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Abstract

Wind-induced hydrodynamics are important forcing mechanisms of sediment resuspension in lakes. However, the relative
contributions of wind-induced waves and currents on sediment resuspension during a wind event remain unclear. This study
used high-frequency sensors to investigate the effects of wind waves, lake currents, and shear stress on sediment resuspension
under different wind conditions (10 September to 17 October 2017) in Lake Taihu (China). Measurements showed that wind
speed varied from 0.3 to 11.5 m/s, wave height varied from 0.035 to 0.46 m, lake current speed ranged from 0.001 to 0.39 m/s,
and turbidity changed from 36.5 to 158.7 NTU. Sediment resuspension resulted primarily from wave- and current-induced shear
stresses. Calculation showed these quantities varied in the range 0.045-0.338 and 0.002—0.127 N/m?, respectively. Total shear
stress showed positive correlation with turbidity. Wave-induced shear stress contributed more than 60% of the total. Waves and
currents have different responses to wind. During periods of increasing turbidity, the percentage of wave-induced shear stress was
initially high (>85%) before decreasing with the development of the current. During periods of decreasing turbidity, the
percentage of wave-derived shear stress declined initially before increasing with the decrease of current speed. The results
showed a clear process regarding the contributions of shear stress from waves and currents during different stages of hydrody-
namic development, which could be used to describe sediment resuspension in large shallow lakes that would help in the
development of high-efficiency sediment resuspension models.
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Introduction hydrodynamic processes (Bailey and Hamilton 1997; Koch

1999; Jin and Sun 2007; Stastna and Lamb 2008; Huang
Currents and waves represent fundamental physical processes et al. 2015). It can be triggered by wind-wave- and current-
that have important effects on the ecosystems of the large  induced shear stresses (Qin 2008), and release to the water
shallow lakes (Qin 2008; Chen et al. 2013; Yan et al. 2017). column pollutants that constitute one of the main sources of
Sediment resuspension is one of the consequences of such  eutrophication (Sendergaard et al. 1992; Olsson et al. 1997;
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Qin et al. 2004; Tan 2012; Zhu et al. 2017). Sediment resus-
pension occurs frequently in shallow lakes because calm con-
ditions seldom occur, and because the substantial current and
wave effects induced by wind can cause disturbances that are
able to reach the bottom of the water column (Wu et al. 2013;
Zhao et al. 2018).

The features of currents and waves in large shallow lakes
are markedly different from other water bodies (Qin et al.
2007; Preusse et al. 2010). Generally, a thermocline does
not exist because of both the shallow depth (Li et al. 2011)
and the heterogeneity of the covering wind field related to
the large scale (Ozger 2010; Vanem and Walker 2013).
These features of lakes determine the specific hydrodynam-
ic attributes. Many studies that have addressed sediment
resuspension in lakes have focused on environmental ef-
fects such as nutrient release (Lawson et al. 2012; Wang
et al. 2015) and light availability (Lawson 2004; Wiberg
2007). Clear understanding of the mechanisms of sediment
resuspension will provide a basis for the development of
appropriate models that could facilitate efficient and healthy
management of lakes.

Lake Taihu (China) is a severely eutrophic large shallow
lake with considerable deposits of sediment (Qin et al.
2006; Hu et al. 2006). Wind, inflow—outflow, frequent an-
thropogenic activities, and bottom terrain all affect the
physical processes of the water. The influences from these
factors together with the special shape of the lake deter-
mine the complex structures of the currents and waves
(Luettich and Somlyody 1990; Qin 2008; Wu et al.
2013). The shear stresses produced by currents and waves
constitute the primary factors governing sediment resus-
pension (Amos and Mosher 1985; James et al. 1997;
Chung et al. 2009). The relationship between critical shear
stress and sediment erosion has been studied in relation to
Lake Okeechobee (FL, USA) (Mechta et al. 2015).
Furthermore, a study on the impacts of wind waves on
sediment transport has also been undertaken in the same
lake (Ji and Jin 2014). The relationship between turbidity
and wave action has been studied in Lake Erie (North
America) (Paul et al. 1982), and sediment resuspension
has been recognized as one of the most important factors
with regard to eutrophication (Tan 2012). However, the
mechanisms of sediment resuspension under the influence
of hydrodynamics remain unclear, and this lack of knowl-
edge hinders effective research on the ecological effects of
sediment resuspension. Furthermore, the development of
hydrodynamic models is closely linked with the parame-
ters that produce wave- and current-induced effects on sed-
iment. Therefore, quantification of the contributions of the
shear stresses derived from waves and currents will help
elucidate the mechanisms of sediment resuspension, as
well as accelerate the development of hydrodynamic
models.

@ Springer

To investigate the characteristics of wind-induced waves
and currents, as well as their contributions to sediment resus-
pension, in situ long-term synchronous field observations of
winds and wind-induced waves, currents, and turbidity were
undertaken in Lake Taihu. The objectives of the study were
twofold: (1) to identify the characteristics of wind-induced
waves and currents, and to explore the relationships between
wind conditions and wind-induced waves; and (2) to quantify
the relative contributions of the shear stresses of waves and
currents to sediment resuspension.

Methods and materials
Study site

Lake Taihu, located in the Yangtze River Delta (30.93-31.55°
N, 119.88-120.60° E), is the third largest freshwater lake in
China. The lake has a surface area of 2338.1 km2, with mean
water depths of 1.9 m. The water quality of Lake Taihu has
been deteriorating since the 1950s (Qin et al. 2006) in con-
junction with an increase in external nutrient loading. Over-
enrichment by nitrogen and phosphorus can promote algal
blooms (Ma et al. 2014), and Lake Taihu has experienced
severe algal blooms, which have caused drinking water crises
in the city of Wuxi (Qin et al. 2010). Previous research has
identified that considerable amounts of nitrogen and phospho-
rus released from sediment can influence the development of
algal blooms (Qin et al. 2006; Meller and Riisgard 2007; Ma
et al. 2016). The release of nitrogen and phosphorus from
sediment has a close relationship with lake hydrodynamics
and bottom stress is fundamental to sediment resuspension.
When bottom stress is larger than the crucial shear stress re-
quired for the resuspension of sediment, resuspension will
occur (Wilcock 1993; Qin 2008). In Lake Taihu, there is no
significant variation in sediment particle size (10—15 wm) with
either depth or region; therefore, the critical shear stress in
Lake Taihu is determined mainly by sediment density (Qin
et al. 2004).

Data collection

The arrangement of the stations for data collection was de-
signed to satisfy the requirements of observing different pa-
rameters to study the influences of waves and currents on the
sediment (Fig. 1). In Lake Taihu, change in the wind direction
can have considerable influence on fetch. Therefore, the sta-
tion (no. 2) at which the currents and waves were observed in
this study was located in the center of the lake, such that the
distance to the lake bank (and thus the fetch) was similar in all
directions. Consequently, we consider that wind direction had
limited influence on our results. At site no.1, no.2, and no. 3 in
the central part of the lake, three 5-m-high platforms were
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Fig. 1 Location and plan of Lake Taihu (China) showing the positions of the three meteorological stations and the location of the wave—current—turbidity

monitors

built to facilitate the acquisition of the detailed measurements.
The water depth at these stations ranged from 2.8 to 3.2 m
during the observation period.

Meteorological instrumentation

To investigate the influence of the wind forcing on the wave
and current fields, meteorological stations were deployed
on platforms constructed at site no. 1 (31.21° N, 120.27°
E; eastern part of Lake Taihu, north of the Xishan Islands
with several small islands nearby), site no. 2 (31.23° N,
120.17° E; central part of Lake Taihu with surrounding open
water), and site no. 3 (31.31° N, 120.07° E; connection
between Meiliang Bay and Zhushan Bay). The distribution
of these three stations was aligned with the predominant
wind direction. Meteorological variables were measured at

each of these sites using a portable weather station
(WXT520; Vaisala Inc., Finland) with 1-min intervals and
the 5-min mean values of wind speed and wind direction
were recorded. The stations were in operation from 9
September 2017 to 17 October 2017. After collection, the
wind data were converted to standard wind data, 10 m above
the water surface (CERC 1984).

Wind waves

Surface waves were measured using an 8-Hz MIDAS wave
recorder (Valeport Ltd., U.K.) with a pressure sensor. The
instrument recorded both wave and tidal components.
Overall, 1024 wave samples were measured and 30-min mean
values were recorded. The equipment was mounted within a
steel frame on the bottom of the lake to ensure the sensor
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remained immobile. This wave sensor was located at station
no. 2.

Wind-driven currents

An acoustic Doppler current profiler (ADCP, SonTek, USA)
was used to observe the lake currents. The currents were mea-
sured with a frequency of 2 Hz, and the derived currents were
output every 15 min. The ADCP was mounted with an
upward-looking orientation on a steel plate, and the ultrasonic
beam was sent from the bottom to the water surface. The layer
thickness for the acoustic wave was set as 0.4 m during the
investigation. The monitor recorded the velocity of the current
every 0.4 m from 0.7 m (height of the equipment and thick-
ness of the dead zone) above the bottom to the set height of
4.0 m. This current sensor was located at station no. 2.

Observation of turbidity

Water turbidity was measured using an YSI 6600V2-2 (USA)
equipped with a self-cleaning turbidity probe. The equipment
was positioned near the bottom of the lake, 0.8 m above the
bed and about 2.0 m below the water surface. It recorded
turbidity at 60-min intervals from 9 September 2017 to 17
October 2017. This turbidity sensor was located at station
no. 2.

Analysis methods

Wind-induced hydrodynamics, including waves and currents,
have considerable impact on sediment resuspension.
Generally, wind-wave- and current-induced shear stresses
are considered when calculating sediment resuspension.

Wind data processing method

In accordance with a previous study, the acquired wind speeds
were transformed to the reference height of 10 m above the
water surface, using the following logarithmic profile law:

In{ —
(2
——= | (1)
o |

where Uy is the reference wind speed 10 m above the water
surface, Upeasurea 18 the measured wind speed at the height of
the equipment (5 m above the water surface), z, is the water
surface roughness length (set to 0.001 m) (Donelan et al.
1993; Johnson 1998), and z is the height of the meteorological
station with reference to the water surface level.

U 10 = Umeasured
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Wind-wave- and current-induced shear stresses

The calculation of the shearing stress at the sediment—water
interface, generated by wind-induced waves, is given by
(Sheng and Lick 1979):

2t 2t

cos , (2)
T T
where T,, is the wind-wave-induced shear stress, p is the water
density, and f,, is the wave friction factor:

-0.19
S\ = exp [5.2 (1;_2) —6.01 , (3)

where Z; is the roughness of the lake bottom taken as 0.2 mm
(Nielsen et al. 2001; Qin et al. 2004), and A; is the wave-
particle amplitude (m):

T, = pfwuﬁlcos<

H;

2sinh (2L—7T h) ’ Y

s

As =

where u,, is the maximum orbital velocity of a wave near the
bottom layer, # is the time variation, 7} is the significant wave
period, and u,, can be expressed as (Madsen 1976):

TH

Uy = s (5)
Tssinh(ZWh )
L

A

where L, is the wavelength, /4 is the water depth, H is the
significant wave height (m), and parameter L, can be calculat-
ed as:

gT? 27th
L, = h .
5 ( o )tan (Ls (6)
The in situ shear stress produced by the bottom current was
computed as follows (Sheng and Lick 1979; Hawley 2000):

T.= pu*za (7)

where 7. (N/m?) is the shear stress on the sediment surface,
p (10° kg/m3) is the water density, and u, (m/s) is the
bottom shear velocity. The following equation was used
to calculate u,:

u, 1 z
e In[ & 8
w1 (Z) (s)

where x is von Karman’s constant (=0.4), u, is the flow
velocity at height z above the sediment surface (in this
study, z=0.5 m), and z, is the value of the surface
roughness (=0.2 mm) (Nielsen et al. 2001; Qin et al.
2004).
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Results
Wind speed and direction

The wind condition during the observation period was vari-
able, and it could be divided into stable stages and transfor-
mation periods during the intervals between stable stages
(Fig. 2). According to the wind direction and frequency sta-
tistics based on the data from site no. 1, no. 2, and no. 3, a
northeast wind accounted for 74.9%, 67.8%, and 69.1% of the
total measurements, respectively; thus, this was considered the
prevailing wind direction during the observation period. Wind
speed at site no. 1, no. 2, and no. 3 ranged from 0.25-9.82,
0.50-11.76, and 0.50-10.07 m/s, respectively, with average
values 0f 4.37, 5.19, and 4.44 m/s, respectively. The distribu-
tion of wind speed conformed to a normal distribution, and the
percentages of wind speeds in the range 3.00—8.00 m/s at site
no. 1, no. 2, and no. 3 were 75.48%, 73.72%, and 70.09%,
respectively. During the observation period, there were several
steady and long-lasting periods of moderate wind (5.50-
7.90 m/s; according to the Beaufort scale), which comprised
a northeast wind from 11-17 September, 2—4 October, and
13—17 October, and a southeast wind from 29 September to
1 October. Before or after these periods, the wind condition
was stable, and it took only 5 h for the transition from a
southeast wind to a northeast wind on 11 October.

Wind waves

During 9 September to 17 October, the significant wave
height and the wave period were observed in site no. 2
(Fig. 3). The significant wave height varied from 0.035 to
0.46 m with several peaks and intervals throughout the time
series. The wind speed varied from 0.25 to 11.76 m/s and the
wave period fluctuated around 2 s.

In association with the changing wind direction, wave
height also changed considerably, as reflected in the large gaps
between the peak wave heights during the time series (Fig. 3).

At 09:00 local time (LT) on 9 September 2017, the wind
direction began to change from southeast to northwest. The
wave height of 0.23 m dropped dramatically to 0.02 m over
7 h, before increasing to another maximum of0.31 m 4 h later.
During the period of wind direction change, the reduction of
wave height was attributed to the decrease of wind speed, a
process that can take 6—7 h. At 09:00 LT on 10 September
2017, the wind direction began to change from northwest to
northeast, and eventually to east. However, the wind speed
remained at about 6 m/s. During this period, the wave height
0f 0.41 m dropped dramatically to 0.21 min 10 h. Later, when
the wind speed dropped to around 4 m/s, the wave height
declined further to 0.07 m over 5 h. This indicates that a
change of wind direction can destroy the waves, whereas the
wave height will be increased when the speed and direction of
the wind remain reasonably constant. During the period from
17:00 LT on 13 September 2017 to 09:00 LT on 17 September
2007, the wind direction remained northeastward, with only
minor changes, and the wind speed remained at around 6 m/s.
Even though the wave height remained high, several drastic
fluctuations were observed at the points of wind direction
change.

Lake currents

Lake currents fluctuated considerably during the observation
period. The temporal variations of current speeds and direc-
tions at different layers of the water column are illustrated in
Fig. 4. According to the statistics, during the observation pe-
riod, the average current speed in different layers ranged from
3.3 to 5.0 cm/s, and the current speed increased from the
bottom layer to the surface layer. The slowest current was
0.1 cm/s and the fastest current was up to 39.0 cm/s.

Sediment resuspension during observation period

Turbidity fluctuated during the observation period (Fig. 5).
There were several main peaks together with many minor

Fig. 2 Hourly wind velocity and
direction at the three stations
during the observation period
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fluctuations during the principal changes. Measurements
showed the turbidity of the water column varied from 36.4
to 158.7 NTU. Analysis of the turbidity data indicated that a
background turbidity condition existed, and we set the lowest
level of turbidity (36.5 NTU) as the maximum baseline tur-
bidity. Among the peaks in turbidity, the maximum of 158.7
NTU was recorded at 10:00 LT on 17 September 2017, during
a strong wind event with a wind speed of > 7 m/s. Generally,
the turbidity peaks showed abrupt rises and falls; however,
some turbidity events during periods of strong steady winds
persisted for up to 76 h with turbidity of > 80.0 NTU, under
long-lasting conditions of severe water disturbance.

Shear stresses of wind-induced waves and currents

The total shear stress comprised two components: wave-
induced shear stress and current-induced shear stress. The
former was much larger than the latter during the observation
period, and the fluctuation of wave-induced shear stress was
much greater than that of the current-induced shear stress
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(Fig. 6). The shear stresses from wind-induced waves and
currents were calculated using the equations in “Wind-wave-
and current-induced shear stresses” section. Based on those
calculations, the shear stress produced by waves ranged from
0.0437 to 0.338 N/m?, whereas the shear stress from currents
varied from 0.002 to 0.127 N/m?. The combined total shear
stress ranged from 0.0550 to 0.411 N/m”. The percentage of
the total shear stress contributed by waves varied from 51.04
t0 99.37%.

Discussion

The spatial heterogeneity of the wind field over water surface
has been discussed in previous work (Ozger 2010; Vanem and
Walker 2013). The wind data acquired in this study indicated
that wind-induced waves and currents were influenced con-
siderably by the wind condition and boundary reflection, es-
pecially during periods of low wind speed. This was revealed
in the high level of synchronization between the wind speed,

Fig. 4 Lake currents in different
layers. Layer 1, layer 2, layer 3,
and layer 4 represent layers from
the bottom of the water column to
the surface part of the water
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Fig. 5 Time series of hourly
turbidity during the observation
period
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wave height, current speed, and shear stress. The following
discussion introduces the relationship between wind, waves,
and currents to explain their characteristics in Lake Taihu.
Importantly, the relationships between wave- and current-
induced shear stresses and sediment resuspension, during pe-
riods of increasing and decreasing turbidity, are discussed in
detail to clarify the contributions of wave- and current-
induced shear stresses to sediment resuspension during differ-
ent hydrodynamic conditions.

Influence of wind on waves, currents, and turbidity

Many studies on the correlation between winds and waves
(Cavaleri and Rizzoli 1981; Antenucci and Imberger 2003)
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have lacked detailed discussion regarding the impact of
different phases of wind speed. Based on analysis of the
wind and wave time series data, we set the wind speed of
3.4 m/s as the boundary between light breeze (1.6-3.4 m/s)
and gentle breeze (3.4—5.4 m/s) according to the Beaufort
scale. The relationship between wind speed and wave
height was found markedly different for high and low wind
speeds based on the wind speed threshold of 3.4 m/s
(Fig. 7a). For wind speeds < 3.4 m/s, wave height in-
creased slowly as the wind speed increased. When the
wind speed increased by 1.0 m/s, the wave height in-
creased by 0.00852 m, on average. Conversely, for wind
speeds > 3.4 m/s, wave height increased much more rapid-
ly with increasing wind speed. As the wind speed increased

Fig. 6 Time series of shear
stresses from waves and currents,
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Fig. 9 Plot of turbidity against 140
wind speed, with error bars of 130
turbidity for each stage of wind
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We selected data from three different periods: 00:00 LT
on 9 September to 22:00 LT on 12 September 2017 (high
and low wind speeds), 18:00 LT on 24 September to 04:00
LT on 27 September 2017 (low wind speeds), and 12:00 LT
on 14 September to 07:00 LT on 17 September 2017 (high
wind speeds). For the first period, a strong relationship be-
tween wind speed and wave height was found (R = 0.766).
Among this series, the percentage of all samples with wind
speed > 3.44 m/s was 88.42%. For the second period, the
relationship between wind speed and wave height was
found weak (R?=0.214). The percentage of all samples
with wind speed > 3.44 m/s was only 42.37%. For the third
period, the relationship between wind speed and wave
height was found strong (R =0.602). The percentage of
all samples with wind speed >3.44 m/s was 100%. The
results indicated the relationship between wind speed and
wave height was stronger during events with high wind
speeds, and water depth was found a limiting factor for the
growth of wave height.

It can be concluded that wave height will be changed by
wind speed and wind direction, and that such change could
possibly destroy the wave. If the wind condition becomes

Table 1 Series of starting and ending times of periods of sediment
resuspension (takeoff) and deposition (landing)

Suspension stage Starting time Ending time Duration (h)

Takeoff

Landing

2017.09.10 14:00
2017.09.14 09:00
2017.09.29 14:00
2017.09.10 07:00
2017.09.17 09:00
2017.09.28 21:00
2017.10.06 18:00

2017.09.11 11:00
2017.09.15 15:00
2017.09.30 07:00
2017.09.10 13:00
2017.09.17 17:00
2017.09.29 04:00
2017.10.07 06:00

22
31
17
7

13

1~2 2~3 34 45 56 6~7 7~8 89 9~10 >10
Wind Speed (m/s)

constant and the wind speed becomes sufficiently strong,
the wave height will be increased. However, increasing the
wave height is difficult under conditions of low wind
speed. This is because the stronger the wind is, the stronger
the relationship will be between wind speed and wave
height. This study proved that wave height is highly re-
sponsive to sudden changes in wind direction (Young
et al. 2010).

Following studies in Lake Taihu, Wu et al. (2013) re-
ported that the wind shear stress imposed on the water
surface forces the surface water to move in the direction
of the wind. A compensatory flow in the opposite direction
was found in the bottom water; however, the middle layer
water exhibited a complex movement state. The observa-
tional data and developed relationship between winds and
currents in Qin et al. (2004) support this conclusion.
However, the actual situation is much more complex. The
results of this study showed that the directions of the cur-
rents in different layers, from the bottom to the surface,
were similar, although the current speeds had some differ-
ences. Figure 8 shows the correlation between current
speed and wind speed for the four layers from the bottom
to the surface. The current of the layer closest to the surface
had the strongest relationship with the wind. The R* values
of the four layers from the surface to the bottom were
0.595, 0.417, 0.408, and 0.399, respectively. Therefore,
when using wind condition to calculate sediment resuspen-
sion, the error associated with the current could be signif-
icant, while the effects from waves and currents will be
confused.

The turbidity and wind data showed that turbidity generally
increased with increasing wind speed with some uncertainties
(Fig. 9) from 19.21 to 34.44%. The large fluctuation is be-
cause of the complex influence of wind on turbidity within the
lake. Cozar et al. (2005) built mathematical formulas linking
mean turbidity with wind speed.
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Fig. 10 a Correlation between shear stress and turbidity in three takeoff periods, together with the wind condition during these times. b Contributions of
shear stress for sediment resuspension from wind-induced waves and currents during the period of rising shear stress

Driving forces of sediment resuspension

Water depth, macrophyte presence, wind fetch, and wind di-
rection all have considerable impact on sediment resuspension
(Hamilton and Mitchell 1996; Horppila and Nurminen 2001;

@ Springer

Gargett et al. 2004; James et al. 2004). However, previous
studies on the relationship between wind speed and sediment
resuspension have rarely quantified the hydrodynamic condi-
tions, especially under different hydrodynamic phases (Booth
et al. 2000; Shinohara and Isobe 2010; Zheng et al. 2015),



Environ Sci Pollut Res (2018) 25:36341-36354

36351

which constitute one of the most important factors for sedi-
ment resuspension. The physical processes within the water
column directly affect sediment resuspension. The relation-
ship between wind-induced waves and turbidity, and the rela-
tionship between current and turbidity are both more impor-
tant than that between wind and sediment resuspension, espe-
cially in the development of hydrodynamic models. In addi-
tion, the shear stresses produced by wind-induced waves and
currents are more easily quantified, making it easier to deter-
mine whether sediment resuspension will occur and how
much sediment might be brought into the water column.
Furthermore, the hydrodynamic impact on bottom sediment
is the key to understanding the mechanism of sediment resus-
pension, and the release of nitrogen from the sediment.

In this study, we calculated the bottom shear stresses from
wind-induced waves and currents, and we quantified their
contributions to provide a more reasonable method for the
simulation of sediment resuspension in shallow lakes such
as Lake Taihu. The series selected in this case was divided
into two groups: the first group was the period of increasing
shear stress, and the second group was the period of declining
shear stress. The details of the series are shown in Table 1.

For the period of increasing shear stress, the linear relation-
ship between turbidity and shear stress is shown in Fig. 10a.
Regression analysis revealed that the R* values between the
shear stress and turbidity of the three datasets shown in
Fig. 10a were 0.724, 0.602, and 0.465 (Table 2). The wind
speed in series 1 and 3 increased with time (i.e., from 2.12 and
3.63 m/s to 8.01 and 9.83 m/s, respectively), whereas the wind
speed in series 2 remained high (i.e., > 6 m/s). The contribu-
tions of shear stress from wind-induced waves dropped from
81.69 to 64.82% in series 1 and from 89.42 to 78.84% in series
3. The percentages of shear stress from currents increased
from 18.31 to 35.18% in series 1 and from 10.58% to 21.16
in series 3. The contribution of waves to shear stress in series 2
was also > 80%.

Table 2 Correlation between shear stress and turbidity, and
contributions of different shear stresses to turbidity (R*-1, correlation
coefficients between total shear stress and turbidity; R?-2, correlation
coefficients between wave-induced shear stress and turbidity; R?-3,
correlation coefficients between current-induced shear stress and
turbidity; WT-1, contribution from wave-induced shear stress; WT-2,
contribution from current-induced shear stress)

Suspension stage R*-1 R2 R3 WT-1 WT-2
SPM takeoff  Series1 0.72  0.24 0.84 80.58 19.42
Series2  0.60 0.71 —0.03 88.69 11.31
Series3 047  0.13 0.60  86.07 13.93
SPM landing  Series4 092 091 061 75.09 2491
Series5  0.70  0.79 045 7139  28.61
Series6 099  0.98 025 94.14 5.86
Series7 0.82 0.74 —0.04 86.42 13.58

These findings indicate that during the initial period of
development of waves and currents, the impacts of waves
and currents on sediment resuspension were markedly differ-
ent. As waves are sensitive to influence from the wind, the
waves developed quickly and caused sediment resuspension.
However, the currents responded slowly to the wind and they
had very limited impact on sediment resuspension. Difference
was also evident in the percentages of the shear stresses con-
tributed by waves and currents to sediment resuspension.
Along with the development of the waves and currents, the
contribution of current-induced shear stress to sediment resus-
pension gradually increased.

When the development of waves and currents reach certain
degrees, such as when the drag force from the wind on the
surface of the water column is balanced by the friction at the
bottom of the water column, the development of the current
will cease and an equilibrium state will be formed. Thus, the
contributions of shear stresses from waves and currents will
become relatively stable. In series 2, the contribution of shear
stress from waves accounted for the largest percentage, which
remained around 90% with minimal fluctuation. In these three
series, the combined shear stresses all increased with time
because of the energy input from the wind. This shows that,
at the initial period of sediment resuspension, the driving force
was predominantly wave-induced shear stress, which was the
“pioneer” shear stress for sediment resuspension. However,
the current-induced shear stress gradually increased as another
driving force for sediment resuspension.

In the period of declining shear stress, the wind speed
dropped from approximately 6 to 1 m/s (Fig. 11). The shear
stress and turbidity showed strong correlation with R?
values of 0.915, 0.702, 0.987, and 0.823. In these periods,
the input energy reduced with the decreasing wind speed.
Because waves are more sensitive than currents to the wind,
the decrease of wind speed resulted in weakening of the
waves. However, the currents were relatively unaffected
by the decrease of wind speed. The percentage of wave-
induced shear stress for sediment resuspension decreased
with wind speed more quickly than that of the currents.
The percentages of wave-induced shear stress had minor
declines in these four series, while the percentages of
current-induced shear stress remained greater. However, in
series 4, 5, and 7, the percentages of wave-induced shear
stress rose again, which indicated that the current speed had
been influenced by the decrease of wind speed during these
hours, which meant that the percentages of the current-
induced shear stress decreased.

Conclusions

This study found that the wind in Lake Taihu had spatial
heterogeneity, especially when the wind speed was low.
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Fig. 11 a Correlation between shear stress and turbidity in the four landing periods, together with the wind condition during these times. b Contributions
of the shear stress for sediment resuspension between wind-induced waves and currents during the period of declining shear stress

With an increase of wind speed, this heterogeneity decreased,
and the wind became the dominant factor influencing the cur-
rents, waves, and turbidity. The current speed in Lake Taihu
ranged from 0.06 to 36.75 cm/s, and the average speed of all
the samples varied from 3.3 to 5.0 cm/s from the bottom to the
surface. We obtained an equation for the relationship between

@ Springer

wave height and wind speed: wave height=0.491—
0.944¢ 0-229wind speed 1t is acknowledged that wave height will
be limited by the depth of the lake, and the highest wave will
be approximately 0.45 m.

The physical processes within the water column had direct
impact on sediment resuspension. In the different stages of
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sediment resuspension, the relative contributions from waves
and currents could be changed because of their different re-
sponses to the wind. In the period of rising shear stress, the
percentage of shear stress from waves began at a high level (>
85%) but dropped with the development of the current.
However, during the period of decreasing shear stress, the
percentage of shear stress from waves initially dropped before
increasing with the decrease of current speed.
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