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Abstract: Global climate change can greatly promote the continuing expansion of algal blooms in
eutrophic inland lakes. Wind fields, an important climate factor, provide an external driving force
for the movement of algal blooms. Based on algal bloom satellite imageries and wind observation
data from 2003 to 2022, this study explored a quantitative assessment of the variations in surface
wind fields and their impacts on the algal blooms in Lake Taihu, China. The results indicate that the
mean wind speed at different time scales in the Lake Taihu area presents a continuous descending
tendency in recent decades, which is the probable cause for the increasing frequency and severity of
algal blooms in the lake. Wind fields affect the formation, location, and severity of algal blooms in
diverse and complex ways. The area and frequency of algal blooms in Lake Taihu increase with the
decrease in wind speed. The 6 h mean wind speed before 12:00 LT (Local Time) on the day of the algal
bloom occurrence generally follows a Gaussian distribution, with a wind speed range of (0.6 m/s,
3.4 m/s) at the 95.5% confidence level. Accordingly, the wind speeds of 0.6 m/s and 3.4 m/s are
identified to be the lower and upper critical wind speed indicators suitable for the formation of algal
blooms, respectively. Another meaningful finding is that the outbreak of large-scale algal blooms
requires stricter wind speed conditions, with a significantly lower wind speed threshold of around
2 m/s. Our study also demonstrates that the dominant wind direction of southeast in the region may
be an important cause of the continuous water-quality decline and the high frequency and severity of
algal blooms in the northwest waters of the lake. These findings will contribute to further studies on
the dynamic mechanism of algal blooms and provide support for water environment management
and algal bloom prevention and control.

Keywords: wind field variation; wind speed critical indicator; climate change; algal bloom; Lake Taihu

1. Introduction

Freshwater, including lakes, rivers, and wetlands, provides vital ecosystem services
such as water, food, and energy for human survival [1,2]. However, global freshwater
quality has deteriorated and algal blooms have increased in magnitude, frequency, and
duration with the combined action of climate warming and human activities over the past
decades [3–6]. Some harmful algal blooms can release harmful toxic and odor compounds,
which have become a serious problem threatening human health and the stability of
freshwater ecosystems [7,8]. Therefore, it is particularly important to adopt scientific
strategies to prevent algal blooms and ensure the health of freshwater ecosystems and the
safety of drinking water.

There is a broad consensus that climate warming is one of the main driving factors
for the increasing intensity and frequency of global algal blooms [4,5,9]. And it is expected
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that global algal blooms will continue to increase in the future due to climate warming and
extreme climate events increasing [10,11]. However, the interacting mechanism between
algal blooms and climate warming as well as freshwater eutrophication, which is a compli-
cated bidirectional mechanism, is yet to be understood at present [8,12–14]. It remains a key
challenge we face to determine the potential action mechanisms of climate warming [8].

While algae proliferate and blooms form as a result of various environmental
factors [15–18], accumulating evidence has indicated that climate conditions may be the
main limiting factor of algal bloom formation when a lake maintains a high level of
eutrophication [5,19,20]. Under favorable climate conditions, algal cells can proliferate
rapidly and form algal blooms in eutrophic lakes [2]. Climate factors generally affect the
number, community, distribution, and life cycle of algae directly or indirectly [4,21]. Some
climate factors, such as temperature, wind, precipitation, solar radiation, and atmospheric
pressure, have important effects on the proliferation of algae and the formation, expansion,
and duration of blooms [22–25]. However, their exact action mechanism triggering and reg-
ulating the algal bloom remains largely unclear due to the scarcity of long-term continuous
observations [8,26,27].

Many efforts have been made in recent years to explore the dynamic mechanism of
wind on algal blooms. Although the algae biomass size is not determined by external
factors in essence, wind fields can increase the availability of light, heat, and nutrients
by affecting water mixing, heat stratification, transfer and exchange, and the upwelling
of nutrients [21,28,29]. The wind and wind-induced currents play critical roles in the
floating–sinking process of algae and the variability of algae biomass will increase with
increasing variability in wind speed [19,30]. Continuous or strong winds can not only
directly disperse algal blooms, but also alter the distribution of nutrients over a longer
time scale by eroding density gradients and deepening mixing, leading to changes in
biomass concentration [31]. In large shallow eutrophic lakes, winds have even become the
decisive factor in the formation, location, and severity of algal blooms [21,31,32]. Wind-
induced hydrodynamics not only control the vertical movement of algal colonies but also
control their horizontal migration and alter their spatial distribution patterns [29,33]. Under
the influences of wind-induced hydrodynamic forces, algal blooms exhibit high spatio-
temporal heterogeneity and rapid changes [34–36]. So far, almost all previous studies tend
to believe that lower wind speed is conducive to the formation of algal blooms [37,38].
However, wind affects algal blooms in diverse and complex ways at different stages of
algae reproduction and bloom formation. In particular, few studies have taken into account
the impact of declined wind speeds in certain regions (another consequence of global
warming) on algal blooms [39].

The aim of this study is to quantitatively evaluate the near-surface wind field changes
under the background of climate warming and the impact of wind fields at different time
scales on algal blooms, taking Lake Taihu, China as an example. The rest of this paper
is structured as follows. Section 2 describes the study region and the data sources, and
Section 3 presents the evaluation results of wind field changes and their impacts on algal
blooms. A discussion is presented in Section 4, and concluding remarks are provided in
Section 5.

2. Materials and Methods
2.1. Study Area and Data

Lake Taihu (30◦5′–32◦8′ N, 119◦8′–121◦55′ E), located in the Yangtze River Delta,
one of the most economically and socially developed region in China, is the third-largest
freshwater lake in China with an area of approximately 2338 km2 and an average depth
of 1.9 m (Figure 1). This lake is the most important drinking water source in the region,
providing water to 10 million residents in the surrounding cities such as Suzhou, Wuxi, and
Huzhou. It also provides important ecosystem support for the sustainable and high-quality
development of the Yangtze River Delta. Since the 1980s, due to the rapid increases in
external nutrient loadings brought by industry, agriculture, and tourism in the watershed,
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Lake Taihu has been in a significant eutrophic state, leading to frequent and intensified
algal blooms [40]. For example, the large-scale outbreak of algal blooms in the lake in the
spring of 2007 caused water pollution, directly affecting the drinking water of millions of
people [40]. The observations showed that the proportion of blue algae blooms (including
Microcystis aeruginosa, Pseudanabaena sp., and Aphanizomenon sp.) in Lake Taihu is higher
than that of green algae (including Chlorella sp. and Scenedesmus quadricauda) in summer
and winter [41]. Under specific wind field conditions, this dominant algae population can
quickly change its vertical and horizontal position and “instantly” form algal blooms [36,42].
In recent decades, despite significant progress in the comprehensive management of the
water environment within the watershed, eutrophication and frequent algal blooms remain
the main ecological problems facing Lake Taihu and present hidden dangers that threaten
the urban water supply and ecological security of this region.
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Figure 1. Location of Taihu Lake and surrounding national basic meteorological stations in China.

The satellite data were collected from the National Satellite Meteorological Center,
Beijing, China and the Jiangsu Provincial Meteorological Information Center, Nanjing,
China. A total of 17,200 MODIS/AQUA, MODIS/Terra, and MERSI/FY3 images from 2003
to 2022 were used in this study for the retrieval of algal blooms. Before this, it was required
to preprocess these satellite images, such as resampling to 250 m resolution and removing
Rayleigh molecular scattering effects and cloud effects. The meteorological observation
data used in this study were from the Jiangsu Provincial Meteorological Information Center.
The hourly wind speed and wind direction data from 2003 to 2022 were collected from the
five national basic meteorological stations around Lake Taihu, including the Yixing, Wuxi,
Suzhou, Wujiang, and Dongshan stations (Figure 1).

2.2. Remote Sensing Retrieval Method for Algal Blooms

The dense algal blooms have spectral reflectance characteristics similar to those of land-
based vegetation (red-edge effect), i.e., showing very low reflectivity values in the red band
and noticeably high values in the NIR (near-infrared) band with increasing chlorophyll
concentration, which is the main theoretical base algal bloom remote sensing retrieval [43].
Similar spectral reflection curves of water, dense algal blooms, and algae-water were also
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obtained from field measurements in Lake Taihu, as shown in Figure 2 [44]. According to
the algal spectral characteristics, pixels in satellite images containing algae can be identified
using several vegetation indexes such as the EVI (Enhanced Vegetation Index), NDVI
(Normalized Difference Vegetation Index), and FAI (Floating Algae Index), which include
red light and near-infrared bands [45–47]. Here, we adopted the most commonly used
NDVI for the inversion of algal blooms, and it can be calculated as follows [43,48]:

NDVI =
ρNIR − ρRED
ρNIR + ρRED

(1)

where NDVI is the NDVI value, ρNIR and ρRED are the reflectances of NIR and red light,
respectively. The NDVI ranges from −1 to 1, with a smaller value indicating a lower
density of algal blooms, while a larger value indicates a higher density of algal blooms.
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Figure 2. Field measurement reflectance spectra of dense algae, algae-water, and water in Lake
Taihu. The spectra values were determined as the average spectra of the three types of observation
targets [48].

To determine an appropriate NDVI threshold for detecting algal blooms, a method
integrating visual analysis with statistics, a commonly used method for threshold selection,
was used in this paper [48]. Firstly, boundaries of algal blooms and water were manually
determined in RGB (Red-Green-Blue) imagery containing algal blooms. Then, the mean
NDVI value of all pixels along the boundaries was calculated and the mean value was
adopted to be the NDVI threshold for detecting algal blooms in this image. According to
this method, 1973 images with bloom areas ≥1 km2 were obtained from the 17,200 satellite
images of Lake Taihu from 2003 to 2022.

The fractional vegetation cover index, an important parameter for the characterization
of the surface vegetation cover [49,50], was adopted in this paper to evaluate the coverage
degree of algal blooms. A few studies used this index to present the coverage of lower
plants such as tundra [51]. Following the definition of fractional vegetation cover [24,52],
we defined the fractional algae cover index (FAC) as the proportion of algal blooms at the
lowest point, which can reflect the area size for photosynthetic and coverage density of algal
blooms. Assuming that a pixel on the lake surface is always composed of algae and water
proportions, the NDVI of a mixed pixel can be expressed as the following equation [48]:

NDVIi = FACi × NDVIalgae + (1− FACi)× NDVIwater (2)

where the NDVIi is the NDVI value of the ith mixed pixel, FACi and (1− FACi) represent
the cover area of the algal blooms and water in the mixed pixel, respectively. NDVIalgae
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and NDVIwater represent the NDVI value of pure algae and pure water pixels, respectively.
Then, the FACi of a mixed pixel can be obtained as follows:

FACi = (NDVIi − NDVIwater)/(NDVIalgae − NDVIwater) (3)

Here, the NDVIalgae and NDVIwater were determined by calculating cumulative
frequencies of NDVI in the image, i.e., the NDVI value with a cumulative frequency
of 95% is considered NDVIalgae and the NDVI value with a cumulative frequency of
5% is considered NDVIwater [52]. In this paper, NDVIalgae and NDVIwater values were
determined as 0.81 and −0.2, respectively [48]. To represent the intensity of algal blooms in
the image, according to the size of FAC of each pixel, the algal bloom intensity of each pixel
was subjectively divided into four levels: algae-free, slight, moderate, and severe (Table 1).

Table 1. Algal bloom intensity levels according to FACi in each pixel.

Levels of Algal Bloom Intensity FACi in Each Pixel

Algae-free FACi = 0
Slight 0 < FACi ≤ 30%

Moderate 30% < FACi ≤ 60%
Severe 60% < FACi ≤ 100%

We can determine the intensity and distribution of algal blooms in the lake at that time
by calculating the algal bloom area at different levels in each image as:

Si = ∑n
i,j=1 si,j (4)

where Si is the total area of algal blooms at i intensity level in the image, si,j is the area of
the jth pixel with intensity level i, and n is the total number of pixels with intensity level i.
The unit of area is km2.

To further investigate the relationship between the outbreak of large-area algal blooms
and wind, we defined a large-area algal bloom (LAalgae) as an algal bloom with an area
that exceeds 20% of the surface area of Lake Taihu or exceeds 468 km2 in an image. A total
of 113 image samples of large-area algal blooms were obtained from all years except 2003
and 2014.

2.3. Statistical Methods for Wind

Firstly, the annual, seasonal, monthly, and daily mean wind speeds (MWS) of the five
national basic observation stations around Lake Taihu from 2003 to 2022 were counted, and
then the average wind speed in Taihu Lake area on each time scale was calculated.

The transit time of polar-orbiting satellites such as Terra, Aqua, and FY-3 is around
local noon, which is also the time when these satellites observed algal blooms. But, in fact,
this time is not the time when algal blooms began to appear, nor is it the time when they
disappeared. The algal blooms are not formed “instantaneously” on the surface at the
moment of satellite transit, but rather, during a period of time prior to this, the accumulated
algae biomass floats and agglomerates to form algal blooms when encountering suitable
meteorological conditions [42]. In addition, due to the fact that the wind speed in the
afternoon is usually the highest of the day, algal blooms often appear in the morning and
dissipate in the afternoon, which is currently a popular view [32]. Therefore, we selected
the mean wind speed of 6 h (MWS6) during 6:00–12:00 LT (local time) on the day when
algae blooms were observed to investigate the influence of winds on the formation of algal
blooms. We believe that the MWS6 is more reasonable to represent the wind field suitable
for algal bloom formation than the daily MWS. In addition, the wind directions in Lake
Taihu were represented by the observed wind direction data from Dongshan Station on the
island in the lake.
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2.4. Numerical Simulation Method for Near-Surface Wind Fields

To further evaluate the impacts of near-surface wind field changes on algal blooms,
the wind field in the Lake Taihu area was simulated using the weather research and
forecasting model (WRF). The WRF is a mesoscale numerical weather forecasting model
that can simulate meteorological elements with high spatio-temporal resolution, developed
by the National Center for Atmospheric Research (NCAR) and the National Center for
Environmental Forecasting (NCEP) in the United States of America [53]. In this study,
WRF 3.8.1 was used to simulate the near-surface wind field from 08:00 on 3 September to
08:00 on 8 September 2010. During this period, the algal blooms in Lake Taihu experienced
an obvious process of growth and decline. The WRF 3.8.1 mode adopts a three-layer nested
structure, with grid spacing of 30, 10, and 3.3 km, respectively, and grid points of 232 × 172,
166 × 121, and 109 × 79, respectively. The initial field and boundary meteorological data of
the simulation scheme were obtained from FNL (Final Operational Global Analysis) global
re-analysis data provided by NCEP with a spatial resolution of 1◦ × 1◦ and a time interval
of 6 h. The model adopts the Purdue Lin cloud micro-physical parameterization scheme,
the Rapid Radiative Transfer Model (RRTM) longwave radiation scheme, the Dudhia
shortwave radiation scheme, the Noah land surface model, the GrellDevenyi cumulus
parameterization scheme, and the MellorYamada Janjic planetary boundary layer scheme.

3. Results
3.1. Temporal Distribution of Algal Blooms in Lake Taihu

According to the above-mentioned method, a total of 1973 images with algal bloom
areas ≥1 km2 were obtained from the satellite images during the period 2003–2022. Accord-
ing to Formula (4), we retrieved the area of algal blooms from each image and calculated
the cumulative area for each month, season, and year. As shown in Figure 3, the monthly
and yearly cumulative area of algal blooms in Lake Taihu has generally increased with time
over the past 20 years. The monthly cumulative area of algal blooms in the lake represented
a very obvious periodic change feature, in which the algal blooms usually occurred fre-
quently over the period May–October, but seldom from November to April of the next year
(Figure 3a). The monthly cumulative area curves of algal blooms showed a bimodal shape
with peak values located at 2007–2008 and 2017–2022. From the inter-annual distribution
map of the algal bloom cumulative areas (Figure 3b), we can find that the double-peak
characteristics are more obvious, with peaks located in 2007 and 2017. Specifically, the
yearly cumulative area continued to increase from 2003 to 2007, reaching its first peak in
2007, and then began to decrease and fluctuate at a relatively low level until reaching its
second peak in 2017, which was also the largest cumulative area since 2003. Afterward, the
cumulative area began to show a decreasing trend in fluctuations again. The inter-annual
differences in cumulative area were significant, with relatively large areas in 2006, 2007,
2017, 2019, and 2020, with an anomalous percentage of over 30%. The cumulative area
anomalous percentages in 2003, 2004, 2009, and 2014 were all below −30%.

Similar to the trend of cumulative area, the frequency (frequency indicates the number
of algal bloom days) of algal blooms in Lake Taihu also showed a continuous increase over
time. From the monthly algal bloom frequencies shown in Figure 4a, it can be seen that the
frequencies displayed a continuously increasing tendency. This continuously increasing
trend with time of algae bloom frequency was more evident on the annual frequency
distribution diagram (Figure 4b). It is worth noting that since the algal bloom frequency
exceeded 100 times for the first time in 2013, the algal bloom frequency has exceeded
100 times in 9 out of 10 years. In general, the algal blooms in Lake Taihu presented a
sustained expansion tendency in the past 20 years, both in terms of area and frequency.

FAC values of each image with algal blooms were calculated and divided into
three levels: mild, moderate, and severe according to the criteria represented in Table 1,
and then the cumulative area was calculated for each level. The algal bloom cumulative
area at different levels in Lake Taihu over the period 2003–2022 was counted, as shown in
Figure 5. We can find that in the past 20 years, the algal blooms were mainly at a slight
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level, accounting for 67% of the total areas, and moderate and severe areas accounted for
28% and 5%, respectively. Specifically, the algal bloom area proportion of the slight level in
other years fluctuated around 70% and did not show an obvious temporal trend, except for
2008 and 2009, which were significantly lower. Similarly, there was no obvious temporal
trend in the area proportion of moderate and severe levels.
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3.2. Observational Facts of Near-Surface Wind Speed Change

The observations showed that the surface wind speeds in the Lake Taihu area presented
an obvious downward trend in the past 20 years (Figure 6). According to the statistical
results from the five meteorological stations along Lake Taihu, the regional annual MWS
was 2.37 m/s during the period 2001–2022, of which the MWS in 2001 was the largest,
reaching 3.14 m/s, and that in 2019 was the smallest, only 1.99 m/s. Our analysis also
showed that the annual MWS decreased significantly at a rate of 0.4 m/s (or 16.9%) per
decade over the past 20 years starting from 2001 (Figure 6a). However, the wind direction
in this area did not obviously change in the past 20 years, with a dominant wind direction
of southeast. Similar to the changing trends of mean annual wind speed, seasonal MWS
during 2001–2022 also experienced a significant downward trend (Figure 6b–e). The MWS
in Spring, Summer, Autumn, and Winter were 2.7 m/s, 2.5 m/s, 2.2 m/s, and 2.3 m/s,
respectively. And the average wind speeds in Spring, Summer, Autumn, and Winter during
the period 2001–2022 decreased at rates of 0.45 m/s, 0.42 m/s, 0.34 m/s, and 0.44 m/s per
decade, respectively.

Here, we will discuss the changes in wind speed in the Lake Taihu area on a monthly
time scale. Figure 7a is a heat map of mean monthly wind speed, showing the continuous
decline tendency of wind speed in this area in the past 20 years. Specifically, the mean
monthly wind speeds began to decrease significantly in January and October–December
starting from 2004 and remained relatively low until 2022. The average wind speed in
February and June–September decreased significantly after 2007, while that in April–May
did not begin to decrease significantly until 2018. It should be noted that the period
May–October is usually the most frequent stage of algal blooms in Lake Taihu. Therefore,
it seems to be a reasonable deduction that the continuous decrease in wind speed during
this period may also be one of the main factors leading to the increase in frequency and
intensity of algal blooms in recent years.

Figure 7b is the scatter plot of monthly MWS, mean maximum wind speeds, and
mean minimum wind speeds of the five national basic meteorological stations around
the lake from 2001 to 2022, displaying the trend of surface wind speeds in the area on a
monthly time scale over time since this century. The monthly MWS, mean maximum wind
speeds, and mean minimum wind speeds have shown an obviously fluctuated downward
trend over the past 20 years. It is particularly important to note that from 2001 to 2006,
the monthly mean minimum wind speeds decreased at a very steep slope, with a decline
rate significantly higher than other periods. At the same time, we also noticed that the
algal bloom area gradually increased beginning from 2003, until large-scale algal blooms
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occurred continuously in 2006–2007 (Figure 3). This coincidence of time nodes makes it
reasonable to speculate that the continuous decline in the wind speeds, especially the rapid
decline in the minimum wind speeds, may be an important trigger factor for the large-scale
outbreaks of algal blooms in Lake Taihu since 2006.
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Figure 7. Monthly mean wind speeds in the Lake Taihu area during 2001–2022. Figure (a) is the heat
map of mean monthly wind speed, showing the decline tendency of wind speed in the past 20 years.
The black solid line in Figure (b) is the trend line of monthly mean wind speed, while the red dashed
line schematically represents the trend of monthly minimum wind speed during 2001–2006.

3.3. The Relationship between Wind Speed and Algal Blooms

Existing research has confirmed that wind and wind-induced currents provide direct
power for the accumulation and dissipation, and horizontal and vertical movement of algal
communities, and appropriate wind speeds can promote the formation of algal blooms.
However, this does not mean that higher wind speeds are more beneficial to the formation
of algal blooms. In fact, the cumulative area and frequency of algal blooms were generally
negatively correlated with wind speeds from the results we observed. Figure 8 shows the
area of 1973 algal bloom samples in Lake Taihu during 2003–2022 and the corresponding
MWS6. As can be seen from the figure, the outer contour of the algal area dots displays
an approximate right triangle, indicating that the wind speed corresponding to the algal
blooms with larger areas is relatively small. However, it is very obvious that no algal
bloom was observed by satellites when MWS6 < 0.5 m/s, indicating that wind speed
conditions close to calm were not beneficial for the formation of algal blooms due to lack
of external dynamics. By dividing all the algal bloom samples into five equal parts and
distinguishing them by different colors, it can be found that most of the algal blooms in
Lake Taihu occurred in a small area, of which 60% is less than 108 km2, less than 5% of the
surface area of the lake, but its corresponding wind speed range is larger than that of the
larger area of algal blooms. Approximately 20% of the algal bloom area did not exceed
15 km2 but corresponded to the maximum wind speed range (0.8–5.3 m/s).
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6:00–12:00 LT) in Lake Taihu during 2003–2022. The percentage represents the frequency ratio of algal
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the wind speed corresponding to the algal blooms with larger areas is relatively small.
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Figure 9 shows the relationship between yearly MWS and the frequency and area of
algal blooms in Lake Taihu during 2003–2022. It can be found that the yearly cumulative
area and frequency of algal blooms were significantly (R-Square = 0.31, p < 0.05) or extremely
significantly (R-Square = 0.84, p < 0.01) negatively correlated with the mean yearly wind
speed, respectively. This negative correlation also existed between the seasonal or monthly
cumulative area and frequency and the average wind speeds.

Water 2023, 15, x FOR PEER REVIEW 11 of 20 
 

 

conditions close to calm were not beneficial for the formation of algal blooms due to lack 
of external dynamics. By dividing all the algal bloom samples into five equal parts and 
distinguishing them by different colors, it can be found that most of the algal blooms in 
Lake Taihu occurred in a small area, of which 60% is less than 108 km2, less than 5% of the 
surface area of the lake, but its corresponding wind speed range is larger than that of the 
larger area of algal blooms. Approximately 20% of the algal bloom area did not exceed 15 
km2 but corresponded to the maximum wind speed range (0.8–5.3 m/s). 

 
Figure 8. Distribution of bloom areas and corresponding MWS6 (mean wind speed of 6 h during 
6:00–12:00 LT) in Lake Taihu during 2003–2022. The percentage represents the frequency ratio of 
algal blooms with marked colors. The dotted line displays an approximate right triangle, indicating 
that the wind speed corresponding to the algal blooms with larger areas is relatively small. 

Figure 9 shows the relationship between yearly MWS and the frequency and area of 
algal blooms in Lake Taihu during 2003–2022. It can be found that the yearly cumulative 
area and frequency of algal blooms were significantly (R-Square = 0.31, p < 0.05) or ex-
tremely significantly (R-Square = 0.84, p < 0.01) negatively correlated with the mean yearly 
wind speed, respectively. This negative correlation also existed between the seasonal or 
monthly cumulative area and frequency and the average wind speeds. 

(a) (b) 

Figure 9. Relationship between yearly mean wind speeds and accumulated frequency (R-Square = 0.84, 
p < 0.01) (a) and accumulated area (R-Square = 0.31, p < 0.05) (b) of algal blooms in Lake Taihu during 
2003–2022. The shadows represent the 95% confidence interval of the linear regression trend line. 

Figure 9. Relationship between yearly mean wind speeds and accumulated frequency (R-Square = 0.84,
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Next, we will discuss the response of different-scale algal blooms to wind speed. We
arranged 1973 algal bloom samples in ascending order of area size and divided them into
10 sub-intervals with equal sample number and obtained the area range of algal blooms
in each sub-interval as 0–7, 8–15, 16–27, 28–48, 49–75, 76–109, 110–152, 153–224, 225–366,
and 367–1317 km2, respectively. The maximum, minimum, median, upper quartile, and
lower quartile of MWS6 within each sub-interval were calculated and represented in the
boxplot (Figure 10). We can find that as the area increased, the maximum wind speed in the
sub-interval showed a significant downward trend, while the minimum wind speed slowly
declined, and the fluctuation ranges generally showed a narrowing trend. The wind speed
ranges corresponding to the upper and lower quartiles of wind speeds also narrowed as the
area increased. The upper quartile wind speeds decreased from 2.99 m/s, corresponding
to the minimum area sub-interval, to 1.88m/s, corresponding to the maximum area sub-
interval, by 37.1%. The lower quartile wind speeds declined from 1.92 m/s to 1.18 m/s as
the area increased by 38.5%, and the difference in box wind speed decreased from 1.11 m/s
to 0.7 m/s, by 36.9%.
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A total of 113 LAalgae (large-area algal bloom with an area exceeding 468 km2) image
samples were obtained for assessing the impacts of surface wind on large-scale algal blooms.
Figure 11 displays the relationship between LAalgae frequency and MWS6. The wind
speed range is divided into 10 equal parts in the figure. It was found that the LAalgae with
the highest frequency was observed in the wind speed range of (1.1–1.3 m/s], accounting
for 20.4%. LAalgae mainly occurred in the wind speed range of (0.7–2.3 m/s), accounting
for 96%. It was obvious that the wind speed range for the formation of LAalgae was
significantly narrower than that for the general algal blooms. Moreover, the maximum
wind speed of about 2 m/s for LAalgae occurrence was much smaller than the speed of
about 3 m/s for general algal blooms. It indicated that the LAalgae can only occur under
more strict wind speeds with MWS6 less than about 2 m/s. The wind dynamics can drive
small algal patch aggregation to form a larger area of algae blooms, as well as disperse the
large area of blooms to small patches. Overall, wind speed had a negative effect on the area
of algae blooms, and the smaller the wind speed, the greater the probability of forming a
larger-scale algal bloom.
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Figure 11. Frequency and probability percentage of LAalgae (algal bloom with an area exceeding
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3.4. Response of Algal Blooms to Near-Surface Wind Fields

The wind direction mainly affects the distribution pattern of algal blooms in the entire
lake by regulating the transport direction of nutrients within the lake and the movement
direction of surface algal blooms. Figure 12 shows the spatial distribution pattern of algal
bloom frequency in Lake Taihu and the wind rose diagram of the region in the past 20 years.
We found that the spatial distribution pattern of algal blooms in the lake presented an
obvious gradient structure, with the highest frequency of algal blooms appearing in the
northwest near-shore waters and gradually decreasing towards the southeast Lake Taihu
(Figure 12a). It is particularly interesting to find from the wind rose (Figure 12b) that the
dominant wind direction in the Lake Taihu area for decades was southeast. The location
with the highest frequency of algal blooms precisely corresponded to the downwind
direction of the dominant wind direction. Therefore, this may be a reasonable explanation,
that is, under the continuous power provided by the perennial southeast winds throughout
the year, algal colonies continue to move towards the northwest direction, accumulating
and forming algal blooms as they approach the lake shore. Moreover, the long-term effects
of such wind fields may lead to a vicious circle of water-quality decline and algae outbreaks.
Under the influences of prevailing winds, nutrients in the lake continued to accumulate
in the northwest waters, leading to a continuous decline in the water quality, making
these waters more prone to algal blooms than other areas. At the same time, more algal
blooms died and decayed, causing a deterioration of water quality in this area. In fact, the
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northwest waters of Lake Taihu have always been the part with the worst water quality
over the past decades [54].
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Figure 12. The spatial distribution of algal bloom frequency in Lake Taihu (a) and the wind rose
diagram (b) during 2003–2022.

Let us examine in detail how short-term wind fields affect algal blooms. Due to the lack
of enough dense lake surface observation data, we could not obtain the actual wind field in
the Lake Taihu area. We adopted the weather research and forecasting model (WRF3.8.1),
one of the world’s most popular numerical weather prediction models supported by the
National Center for Atmospheric Research (NCAR), to simulate the wind field near the
lake surface in this study. We selected the 4-day period from September 4 to 7, 2010 as
an example to simulate the lake surface wind field. The weather conditions in those days
in the Lake Taihu area were generally suitable for algal bloom formation and satellites
observed algal blooms for four consecutive days. The algal bloom areas and meteorological
observation data are shown in Table 2. The algal bloom areas on September 4th and 6th
reached 789 km2 and 795 km2, with corresponding 1 h average wind speeds of 1.9 m/s and
1.8 m/s, respectively. The algal bloom areas on 5 and 7 September were 67 km2 and 7 km2,
with corresponding average wind speeds increasing to 2.1 m/s and 2.1 m/s, respectively.
This suggested that the changes in wind speed may be the cause of the rapid changes in
the algal bloom area on adjacent dates.

Table 2. Algal bloom area and meteorological data from 4 to 7 September 2010. The mean wind
speed and average temperature were calculated from the observation data from the five national
basic meteorological stations around Lake Taihu.

Time Mean Wind Speed (m/s) Average Temperature (◦C) Area (km2)

4 September, 13:00 1.9 29.7 789
5 September, 10:00 2.1 29.3 67
6 September, 11:00 1.8 28.8 795
7 September, 10:00 2.4 28.8 6

Figure 13 displays the algae bloom intensity interpreted from satellite images on
4–7 September 2010 and the adjacent time wind field near the lake surface simulated by
WRF3.8.1. From the intensity map at 13:00 on September 4 (Figure 13(a1)), we can see that
the algal blooms covered most of the waters in the middle and north of Lake Taihu, and the
areas with greater intensity were concentrated in the waters of the center and north lake,
reaching a moderate to severe level. In the simulated wind field map at its adjacent time
(Figure 13(b1)), the average wind speeds of the waters where algae blooms occur were less
than 3 m/s, significantly lower than those of 4–6 m/s of other waters, with a wind direction
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of northeast. In the simulated wind field map at 9:00 on 5 September (Figure 13(b2)), the
MWS in the waters where algal blooms appeared the previous day increased, with only
the southwest coastal waters experiencing lower wind speeds. Correspondingly, only a
small area of algal blooms could be seen in the remote sensing map at 10:00 (Figure 13(a2)),
which was blown by northeast winds and drifted to the western coastal waters. In the
maps at 9:00 on 6 September (Figure 13(c1,c2)), the wind speeds in the northeast of the
lake increased to more than 4 m/s, and those in the southwest were significantly lower. It
seems very “magical” that a large area of algal blooms has resurfaced in these waters with
relatively low wind speeds. The algal bloom intensity was generally above medium, and at
a severe level in nearshore waters due to accumulation. At around 10:00 on 7 September,
the wind speed significantly increased, with wind speeds exceeding 4 m/s in most waters,
and the algal blooms almost disappeared (Figure 13(d1,d2)). This 4-day example of the
“growth and disappearance” process of algal blooms provided a good explanation of how
the near-surface wind field affected the movement of algal blooms, thereby affecting their
spatial distribution pattern.
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4. Discussion
4.1. The Wind Speed Critical Indicators Suitable for Algal Blooms

Identification of the optimal wind speed critical indicators for suitable algae blooms is
of great significance for dynamics research, but also for the prediction, warning, prevention,
and control of algal blooms. Many efforts have been made in previous studies to determine
the wind speed thresholds suitable for different water bodies. In the simulation experiment
of the algae migration model, Wesbster [55] and Zhu et al. [56] estimated that there existed
a critical wind speed of 2–3 m/s during the momentum exchange process on the water
surface, and the critical value was indicated as the appropriate wind speed threshold for
algal blooms. To the best of our knowledge, some subsequent studies established various
empirical thresholds similar to this based on some observational data. The thresholds
range from 2.0 to 4.5 m/s due to differences in wind speed observation time, selected water
bodies, and analysis methods [21,22,57]. In the present study, we will identify the critical
indicator of wind speed for algal blooms from a statistical perspective.

By dividing the MWS6 range (0.5–5.3 m/s) corresponding to 1973 algal bloom samples
into 20 equal parts, we obtained the cumulative frequency of every sub-interval as shown
in Figure 14. Here, the frequency of four MWS6 sub-intervals exceeded 200, each account-
ing for more than 10% with a cumulative proportion of 50.7%, and four exceeded 100,
accounting for 5.6–9.9% with a cumulative proportion of 33.1%. This indicated that the four
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sub-intervals with the highest frequency proportion were the most suitable wind speed
range for the formation of algal blooms, corresponding to MWS6 ranges of 1.2~2.2 m/s.
And 83.8% of algal blooms occurred within the MWS6 range of 1.0~2.9 m/s, which was a
suitable wind speed range for the formation of algal blooms. Furthermore, we can find that
the frequency histogram of MWS6 approximately exhibited a Gaussian distribution with
an average value of 2.0 m/s, and a 95.5% confidence interval of (0.6 m/s, 3.4 m/s). On the
basis of this result, it was reasonable that the MWS6 of 0.6 m/s and 3.4 m/s are identified
to be the lower and upper critical wind speed indicators suitable for the formation of
algal blooms, respectively. The upper limit wind speed of this critical interval is basically
consistent with the 3 m/s wind speed estimated by the algae migration model [55,56],
which forms, in another sense, mutual corroboration.

Water 2023, 15, x FOR PEER REVIEW 17 of 20 
 

 

accounting for more than 10% with a cumulative proportion of 50.7%, and four exceeded 
100, accounting for 5.6–9.9% with a cumulative proportion of 33.1%. This indicated that 
the four sub-intervals with the highest frequency proportion were the most suitable wind 
speed range for the formation of algal blooms, corresponding to MWS6 ranges of 1.2~2.2 
m/s. And 83.8% of algal blooms occurred within the MWS6 range of 1.0~2.9 m/s, which 
was a suitable wind speed range for the formation of algal blooms. Furthermore, we can 
find that the frequency histogram of MWS6 approximately exhibited a Gaussian distribu-
tion with an average value of 2.0 m/s, and a 95.5% confidence interval of (0.6 m/s, 3.4 m/s). 
On the basis of this result, it was reasonable that the MWS6 of 0.6 m/s and 3.4 m/s are 
identified to be the lower and upper critical wind speed indicators suitable for the for-
mation of algal blooms, respectively. The upper limit wind speed of this critical interval 
is basically consistent with the 3 m/s wind speed estimated by the algae migration model 
[55,56], which forms, in another sense, mutual corroboration. 

 
Figure 14. Gaussian distribution of MWS6 (mean wind speed of 6 h during 6:00–12:00 LT) on the 
days when algal blooms occurred during 2003–2022. The dotted line is Gaussian distribution curve 
and the red lines represent the µ–2б, average value and µ+2б, respectively.  

4.2. Implications for Management and Future Research 
Another meaningful finding is that the downwind waters of the dominant wind di-

rection in the Lake Taihu region are highly consistent with the waters with the most fre-
quent and severe algal blooms. We infer from this that the long-term prevailing southeast 
wind continuously gathered the nutrients of the entire lake into the downwind northwest 
waters, leading to a continuous decline in water quality and triggering algae blooms. The 
death and decay of algae blooms further led to water quality deterioration, forming a vi-
cious cycle. However, many existing studies have not analyzed the reasons for this phe-
nomenon from a climate perspective, but rather from that of anthropogenic emissions of 
pollutants [54,58,59]. However, it is not commensurate with the intensive effluent reduc-
tion efforts of the government that the algal blooms in Lake Taihu are still serious in recent 
years, which does not seem to be well explained from the perspective of pollutant emis-
sions [5,24]. Therefore, our findings suggest that the deterioration of water quality and 
outbreaks of algal blooms in certain waters of a large shallow lake are likely closely related 
to the dominant wind direction, which is crucial for managers to determine bloom pre-
vention and control measures and formulate water environment management policies. 

The stress effects of climate change on algal blooms are not caused by a single climatic 
factor but rather by the synergies of various climatic factors [21,60]. However, few studies 
have addressed the comprehensive impacts of these synergies on algae blooms [6,22,35]. 

Figure 14. Gaussian distribution of MWS6 (mean wind speed of 6 h during 6:00–12:00 LT) on the
days when algal blooms occurred during 2003–2022. The dotted line is Gaussian distribution curve
and the red lines represent the µ–2б, average value and µ+2б, respectively.

4.2. Implications for Management and Future Research

Another meaningful finding is that the downwind waters of the dominant wind
direction in the Lake Taihu region are highly consistent with the waters with the most
frequent and severe algal blooms. We infer from this that the long-term prevailing southeast
wind continuously gathered the nutrients of the entire lake into the downwind northwest
waters, leading to a continuous decline in water quality and triggering algae blooms. The
death and decay of algae blooms further led to water quality deterioration, forming a
vicious cycle. However, many existing studies have not analyzed the reasons for this
phenomenon from a climate perspective, but rather from that of anthropogenic emissions
of pollutants [54,58,59]. However, it is not commensurate with the intensive effluent
reduction efforts of the government that the algal blooms in Lake Taihu are still serious in
recent years, which does not seem to be well explained from the perspective of pollutant
emissions [5,24]. Therefore, our findings suggest that the deterioration of water quality
and outbreaks of algal blooms in certain waters of a large shallow lake are likely closely
related to the dominant wind direction, which is crucial for managers to determine bloom
prevention and control measures and formulate water environment management policies.

The stress effects of climate change on algal blooms are not caused by a single climatic
factor but rather by the synergies of various climatic factors [21,60]. However, few studies
have addressed the comprehensive impacts of these synergies on algae blooms [6,22,35].
The limitations of our research naturally include not considering the synergistic effects
of wind fields combined with other climate factors on algal blooms. Therefore, future
research should not only further reveal the mechanisms of various single meteorological
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factors on algal blooms but also focus on quantitatively evaluating the comprehensive
impact of various climate factors and their changes on the sustained expansion of algal
blooms. In addition, it is generally believed that in addition to the amplified warming in the
northern hemisphere, the increased surface roughness/friction (e.g., the urbanization and
greening of the earth) is also another important reason for the decline in near-surface wind
speeds [61]. This study only analyzed the fact that the near-surface wind speed changes
observed under the background of climate change and the response of cyanobacterial
blooms to them and did not specifically discuss the extent to which climate change caused
the decline in wind speed, which is also the focus of our future research.

5. Conclusions

Our research indicates that the continuous decline in wind speed under the back-
ground of climate change is probably the main external cause of the algal bloom expansion
in Lake Taihu in recent decades. The wind speed data corresponding to the occurrence
of algal blooms generally present a Gaussian distribution, and the frequency and area of
algal blooms increase with the decrease in wind speed within the appropriate wind speed
range. The outbreak of large-scale algal blooms requires stricter wind speed conditions,
with critical wind speeds significantly lower than those of the algal blooms in general. The
dominant wind direction of southeast in the region may be an important reason for the
continuous decline in water quality and the high frequency and severity of algal blooms
in the northwest waters of the lake. These findings will contribute to further studies on
the dynamic mechanism of algal blooms and provide support for water environment
management and algal bloom prevention and control.

Author Contributions: Y.L.: Methodology, Writing—original draft, Writing—review and editing,
Funding acquisition. S.Z. and X.H. (Xin Hang): Investigation, Data curation. X.L. (Xinyi Li) and L.S.:
Validation, Data curation; X.L. (Xiaochun Luo): Formal analysis, Resources; X.H. (Xiuzhen Han):
Conceptualization, Funding acquisition. All authors have read and agreed to the published version
of the manuscript.

Funding: This study was supported by the National Natural Science Foundation of China (U2242211)
and the Foundation for Key Scientific Research of Jiangsu Meteorological Bureau (KZ202003).

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: We thank Changyu Hu and Xiang Li for providing IT support.

Conflicts of Interest: The authors declare no conflict of interest.

References
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