.

4.4. The Process of Green Tide Development and Drift

Using eight satellite images from 2021 (see Table 1), the green tide pixels were extracted
using the method in Section 2.2.2. Then, the envelope of the green tide was obtained
using the buffer analysis method. The green tide distribution areas for the eight dates
were 387 km?, 8217 km?, 30,490 km?, 43,709 km?, 42,501 km?, 24,834 km?, 8615 km?,
and 1247 km?, respectively. The corresponding daily green tide growth rates for the
seven time periods were 1119 km?/ day, 2784 km?/ day, 1102 km?2/ day, —37 km?2/ day,
—1963 km? /day, —901 km?/day, and —368 km?/day, respectively. It can be seen from
the above results that the green tide’s distribution area went through rapid growth, faster
growth, stabilization, a rapid decline, and a slow decline to disappearance. The eight
envelopes clearly show the complete process of the green tide emergence—development—
explosion—decline—disappearance (see Figure 9). It was detected in the Subei shoal on
10 May, and it proliferated for one month while drifting to the north, reaching its explosion
stage on about 6 June, and then reached the south coast of Shandong. Around 9 July, the
green tide entered the decline period, with the envelope area gradually decreasing until
the green tide died out in late August [4,5].
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Figure 9. The whole process of green tide development and drift in 2021, where (A) shows the first
half of the process, and (B) shows the second half.

5. Discussion
5.1. Side Lengths and Angles of the Distribution Envelope Simplified by SM-ADSL

The SM-ADSL method in this paper can simplify the number of boundary vertices
of the original envelope to improve the prediction efficiency. The model was designed
to simplify the distribution envelope by increasing the side lengths and changing the
angles simultaneously. Here, we used the 17 May result as an example to analyze the side
lengths and angles of the simplified distribution envelope using the SM-ADSL method (see
Figure 10). Compared with the original side lengths and angles in Figure 3, the range of
side lengths and angles changed significantly, with a more extensive range of angle values
and much larger side lengths. Figure 8 shows that the side lengths range from 3 to 5 km
and the angles range from 110 to 180°. The side lengths are mostly around 3 km when the
angle is less than 140°, and the side lengths are mainly distributed around 4 km when the
angle is 140°-180°. We can find that small side lengths correspond to small angles (large
azimuth differences), and large side lengths corresponds to large angles (small azimuth
differences), which is consistent with the side-angle relationship in the model.
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Figure 10. Side lengths and angles of green tide distribution envelope simplified by SM-ADSL on 17 May.
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5.2. Comparison Analysis with the Existing Methods

The SM-ADSL method was compared with equidistance and Douglas-Peucker meth-
ods. The parameters for the equidistance and Douglas-Peucker methods were calculated
according to the simplification rates of the four envelopes simplified by the SM-ADSL
(shown in Table 2). The parameters of the equidistance method were 4.10 km, 4.22 km,
4.16 km, and 4.19 km for distribution envelopes from 17 May, 6 June, 9 July, and 5 August,
respectively. The parameters for the Douglas—Peucker method were 0.48 km, 0.46 km,
0.515 km, and 0.48 km, respectively.

We compared and analyzed the advantages and disadvantages of the results produced
by the method proposed in this paper with those of the equidistance and Douglas—Peucker
methods in terms of qualitative and error analysis, using the results of 5 August (shown in
Figure 11) as an example.

Fl‘ g - August 5

Jiangsu Province

Legend
. Green tide patch

@ Simplied envelope GSM—!

|:| Simplied envelope (Equidistane

I I Original envelope

Figure 11. Comparison of the results of three simplification methods, SM-ADSL, equidistance, and
Douglas—-Peucker methods, for the 5 August distribution envelope.

Figure 11 shows that the equidistance method produced a simplified envelope (blue)
that had a large deformation from the original envelope (black), especially in the high
curvature part of the envelope, such as the top part of the magnified portion. In contrast, the
results of the Douglas—Peucker [28,29,31] method and SM-ADSL were in better agreement
with the original envelope.

Figure 12A shows that the SM-ADSL had a more minor algebraic error than the
other two methods. The algebraic error of the Douglas—Peucker method was positive,
which indicates that the area of the simplified envelope increased, and the algebraic error
of the equidistance method was negative, which indicates that the area reduced after
simplification. Figure 12B shows that the Douglas—-Peucker method achieved the lowest
overall error [29,31], while the SM-ADSL had little difference in overall error from the
Douglas—Peucker method, and the equidistance method had the largest overall error. Based
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on the above analysis of these two errors, the result shows that the method proposed in
this paper is superior to the other two methods.
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Figure 12. Errors produced by the SM-ADSL, Douglas-Peucker and equidistance methods: (A) alge-
braic errors, and (B) overall errors.

5.3. Drift Prediction Analysis

Huang Juan et al. [19,20,22] established the green tide drift prediction model based
on the Lagrange particle tracking method. They integrated the model into an operational
system called the remote sensing monitoring, forecasting, and early warning system of
green tide disaster emergencies in the Yellow Sea. To specify the impact of simplification on
prediction time, we calculated the 72 h drift prediction time of the four-phase distribution
envelope before and after simplification. Figure 13 shows the predicted results of the
distribution envelope on 6 June 2011. It can be found that the green tide generally moved
to the northeast, which was consistent with the prevailing south wind in the Yellow Sea
in summer as described in Section 2.1 [21,32], and that the green tide trajectory at point P
was spiraling forward, which coincided with the regular semidiurnal tide at this point [47].
Table 3 shows that the time needed for simplified distribution envelope drift prediction
was much shorter than without simplification. For example, for the green tide outbreak
period on 9 July, the forecast time was shortened by 27 min, which can save time in
making green tide disaster interception and removal plans. In the case of HY-1C with
the transit time at 10:50, it takes about 3.5 h for data down-transmission, preprocessing,
transmission to the user, green tide information extraction, and the drift prediction product
production. At 13:50, the monitoring and forecast products could be transmitted to the field
command department for emergency decision analysis. If the simplified method proposed
in this paper were used, the product submission time would be about 13:20, half an hour
earlier. Accordingly, the on-site interception and clearance would also be advanced by half
an hour.
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Figure 13. (A) Predicted drift of the green tide initial envelope on 6 June 2021 after 24,48, and 72 h,
and (B) green tide predicted trajectory of the 72 h drift at point P (shown as brown in both (A,B)),
which is a vertex on the envelope.

Table 3. Drift prediction times for green tide distribution envelope before and after simplification.

Before Simplification After Simplification
Date
Number of . . Number of . .
Vertices Time Required Vertices Time Required
17 May 2021 34,704 12mand 56 s 218 Imand8s
6 June 2021 58,830 20mand 18 s 391 Imand>5ls
9 July 2021 101,881 29mand45s 602 2mand?24s
5 August 2021 35,510 I2mand 12s 225 Imand10s

The following should be noted: (1) Drift prediction experiments were conducted on
the simplified envelopes of the other two methods, and it was found that the time required
for prediction was consistent with the SM-ADSL. This indicates that the time needed for
prediction depends on the number of remaining vertices after simplification. This result
corresponds to the method used for green tide drift prediction, the Lagrangian particle
method [19,48,49]. The prediction time for each particle is the same, so the number of
particles determines the prediction calculation time. To avoid repetition, the time required
for drift prediction by the other two methods was not listed. (2) The accuracy of the
green tide predicted boundary mainly relies on the precision of wind, current, and drift
prediction models. At the same time, a simplified boundary with minimal deformation
also contributes to the accuracy of the predicted boundary. The evaluation of the predicted
boundary’s accuracy requires consideration of both the prediction model and continuous
monitoring, which is beyond the main scope of this study and should be further explored
in subsequent research.

5.4. The Impact of Monitoring Results from Different Satellite Sources on Decision-Making
Plan Formulation

The detection capabilities of satellite images with different spatial resolutions
vary [5,50-52]. This is because the monitored green tide information and distribution
envelope will inevitably differ, and these differing monitoring results will necessarily im-
pact the formulation of decision-making plans. To investigate the influence of different
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image results on decision-making plans, this paper analyzes the monitoring results using
quasi-synchronous HY-1C/D images with a resolution of 50 m and HJ-2A /B images with a
resolution of 16 m (see Table 1). During the occurrence of green tide on 10 May, there were
significant differences in the monitoring results of different resolution images. The 16 m
resolution detected more green tide information than the 50 m resolution. This is because,
during the occurrence stage, the green tide consists of small patches or thin, elongated
strips along tidal channels, which the 50 m resolution images cannot detect [23]. On 6 June,
during the outbreak stage of the green tide, the green tide had undergone sufficient growth,
with larger patches and a wider range. The differences in the distribution area of the green
tide were relatively small, with discrepancies mainly at the edge portions (see Figure 14).
The figure shows two regions of difference, where it can be seen that the green tide signals
in the discrepant regions are weak, and the colors are relatively light, making effective
detection by the 50 m resolution HY-1 images difficult. This is because the northern green
tide had undergone removal operations, with the residual green tide being relatively sparse
and at the end of its growth cycle, resulting in low chlorophyll content and lighter color.

Jiangsu Province

Shandong Province

the Yellow Sea

N

June 6

May 10

AShandong Province

Kilometers

Legend

D HJ-2B envelope
E HY-1C envelope

Legend

D HJ-2A envelope
E HY-1C envelope

Figure 14. Comparison of distribution envelopes from satellite images with different spatial resolu-
tions: The left image shows a comparison of distribution envelopes from the HY-1 satellite with a
resolution of 50 m and the HJ-2 satellite with a resolution of 16 m on 10 May, while the right image
shows a comparison of distribution envelopes on 6 June.

Overall, there are differences in the detection results of satellite images with different
resolutions. High-resolution images provide more detailed monitoring, offering more
comprehensive information and forming a larger distribution range. The monitoring
differences vary with the date, especially during the early stage of the green tide when
monitoring smaller patches shifts the outer edge line of the distribution envelope northward.
When formulating emergency decision-making plans, harvesting areas based on the higher-
resolution HJ-2 monitoring results will be biased towards the north, achieving the effect
of early detection and early management. Therefore, it is recommended to formulate
plans based on the monitoring results of higher-resolution satellite images during the early
stage. During the outbreak stage, when the green tide has undergone sufficient growth and
aggregation, the differences in green tide monitoring results between different resolutions
are relatively small, and the impact on emergency decision-making for the green tide is
also relatively minor.
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6. Conclusions

The green tide distribution envelope and its prediction information are essential refer-
ence information in the decision-making of green tide disaster prevention and mitigation.
We carried out research on the production of the envelope of green tide using remote
sensing and geographic information analysis technology, and the main conclusions are
as follows.

To address the issue of excessive vertices on the distributed envelope produced by
buffer analysis, we proposed an envelope simplification model based on azimuth difference
and side length (SM-ADSL) with a high simplification ratio and low deformation. The
four-phase envelope simplification results showed that the simplification ratio was greater
than 150, the algebraic error was less than 0.15%, and the overall error was less than 0.75%.
Compared with the equidistance and Douglas-Peucker methods, SM-ADSL performs best
in simplifying the distribution envelope, where SM-ADSL has the most minor algebraic
error, while its overall error is similar to that of the Douglas-Peucker method and smaller
than that of the equidistance method. Tests showed that using the simplified distribution
envelope as the initial field for drift prediction significantly reduced the prediction time,
thereby enhancing the efficiency of emergency decision-making for green tide disasters.

When using images with different spatial resolutions to extract the green tide and
produce its distribution envelopes, we found that in the initial stage, due to the small
size of green tide patches, high-resolution images can detect smaller patches, while lower-
resolution marine images cannot detect these small patches, leading to significant differ-
ences in the distribution envelopes. In the development and outbreak stages, the green
tide patches become larger after sufficient growth and aggregation, and the differences in
distribution envelopes using images with different resolutions become smaller. Therefore,
we recommend to use higher-resolution satellite images to detect green tides during their
occurrence. This will ensure that even small patches are identified, providing more accurate
information for early warning and decision-making.

The smoothness hypothesis of the distribution envelope in this paper is superior
to manually delineated rigid envelopes. Smoothed envelopes enable the formation of
standardized and uniform boundaries, which facilitate comparative analyses between
different dates within the same year as well as comparisons of the same period across
different years. Meanwhile, further research can be conducted on the mapping of envelopes,
such as comprehensively considering the combined effects of green tide growth, surface
wind fields, and ocean currents to form more realistic boundaries. When determining the
buffer radius, the influence of shallow water depths and obstacles in nearshore areas could
be taken into account, allowing for the setting of different buffer radii in different regions.
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