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[1] Sediment resuspension in lake littoral zones (nearshore region) is strongly related to
the properties of the surface wavefield. The occurrence and characteristics of surface
waves, near‐bottom current velocities, and related suspended sediment concentrations and
properties were measured simultaneously in Lake Constance over 1 year. Wind and ship
waves are distinguished on the basis of their typical properties, enabling a detailed
investigation of their respective importance for sediment resuspension. In the littoral zone
of Lake Constance, resuspension occurred during 25% of the entire observation period. Of
those observations, 54% were caused by ship waves, which therefore were as important
for resuspension as wind waves. Resuspension induced by wind waves occurs rather
sporadically throughout the year, whereas ship wave‐induced resuspension occurs
regularly during the daytime in summer and is hence associated with pronounced diurnal
and seasonal patterns in the suspended sediment concentration.
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1. Introduction

[2] Sediment resuspension on continental shelves [e.g.,
Dyer, 1986;Nielson, 1994], in estuaries [Defendi et al., 2010;
Hamblin, 1989], rivers [e.g., El Ganaoui et al., 2004;Garrad
and Hey, 1987], and lakes [e.g., Håkanson, 2005; Hawley
and Lesht, 1992; Luettich et al., 1990] and their corre-
sponding driving forces (e.g., tidal currents, surface waves,
and wave‐current interactions) have been intensively studied.
[3] Resuspension and reallocation of particles primarily

changes the sediment structure (consolidated/unconsolidated)
but also creates varying abiotic and biotic habitat conditions
for the growth of phytoplankton, biofilms, and macrophytes
by, for example, nutrient and methane release [e.g.,Hofmann
et al., 2010; Søndergaard et al., 1992], oxygenation of the
sediment surface layer [e.g., Precht et al., 2004], or a change
in the light climate [Erm and Soomere, 2006; Pierson et al.,
2003].
[4] In the littoral zone (nearshore region) of small and large

lakes, surface waves are the most important cause of resus-
pension because of the absence of tides, large river inflow,
and synoptic‐scale motions. The characterization of surface
waves, however, is mainly based on studies in marine and
shelf regions [e.g., Komen et al., 1996; Le Blond and Mysak,
1978], where waves are mostly generated by strong and
steady winds over long fetch lengths. In most lakes winds
are infrequent and unsteady, wind speeds are low, and the
effective fetch is limited to a few kilometers. Wind waves in
lakes are thus characterized by small amplitudes, high fre-

quencies, and short wavelengths [e.g., Allan and Kirk, 2000;
Hofmann et al., 2008b] and usually differ considerably from
waves in the ocean. Because of the short wavelengths of wind
waves in lakes, their potential for resuspension is smaller
than that of wind waves in the ocean.
[5] In addition to wind waves, commercial and tourist

ship traffic also create surface waves. The properties and
importance of ship waves have been investigated in rivers
and channels [e.g., Bhowmik et al., 1991; Garrad and Hey,
1987; Sorensen, 1973], in ocean shelf regions and harbors [e.g.,
Parnell and Kofoed‐Hansen, 2001; Soomere and Engelbrecht,
2005; Stumbo, 1999], and in lakes [e.g., Bhowmik, 1975;
Hofmann et al., 2008b;Maynord, 2005].Wind and shipwaves
frequently have considerably different wave properties (e.g.,
wave periods and lengths), which allow to distinguish between
the two types of waves in measurements [Hofmann et al.,
2008b]. The different properties of wind and ship waves are
associated with different implications for resuspension and
ecological consequences in the littoral zone [e.g., Eriksson
et al., 2004; Erm and Soomere, 2006; Soomere et al., 2009].
[6] Wind and ship wave‐induced sediment resuspension are

mostly considered separately: wind wave‐induced resuspen-
sion was considered by, e.g., Hawley and Lesht [1992],
Kristensen et al. [1992], and Vittori [2003], and ship wave‐
induced resuspensionwas considered by, e.g., Lindholm et al.
[2001], Parchure et al. [2001], and Schoellhamer [1996].
Only a few recent studies have focused on the relative
importance of wind and shipwaves for sediment resuspension
or erosion in ocean shelf regions [Houser, 2010; Kelpsaite
et al., 2009; Soomere, 2005]. Similar investigations in lakes,
however, are lacking.
[7] Here, we investigate the dynamics, temporal patterns,

and relative importance of wind and ship waves for the
resuspension of sediments by analyzing a yearlong record
of continuously measured surface wave properties, wave‐
induced near‐bottom current velocities, and related sus-
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pended sediment concentrations and properties in the littoral
zone of a large lake.

2. Materials and Methods

2.1. Study Site

[8] Lake Constance, the second‐largest (by surface area,
536 km2) prealpine lake in Europe, is located in the south-
west of Germany. The littoral zone, where most of the
energy of the surface waves is dissipated, covers about
10% of the total surface area [Braun and Schärpf, 1990].
Measurements were made in the western part of Upper
Lake Constance at a site called the Littoral Garden (LG;
47°41′29″N, 09°12′11″E) (Figure 1a). At the LG, the lit-
toral zone has a shelf‐like structure, sloping gently over a
length of about 60 m before it drops rapidly. The shallow
part (0–1 m water depth) of the nearshore is characterized
by a mixture of gravel, pebbles and cobbles, sand and silt,
and the deeper part (1–2 m water depth) by sand, silt and
clay.
2.1.1. Wind Exposure
[9] A meteorological station 1 km to the west of the study

site provided 20 min averages of wind speed (U10) and wind
direction (U10 Dir) 10 m above lake level during 2005 and
2006. Westerly winds are most frequent during the year, but
the associated wind speeds were moderate at the study site
(Figure 1c). The second most frequent winds come from
southeast (mainly during summer) and northeast (mainly
during winter) [Hofmann et al., 2008b]. The study site is
exposed to northeasterly winds that are associated with the
highest wind speeds. The effective fetch length for north-
easterly winds ranges between 3 and 4 km.
2.1.2. Wavefield Characteristics
[10] The study site is exposed to a highly variable surface

wavefield that consists of both wind and ship waves (see
Figures 5c, 5d, 5j, and 5k) [Hofmann et al., 2008b].

[11] Relatively high wind waves occur during northern
and northeastern winds. Strong and long‐lasting wind events
create maximum wave heights between 0.7 and 0.8 m. The
wave periods are between 1 and 2.3 s and the corresponding
deepwater wavelengths between 2 and 8 m.
[12] Ship waves stem from a nearby ferry route that runs

regularly throughout the year, from passenger ships travel-
ing parallel to the shore (0.5–1 km distance) between mid‐
March and mid‐October, and from a catamaran ferry that
operates about 5 km away from the study site. Ship waves
occur not only around the study site LG but are a ubiquitous
feature on Lake Constance (Figure 1a). Ferries, passenger
ships, and the catamaran have wave heights of 0.04–0.15,
0.1–0.4, and <0.05 m, wave periods of 3.7, 2.9, and 6.3 s,
and wavelengths of 19, 13, and up to 50 m, respectively.
[13] Wind waves occur rather sporadically (during the

study period only eleven strong wind events were observed
during which wave heights exceeded 0.4 m), whereas ship
waves occur frequently and typically are the predominant
waves during daytime and in summer. Ship waves thus
cause a diurnal and seasonal pattern of the wavefield with
high and frequently occurring waves during daytime, espe-
cially in summer, and nearly no waves at night.

2.2. Wave and Current Velocity Measurements

[14] The surface wavefield and wave‐generated near‐
bottom current velocities were studied using a pressure
sensor (PS) and a NORTEKVector acoustic Doppler velocity
meter (ADV). Both instruments were deployed between
August 2005 and July 2006 along a cross‐shore transect at
water depths of about 2 m (PS) and 1–3 m (ADV), respec-
tively (Figure 1b). The position of both instruments was
adjusted monthly to compensate for seasonal water level
fluctuations of about 2–3 m [e.g., Hofmann et al., 2008c].
[15] The custom‐made PS has a full‐scale range of 7 m, an

accuracy of 0.1 mbar, and a maximum stand‐alone deploy-

Figure 1. Study site, experimental setup, and wind exposure. (a) Map of Lake Constance with major
boat routes: ferries (solid gray line), passenger ships (dashed red line), and catamaran ferry (solid magenta
line). The green square indicates the section of the Littoral Garden (LG; 47°41′29″N, 09°12′11″E).
(b) Cross section of the study site LG with all instruments used: PS, pressure sensor; ADV, acoustic
Doppler velocity meter; TS, turbidity sensor; 1–5, sediment traps. (c) Wind exposure of the study site
LG between August 2005 and July 2006: relative frequency of direction and related wind speed (U10).
Values are averaged per 10° direction.
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ment time of 60 d. The sensor was always positioned 1 m
above the bottom and about 1 m below the surface. Pressure
measurements were made at a sampling frequency of 16 Hz
during the entire deployment period. Sensor malfunction
caused a data gap in February 2006. The measured time
series of subsurface pressure was converted to a time series
of surface elevation following the procedure described by
Hofmann et al. [2008b]. Maximum and significant wave
heights (Hmax, Hs) and significant period (Ts) were estimated
for segments of 1,024 samples (∼1.1 min) by using the zero‐
upcrossing method [Hofmann et al., 2008b; IAHR Working
Group on Wave Generation and Analysis, 1989]. On 16 and
17 August 2005, the same procedure as for the PS was used
for the pressure time series of the ADV to estimate the wave
parameters Hmax and Ts.
[16] The ADV and the data acquisition system were

attached to a bottom‐resting tripod. The sensor head faced
downwardwith its sampling volume located 0.05m above the
bottom. The near‐bottom current velocities were measured
within a range of ±0.3 m s−1 with an accuracy of 10−3 m s−1

and a sampling frequency of 8 Hz. The near‐bottom current
speed was calculated from the two horizontal components of
the measured current velocities and later used for all sub-
sequent and statistical analyses.

2.3. Suspended Sediment Measurements

[17] Measurements of suspended particles were carried
out using an optical backscatter sensor (turbidity sensor
(TS), Driesen & Kern) and by evaluating the acoustical
backscatter strength recorded by the ADV. The TS was
attached to the tripod at a height of 0.2 m above the bottom
(Figure 1b) between August and October 2005. Turbidity
was measured with an accuracy of 0.01 FTU and at a sam-
pling frequency of 0.1 Hz.
[18] The suspended sediment concentrations (SSC) can be

measured by optical as well as by acoustical sensors in terms
of backscatter strength. The calibration, application, and
limitations of these methods have been extensively discussed
[e.g., Fugate and Friedrichs, 2002; Lynch et al., 1994]. Here
the optical and acoustical backscatter strengths were cali-
brated against SSCmeasured in water samples (5 L) collected
near the TS and the ADV sampling volumes. Samples were
collected on August 03 and 16, 2005, when the wavefield
was dominated by ship waves, and on 18 September 2005
during a strong onshore wind. The samples were vacuum‐
pumped using 0.45 mm GF 6 Schleicher & Schuell glass
fiber filters and then dried at 105°C for 24 h. Mass difference
between the packed and the empty filter was used to calculate
the suspended sediment concentration SSC (mg L−1). The
set of samples covers varying forcing conditions for resus-
pension (wind and ship waves), and thus compensates for
possible uncertainties in the optical and acoustical back-
scatter measurements arising from changing size distribu-
tions and flocculation of the particles [e.g., Fugate and
Friedrichs, 2002; Thevenot and Kraus, 1993; Voulgaris and
Meyers, 2004]. The calibration equations were established
by fitting a linear model (SSCTS = 1.58 × OBS − 26.8, R2 =
0.98, n = 31) to the optical backscatter strength (OBS) and an
exponential model (SSCADV = 0.0048e0.0674ABS, R2 = 0.88,
n = 31) to the acoustical backscatter strength (ABS) and the
SSC. Themeasured optical and acoustical backscatter strengths
were afterward converted into SSC (SSCTS and SSCADV).

2.4. Characterization of the Sediment

2.4.1. Sediment Traps
[19] Sedimentation rates of organic and inorganic material

were measured by five cylindrical sediment traps evenly
distributed along a transect perpendicular to shore in the
shallow littoral (water depths: 0.5–2.2 m) at the study site
LG between August 2005 and July 2006 (Figure 1b). The
deployment durations varied between five days and six weeks.
The sediment traps had a diameter of 0.05 m and the opening
of the cylinder was 0.25 m above the bottom. Sediment
samples were dried at 105°C for 24 h and the dry weight and
the resulting sedimentation rate per day and square meter
were calculated. The amount of organic material (fraction) in
the sediment samples was estimated as the ignition loss after
exposure in a muffle furnace (HERAEUS) at 550°C over 8 h.
The mass of sediment remaining after exposure in the furnace
is considered as inorganic material (fraction) [Ball, 1964;
Guy, 1969].
2.4.2. Grain Size Distribution
[20] The grain size distribution in water samples, sediment

traps, and surface sediments was measured by the Saturn
DigiSizer 5200 high‐resolution laser particle size analyzer,
providing size distributions in the range between 0.001 and
1 mm with an accuracy of 3%. Note that only inorganic
particles, which aggregate much less readily than organic
particles, can be measured accurately with this technique. All
samples were therefore ignited in a muffle furnace (see
above) so that only the inorganic fraction was analyzed.
[21] Figure 2 shows typical particle size distributions

measured in water samples and in samples from the sedi-
ment traps. The median grain size (d50) of particles in the
sediment traps and suspended in water samples at the study
site LG was estimated from the measured grain size dis-
tributions following Dyer [1986] to be about 0.06 mm.
2.4.3. Sediment Density
[22] The sediment density rs (kg m−3) was experimen-

tally determined with a pycnometer as described by IFM‐
GEOMAR (Methods: Determination of density in solid
samples, http://www.ifm‐geomar.de/index.php?id=1916&L=1).
For this purpose, samples were taken from the sediment top
layer (1–2 cm) and from the sediments collected in traps.
[23] The particles in the top layer of the sediments, col-

lected near the sediment traps, TS, and ADV had a density
between 2500 and 2600 kg m−3. These particles are poten-
tially available for resuspension. The particles collected in
the sediment traps, however, had a density between 2000
and 2200 kg m−3.

2.5. Statistics on Wave‐Generated Current Velocities
and Suspended Particles

[24] The wave‐generated maximum near‐bottom current
velocity umax,ADV and the mean suspended particle con-
centration determined from the ADV backscatter strength
SSCADV were evaluated for burst intervals of 1.1 and 30 min.
Within each burst, umax,ADV is defined as the mean of the top
one percentile of current velocities and SSCADV is defined
as the mean of all SSC determined from the ADV back-
scatter strength during the respective burst interval. The time
series of umax,ADV and SSCADV for 1.1 min burst intervals
were employed in the comparison with the time series of
umax,PS (see below) and SSCTS (calculated from the optical
backscatter sensor), both also determined at 1.1 min burst
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intervals that reflect the typical duration of a single ship
wave group (Figure 4a). The umax,ADV and SSCADV evaluated
for 30 min time intervals were employed in the estimation of
the threshold near‐bottom current velocity required for sed-
iment resuspension at the study site. Changes in pressure
and current velocity are instantaneously connected to the
occurrence of surface waves, whereas the decline of SSC
after a resuspension event is comparatively slow. Within
30 min particle settling typically leads to a substantial
decline in SSC (Figures 5f and 5g). Hence, using 30 min
time intervals supports that high SSC concentrations are
adequately connected to a resuspension event.
[25] The relative importance of wind and ship waves for

sediment resuspension in terms of the relative monthly
frequency of resuspension (RFres), proportion of time where
the maximum near‐bottom current velocity exceeds the
calculated threshold for resuspension (umax,res = 0.09 m s−1,
see section 3.2) was estimated from the distribution of their
associated maximum near‐bottom current velocity umax, PS

calculated from the wave parameters [Brown et al., 2005]:

umax;PS ¼ �H

T sinh
2�h

�

m s�1
� � ð1Þ

where H denotes the wave height (m), T the wave period (s),
h the water depth (m), and l the wavelength (m). Hmax and
Ts are estimated from the PS, and l is calculated as a
function of Ts using the dispersion relation provided by
Fenton and McKee [1990]. Here umax,PS is considered at a
water depth of 1 m. We assumed that Hmax and Ts do not
change significantly between 1 and 2 m water depth. The
value of umax,PS is calculated for each wave burst interval
considering burst intervals of ∼1.1 min.

[26] All time intervals are classified as wind or ship wave
dominated on the basis of the wave periods and wave
heights during the respective time interval. Because ship
waves in Lake Constance have wave periods above 2.5 s
and do not exceed wave heights of 0.4 m [Hofmann et al.,
2008b], all time intervals during which the significant
wave period was above 2.5 s and the maximum wave height
below 0.4 m were categorized as ship wave dominated,
whereas all other time intervals are considered to be wind
wave dominated. We further distinguished between daytime
(09:00–21:00 LT) and nighttime (21:00–09:00 LT).
[27] The use of umax,PS for the statistical analysis is

affirmed by the comparison of the measured (ADV) and cal-
culated (PS)maximum near‐bottom current velocity (umax,ADV

and umax,PS) at about 1 m water depth during August 2005
(Figure 3). The scatterplot reveals a good correlation between
umax,PS and umax,ADV (R2 = 0.68), although the estimates for
umax,PS are slightly higher than umax,ADV at the upper limit of
the ADV measurement range (±0.3 m s−1). Possible reasons
for the deviation from the 1:1 relation between the two time
series include water level fluctuations during the period
under consideration and the slight distortion of the wave
form, especially from ship waves in shallow waters.
[28] The remobilization of particles under oscillatory flow

due to surface waves can be determined from empirical
equations. For noncohesive sediments with a median grain
size d50 between 0.063 and 2 mm (sand fraction), the appro-
priate threshold flow velocity umax,res is [U.S. Army Coastal
Engineering Research Center, 2002; Hallermeier, 1980]

umax;res ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8

�s
�w

� 1

� �
gd50

s
m s�1
� � ð2Þ

where d50 is the median grain size (m), g the gravitational
acceleration (m s−2), rs the sediment density (kg m−3), and

Figure 2. Characteristic grain size distributions of sus-
pended particles in the shallow littoral at the Littoral Garden
(LG). (a) Water samples (WS) collected during the passage
of a single ship wave group at 1 m water depth. The solid
line (WS 1) gives the grain size distribution at the maximum
of the wave‐generated current velocity, and the dashed line
(WS 2) gives the distribution at 30 s afterward. (b) Sediment
traps (ST) deployed 0.25 m above bottom at 0.5 m (ST 1,
solid black line), 0.7 m (ST 2, long‐dashed black line),
0.9 m (ST 3, short‐dashed black line), 1.2 (ST 4, solid gray
line), and 1.9 m (ST 5, dashed gray line) water depth.

Figure 3. Comparison of the measured (umax,ADV) and
calculated (umax,PS) maximum near‐bottom current veloci-
ties at about 1 m water depth during August 2005. Each
open circle represents a 1 min time period. The line indi-
cates the 1:1 relation.
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rw the density of water (kg m−3). At the study site LG, the
suspended sediment has a density rs of ∼2,200 kg m−3 and a
median grain size d50 of ∼0.06 mm. Following equation (2)
the threshold flow velocity to initiate the remobilization of
particles at the study site LG would be about 0.08 m s−1.

3. Results

3.1. Patterns of Wave‐Induced Resuspension

[29] At the study site LG, wind as well as ship waves can
cause near‐bottom current velocities that are sufficient to
induce resuspension and increase the load of suspended
particles in the water column. Figure 4 exemplifies the
dynamics and temporal patterns of the near‐bottom current
velocity and the acoustical backscatter strength measured
by the ADV during the passage of a ship wave group on
13 August 2005 during low winds (U10 = 1.7 m s−1 from
west; Figure 4a) and during a strong onshore wind event on
16 August 2005 (U10 = 5.1 m s−1 from northwest; Figure 4b).
Whereas the oscillating currents associated with the wind
and ship waves had comparable amplitudes of about ±0.2–
0.3 m s−1, the acoustical backscatter strength showed a
different pattern for wind and ship waves. During the pas-
sage of ship waves, the acoustical backscatter strength
increased drastically within seconds as soon as the current
velocity exceeded the determined threshold velocity of
0.09 m s−1 (see below). Afterward, the acoustical back-
scatter strength remained at a maximum value before it
decreased slowlywithinminutes to its previous level (Figure 4a),
mostly because of settling. During the wind event on
16 August 2005, the acoustical backscatter strength remained
at a very high level because continuously high current
velocities prevented particle settling. The continuously high
backscatter strength suggests that an equilibrium between
resuspension, settling, and transport of particles had been
reached.
[30] The longer‐term times series of the wind field, the

wave parameters (Hmax and Ts), the maximum near‐bottom
current velocity measured by the ADV (umax,ADV), and the
SSC derived from the acoustical (SSCADV) and the optical
backscatter strengths (SSCTS) represent typical patterns of
resuspension at the study site that are characteristic for
periods dominated by ship waves (Figures 5a–5g) or wind
waves (Figures 5h–5n). During both time periods, the
SSCADV and SSCTS agreed quite well, although short‐term

peak values of SSCTS were slightly lower than those of
SSCADV because of the lower temporal resolution and
slightly higher position of the TS (0.1 Hz, 0.2 m) above the
sediment compared to the ADV (8 Hz, 0.05 m) (Figures 5f,
5g, 5m, and 5n). During the summer months, when onshore
wind events are rare, the SSC were characterized by a dis-
tinct diurnal cycle with low values (0–5 mg L−1) at night and
high values (50–150 mg L−1) during the day (Figures 5f
and 5g). The diurnal cycle in SSC is highly correlated
with the diurnal cycle of the wavefield (Hmax and Ts) and
in the magnitude of umax,ADV (Figures 5c–5g). The maximum
values of umax,ADV during daytime (0.15–0.35 m s−1) were
mainly caused by waves from passenger ships [Hofmann
et al., 2008b]. Since resuspension increases with increasing
umax,ADV, the passenger ships contributed to the elevated
SSC during daytime. In addition, the more intense ship
traffic during daytime caused frequent events of ship wave‐
induced resuspension such that particle settling between two
consecutive events was too slow to remove the particles
completely from the water column that were introduced by
the previous event (Figures 5c–5g). Hence, resuspension of
particles during daytime exceeds the loss because of settling
and horizontal transport, leading to an increasing concen-
tration of suspended particles in the water column.
[31] During periods of moderate and strong onshore

wind, which occur rather infrequently at the study site LG
[Hofmann et al., 2008b], the wavefield (Hmax and Ts) and
the resultant umax,ADV and SSC did not show a distinct
diurnal cycle as described for ship wave‐dominated days
(Figure 5). Following the dynamics of thewind events, umax,ADV
and SSC are high over much longer time periods (several
hours) compared to the passage of a single ship‐wave group
(several minutes) (Figure 5). Especially during periods
where umax,ADV were continuously high (∼0.3 m s−1) over at
least one hour, SSC reached values up to 200–400 mg L−1

and exceeded SSC observed on days dominated by ship
waves (Figure 5). During the same wind event, however,
and at comparable values of umax,ADV (20:30–21:30 LT and
22:30–23:30 LT on 16 August 2005), the observed SSC
were considerably different (200 and 350 mg L−1, respec-
tively; Figures 5l–5n). One possible explanation is that
sediment resuspension is a gradual process that is correlated
with time. During the first time period the sediment top layer
was gradually eroded and spatially distributed through the
whole water column and over the entire littoral zone. During

Figure 4. Magnitude of near‐bottom current velocity (gray line) and the acoustical backscatter strength
(black line) measured simultaneously by an ADV at 1 m water depth. (a) During the passage of a ship
wave group on 13 August 2005. (b) During a strong onshore wind event on 16 August 2005.

HOFMANN ET AL.: WAVE‐INDUCED RESUSPENSION W09505W09505

5 of 12



the second time period, the previously and partially still
resuspended particles were easily remobilized and added
once more to the water column. At the same time, the
gradual process of resuspension added newly remobilized
particles to the water column, which increased the SSC
further and established a new equilibrium. Another explana-
tion for the observed pattern may be spatiotemporal changes
in the SSC due to heterogeneous sediment distribution and
properties in the vicinity of the study site combined with
horizontal transport.

3.2. Relationship Between the Maximum Near‐Bottom
Current Velocity and the Suspended Sediment
Concentration

[32] The relation between umax,ADV and the SSCADV was
exemplarily evaluated for August 2005 (Figure 6), when both
wind and ship waves were present. The SSCADV remains
rather constant for small umax,ADV and increases rapidly with

increasing umax,ADV above a certain level of umax,ADV, which
supports the concept that a threshold value of umax, umax,res,
is required for resuspension. This threshold value was esti-
mated by fitting the following model to the data:

log SSCADV ¼
A; umax;ADV � C

Aþ B log umax;ADV � logC
� �

; umax;ADV > C

0
@

1
A
ð3Þ

where the model parameter A corresponds to the log
(SSCADV,base) and SSCADV,base is the mean background
SSCADV. B is the slope of the curve above the point of
intersection and C corresponds to the threshold velocity,
umax,res, above which wave‐generated currents lead to resus-
pension. The parameter valueswere obtained by a least squares
fit, providing A = 0.40, B = 2.84, and C = 0.09 m s−1. Hence,
the mean background SSCADV,base is about 2.5 mg L−1

(Figure 6; equation (3)), and the threshold flow velocity

Figure 5. Times series of the (a) wind direction (U10Dir), (b) wind speed (U10), (c) maximumwave height
(Hmax), (d) significant wave period (Ts), (e) maximum near‐bottom current velocity (umax,ADV), (f) sus-
pended sediment concentration (SSC) calculated from the acoustical backscatter strength, and (g) SSC cal-
culated from the optical backscatter strength for a ship wave (12 and 13 August 2005); (h‐n) the same as
Figures 5a–5g, except for a wind wave‐dominated time period (16 and 17 August 2005).
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required for particle remobilization is ∼0.09 m s−1 (dashed
black line). This threshold current velocity for resuspension,
determined experimentally from SSCADV and velocity mea-
surements, lies within the range of the value calculated from
the empirical relation (umax,res ∼ 0.08 m s−1; equation (2)) in
combination with the estimate of particle density and median
grain size of suspended sediments at the study site LG. In
the following statistical analyses the higher value umax,res of
0.09 m s−1 was used as the threshold for resuspension.
[33] The separation of the time series into daytime (red

dots) and nighttime (gray dots) revealed that wave‐induced
resuspension indicated by high umax,ADV and SSCADV

occurredmainly during daytime (Figure 6a). At night, umax,ADV
and SSCADV were mostly very low (0.02–0.10 m s−1 and
1–10 mg L−1), indicating a minor importance for resuspen-
sion. Further, resuspension induced by shipwaves (Figure 6b,
orange dots) was in the same order of magnitude and is
characterized by the same statistical relation as resuspension
induced by wind waves (Figure 6b, blue dots).

3.3. Relative Importance of Wind and Ship Waves
for Resuspension

[34] The characterization of the surface wavefield allows
us to distinguish ship and wind waves by their corresponding
properties [Hofmann et al., 2008b]. The importance of wind
and ship waves for resuspension can be quantified by the
number of 1.1 min time periods during which wind and ship
waves exceed umax,res, respectively. The number of these time
intervals relative to the total number of time periods measured
within the respective month (relative monthly frequency of
resuspension, RFres) is depicted in Figure 7. Daytime and
nighttime are considered separately to emphasize that not only
seasonal but also diurnal patterns occur (Figures 7a and 7b).

[35] During daytime, the overall proportion of waves
that exceed the threshold flow velocity for resuspension of
0.09 m s−1 was significantly higher in summer (March‐
October) than in winter (November‐February), ranging from
16% to 74% and 8% to 15%, respectively (Figure 7a). This
difference between summer and winter can be attributed to
the strongly reduced ship traffic during winter. The propor-
tion of wind waves that contribute to resuspension remained
relatively constant throughout the whole year and accounted
for 4%–35%, whereas the proportion of ship waves increased
significantly in summer, ranging from 5% in March to 50%
in June. In winter, the proportion of ship waves that cause
resuspension was strongly reduced to 2%–6%.
[36] Apart from the seasonal pattern, ship waves caused a

pronounced diurnal pattern in resuspension. At night, the
overall proportion of waves that exceed the threshold for
resuspension (4%–33%) was much lower than during the day
(Figure 7b) and did not indicate a seasonal pattern. Also, the
observed diurnal pattern can be attributed to reduced ship
traffic at night. The variability in the relative frequency of
resuspension (RFres) of wind waves, in contrast, can be
explained by their irregular occurrence. Strong onshore wind
events were responsible for the high values in August, March,
and July, and the absence of onshore wind events explains the
low values in November and April (Figure 7). Hence, the
potential for resuspension is especially low during winter and
at night, where 86–93% and 74–96% of the time the wave‐
generated near‐bottom current velocities do not exceed the
threshold velocity for resuspension.
[37] On an annual mean, the proportion of the time at the

study site during which wave‐induced resuspension can
occur is about 25%. Of that, 46% is caused by wind waves
and 54% by ship waves, suggesting that the relative impor-

Figure 6. Scatterplot of the maximum near‐bottom current velocity (umax,ADV) and the suspended sedi-
ment concentration (SSCADV), calculated from the acoustic backscatter strength (ABS) of the ADV, at about
1 m water depth during August 2005. (a) Distinction between measurements during daytime (red dots,
09:00–21:00 LT) and at night (gray dots, 21:00–09:00 LT). (b) Distinction between time intervals where
wind waves (blue dots) or ship waves (orange dots) dominate. Each dot represents the data for a 30 min time
interval. The black line represents the result from a least squares fit of the model (equation (3)). The point of
intersection (open black circle) between the horizontal black line (mean background of the SSCADV,base) and
the inclined black line (power law) marks the threshold of umax,ADV for resuspension (0.09 m s−1, dashed
black line).
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tance of ship versus wind waves for the occurrence of
resuspension can be characterized by an importance ratio of
54%/46%. The robustness of this ratio against reasonably
higher (0.11 m s−1) and lower (0.07 m s−1) umax,res values,
which may be associated with different sediment properties,
was tested by a sensitivity analysis. This analysis revealed
that the relative importance of wind and ship waves for the
occurrence of sediment resuspension is almost independent
of the actual value of umax,res. Considering all time periods
during which resuspension can occur (i.e., during which
umax,PS ≥ umax,res) we calculated the annual mean SSCADV

and the annual cumulative SSCADV for ship and wind
waves. The ratio of the annual mean SSCADV for ship versus
wind wave‐induced resuspension events turned out to be
46%/54%, suggesting that on average SSCADV is slightly
larger during wind wave‐induced resuspension events. How-
ever, because the potential for resuspension events occurs
more often in association with ship waves than with wind
waves, the ratio of the annual cumulative SSCADV for ship
versus wind waves becomes 1.0. Hence, the cumulative
SSCADV associated with wave‐induced resuspension is equal
for ship and wind waves and thus is not in conflict with the
conclusion that ship waves are as important for resuspension
as wind waves. Unfortunately, the cumulative SSC cannot be
interpreted as the total amount of resuspended material
because SSC is a property characterizing the state of the
sampled water volume resulting from the balance of different
fluxes: the flux of particles mobilized from the sediment (i.e.,
resuspension of particles) and subsequently transported to the

sample volume and the import and export fluxes of particles
due to sedimentation and horizontal transport. Hence, the
amount of particles mobilized by resuspension cannot be
quantified from SSC without knowing the fluxes due to
horizontal and vertical transport. Nevertheless, the ratio of the
cumulative SSCADV suggests that resuspension events by
wind and ship waves have a similar effect on SSC even in the
long‐term average.
[38] The sedimentation rates measured by the five sedi-

ment traps at the study site indicated a change in sediment
resuspension with depth and in relation to the wavefield
(dominated by wind or ship waves). The comparison of two
successive 5 day periods revealed that the sedimentation
rate at all depths during a strong onshore wind event (15–
20 September 2005; Figure 8a) was significantly larger than
during a ship wave‐dominated time period (20–25 September
2005; Figure 8b). During both periods the sedimentation rate
decreased with increasing water depths, as did the near‐bottom
current velocities. Note that the large sedimentation rate (gross
sedimentation) at shallower depths does not imply a large
sediment accumulation rate, but is rather a consequence of
the permanent interplay between resuspension and later
deposition in the sediment traps. During the period of the
strong onshore wind event, high sedimentation of particles
was not only at 0.6 m, as for the ship wave‐dominated
period, but also at greater water depths (Figure 8). This may
be caused by increased resuspension at the deployment
depths of the sediment traps due to the large‐amplitude wind
waves generated by the strong onshore wind and by an
increased near‐bottom, cross‐shore‐directed transport of par-
ticles resuspended at shallower depths. In the sediment traps
the organic fraction (5%–22%) was small compared to the
inorganic fraction (78–95%) (Figure 8). However, we did
measure a difference in the spatial distribution of the organic
fraction. During the wind wave‐dominated time period, the
organic fraction was equally distributed with depth. In con-
trast, during the ship wave‐dominated period, the organic
fraction was significantly increased at water depths above
0.9 m compared to the very shallow littoral.

4. Discussion

4.1. Patterns and Relative Importance of Wind
and Ship Wave‐Induced Resuspension

[39] The shallow nearshore zones of lakes are highly
exposed to surface waves that generate large near‐bottom
current velocities and shear. The surface wavefield at the
study site LG, Lake Constance, is dominated by wind waves
in winter and ship waves in summer [Hofmann et al., 2008b].
The wavefield characteristics observed in Lake Constance
can be expected to be comparable to the wavefield in many
prealpine and alpine lakes in Germany and Switzerland, but
also in other enclosed and semienclosed water bodies
with limited fetch lengths that experience ship traffic. One
important effect of surface waves is resuspension of bottom
sediment. Since wind and ship wave have significantly dif-
ferent properties and occurrence patterns they cause consid-
erably different temporal patterns of resuspension.
[40] Wind wave‐induced sediment resuspension is infre-

quent and highly dependent on the wind direction, speed,
and fetch length. At the study site LG only strong onshore
winds cause comparable or higher SSC as the regularly
occurring ship waves at the same water depth. During wind

Figure 7. Relative importance of wind and ship waves for
resuspension expressed in terms of the relative monthly fre-
quency of resuspension (RFres), the proportion of time where
the maximum near‐bottom current velocity exceeds the cal-
culated threshold for resuspension (umax,res = 0.09 m s−1), at
1 m water depth. The statistics distinguish between wind
(gray bars) and ship (white bars) waves and are based onmea-
surements between August 2005 and July 2006. (a) During
the day (09:00–21:00 LT). (b) At night (21:00–09:00 LT).
The percentage at the top of each pair of bars is the sum of
RFres due to wind and ship waves. The maximum near‐
bottom current velocity umax,PS was calculated from wave
parameters, which were derived from the pressure sensor
time series. Values of umax,PS below the calculated thresh-
old for resuspension were excluded from the data sets and
are expressed as the difference between the percentage at
the top of each pair of bars and 100% (apart from February,
for which no data are available).
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events, the wave heights (Hmax) and the resultant wind
wave‐generated maximum near‐bottom current velocities
and the SSC remain almost constant over some hours
(Figures 4b and 5h–5n). This can be explained by an equi-
librium formed between the resuspension, settling, and
transport of particles. During these specific time periods the
concentration of suspended particles and thus the sedimen-
tation rate is enhanced compared to an equal period of time
when ship waves dominate (Figure 8).
[41] The passage of a single ship increases the near‐bottom

current velocities drastically and causes a high and distinct
peak in the SSC because of the resuspension of a wide range
of grain sizes (Figure 2a), where the coarser particles resettle
quickly and finer particles remain in the water column for
several minutes (Figures 2a and 4a) [Erm and Soomere,
2006].
[42] The statistical relationship between near‐bottom cur-

rent velocities and SSCADV depicted in Figure 6 reflects a
consistent pattern, as observed for the long‐term measure-
ments at the study site LG. Especially during daytime in
summer, where ship waves dominate the wavefield, the
near‐bottom current velocities remain above the threshold
value for resuspension of 0.09 m s−1 (Figures 5e and 6). The
regular ship traffic further reduces settling of suspended
particles between subsequent wave groups. Thus, ship
wave‐induced resuspension causes a diurnal cycle in the
measured SSC with high values by day and low values at
night (Figures 5f, 5g, and 7). Such periodicity caused by

navigation was also observed byGarrad and Hey [1987] in a
river system and by Erm et al. [2009] on the shelf of a
semienclosed sea. The “tourist cruise ship season” of pas-
senger ships during summer and their near absence during
winter [Hofmann et al., 2008b] cause further a seasonal pat-
tern in the occurrence of sediment resuspension (Figure 7).
[43] At the study site, the threshold for resuspension

umax,res is exceeded during 25% of the time (Figure 7). Ship
waves contribute 54% and wind waves 46% of the time
periods with resuspension. The frequent resuspension of
particles caused by ship waves, especially during summer,
results in an overall higher number of resuspension events
due to ship traffic than due to wind forcing, owing to the
sporadic nature of wind events and the shorter wavelengths
of wind waves. Ship waves as an anthropogenic force in the
littoral zone apparently have the same significance for sed-
iment resuspension as wind waves.
[44] The important role of ship waves in resuspension is

not only a consequence of their comparatively frequent
occurrence but also of the fact that they have longer wave
periods and thus larger wavelengths than wind waves. For a
given wave height and water depth, the maximum wave‐
generated near‐bottom current velocity is determined by the
wave period or length (equation (1)) [Kundu and Cohen,
2002]. At the site LG, ship waves have wave periods of
∼3–6 s and associated deepwater wavelengths of ∼13–50 m,
depending on the ship type (ferry, ∼4 s and ∼20 m; passenger
ships, ∼3 s and ∼13 m; catamaran, ∼6 s and ∼50 m). Wind
waves, in contrast, have wave periods of ∼2 s and wave-
lengths of only ∼2–8 m [Hofmann et al., 2008b]. The con-
sequences of the different wave periods of wind and ship
waves are illustrated in Figure 9. At the same water depth,
ship waves induce much higher near‐bottom current veloci-
ties than wind waves of the same wave height (Figure 9a) and
therefore affect the ecosystem at much greater depths than the
wind waves (Figure 9c). Furthermore, the higher near‐bottom
current velocities of ship waves (at the same water depth and
wave height) remobilize larger particles than wind waves
(Figures 9a and 9b). Wind waves, on the other hand, need
much shallower water or higher wave heights compared to
ship waves to remobilize particles of the same size (Figure 9).
[45] Regularly occurring resuspension events are known to

prevent sediment consolidation and the development of a
cohesive sediment layer [e.g., Dyer, 1986; Schoellhamer,
1996]. These newly deposited and unconsolidated sedi-
ments are more susceptible to resuspension by even relatively
weak winds or local currents [e.g., Lindholm et al., 2001;
Schoellhamer, 1996] and lead to strong impulse loads of
suspended particles. Since we have demonstrated that ship
waves lead to regular resuspension events, which prevent the
formation of cohesive sediments, ship traffic may signifi-
cantly contribute to erosion of sediments in the littoral zone
[e.g., Bauer et al., 2002; Soomere et al., 2009].
[46] The sedimentation rate as well as the grain size of

settling particles decreases rapidly with increasing water
depth (Figures 2b and 8). Nevertheless, it remains unclear
whether resuspension takes place mainly in the shallow
littoral followed by transport of particles in offshore direc-
tion, in which the large particles resettle first, or whether this
distribution is caused by a weaker impact of ship waves and
finer sediment in the deeper littoral. However, since ship
waves are an important factor for the sediment resuspension
at the study site LG, especially during daytime in summer,

Figure 8. Sedimentation rate of organic (white bars) and
inorganic (gray bars) particles measured by sediment traps.
(a) During a time period with strong onshore wind (15–
20 September 2005). (b) During a time period with no
or calm wind (wavefield was dominated by ship waves,
20–25 September 2005). The percentage at the top of each
bar represents the ratio between the organic and inorganic
fractions. Note that the organic fraction is larger by a factor
of about 2.5 if expressed in terms of volume rather than
mass.
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they may contribute to the spatial distribution of sediments.
In particular, we measured within the suspended matter
an increase of the organic and a decrease of the inorganic
particle fraction with increasing water depth (Figure 8b).
This observation indicates that, in contrast to inorganic
particles, only a reduced proportion of the organic particles
mobilized by ship waves at shallow depths settle again

within the shallow littoral zone, but may rather be exported
to the deep littoral.

4.2. Ecological Consequences of Ship Waves
in the Littoral Zone

[47] Resuspension of particles has several ecological con-
sequences, which are intensified by ship‐induced resuspen-
sion. Ship waves cause strong impulse loads of suspended
particles in the water column. These pulses of suspended
particles alter the light climate in the littoral zone by reducing
water transparency and light penetration [e.g., Erm and
Soomere, 2006; Hofmann et al., 2008a; Van Duin et al.,
2001]. Ship wave‐induced resuspension occurs especially
during daytime and in summer and thus affects the avail-
ability of light for the growth of phytoplankton [Schallenberg
and Burns, 2004] and biofilms in particular [Francoeur and
Biggs, 2006], and affect hunting success of visually orien-
tated fishes [Utne‐Palm, 2004]. Furthermore, the frequent
occurrence of ship wave‐induced resuspension limits or even
suppresses settling and growth of macrophytes [Eriksson
et al., 2004]. The permanent shifting of fine‐grained par-
ticles alters the habitat structure on small scales in terms
of spatially reduced (mainly deep littoral) or increased (mainly
shallow littoral) availability of cavities (interstitial) for benthic
invertebrates and nematodes [e.g., Peters and Traunspurger,
2005; Scheifhacken et al., 2007].

5. Conclusions

[48] Sediment resuspension in lakes induced by surface
waves is pronounced in the shallow littoral zone, where
surface waves are the dominant hydrodynamic force. The
process of sediment resuspension and the resulting increase
in SSC in the littoral zone is highly related to the properties
of the surface wavefield. The different wave types, wind and
ship waves, cause different temporal patterns in resuspension
and particle distribution. Sediment resuspension induced by
wind waves occurs sporadically and less frequently than ship
wave‐induced resuspension. The periodic and regular occur-
ring ship waves, especially those of passenger ships, during
daytime in summer cause a substantial increase in SSC in the
shallow littoral. Ship waves thus create a diurnal cycle as well
as a seasonal pattern in the SSC and resuspension. On an
annual scale, ship and wind wave‐induced resuspension can
be of equal significance. The importance of ship waves is
further enhanced since they typically have longer wave-
lengths at most lake shores than wind waves and thus affect
deeper water zones and a much broader section of the littoral
zone. The frequent occurrence of ship waves leads to frequent
resuspension events, which counteract the consolidation of

Figure 9. Potential forcing of different wave types in
terms of wave period: wind (∼2 s), passenger ships (∼3 s),
the ferry (∼4 s), and catamarans (∼6 s) that are typical for
Lake Constance as a function of depth (littoral zone).
(a) Maximum wave‐generated near‐bottom current velocity
(umax) at a constant wave height of 0.2 m (equation (1)).
(b) Remobilizable median grain size (d50) at a constant wave
height of 0.2 m (equation (2)). (c) Required wave height for
the remobilization of particles (umax,res = 0.09 m s−1) at the
study site LG (equation (1)). Note that all calculations are
based on linear wave theory.
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bottom sediments. Wave forcing by ships thus may make
sediments more susceptible to resuspension. Additionally,
ship wave‐induced resuspension may have a particularly
large impact on the biota in the littoral zone by decreasing the
availability of light for photosynthesis because of increased
loads of suspended particles especially during daytime.
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