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ABSTRACT

Cyanobacteria bloom is one of the most serious water ecological environment problems in the world
and have large impact on public health and aquatic ecosystems worldwide. The harmful effects of
algal blooms not only include reduced aesthetics and recreational opportunities, but more seriously,
algal toxins are produced during the outbreak, killing plants and animals in the water, threatening
the safety of drinking water and quality of life of local residents. Scientific and accurate inversion of
the temporal and spatial changes of cyanobacteria bloom and comprehensive and in-depth analysis
of the causes of cyanobacteria bloom outbreak are the current research focus. This paper describes
the main monitoring methods of cyanobacteria bloom and the influencing factors of the outbreak.
Finally, through the investigation and summary of the research status of cyanobacteria bloom at
home and abroad, it analyzes the existing problems in the field of research status, and finally
analyzes its future development trend in related directions.
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1. THE ALGAL BLOOMS MONITORING RESEARCH OVERVIEW

"Bloom™" usually refers to the phenomenon that the biomass of phytoplankton is significantly higher
than the average in the general water body, and a large amount of accumulation on the surface of the
water body, forming a visible algal accumulation[1]. Cyanobacteria bloom is one of the most
important water ecological environment problems facing the world at present, and its outbreak and
extinction will have adverse or even harmful effects on the drinking water safety of surrounding
residents, aquaculture, tourism and entertainment[2]. The outbreak of cyanobacteria bloom will
obviously change the water color and reduce the water quality. Large cyanobacteria blooms can
overwhelm aquatic vegetation and suffocate microorganisms, plants and animals in the water. When
cyanobacteria die, they produce pungent odors and toxic compounds that further pollute the water.
Studies have shown that since the Industrial Revolution, nearly 60% of lakes in North America and
Europe have experienced increasing cyanobacteria blooms, far outpacing the growth of other
phytoplankton. With the increasing influence of climate change and human activities, lake
eutrophication is becoming more and more serious, and the outbreak of cyanobacteria bloom is more
frequent and the impact is more serious.

In recent years, great progress has been made in monitoring cyanobacteria blooms worldwide. A large
number of studies have shown that factors such as water eutrophication, human activities and global
warming may further aggravate the frequency, intensity and duration of cyanobacteria bloom[3]. This
paper summarizes the monitoring methods of cyanobacteria blooms on a global scale, the
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environmental drivers that may cause blooms, and the feasible measures to prevent and control
blooms.

2. MONITORING METHODS FOR CYANOBACTERIA BLOOMS

For the monitoring of cyanobacteria bloom, there are mainly two technical means: water quality
sampling based on site and remote sensing monitoring based on satellite remote sensing image. The
traditional monitoring method is to set up point sampling in the lake reservoir and then conduct
laboratory analysis, which is time-consuming and laborious, and it is often difficult to quickly and
comprehensively monitor the distribution and change of cyanobacteria bloom in a large area of
water[4]. In contrast, remote sensing monitoring has the characteristics of fast, wide range and
dynamic, and has become the main method of cyanobacteria bloom monitoring. Therefore, making
full use of the technical advantages of different observation methods to realize three-dimensional and
comprehensive monitoring of cyanobacteria blooms is the focus of extensive attention at this stage[5].

The remote sensing monitoring of cyanobacteria bloom is based on the difference between the
monitored water and cyanobacteria bloom spectrum. The difference in the concentration of
cyanobacteria in the water body will cause the difference in the color, density, transparency and other
indicators of the water body, which is the difference in the reflection spectral characteristics received
by the sensor. Therefore, cyanobacteria blooms can be identified by visual interpretation, vegetation
index and other methods. Domestic and foreign scholars have developed extraction algorithms such
as vegetation index method, supervised classification and automatic recognition based on machine
learning for the identification and extraction of cyanobacteria bloom in lakes[6][7]. In addition, by
studying the relationship between water reflection spectral characteristics and water quality parameter
concentration, water quality parameter inversion algorithm was established to realize the extraction
of water quality parameter information such as chlorophyll a concentration, suspended matter content
and water transparency.

Cyanobacterial blooms of remote sensing monitoring data sources can be divided into the ground
remote sensing data, aviation remote sensing data and remote sensing data. Remote sensing data is
the most widely used, MODIS, SAR, Landsat TM/ETM+, Sentinel, can identify and monitor the
spatial distribution and outbreak range of cyanobacteria bloom. With the development of
hyperspectral technology of surface objects, many researchers also use spectrometers to measure
reflection spectrum of water, and to monitor cyanobacteria bloom through quantitative inversion of
water quality parameters.

Bloom area and distribution are the primary concerns when cyanobacteria bloom occurs. The research
on the use of remote sensing data to identify blooms and analyze the area, intensity and time of
cyanobacteria blooms has been relatively mature. Based on the ETM data from August 2003 to
December 2008, Li Xuwen obtained the area of cyanobacteria bloom in Taihu Lake by visual
interpretation method, and concluded that the intensity of cyanobacteria bloom outbreak in Taihu
Lake had intensified. Hu Zunying studied the band ratio algorithm to interpret the application of
MODIS data in the cyanobacteria bloom in Taihu Lake, showing that the ratio of near-infrared and
visible bands can distinguish cyanobacteria bloom from water body, and compared the ratio algorithm
with visual interpretation, the two results were basically consistent, and the ratio algorithm could
identify cyanobacteria bloom faster than the visual interpretation method. Lu Weikun used false color
synthesis method and NDVI normalized vegetation index method to extract cyanobacteria bloom
information from MODIS data of Dianchi Lake, and compared the two methods. Among them, false
color synthesis method has the advantage of good visual effect, and the normalized vegetation index
method can be used for quantitative research after modeling.

Through the interpretation of a series of remote sensing images, the temporal and spatial variations
of bloom occurrence can be separated. Ma Ronghua collected NIR, CEB ERS, TM/ETM and IRS P6
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satellite remote sensing images of Taihu Lake since 1979 to analyze the spatial and temporal
distribution and development trend of water blooms in Taihu Lake. At the same time, the
meteorological and environmental factors such as water temperature, total nitrogen and total
phosphorus were analyzed. The concentration of chlorophyll a is one of the important indicators to
measure the number of algae. The most important objective of remote sensing monitoring of
cyanobacteria bloom is to dynamically monitor the concentration of chlorophyll. Other indicators
related to algae growth density, water temperature, water transparency, etc., are also important targets
of remote sensing monitoring. Leaf vegetative degree is widely regarded as an indicator to estimate
the biomass of cyanobacteria, but some researchers believe that phycocyanin is the signature pigment
of cyanobacteria, which is more accurate to evaluate the biomass of cyanobacteria. The hyperspectral
sensor is equivalent to the traditional multi-spectral sensor, which has the spectral resolution of
nanometer level, can obtain the diagnostic spectral characteristics of the target object, capture the
absorption peak and reflection peak of chlorophyll in the water body, and solve the problem of
insufficient spectral resolution in conventional remote sensing. Application of hyperspectral
technology of ground objects. It also promotes the in-depth study of spectral characteristics and
algorithms of water quality parameters.

The use of satellite remote sensing to monitor the water environment has the advantages of large-
scale, long time series, periodic, rapid and dynamic monitoring, etc. Xu Yinsheng extracted algal
blooms by calculating the plankton algae index (FAI) in the multi-spectral data set of Sentinel-2 and
obtained the area distribution map of cyanobacteria blooms in Taihu Lake Basin at different times.
Based on sentinel images and spectral characteristics of algal blooms, Megan M. Cooffer [46]
established a cyanobacteria index (CI) based on algal bloom abundance to assess the occurrence of
algal blooms in the United States.

Remote sensing monitoring can quickly and timely obtain the bloom information of the whole water
area, conduct continuous monitoring, study the drift rule of the bloom, and evaluate the loss caused
by the bloom, which has an incomparable advantage in the prediction and early warning of the bloom.
Tomlinson used Landsat ETM+ data to predict the lake bloom outbreak 5 weeks in advance, which
is a successful case of remote sensing application in the prediction and warning of lake bloom.
However, remote sensing forecasting and early warning still has some defects, such as poor accuracy,
low detection frequency, high cost, only after the outbreak detection and monitoring, and can not
predict its movement. The technology of using remote sensing data to identify cyanobacteria blooms,
analyze spatiotemporal dynamics and estimate algae concentration has been mature. Making full use
of remote sensing monitoring and simulating the impact of cyanobacteria bloom on the environment
is also one of the application directions. In order to make real-time and accurate prediction and
prediction of cyanobacteria bloom dynamics, it is still necessary to strengthen the research in the
following aspects: First, to integrate multiple remote sensing data sources to accurately achieve
quantitative analysis and dynamic tracking of cyanobacteria bloom.

3. DRIVING FACTORS OF CYANOBACTERIA BLOOM

It is generally believed that eutrophication of water body is one of the main causes of cyanobacteria
bloom. In eutrophic lakes, suitable hydroclimatic conditions can easily promote the occurrence of
cyanobacteria blooms, and climate change directly or indirectly affects cyanobacteria growth, floating
accumulation, community succession and phenological changes through temperature, light,
precipitation and wind[8][9][10][11]. The outbreak of cyanobacteria bloom is the result of the
comprehensive influence of physical, chemical and biological factors on lakes. On the one hand, there
are internal factors, such as lake eutrophication. On the other hand, external factors, such as
environmental factors, play an important role in the outbreak and diffusion of cyanobacteria
bloom[12], and meteorological conditions such as wind speed, temperature and precipitation have a
significant impact on the outbreak of cyanobacteria blooms[13]. Therefore, the research on the
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driving factors of cyanobacteria bloom outbreak, combined with environmental conditions such as
wind speed, wind direction, precipitation and water quality conditions such as nitrogen and
phosphorus content and chlorophyll a concentration, can predict cyanobacteria bloom outbreak in
advance, which is conducive to adopting relevant policies to protect the aquatic ecological
environment[14].

Human activities, especially intensive agriculture, have greatly increased the intake of trace elements
such as nitrogen and phosphorus in aquatic ecosystems, which in turn has led to eutrophication in
rivers, lakes and estuaries, promoting algae and cyanobacteria blooms, which have been widely
recognized as a global environmental problem since the 1960s. Since then, many countries have
introduced measures to reduce nutrient inputs to improve water quality and control harmful bloom[15]
[16] [17].Overall, these efforts have been much more effective in reducing phosphorus than in
reducing nitrogen inputs[18].

In recent decades, the global use of nitrogen fertilizer has gradually exceeded the use of phosphate
fertilizer[19]. As a result, the ratio of nitrogen to phosphorus in many lakes, rivers and coastal waters
is currently rising. Increasing nitrogen loads and higher nitrogen to phosphorus ratios may change the
species composition of algae in lakes. In particular, the number of non-nitrogen-fixing cyanobacteria
was increased at the expense of nitrogen-fixing cyanobacteria. In addition, increased nitrogen load is
more conducive to the production of nitrogen-rich cyanobacteria toxins and microcystin[21].

With global warming, cyanobacteria, stimulated by high temperature, will proliferate to form
cyanobacteria blooms [20]. Many algae reach their maximum growth rate when the temperature is
higher than 25°C. Although the growth rate of other aquatic plants will also increase, it is far lower
than that of cyanobacteria. Higher water temperatures also lead to more stable stratification of water
bodies, reducing vertical mixing[22] [23] [24]. The stratification of the water provides ideal
conditions for cyanobacteria to float upward to the surface of the water to gain better exposure to
light and cover underwater phytoplankton[25] [26].

In temperate and high-latitude regions, the time of lake ice cover in winter is shortened, the time of
water stratification in spring is advanced, and the time of stratification in summer is extended to
autumn. These factors all contribute to extending the duration and range of cyanobacterial bloom[27]
[28] [29] [30].Nutrient availability and lake morphology can alter the temperature response
mentioned above, and in shallow eutrophic lakes, nutrients and temperature tend to have a synergistic
effect on the growth of cyanobacteria. This means that in a warmer climate in the future, further
reductions in nutrient loads may be needed to inhibit the growth of cyanobacteria. In deep
mesotrophic and oligotrophic lakes, heat action is strong, and stratification tends to reduce nutrients
flowing into the surface from below, thus inhibiting rather than promoting the growth of
cyanobacteria[31]. The effects of nutrients and temperature on cyanobacteria growth also vary from
species to species. For example, a statistical analysis of cyanobacteria abundance in more than 1,000
lakes revealed that some taxa are more sensitive to increased nutrients, while others are more sensitive
to increased temperature[32]. Some species may even benefit from the combination of less nutrition
and warming, such as a five-fold decrease in total phosphorus concentrations in Lake Zurich,
accompanied by a decrease in eukaryotic phytoplankton in the surface mixed layer. At the same time,
climate warming leads to stronger thermal stratification of the lake, which is conducive to the
emergence of significant algal blooms near the thermocline in summer[33].

Another warning phenomenon of climate change is storm events, including tropical cyclones and
summer thunderstorms, which will cause climate change to become more extreme, with higher
rainfall, and droughts to intensify and potentially last longer. In the short term, severe storms and rain
can temporarily disrupt the growth of cyanobacteria due to de-stratification and scouring[34].
However, heavy rainfall increases nutrient loss, which can lead to deep nutrient enrichment in
downstream waters. If such a rainfall event is followed by a prolonged drought in the summer, and
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the residence time of nutrient-rich water increases, conditions conducive to the growth of
cyanobacteria will be greatly increased[35].

With the rapid development of agriculture, more and more nitrogen and phosphorus entered aquatic
ecosystems, intensifying eutrophication in rivers, lakes, estuaries and offshore waters, leading to algal
blooms and bloom formation. In the 1960s, humans recognized this global environmental problem
and began to take measures to reduce the amount of nutrients discharged into water bodies to improve
water quality and control blooms. Because measures to reduce phosphorus emissions are more
effective than those to reduce nitrogen emissions, and because nitrogen fertilizer use has gradually
exceeded phosphate in recent decades, the ratio of nitrogen to phosphorus in many lakes, rivers and
coastal waters has been rising. The increase of N content and N/P ratio may change the species
composition of cyanobacteria blooms, especially the decrease of nitrogen-fixing cyanobacteria and
the increase of non-nitrogen-fixing cyanobacteria. Events in Lake Erie have shown that because
microcystin is rich in nitrogen, higher nitrogen concentrations in water promote the production of this
toxin.

Regarding the cause of cyanobacteria bloom, it has been generally believed that nutrient salt
concentration is no longer a limiting factor affecting the growth of cyanobacteria in eutrophic water
bodies, and other environmental conditions such as meteorological factors may be the main factors
inducing cyanobacteria bloom outbreak[36]. The decreased wind speed may potentially lead to
cyanobacteria outbreaks and concentrations in the surface waters of the dominant and eutrophic lakes.

Therefore, most of the existing studies focus on the effects of temperature[37], precipitation[38], wind
speed and direction[39] and sunshine duration[40] on cyanobacteria bloom occurrence, and tend to
describe the qualitative effects of different values of meteorological conditions on cyanobacteria
bloom occurrence, while the importance measurement of each factor and the impact of interaction on
cyanobacteria bloom are less involved. In addition, due to the influence of many environmental
factors such as physiological characteristics of cyanobacteria, nutrient concentration of water and
meteorological conditions, the formation mechanism of cyanobacteria bloom is relatively
complex[41], and the influence of various factors on cyanobacteria bloom usually presents a
nonlinear change mode. There are certain limitations in the quantitative analysis of the cause of
cyanobacteria bloom at different stages by continuing to use traditional statistical methods. The rise
of machine learning and artificial intelligence technology provides new solutions for dealing with
high-dimensional data and nonlinear problems, and has been widely used in the process of solving
complex problems such as ecology and environment.

Water disturbance caused by wind affects the growth competition of phytoplankton by changing the
concentration of nutrients in water and the structure of aquatic biota. The motion caused by wind on
water surface leads to the propagation of turbulent eddy currents in water, including horizontal and
vertical motion. Wind disturbance is one of the most important factors driving lake mixing and
nutrient level and vertical distribution, and has an impact on the migration, transport and
accumulation of phytoplankton[42]. In shallow lakes, sediment re-suspension caused by frequent
wind significantly increases light attenuation and sediment nutrient release[43], thus affecting
phytoplankton growth. At the same time, the water potential energy caused by the decrease of wind
speed weakened, slowed down the water mixing, and helped the cyanobacteria with pseudo-vacuoles
to aggregate, float and migrate, forming a floating cyanobacteria bloom visible to the naked eye.
Breezes help cyanobacteria blooms spread more widely across the surface.

Zhu Yongchun and CAI Qiming[44] established a three-dimensional algae migration model in
Meiliang Bay of Taihu Lake on the basis of Webster et al., and believed that algae migration in the
lake mainly depended on the critical wind speed greater than or less than 3m/s, which corresponds to
two completely different algae migration processes. When the actual wind speed is less than the
critical wind speed, the lake surface is approximately regarded as hydrodynamic smooth, and floating
algae will not sink into the water due to the effect of wind field, but just pile up on the windward
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shore. Zhang et al. obtained image data of cyanobacteria bloom in Taihu Lake, Chaohu Lake and
Dianchi Lake through MODIS satellite remote sensing for research, and believed that wind speed
3.0m/s was the critical threshold for vertical distribution of chlorophyll a concentration in lakes.

The artificial experiment ignored the characteristics of the lake itself, and the results could not
represent the specific lake. The satellite remote sensing data were limited by the spatiotemporal
resolution, and the corresponding data of cyanobacteria bloom and wind speed and direction were not
accurate enough, so the quantitative response of cyanobacteria bloom to rapid changes in wind speed
has not been fully demonstrated.

The formation of cyanobacteria bloom is generally caused by the physiological characteristics of
cyanobacteria itself and many environmental factors. The change of a single environmental factor has
a certain suitable range for the growth and reproduction of cyanobacteria, and only when the
environmental factor exceeds or falls below the range will it have an impact on cyanobacteria. This
range of change is called the threshold of environmental factor, which can be used as a symbol of the
critical state (bloom) in the growth and reproduction process of cyanobacteria. By referring to the
threshold of environmental factors related to cyanobacteria bloom, managers can reduce human
interference or increase intervention measures, and restore the self-regulation mechanism of the lake
system, so as to reduce the occurrence of cyanobacteria bloom. Therefore, it is very important to
scientifically elucidate the driving mechanism of wind on cyanobacteria bloom and accurately
quantify its threshold range for the prevention and control of cyanobacteria bloom. Considering that
the process of cyanobacteria blooms often occurs within hours or even minutes, the minute hour scale
high-frequency observation is crucial to accurately depict the drive of cyanobacteria blooms by wind
processes.

4. THE EXISTING PROBLEMS AND FUTURE DEVELOPMENT TREND

There is growing evidence that harmful cyanobacteria blooms have increased globally in recent
decades, and that they are likely to expand further in the coming decades due to continued
eutrophication, rising atmospheric carbon dioxide concentrations, and global warming[45]. The
current problems caused by cyanobacteria blooms and the increasing frequency and severity of their
outbreaks urgently require scientific and rational monitoring methods and relevant mitigation or
preventive measures. At local and regional scales, preventing cyanobacteria from proliferating will
require more effective control of nutrient inputs into aquatic ecosystems. Globally, curbing emissions
of carbon dioxide and other greenhouse gases is the only way to avoid large-scale outbreaks of
cyanobacteria blooms.

Many recent studies have introduced a framework based on network theory to study the
spatiotemporal characteristics of extreme hydroclimates. Cyanobacteria is a relatively common
phytoplankton species in freshwater lakes. Under suitable meteorological conditions and nutrient
concentration, cyanobacteria bloom will be formed. The cyanobacteria bloom leads to the
deterioration of water quality, then destroys the structure of lake ecosystem, causes the degradation
of water ecosystem function, and causes serious ecological environment risk or direct environmental
pollution. Understanding the dynamic change characteristics of cyanobacteria bloom in lakes and
exploring the factors of cyanobacteria bloom outbreak are very important for controlling bloom,
establishing early warning mechanism and evaluating the ecological and environmental risks of
cyanobacteria, and are also the main research directions in this field in the future.
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