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Abstract: Algal blooms in lakes have become a common global environmental problem. Nowadays, remote sensing is widely used to
monitor algal blooms in lakes due to the macroscopic, fast, real-time characteristics. However, it is often difficult to distinguish between
algal blooms and aquatic vegetation due to their similar spectral characteristics. In this paper, we used modified vegetation presence fre-
quency index (VPF) based on Moderate-resolution Imaging Spectroradiometer (MODIS) imagery to distinguish algal blooms from
aquatic vegetation, and analyzed the spatial and temporal variations of algal blooms and aquatic vegetation from a phenological per-
spective for five large natural lakes with frequent algal bloom outbreaks in China from 2019 to 2020. We simplified the VPF method to
make it with a higher spatial transferability so that it could be applied to other lakes in different climatic zones. Through accuracy valid-
ation, we found that the modified VPF method can effectively distinguish between algal blooms and aquatic vegetation, and the results
vary from lake to lake. The highest accuracy of 97% was achieved in Hulun Lake, where the frequency of algal outbreaks is low and the
extent of aquatic vegetation is stable, while the lowest accuracy of 76% was achieved in Dianchi Lake, which is rainy in summer and the
lake is small. Analyses suggests that the time period when algal blooms occur most frequently might not coincide with that when they
have the largest area. However, in most cases these two are close in terms of time period. The modified VPF method has a broad scope
of application, is easy to implement, and has a high practical value. Furthermore, the method could be established using only a small
amount of measured data, which is useful for water quality monitoring on large spatial scales.
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1 Introduction

Algal blooms are harmful to the environment, they
cause the deterioration of water quality, and the sub-
stances produced during algal blooms have a toxicolo-
gical effect on aquatic organism and humans (Paerl,
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2008; Hilborn et al., 2014; Wells et al., 2015; Kudela et
al., 2017; Wells et al., 2020). Nowadays, algal blooms
have become a common global environmental problem
(Harke et al., 2016). Studies have showed that the aquat-
ic vegetation played an important role in maintaining
the balance of aquatic ecosystems (Blindow et al., 2002;
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Hughes et al., 2009; Zhao et al., 2012), they can pro-
mote nutrient cycling and effectively inhibit algal
growth. The ecological effects of the aquatic vegetation
and algal growth are quite different, and they often co-
occur in the aquatic environment (Liu et al., 2013).
Field surveys can effectively distinguish them, but these
surveys are costly and time-consuming, and it difficult
to realize the large-scale and long-term real-time monit-
oring. Remote sensing technology provides a new way
to monitor the spatial and temporal characteristics of
algal blooms in a large-scale and in real-time at much
lower economic costs compared to field surveys (Gower
et al., 2005; Chen and Quan, 2012; Stumpf et al., 2012;
Klemas, 2013; Oyama et al., 2015; Wang et al., 2015;
Yu et al., 2015; Zhang et al., 2015; Gorelick et al., 2017,
Zhu et al., 2019; Coffer et al., 2020). Now, remote sens-
ing images have been successfully adopted to monitor
algal blooms in various lakes around the world, such as
Erie Lake and Taihu Lake (Kahru et al., 2007; Hu et al.,
2010; Wynne et al., 2010; Bresciani et al., 2011; Oy-
ama et al., 2015; Palmer et al., 2015; Cao et al., 2016; Li
etal., 2017; Fang et al., 2018) .

The commonly used remote sensing method for ex-
tracting algal blooms was based on the reflection peak
signal of chlorophyll in the near-infrared, however, the
spectral characteristics of algal blooms and aquatic
plants are similar, this method can not differentiate
aquatic plants from algal blooms (Ho et al., 2019; Feng
et al., 2020). Although phycocyanin, a pigment unique
to cyanobacteria, was successfully used to distinguish
algal blooms from aquatic plants (Simis et al., 2005;
Tyler et al., 2009; Dash et al., 2011), only a few satel-
lite sensors can capture its band feature (620 nm), in-
cluding the Oceansat-1 satellite Ocean Colour Monitor
(OCM), Medium Resolution Imaging Spectrometer
(MERIS), Sentinel-3 Ocean, and Land Colour Instru-
ment (OLCI), and hyperspectral imagery (Liu et al.,
2018). Researchers have attempted to differentiate algal
blooms and aquatic plants using long time series data
with low cost, such as Moderate Resolution Imaging
Spectroradiometer (MODIS), Thematic Mapper (TM),
etc. Oyama et al. (2015) combined the normalized dif-
ference water index (NDWI) and floating algae index
(FAI) to construct a decision tree to discriminate
between algal blooms and aquatic vegetation. However,
this tree could not distinguish algal blooms from sub-
merged vegetation (Oyama et al., 2015). The Cyanobac-

teria and Macrophytes Index (CMI) and FAI were com-
bined to construct a decision tree to distinguish cy-
anobacteria blooms from aquatic vegetation in Taihu
Lake. However, a priori knowledge was needed to dis-
tinguish between areas affected by algal bloom and
areas frequently covered by aquatic vegetation (Liang
and Yan, 2017). Zhu et al. (2018) developed a model for
discriminating algal blooms from floating leaf vegeta-
tion by combining chlorophyll spectral indices and phy-
cocyanin baselines. This study applied empirical meas-
urements of surface reflectance spectra of Taihu Lake
and used MERIS imagery to distinguish algal blooms
from floating leaf vegetation. However, MERIS ceased
to operate in April 2012 (Zhu et al., 2018). All models
mentioned above require the support of measured hyper-
spectral data. They can only distinguish between some
components of the aquatic vegetation and can not be dir-
ectly applied to lakes across regions. Due to the com-
plexity and uncertainty of the identification method, an
empirical approach would be preferable to eliminate the
aquatic vegetation growth area or remove the aquatic
vegetation interference using methods such as eroding
the vegetation signal close to the shore, especially in
complex situations where emergent vegetation,
merged aquatic vegetation, and algal blooms coexist
(Luo et al., 2017).

From the perspective of frequency analysis, we can
distinguish between algal blooms and aquatic vegeta-
tion according to their spatial distribution at different

sub-

times. Aquatic plants are always immobile on the water
surface, while algal blooms drift on the lake surface.
Since MODIS data can be obtained up to once a day for
the same area, the revisit period is short and suitable for
observing vegetation change over time. Therefore,
MODIS data were selected as the data source in this
study. The aims of this study were to: 1) distinguish
algal blooms from aquatic vegetation using a modified
VPF (vegetation presence fre-quency index) method;
2) monitor algal blooms in some large natural lakes with
a high frequency of algal boom outbreaks in China
based on MODIS data, and analyze the dynamic pro-
cess of algal bloom formation and development; 3) de-
termine the best conditions for the modified VPF meth-
od to distinguish between algal blooms and aquatic ve-
getation. This study attempts to distinguish between
algal blooms and aquatic vegetation in lakes in different
climatic zones of China using only a few field measure-
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ments to demonstrate the spatial transferability of the
method. The discussion of adaptability provides a refer-
ence for the subsequent wider application of the VPF
method.

2 Materials and Methods

2.1 Study area

China is the third-largest country in the world, with
2921 naturally occurring lakes in China, accounting for
~0.9% of China’s total land area (Ma et al., 2011; Song
et al., 2021). Based on the basic characteristics of
China’s landscape and climate (Fig. 1) and their region-
al differences, there are five major lake regions, i.e., the
Tibetan Plateau Lake Zone, Inner Mongolia-Xinjiang
Lake Zone, Yunnan-Guizhou Plateau Lake Zone, East-
ern Plain Lake Zone, and Northeast Plain and Mountain
Lake Zone (Ma et al., 2011). Algal blooms can occur in
most of these lake regions, except the Qinghai-Tibet
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Plateau region (due to less human activities) (Wang and
Dou, 1998). According to the nutrient monitoring re-
cords of the Ministry of Ecology and Environment of
the People’s Republic of China in 2019, China’s lakes
and reservoirs with poor nutrient status, medium nutri-
ent status, mild eutrophication, and moderate eutrophic-
ation accounted for 9.3%, 62.6%, 22.4%, and 5.6%, re-
spectively (http://www.mee.gov.cn/hjzl/sthjzk/zghjzkgb/
202006). Large natural lakes with a high frequency of
algal boom outbreaks in China were selected for this
study. These lakes were Taihu Lake, Hulun Lake, Chao-
hu Lake, Hongze Lake and Dianchi Lake (Fig. 1).
Chaohu Lake (30°34'N-32°12'N, 117°00'E-118°17'E)
in the central Anhui Province has a subtropical climate
and a water surface area of 573 km?. It is the fifth-
largest freshwater lake in China. The average water
depth is 2.69 m, and the maximum depth is 3.77 m
(Wang and Dou, 1998). Over the past few decades, in-
dustrialization and urbanization have intensified in the
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http://www.mee.gov.cn/hjzl/sthjzk/zghjzkgb/202006
http://www.mee.gov.cn/hjzl/sthjzk/zghjzkgb/202006
http://www.mee.gov.cn/hjzl/sthjzk/zghjzkgb/202006
http://www.mee.gov.cn/hjzl/sthjzk/zghjzkgb/202006

PU Jing et al. Differentiation of Algal Blooms and Aquatic Vegetation in Chinese Lakes Using Modified Vegetation... 795

Basin of Chaohu Lake. Due to the massive discharge of
urban sewage and agricultural runoff, Chaohu Lake has
gradually changed from a clear water state with abund-
ant aquatic vegetation to a turbid state with massive
algal blooms, and eutrophication has gradually in-
creased (Bao et al., 2021).

Dianchi Lake (24°40'N-25°02'N, 102°36'E-103°40'E)
is a highland lake located in Kunming of Yunnan
Province, with a subtropical climate. Dianchi Lake cov-
ers an area of 330 km’ and has an average depth of
2.93 m and a maximum depth of 5.87 m (Wang and
Dou, 1998). About 90% of Kunming’s wastewater is re-
leased into the lake, causing severe eutrophication.
Therefore, the lake experiences massive algal blooms
every year and is considered one of the most eutrophic
freshwater lakes in China (Huang et al., 2014; Cao et
al., 2016).

Hulun Lake (48°43'N—-49°20'N, 116°58'-117°48'E) is
in the Hulun Buir grassland in the western part of the
Greater Hinggan Mountains and the northeastern part of
the Mongolian Plateau, which belongs to the temperate
climate. It is the largest freshwater lake in the northern
China, with a size of 2339 km?, a maximum depth of 8.0
m, and an average depth of 5.7 m (Wang and Dou,
1998). In the last 20 yr, water levels in the northeast
have declined, and the Xinkai River has become an in-
flowing river to Hulun Lake in recent years (Fang et al.,
2019). This has created favorable conditions for algal
blooms and a gradual increase in eutrophication.

HongzeLake(33°06'N—33°40'N, 118°10'E-118°52'E),
which has a southern temperate climate, is the fourth
largest freshwater lake in China. It is also a typical large
shallow lake with an area of 1805 km?. The lake’s aver-
age depth is 1.77 m, and its highest depth is 4.37 m
(Wang and Dou, 1998). Its main water source is the
Huaihe River. Due to the rapid renewal of the lake, al-
gae are less likely to accumulate. As a result, the intens-
ity and frequency of algal blooms are much lower than
those in Taihu Lake (Huang et al., 2010).

Taihu Lake (30°55'N-31°32'N; 119°52'E-120°36'E)
is in the Yangtze River Delta. The climate is character-
ized by a subtropical climate. It is the third-largest
freshwater lake in China, with an area of 2338 km®. Its
maximum and average depths are 2.6 m and 1.9 m, re-
spectively (Wang and Dou, 1998). The rapid economic
growth, urbanization, and industrialization in the Taihu
Lake Basin have also resulted in increasing domestic,

industrial, and agricultural wastewater discharges. In ad-
dition, algal blooms have significantly increased in
Taihu Lake in recent years. This severely threatens the
safety of drinking water in the surrounding cities (Qin et
al., 2007; Liang et al., 2017).

2.2 Field sampling data

Taihu Lake has the largest distribution of aquatic veget-
ation and algal blooms of the five lakes, so we carried
out field sampling in Taihu Lake to aid our identifica-
tion of algal blooms and aquatic vegetation in the im-
ages. During a field survey on May 6, 2020, aquatic ve-
getation was collected from 15 locations in Taihu Lake
(Table S1), mainly concentrated in the East Taihu Lake
area with dense aquatic vegetation. The location of each
sampling point and the type of aquatic vegetation were
recorded. The field data were used to distinguish
between aquatic vegetation areas and non-aquatic areas.
The distribution of the sampling sites in Taihu Lake is
shown in Fig. 1.

2.3 Remote sensing data and processing

MODIS contains 36 spectral bands at moderate resolu-
tion levels (0.25 to 1.00 um) and observes the Earth’s
surface every 1-2 d. MODIS product data images can
be downloaded from NASA’s EARTHDATA website
(https://ladsweb.modaps.eosdis.nasa.gov/search/). The Le-
vel-2 Tiled surface reflectance data MYDO09GA (500 m
surface reflectance) from the Aqua satellite were selec-
ted for this study. The data have been calibrated and can
be used without pre-processing steps.

Over 3500 images from 2019 to 2020 were down-
loaded, extracted, fused, and clipped according to visu-
al interpretation methods, eliminating images that were
heavily influenced by clouds, solar flares, and aerosols,
leaving a total of 869 clipped, high-quality images of
the five lakes (Table S2).

2.4 Methods

2.4.1 Modified VPF method

In the visual identification of algal blooms, asynchron-
ous images are often used to exclude the possibility of
false detections caused by aquatic vegetation. Algal
blooms float with variable positions, whereas aquatic
plants are rooted in the substrate, and their position is
usually fixed (Luo et al., 2014; Song et al., 2021). We
can therefore distinguish between algal blooms and
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aquatic plants using an index of the frequency of vegeta-
tion signal occurrence.

Liu et al. (2015) first proposed the concept of the
VPF in 2015 and implemented it to extract the aquatic
vegetation of Taihu Lake. This study divided the growth
period of the aquatic vegetation in Taihu Lake into three
stages based on field data. It delineated VPF thresholds
for different periods and also used water depth informa-
tion to identify the growth range of aquatic vegetation.
First, it is challenging to delineate the three stages of
aquatic vegetation growth and set VPF thresholds for
each stage without familiarity with a lake and sufficient
field data. Second, water depth data for the whole lakes
are usually not readily available. Due to the weak spa-
tial transferability of the method, it is difficult to be used
directly on other lakes.

In the present paper, Liu et al. (2015)’s method was
improved, and our modified VPF method simplified the
steps. The water surrounding the aquatic vegetation is
usually of good quality and almost without algal blooms
(Luo et al., 2014). Therefore, the maximum extent of
aquatic vegetation was obtained only during the sum-
mer months when the area of aquatic vegetation was the
largest, and the aquatic vegetation area was used as a
mask to distinguish between aquatic vegetation and
algal blooms. The specific steps are displayed in Fig.
S1. We used the frequency distribution of the summer
vegetation signal to obtain the maximum extent of
aquatic vegetation and thus distinguish algal blooms and
aquatic vegetation (Pu et al., 2022).

Although the location of aquatic plants is relatively
stable over short periods, there are significant physical
changes throughout the year and changes in their spatial
distribution between years due to natural or human dis-
turbances (Wang et al., 2019). In temperate and subtrop-
ical climates, plants thrive in summer and die off in
winter. Therefore, they need to be analyzed on different
time scales.

The FAI is a MODIS-based index for identifying
algal blooms. The FAI was tested and reported to be
suitable for stable extraction of algal bloom areas under
relatively turbid conditions due to its low sensitivity to
changes in some environmental conditions, such as aer-
osol thickness and solar flares (Hu, 2009). As the
MYDO09GA product used in this study has been calib-
rated to exclude atmospheric interference, the surface
reflectance was used here instead of the Rayleigh-cor-

rected reflectance in the original equation.
The FAI was calculated using the following equation:

FAI = (Ryir — Rred — (Rswir — Rred)(/lnir - /lred)/(/lswir — Ared))

@)
where Ry, R4 and R, are the surface reflectance of
the near-infrared, red and short-wave infrared bands, re-
spectively. Ayip, Ared> @nd A, are the central wavelengths
of the near-infrared, red and short-wave infrared bands,
respectively.

The vegetation presence frequency (VPF) of pixel j
was calculated using Eq. (2). When the FAI value of
pixel j of image i was greater than a set threshold and
considered vegetation (including aquatic vegetation and
algal blooms), pixel j entered the FAI calculation layer
(LFAI) and was assigned a value of 1. Otherwise, it was
assigned a value of 0. When there were n images in
total, the VPF of pixel j was calculated as follows (Liu
etal., 2015).

ZLFAI( i)
VPF(j) = 2

where VPF is the frequency of vegetation presence for
pixel j in image i.

2.4.2 Setting of thresholds for the FAI and VPF

Hu et al. (2010) used an FAI threshold of —0.004 to dis-
tinguish algal blooms from non-algal blooms in Taihu
Lake. Through field data validation, Liu et al. (2015)
obtained an FAI threshold of —0.025 to identify vegeta-
tion signals (algae and aquatic plants). However, these
thresholds are for Rayleigh-corrected reflectance data,
and thresholds for surface reflectance data are different.

To obtain a suitable threshold, a total of 1796 reflec-
tion points, including vegetation (algaec and aquatic
plants) and water bodies, were extracted as sample data,
their FAI values were entered into SPSS, and the best
FAI classification threshold (i.e., 0.003) was obtained
using the SPSS decision tree automatic classification
function.

The threshold value for the VPF was determined by
combining the results of the vegetation signal extracted
by the FAI and the measured data provided in Table S1
for the discrimination of aquatic vegetation growth
areas.

2.4.3 Verification methods
The high spatial variability of algal blooms makes it dif-
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ficult to validate their accuracy, so we validate the ac-
curacy of FAI extraction of vegetation signals (both
algal blooms and aquatic vegetation) and the accuracy
of aquatic vegetation extent to evaluate the accuracy of
the method. In Google Earth imagery, areas of aquatic
vegetation are apparent. Therefore, we used Google
Earth for accuracy verification. Google Earth images of
the same period as the vegetation boundary extraction
results were selected for accuracy verification. Sampling
points were evenly distributed within the maximum ex-
tent of aquatic vegetation, and the spacing between
sampling points via ArcGIS’s fishing net tool varied de-
pending on the lake. We regarded 100-200 validation
points as appropriate for each lake. Fewer validation
points should not be representative, while more valida-
tion points would not be feasible. The accuracy was
verified based on the date the image was taken in
Google Earth and the feature type. For areas where im-
ages were sparse and no suitable contemporaneous im-
ages were available on Google Earth, images from the
most recent period were used for verification. The preci-
sion P was calculated as follows

P=PT |/ (PT +PF) 3)

where P is the precision obtained by validation. It was
verified that PT was the correct point and PF was the
wrong point.

3 Results

3.1 Distinguishing the aquatic vegetation from
algal blooms

The results of FAI extraction for 2019 and 2020 showed
that neither aquatic vegetation nor algal blooms were
apparent in Taihu Lake, Hongze Lake, and Chaohu
Lake in December and January. The plant area gradu-
ally expanded from February to May. From June to Oc-
tober, the area of aquatic plants reached the maximum
level but was relatively stable from July to September.
In November, the area decreased rapidly. Hulun Lake
has a long freezing period due to its higher latitude, with
May-September being the warmer period of the year.
Plants start to grow when the lake thaws in May, and the
growth area stabilizes by July, with July—September be-
ing the peak of plant growth and algal blooms. Dianchi
Lake is located at a lower latitude and has a warmer cli-
mate. High-quality images were available for summer

due to the high precipitation. The images showed that
the area of aquatic vegetation growth was relatively
small from November to February, with marginal
changes in area during the rest of the year. From March
to October, the area of aquatic vegetation was stable,
while the occurrence of algal blooms was high. To ef-
fectively distinguish between aquatic vegetation and
algal blooms, this study focused on the peak period
when aquatic vegetation and algal blooms thrive. We set
the VPF time frame for Taihu Lake, Hongze Lake,
Chaohu Lake, and Hulun Lake from July to September
and for Dianchi Lake from March to October.

Fig. S2 shows the FAI extraction results for Taihu
Lake from January to December in 2020, with one se-
lected scene per month. It shows how the vegetation sig-
nal changed in Taihu Lake, i.e., almost no aquatic veget-
ation occurred from December to April, vegetation star-
ted to grow in May, the vegetated area was stable in Ju-
ly—September and began to decline in October.

Based on the times selected above, we superimposed
the LFAI for the five lakes for that period to calculate
the VPF (Fig. 2). Red denotes a high occurrence of the
vegetation signal, meaning that it had a high probability
of being aquatic vegetation. Green denotes a less fre-
quent vegetation signal.

Aquatic vegetation can purify water and inhibit algal
growth. Accordingly, its surroundings generally have
good water quality and little eutrophication. The vegeta-
tion presence frequency index VPF ranges from 0 to 1
and should be greater than 0.5 for aquatic plants with a
fixed position. Comparing different thresholds, we no-
ticed that when the threshold value was < 0.7, some
areas covered by algal blooms for a long time were mis-
taken for aquatic vegetation (e.g., Zhushan Bay and
Meiliang Bay in the northern part of Taihu Lake, where
severe eutrophication led to frequent algal blooms).
Some areas with submerged plants (e.g., Xukou Bay and
East Taihu Lake in Taihu Lake) were mistaken for algal
blooms if the threshold value was > 0.8. The field data
in Table S1 were combined with the VPF in Fig. 2 to se-
lect the most appropriate VPF threshold. We deduced
through repeated tests that the distribution of algal
blooms and aquatic vegetation matched the field situ-
ation and achieved the best differentiation by setting the
threshold value to 0.75.

With a VPF greater than 0.75, we extracted the
boundaries of the aquatic vegetation. This was then used
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Fig. 2 VPF (vegetation presence frequency) distribution in summer of 2019 and 2020 for large lakes in China

to crop the vegetation signal extracted by the FAI to ob-
tain the area of algal bloom. The distributions of algal
blooms and aquatic vegetation in the studied lakes in
summer are presented in Fig. 3.

3.2 Validation results

3.2.1 Precision of FAI thresholds

An optimal classification FAI threshold of 0.003 was
obtained by automatic SPSS decision tree classification.
We extracted 908 points (including 511 vegetation and
397 water body points without macrophytes and algae)
of reflectance for validation, and the overall classifica-
tion accuracy was 89.10% (Table 1).

3.2.2 Precision of vegetation boundaries

The accuracy of the obtained aquatic vegetation areas
was verified using homogenous spatial distribution of
sampling points. The number of validation points for the
five lakes, and the accuracy of validation are shown in
Table 2.

Accuracies were higher than 76% across lakes, and
Hulun Lake had the highest accuracy. The distribution
of the validation points and the respective validation
results are shown in Fig. 4.

3.3 Temporal changes in algal bloom distribution

The area of the algal blooms was obtained by clipping
the maximum extent of aquatic vegetation extracted by
the VPF with the vegetation extent extracted by the FAI,
and an area greater than 0 was considered to have an
algal bloom. Fig. 5a indicated that in 2019 and 2020

algal blooms in Chaohu Lake occurred mainly from
May to November. Small algal blooms could occur in
January and February. In Hongze Lake, algal blooms
mostly appeared in August and September. In Dianchi
Lake, algal blooms frequently occurred from October to
December, but analyses suggested that this might have
been related to the low availability of high-quality im-
ages in summer. Algal blooms in Hulun Lake were con-
centrated in July—August.

To obtain the true frequency of algal outbreaks in dif-
ferent months, we divided the number of algal blooms
observed per month by the number of images available
for each month. Fig. 5b shows the frequency of algal
blooms for each lake over the two years. Chaohu Lake
had the highest frequency of algal blooms from
July—September, with minor occurrences in January and
February. Dianchi Lake had the highest frequency of
algal outbreaks in August and blooms occurred relat-
ively infrequently from December to February. Hulun
Lake experienced the highest frequency of algal blooms
in August due to the relatively short summer, i.c., algal
blooms occurred during the peak temperature between
July and September. In Hongze Lake, algal blooms fre-
quently occurred from August to September, with a
small number of algal blooms from March to April. In
Taihu Lake, algal blooms were frequently found
throughout the year, with a first peak appearing between
April and May, after which they continued until Novem-
ber. In the worst cases, Dianchi, Taihu, and Chaohu,
algal blooms occurred almost all year round, with a
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Table 1 Confusion matrix to distinguish vegetation from water bodies

Overall accuracy / %

Type Vegetation Water bodies Total Producer accuracy / % User accuracy / %

Vegetation 397 99 496 80.04 100.00

Water bodies 0 412 412 100.00 80.63

Total 397 511 908 89.10

Table 2 Validation points number and the calculated accuracy results for five large lakes in China
Chaohu Lake Dianchi Lake Hulun Lake Hongze Lake Taihu Lake

Year T F T F T F T F T F
2019 47 21 86 28 25 1 98 16 95 22
2020 60 9 94 27 130 3 100 19 12 9
Total 107 30 180 55 155 4 198 35 107 31

Precision / % 78.10 76.60 97.48 84.98 77.54

Notes: T is true, and F is false

2019-10-24 2020-06-01 2020-06-01 | 2019-12-15

2019-08-17

2019-12-15

2019-10-24

018-10-06 !2020-03-04. ©12020-03-04

2020-03-03

2018-07-20

2012-04-20

2020-08-01

Fig. 4 Distribution of validation points and validation results for five large lakes in China in 2019 and 2020. T is true, and F is false

shorter dormant period in winter, i.e., there was a vi-
cious cycle of algal blooms, with severe eutrophication
leading to algal blooms, resulting in deterioration of wa-
ter quality, which caused more frequent algal blooms in
turn . In contrast, the dormant periods of algal blooms
were longer under the relatively good conditions of
Hongze Lake and Hulun Lake.

3.4 Variation in algal bloom occurrence area

Due to limited images of Taihu Lake and Dianchi Lake
for the summer of 2020, this study used the 2019 data
for area calculations to obtain a more comprehensive
picture of the changes in aquatic vegetation and algal

bloom areas.
The area of the extracted vegetation signal was calcu-
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each month

lated and then counted separately according to the clas-
sification results. The aquatic vegetation area was di-
vided by the maximum aquatic vegetation area to obtain
the proportion between aquatic vegetation and total
aquatic vegetation area at different times in 2019 (Fig. 6).
The algal bloom area was divided by the whole lake
area to obtain the proportion between algal bloom and
whole lake area at different times in 2019 (Fig. 7). The
final variation in the areas of aquatic vegetation and
algal blooms over time was obtained separately. Aquat-
ic vegetation growth and the development of algal

blooms were revealed. The areas of aquatic vegetation
in Chaohu Lake, Hulun Lake, Hongze Lake, and Taihu
Lake peaked and stabilized between July and Septem-
ber. In contrast, the aquatic vegetation area in the warm-
er Dianchi Lake did not vary significantly over time, but
a downward trend was apparent in December and Janu-
ary—February. The algal bloom areas in Chaohu Lake,
Dianchi Lake, Hulun Lake, Hongze Lake, and Taihu
Lake peaked in July—October, June—October, August,
July—September, and August—October, respectively.

Our analysis of the relationship between the area of
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algal bloom occurrence and the time of year suggested 4 Discussion

that the period when algal blooms occurred most fre-

4.1 Advantages and Limitations of the modified
VPF method

Compared to other methods for differentiating between

quently might not coincide with the period of their
largest extension. However, in most cases, the two peri-
ods were close.
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algal blooms and aquatic vegetation using remote sens-
ing imagery, our method does not require in situ-meas-
ured reflectance spectra and uses very little field data. It
is not limited to a single lake or a class of lakes but
worked well for five lakes with different geographical,
climatic, and environmental conditions. Our method re-
quires few in situ data, is easy to operate, has broad ap-
plicability, and is spatially transferable. In contrast to
field surveys, MODIS imagery is sampled once a day in
clear weather, which is almost impossible to achieve
manually. The method used in this paper enables the dy-
namic analysis of the occurrence and spatial changes of
algal blooms.

With a low spatial resolution of 500 m, MODIS im-
agery might not reflect detailed features and could only
be used to monitor large lakes, i.e., it is less applicable
for small lakes. Although the Landsat series of images
has a high spatial resolution, the revisit period is long.
Besides, the climate in China is characterized by fre-
quent rain in summer. Thus the available images might
not be sufficient to calculate the vegetation presence fre-
quency. Moreover, low resolution increases the propor-
tion of mixed pixels, and the accuracy of differentiation
is reduced. For areas where the aquatic vegetation is rel-
atively sparse or algal blooms are insignificant, blooms
are challenging to detect using MODIS imagery.

The validation data in this study had some limitations.
Only a small amount of field data was available for
Taihu Lake. At the same time, the other four lakes had
only limited information on algal blooms and aquatic
vegetation from published papers. There was, therefore,
some subjectivity. The data for the accuracy validation
were also extracted from Google Earth maps. Although
the maps’ clarity can help identify areas of aquatic ve-
getation growth, only a few days of data was the max-
imum found for each lake for accuracy evaluation due to
a limited number of highly legible maps.

Furthermore, the location of phytoplankton is wvari-
able. Hence the method introduced here might have
misidentified them as algal blooms and caused errors
(Palmer et al., 2015). Similarly, if an area is covered
with algal blooms for a long time, it can be mistaken for
aquatic vegetation. False extraction of turbid water bod-
ies might occur when using the FAI to extract vegeta-
tion signals in highly turbid water bodies. For example,
turbid water bodies were mistaken for vegetation in
three images of Hulun Lake in September 2019 and Oc-

tober 2020 each, as well as in five images of Hongze
Lake (Hu, 2009).

4.2 Compare to previous researches

4.2.1 The temporal variation of algal blooms

Chaohu Lake: Ma et al. (2021) reported that algal
blooms in Chaohu Lake mainly occurred between May
and November. The highest frequency of algal blooms
in the northwestern section of Chaohu Lake occurred in
October, and the highest frequency of blooms in the
eastern section of Chaohu Lake in June. In this paper,
algal blooms occurred throughout the year in Chaohu
Lake, with a low frequency between December and
March, the lowest frequency in April, and a peak
between May and November, which is consistent with
the temporal pattern of algal blooms reported by Ma et
al. (2021). Dianchi Lake: Jing et al. (2019) suggested
that algal blooms in Dianchi Lake occurred from late
February to early the following year and lasted for a
long time. The maximum occurrence of algal blooms
happened in July and November . In this paper, the algal
blooms also occurred in January—February, and
March-December. Consistent with Jing et al. (2019), a
double-peak trend was observed in August and Octo-
ber—November. Hongze Lake : Ren et al. (2014) found
that algal blooms in Hongze Lake usually emerged in
April-May, increased sharply in July, and lasted for 3—4
months. This study is highly consistent with the pattern
observed in the present study, i.e., algal blooms ap-
peared in April-May, increased rapidly in frequency in
July, and peaked in August. Hulun Lake: Fang et al.
(2019) indicated that algal blooms in Hulun Lake
mainly occurred in August, followed by July and
September, consistent with the temporal variation of the
same lake in this paper. Taihu Lake: Zhu et al. (2018)
showed that Taihu Lake algal blooms mainly occurred
from May to October. In this paper, we found that Taihu
Lake experienced algal blooms almost all year round,
with a high frequency of occurrence after May and a
low frequency after October.

4.2.2 The spatial variation of algal blooms

After removing the disturbance of aquatic vegetation, all
FAI layers with algal bloom images were superimposed
and then divided by the number of images to obtain the
probability of the bloom appearing in different areas
when it occurred. The locations of all algal blooms dur-
ing the year and their frequency distribution are presen-
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ted in Fig. 8.

Table 3 lists the spatial distribution of algal bloom oc-
currence in the five studied lakes according to other
studies in recent years. Comparing Table 3 with Fig. 8,
we found that this study’s spatial distribution pattern of
algal blooms is consistent with the results of other re-
lated studies. Thus, the spatial and temporal distribution
pattern of algal blooms derived in this study is stable
and reliable, reflecting the spatial and temporal vari-
ation pattern of algal blooms.

4.2.3 Implications

This study distinguished between algal blooms and
aquatic vegetation in all five lakes we studied in differ-
ent climatic zones. However, there were differences in
accuracy between the different lakes, with the lowest ac-
curacy for Dianchi (76%) and the highest for Hulun
Lake (97%). Analyzing the reasons for the differences
in accuracy will help us determine the method’s applic-
ability.

Compared to other lakes, identifications in Dianchi

Lake had lower accuracy. However, Dianchi Lake is
small. When using MODIS images to extract vegetation
information, the border areas of aquatic vegetation
could appear as mixed pixels due to the low resolution
of the images, and the proportion of mixed pixels is
greater in smaller lakes. Moreover, Dianchi is on the
Yunnan-Guizhou Plateau, where the climate is cloudy
and rainy in summer. Accordingly, image availability in
summer is very limited. Images were selected from
spring, summer, and autumn for the VPF calculation.
The area of aquatic vegetation in spring and autumn was
not the maximum extent of aquatic vegetation. There-
fore, there was an under extraction of the maximum ex-
tent of aquatic vegetation.

The accuracy of Dianchi Lake, Taihu Lake, and
Chaohu Lake—where algal blooms are more
mon—was low compared to Hulun Lake. Misclassified

com-

points in Taihu Lake were mainly concentrated in
Zhushan Bay, Meiliang Bay, and the western shore with
open water. In contrast, the wrong points in Dianchi
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Fig. 8 Frequency of occurrence of algal blooms in different lakes in China in 2019 and 2020
Table 3 Frequency of algal blooms at different locations according to other studies for Lakes
Lake Frequency of algal blooms at different locations References
Chaohu Lake ~ More frequent in the west than in the centre and east Zhang et al., 2015
Dianchi Lake ~ High in the northern section and low in the southern section, high at the edge of the lake and low in the centre Jing et al., 2019
Hulun Lake Concentrated at the border Fang et al., 2019
Hongze Lake ~ Mainly in the western section of the lake, which is significantly higher than in the eastern section Ren et al., 2014
Taihu Lak The highest in Northwest Lake and Meiliang Bay, followed by Zhushan Bay, Gonghu Bay, Central Lake and Hu et al., 2010; Zhang et al.,
aihu Lake
Southwest Lake, and the lowest in East Lake 2020
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Lake were mainly concentrated in the northern coastal
area of the lake. The misclassified points in Chaohu
Lake were on the western shoreline. All misclassified
points were mainly in areas covered by algal blooms for
a long time (Fig. 4) (Zhang et al., 2015; Shi et al., 2017;
Jing et al., 2019). Checking the images of Hongze Lake
on August 16 and 18, 2020, some submerged vegeta-
tion was classified as algal blooms in the northern and
western parts of the lake. However, a small area of
aquatic vegetation was also classified as an algal bloom
in Xukou Bay in Taihu Lake. This occurred because
Hongze Lake had a large area of submerged vegetation
in the northern and western parts of the lake (Xia et al.,
2011), and the aquatic vegetation in Xukou Bay was
also dominated by submerged vegetation (Luo et al.,
2017). Submerged vegetation is not easily observed in
remote sensing imagery. Therefore the VPF values in
the areas where submerged vegetation is distributed are
low and mistaken for algal blooms. Also, misclassified
points were mainly distributed close to the aquatic ve-
getation around the lake, and the analysis suggested that
mixed image elements could drive the error.

Our analysis indicated that the lower the frequency of
algal blooms, the smaller the VPF value of the algal
bloom area, and the less likely it was mistaken for
aquatic vegetation in the frequency calculation and,
thus, the more accurate the classification of the aquatic
vegetation area. The more stable the extent of aquatic
vegetation, the higher the VPF value of the extent of
aquatic vegetation, such as in Hulun Lake, and the more
accurate the identification. The larger the lake area, the
fewer mixed image elements, and the more accurate the
identification. The modified VPF method has a wide
range of applications, but its accuracy varies from lake
to lake, and the best identification results can be
achieved when the lake is large, the frequency of algal
blooms is not particularly high, sufficient images are
available in summer and the extent of aquatic vegeta-
tion is relatively stable.

5 Conclusions

In this study, we analyzed the spatial and temporal vari-
ations of algal blooms and aquatic vegetation in five
large natural lakes in China from a phenological per-
spective with frequent algal bloom outbreaks using a
modified VPF method to distinguish between algal

blooms and aquatic vegetation. We implemented the
distinguishing between algal blooms and aquatic vegeta-
tion by obtained the maximum extent of aquatic vegeta-
tion with the accuracy of 76%—97%. The modified VPF
method showed a higher spatial transferability and was
successfully applied to lakes in different climatic zones
with the highest accuracy of 97% in Hulun Lake. It can
effectively distinguish between algal blooms and aquat-
ic vegetation in five studies lakes, and based on the res-
ults, we found that the time was not matched between
the maximum occurrence frequency and the largest area
of algal blooms.

Overall, the study helps us to understand the spatial
and temporal variation in the occurrence of algal blooms
on a larger scale through a proposed modified VPF
method, allowing us to respond immediately to adverse
environmental impacts and prevent socio-economic
damage caused by algal blooms. Based on the spatial
transferability and low dependence on field data of the
method, the study provides the theoretical and technolo-
gical support for large-scale algal bloom monitoring that
is of practical relevance to water environment manage-
ment and monitoring departments.

Appendix

Tables S1, S2 and Figs. S1, S2 could be found in the
corresponding article at http://egeoscien.neigae.ac.cn/
article/2022/5.
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