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Abstract. The global warming, decline in wind speed and extreme rainfall have been documented to
promote the expansion of bloom area. However, few studies focus on the effect of wind direction on
bloom area. The monthly data between May and September from 2011 to 2018 were collected to analyze
the relationship between environmental factors and bloom area. Pearson correlation analysis indicated
that bloom area was negatively correlated with monthly proportion of consecutive unidirectional wind
days (Pcuwp) but positively correlated with chlorophyll a (Chl-a). During the whole studied period, wind
speeds were lower than 3.1 m/s and Chl-a concentrations were higher than 20 pug/L in all months. In this
case, the sufficient Microcystis biomass could aggregate into large-scale bloom area only by vertical
floating. This could explain why no significant relationship between wind speed and bloom area was
found in our study. Except for August, wind speed declined each month which promoted the increase of
total phosphorus (TP) and Chl-a concentrations. The low value of Pcuwp insufficiently transported
cyanobacterial patches from other zones to accumulate with the existing cyanobacterial patches in the
downwind area of the lake into dense and small-scale surface scum. In May and June, the decreased
Pcuwp Was conducive to maintain a large-scale bloom area.

Keywords: climate change, environmental factors, wind direction, vertical aggregation, horizontal
transportation

Introduction

The excessive releases of nitrogen and phosphorus have accelerated eutrophication in
lakes and reservoirs, which has induced frequent occurrence of cyanobacterial blooms
(Xiao et al., 2018). Cyanobacterial blooms may initiate a chain of serious environmental
and ecological events, resulting in blockage of drinking-water supply systems, reduction
of water clarity and production of unpleasant odors, etc. (Qin et al., 2010; Zhang et al.,
2011). Moreover, some species of cyanobacteria would produce a variety of potent
toxins and pose severe risks to human health (Funari and Testai, 2008). Bloom area is
one of the common indicators used in water resource management to rank the alert
levels of cyanobacterial blooms (Li et al., 2016). In 2017, a large-scale bloom area of
1403 km? occurred in Lake Taihu, which has attracted much attention. However, our
knowledge on the formation of large-scale bloom areas is still limited.

Sufficient cyanobacterial biomass is a prerequisite for the formation of cyanobacteria
bloom (Reynolds, 2006). Many previous studies have revealed that nutrients play a
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leading role in rapid cyanobacterial growth and domination in freshwater ecosystem
(Hecky and Kilham, 1988). In addition, climate change is expected to affect the
cyanobacterial development throughout their entire annual cycle in both direct and
indirect ways (Jeppesen et al., 2014). The warming trend of air temperature affects
cyanobacterial biomass by prolonging the duration of the growing season globally
(O’Reilly et al., 2015). The change of rainfall intensity and frequency also affects
cyanobacterial biomass due to a large amount of nutrients input into water bodies by
flushing (Michalak et al., 2013; Reichwaldt and Ghadouani, 2012).

Wind-induced turbulence directly determines the formation and disappearance of
cyanobacterial blooms (Wu et al., 2013; Zhu et al., 2014b). Numerous field studies have
reported that cyanobacterial blooms in lakes and reservoirs disappear when wind speeds
exceeding the critical value, namely 3-4 m/s (Cao et al., 2006; Ma et al., 2015; Moreno-
Ostos et al., 2008). When the wind speeds drop below the critical value, cyanobacteria
would overcome the weak mixing and float up to the surface to form the blooms. In
recent years, there are reported studies showing the global warming could cause the
decline of wind speeds (Deng et al., 2018; McVicar et al., 2012). Meanwhile, the
decrease of wind speeds could promote the annual mean bloom area in lakes as
confirmed by other scholars (Deng et al., 2018; Wu et al., 2015).

Aforementioned researches mainly focused on the effects of climate-induced
temperature and precipitation changes on the growth of cyanobacterial biomass, and the
decreases of wind speeds on the expansion of bloom areas. In addition to wind speed,
wind direction is also an important indicator of wind field. Present studies regarding
wind direction are mainly focused on how does it affect the horizontal distributions of
cyanobacterial blooms in lakes (Cyr, 2017; Deng et al., 2016). These studies only
indicated that cyanobacterial blooms tend to occur in downwind areas of lakes (George
and Edwards, 1976). Little attention has been paid to the effect of wind direction on
bloom areas.

The cyanobacterial biomass in summer and autumn is much higher than that in
spring and winter, which is conducive to the emergence of larger-scale and more serious
cyanobacterial blooms (Deng et al., 2014; Shi et al., 2019). The mature blooming stage
is usually from May to September in Lake Taihu, when the temperature reaches the
optimum temperature for the growth of Microcystis (Feng et al., 2018). Elucidation of
the responses of bloom area to environmental changes during this period can improve
our understanding for better controlling water blooms. In this study, we collected a 8-
year data series between May and September from Lake Taihu to examine: (1) temporal
variations in the meteorological data, nutrient factors and cyanobacterial biomass, (2)
the primary factors affecting cyanobacterial bloom area, and (3) the effect of wind
direction on large-scale bloom area.

Materials and methods
Study area

Lake Taihu is a large shallow freshwater lake, which is situated in the southeastern
part of Yangtze River Delta in China (30°55°40”-31°32°58” N; 119°52°32"—
120°36°10” E). The lake is 68.5 km long from north to south and 34 km wide from east
to west with a surface area of 2338 km? (Han et al., 2015; Havens et al., 2016). Its
average depth is 1.9 m with a maximum depth of 2.6 m. The water quality of Lake
Taihu has been seriously affected by eutrophication and surficial cyanobacterial blooms
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due to the large amount of pollutants input from industry, agriculture and tourism
activities over the past 3 decades (Li et al., 2014; Wang et al., 2016). It is well-known
that Lake Taihu was subjected to a severe cyanobacterial bloom in May 2007, depriving
more than 2 million people of drinking water for several days.

Data collection

Meteorological data between May and September from 2011 to 2018 were obtained
from Wuxi weather station of National Meteorological Information Center
(http://data.cma.cn). The monthly meteorological data were calculated form the daily
records of air temperature (Tair), precipitation (P) and wind speed (WS).
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Figure 1. Location of sampling sites and Wuxi weather station in Lake Taihu

Consecutive unidirectional winds days (CUWD) indicates a continuous period that
the difference between the maximum and minimum wind direction is less than 45°,
which is calculated as follows (Eq. 1):

CUWD = Count(xi: xj) If Max(xi:xj)—Min(xi:xj)<45°and j—i>3 (Eq.1)
where x; and x; are the values of wind direction at day i and j, respectively. In order to

measure the length of CUWD in a month, the following formula (Eg. 2) is given to
calculate the monthly proportion of CUWD ( Poyup ):

> (Cuwb, -2)

k=12,..,n (Eq.2)

Peowo =
where T is the total days in each month.
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Monthly total nitrogen (TN), total phosphorus (TP), and chlorophyll a (Chl-a)
concentration from 33 sampling sites of Lake Taihu were collected from Taihu Basin
Authority of Ministry of Water Resources (http://www.tba.gov.cn/) between May and
September from 2011 to 2018. The entire lake was divided into 33 sections based on
sampling sites using the Tyson polygon method (Fig. 1). Then, a weight factor was
calculated as the area of each polygon relative to the total area of the lake for each
sampling site. Finally, the summation of concentration multiplied with weight factor in
each site was defined as monthly concentration of entire lake, in order to address spatial
heterogeneity.

Bloom areas were derived from remote sensing images from May to September
during 2011-2018, which were obtained from the Lake-Watershed Science Data Center,
National Earth System Science Data Sharing Infrastructure, National Science &
Technology Infrastructure of China (http://lake.geodata.cn). Monthly bloom area is
calculated by the average of 5 images selected at 5-day intervals each month. If there
was cloudy or rainy weather on that day, the photos before or after a day were used.

Data analysis

Principal components analysis (PCA) were carried out to identify the the role of the
various environmental factors contributing to the bloom area. The principal components
(PCs) were extracted for eigenvalues that were > 1. The Kaiser-Meyer-Olkin (KMO)
and Bartlett’s test were introduced to evaluate the validity of PCA, and a > 0.5 of KMO
and significant Bartlett’s test were requisite before the PCA. The relationships of
monthly bloom areas with environmental factors were analyzed by Pearson correlation
coefficient. All statistical analysis were performed by SPSS 19.0 software (IBM,
Armonk, NY, USA).

Results
Monthly variations in meteorological data

The temporal variations of meteorological factors in the Lake Taihu from 2011 to
2018 are presented in Figure 2. During the whole studied period, monthly air
temperature between May and September was higher than 20 °C with a maximum value
in July. The changing trend of air temperature from 2011 to 2018 was not obvious. Most
of the heaviest precipitation was concentrated in June, and the maximal monthly
precipitation of 2015 and 2016 were 711 mm and 607 mm, respectively. The increasing
trend for precipitation emerged in September from 2011 to 2018.

Wind speeds declined in May, June, July and September from 2011 to 2018
(Fig. 2c). And monthly wind speed was below 3.1 m/s during the whole studied period.
The Pcuwp exhibited a decline trend in May and June from 2011 to 2018 (Fig. 2d). The
maximum Pcuwp concentrated in summer. Especially, the Pcuwp were above 48% in
August 2016 and July 2017.

Monthly variations in nutrient, Chl-a and bloom area

TN showed a decreasing trend in May and June from 2011 to 2018 (Fig. 3a). The
peak values of TP mainly appeared in August, which varied from 0.062 to 0.144 mg/L.
TP showed increasing trends in May and July. On the whole, TP raised from 2011 to
2018 (Fig. 3b).
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Figure 2. The temporal variations of (a) air temperature (Tair), (b) precipitation (P), (c) wind
speed (WS) and (d) the month proportion of consecutive unidirectional winds days (Pcuwp)
between May and September from 2011 to 2018
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Figure 3. The temporal variations of (a) total nitrogen (TN), (b) total phosphorus (TP), (c)
chlorophyll a (Chl-a) and (d) bloom area (BA) between May and September from 2011 to
2018
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Generally, the Chl-a concentration reached the maximum in August. In some cases,
the Chl-a concentration reached 20 pg/L, which was necessary for the formation of
water bloom ahead of time, such as in May and June of 2016 and May 2017 with the
highest Chl-a concentration reaching 86.2 pg/L (Fig. 3c). The increasing trends of Chl-a
concentrations were found in May, July and September from 2011 to 2018. Unlike the
temporal distribution of Chl-a concentration, the maximum bloom area is more random
in temporal distribution. This means the bloom area may not reach the largest area when
Chl-a concentration is the highest value (Fig. 3c, d). The bloom area showed increasing
trends in May and June and decreasing trends in Aug and September during the studied
period.

Principle component analysis

The results of KMO and significant Bartlett’s test were 0.574 and 0.000,
respectively, which demonstrated the validity of PCA approach. The PCA results
showed (Table 1) that three eigenvalues were higher than one and the tree components
explained 72.201% of the total variance of the selected environmental parameters. PC1,
PC2, and PC3 contributed 37.223%, 20.383% and 14.595% to the total variance,
respectively. PCA 1 was mainly positively related to wind speed, Pcuwp, and TN, and
negatively related to TP and Chl-a. PC2 and PC3 were mainly correlated with air
temperature and precipitation, respectively.

Relationship between bloom area and environmental factors

As shown in Table 2, the Chl-a concentration was significantly negatively correlated
with wind speed (P <0.01), Pcuwp (P <0.05) and TN (P <0.01) and positively
correlated with TP (P <0.01). There was no significant correlation between Chl-a
concentration and air temperature. Pcuwp and Chl-a concentration were the significant
negative (P < 0.01) and positive (P < 0.01) factors affecting bloom area, respectively.

Discussion

Previous studies have confirmed that the formation of a surface water bloom is
determine by two precondition, i.e. sufficient biomass of buoyant cyanobacteria and
weak hydrodynamics (Paerl and Otten, 2013; Reynolds, 2006). Wu et al. (2015) found
that the decline of wind speed had significantly promoted the extension of bloom area
from 2000 to 2011. However, our results showed that the monthly bloom area between
May to September from 2011 to 2018 was positively correlated with Chl-a
concentration (P <0.01), but not with wind speed (Table 2). Microcystis, one of
cyanobacteria species, is the dominant algae with biovolume accounting for > 95% from
May to September in Lake Taihu (Chen et al., 2003; Otten and Paerl, 2011). Hence,
Chl-a concentration was often used to represent Microcystis biomass in the previous
field researches (Ding et al., 2012; Wu et al., 2013; Zhu et al., 2014a). Qin et al. (2015)
defined Chl-a concentration above 20 pg/L as the visible surface cyanobacterial bloom
in Taihu Lake. Our results indicated that most of Chl-a concentrations were higher than
20 pg/L between May and September during the studied period (Fig. 3c). Such a large
amount of Microcystis float up and aggregate on water surface, which is enough to meet
the biomass for the bloom formation. Cao et al. (2006) reported that the critical wind
speed for bloom formation in Lake Taihu is 3.1 m/s. Wu et al. (2015) determined that
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the annual mean wind speed noticeably declined from 2000 to 2011 and ranged from
3.10 to 3.68 m/s. Although wind speed in our study decreased in May, June and July,
the wind speeds of all months during the whole studied period were below the 3.1 m/s
(Fig. 2c). According to the above results, we can infer that no matter what the wind
speed changes from 2011 to 2018, Microcystis in our studied months can overcome the
wind-induced turbulence and rise to the water surface to form a bloom. Therefore, the
correlation between wind speed and bloom area is not significant between May and
September from 2011 to 2018.

Table 1. Total variance explained by the principle components during the bloom between
May to September from 2011 to 2018 and the component matrix of different variables

PC1 PC2 PC3
Air temperature 0.124 0.910 0.018
Precipitation -0.116 0.127 0.955
Wind speed 0.713 0.071 -0.193
Pcuwp 0.663 0.561 -0.089
Total nitrogen 0.643 -0.456 0.050
Total phosphorus -0.725 0.051 -0.160
Chlorophyll a -0.830 0.229 -0.190
Eigenvalues 2.606 1.427 1.022
% of Variance 37.223 20.383 14.595
Cumulative % 37.223 57.606 72.201
Pcuwp: monthly proportion of consecutive unidirectional winds days
Table 2. Pearson correlation coefficients between the monthly bloom area and
environmental factors
Tair P WS Pcuwp TN TP Chl-a BA
Tair 1
P 0.091 1
WS 0.133 -0.120 1
Pcuwp | 0.442%* -0.071 0.429** 1
TN -0.208 -0.042 0.434** 0.164 1
TP -0.084 0.063 -0.227 -0.355* | -0.353* 1
Chl-a 0.128 -0.009 | -0.466** | -0.401* | -0.456** | 0.630** 1
BA -0.094 0.019 -0.213 | -0.448** | -0.078 0.228 0.571** 1

Tair: air temperature; P: precipitation; WS: wind speed; Pcuwo: monthly proportion of consecutive
unidirectional winds days; TN: total nitrogen; TP: total phosphorus; Chl-a: chlorophyll a; BA: bloom
area. **P <0.01; *P < 0.05

Interestingly, wind direction, another important indicator of wind speed, significantly

affects the bloom area in this study. Our results illustrated a negative relationship
between the bloom area and Pcuwp (P < 0.05, Table 2). In order to better understand the
influence of wind direction on bloom area, two typical months were selected, i.e.
August 2016 and May 2017. The two months showed a big difference in bloom areas
but very similar conditions of wind speeds and Chl-a concentrations. Specifically, the
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monthly bloom area was 231 km? in Aug 2016 and 917 km? in May 2017, the monthly
mean wind speed was 2.35 m/s in Aug 2016 and 2.44 m/s in May 2017, and the Chl-a
concentration was 88.1 pg/L in Aug 2016 and 86.2 ug/L in May 2017 (Fig. 3).

The structures of the lake currents are determined by in-out flows and wind.
However, the horizontal migration of Microcystis is mainly induced by the surface
current since Microcystis mainly concentrated on the water surface. Wu et al. (2018)
indicated that surface current of Lake Taihu was driven by wind, and its entrainment
could transfer energy further toward the lake bottom with increasing wind speed. In-out
flows mainly contribute to lake currents when wind speed is 0 m/s, but the multiyear
mean incidence of 0 m/s in Lake Taihu is only 2.1% (Wau et al., 2013). Thus, impacts of
in-out flows on water bloom in Lake Taihu was negligible. The wind field over Lake
Taihu is composed of lake-land wind and East Asian monsoon (Wu et al., 2018). The
hourly wind speed and direction are shown in Figure 4. Our results showed that wind
speed had a diurnal periodic fluctuation, which was typically driven by the lake-land
wind. However, the wind direction was generally more stable and did not appear
obvious opposite situations between day and night. Lee et al. (2014) also indicated that
lake—land breeze circulations were less prevalent in the Taihu lake basin than in lake
basins in northern latitudes. Therefore, the calculated daily wind direction did not mask
the information of hourly wind direction to some extent in this study.
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Figure 4. The hourly and daily wind speed and direction in (a) August 2016 and (b) May 2017

The proportion of hourly wind speed lower than 3.1 m/s was 75.5% in August 2016
and 73.1% in May 2017 (Fig. 4). The low wind conditions in two months are favorable
for the Microcystis to float on water surface. Moreover, the Chl-a concentration was
both higher than 20 pg/L in the two months. These means the current Microcystis
biomass can form water blooms only by vertical migration without horizontal drift
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under low wind speed (3.1 m/s) (Cao et al., 2006; Qin et al., 2015). In previous field
studies, it was observed that Microcystis patches were horizontally transported to
downwind zone by wind-driven current under critical wind speed during summer (Bai
et al., 2005; Deng et al., 2016; Moreno-Ostos et al., 2009). Meanwhile, positively
buoyant Microcystis can resist downwelling to accumulate large biomass on the water
surface of downwind end of the lake (Cyr, 2017). As shown in Figure 5, the bloom area
was 625 km? on 5™ August, but reduced to 236 km? on 15" August, and then continued
to shrink to 62 km? 25" August under the influence of consecutive east winds in 2016.
The maximum value of CUWD (consecutive unidirectional winds days) in August 2016
was 14 days (Fig. 4). Compared with 2017, the bloom covered an area of 1309 km? on
6™ May and maintained 1209 km? on 16" May under the effect of widely fluctuating
wind directions. Then, after 7 days of unidirectional winds and 2 days of west wind, the
bloom area was reduced to 649 km? on 26" May 2017, mostly accumulated in the
eastern lake area (Fig. 5). The maximum value of CUWD in May 2017 was only 7 days
(Fig. 4). Wu et al. (2010) found that, under the south wind, the Chl-a continuously
increased in Meliang Bay and decreased in open water of Lake Taihu. We can infer
from above that, under the effect of consecutive unidirectional winds, newly transported
Microcystis patches from other zones will inevitably converge with the existing
cyanobacterial patches in the downwind area of lake to form dense surface scum,
resulting in the reduction of bloom area. Hence, the significantly different of bloom area
in August 2016 and May 2017 was mainly affected by different wind direction variation
patterns. The longer consecutive unidirectional winds days resulted in substantial
reduction of bloom area, whereas unstable wind direction was beneficial to the stability
of the bloom area.

625 km? 236 km? 2 ) 62 km?

Y0 & 2016-8-0513:25 Ay 2016-8-1510:30 \w© § 2016-8-2512:38
N @ = Bloom area: N :ﬁ mm Bloom area: N \ mm Bloom area:
\ b & 4 i

2017-5-16 13:20
mm Bloom area:
1209 km?

2017-5-06 11:15
mm Bloom area:
1309 km?
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Figure 5. Bloom distribution Taihu on 3 days in (a, b and c) August 2016 and (d, e and f) May
2017, respectively
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After the 2007 water crisis in Wuxi, a series of comprehensive measures were
conducted to control eutrophication and cyanobacterial bloom in Lake Taihu. The
concentration of TN was effectively controlled and showed a noticeable decline in May
and June, while the concentration of TP obviously rose in May and July from 2011 to
2018 (Fig. 3a and b). Heavy precipitation above 600 mm both occurred in June 2015
and 2016 (Fig. 2b), and subsequent floods brought a large amount of nutrients input into
Lake Taihu. As the floods receded, most phosphorous was gradually deposited into the
sediment as particulate form while most nitrogen was discharged away Lake Taihu in
dissolved form (Gouze et al., 2008; Zhu et al., 2018). Although decreased wind speed
leads to reduce sediment resuspension, Microcystis easily float on water surface to
obtain sufficient light for growth. The high aggregation of Microcystis on water surface,
in turn, may promote phosphorus release from the sediment due to the low dissolved
oxygen conditions near the bottom (Deng et al., 2018; Tang et al., 2015). These
processes were indirectly supported by the positive relationship between Chl-a and TP
(P <0.01) and the negative relationship between Chl-a and wind speed (P < 0.01,
Table 2). Some climate prediction studies suggested that the increase of air temperature
and precipitation and decline of wind speed will continue in the Lake Taihu Basin in the
future (IPCC, 2013; O’Reilly et al., 2015; Sun and Ding, 2010; Xu and Liu, 2012). Our
result also showed the Pcuwp decreased in May and June. Correspondingly, the bloom
area showed an obvious increasing trend in May and June from 2011 to 2018. However,
in July and August, the wind direction is steady and not conducive to the large-scale
cyanobacterial bloom (Fig. 2d and 4d; Table 1). Since the wind speed will continue to
decrease in the Lake Taihu Basin in the future according to IPCC reports (IPCC, 2013),
the lake-land wind with opposite wind directions between day and night will possibly
dominate in the wind field in Lake Taihu. Thus, the future wind direction of Lake Taihu
will become more unstable, which would be more conducive to the emergence of large-
scale cyanobacterial bloom in future. The large-scale cyanobacterial bloom would
prevent the light penetration to inhibit the growth of green algae and diatoms below the
water surface, thus reducing the phytoplankton biodiversity and aggravating
eutrophication in lakes (Janatian et al., 2019; Shi et al., 2018; Xiao et al., 2018).

Conclusion

The obviously declined wind speeds between May and September, except for
August, promoted the increases of TP and Chl-a concentrations from 2011 to 2018.
During the whole studied period, the wind speeds were below the critical value for
bloom formation and enough Microcystis biomass could aggregate into large-scale
bloom area only by vertical floating. The decrease of wind speed has limited effects on
the bloom areas. Randomly directed winds were conducive to maintain large-scale
bloom area in May and June, while unidirectional winds could lead to shrink the bloom
area in July and August. As the wind speed decreases in the future, the wind direction of
Lake Taihu will become more unstable due to the influence of the lake-land wind.
Future studies need to consider the impact of lake-land wind on the formation of large-
scale cyanobacterial bloom in Lake Taihu.
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