Final Draft
of the original manuscript:

Zhang, W.; Didenkulova , I.; Kurkina, O.; Cui, Y.; Haberkern, J.; Aepfler , R.;
Santos , A.; Zhang, H.; Hanebuth, T.:
Internal solitary waves control offshore extension of mud depocenters on
the NW Iberian shelf.
In: Marine Geology. Vol. 409 (2019) 15 - 30.
First published online by Elsevier: 27.12.2018
https://dx.doi.org/10.1016/j.margeo.2018.12.008

2

Internal solitary waves control offshore extension of mud depocenters
on the NW Iberian shelf

3

Wenyan Zhang a,*, Ira Didenkulovab,c, Oxana Kurkinab, Yongsheng Cuid, Julia Haberkerne,

4

Rebecca Aepflere, Ana I. Santosf, Han Zhangg and Till J.J. Hanebuthh

1

5
6
7
8
9
10
11
12
13
14
15
16

a Institute

of Coastal Research, Helmholtz-Zentrum Geesthacht, Max-Planck-Strasse 1, 21502 Geesthacht, Germany
Novgorod State Technical University n.a. R.E. Alekseev, Minina 24, Nizhny Novgorod 603950, Russia
cDepartment of Marine Systems, Tallinn University of Technology, Akadeemia tee 15A, Tallinn 12618, Estonia
dCenter for Coastal Ocean Science and Technology, Sun Yat-sen University, 510275 Guangzhou, China
eMARUM–Center for Marine Environmental Sciences, University of Bremen, 28359 Bremen, Germany
fMarinha–Instituto Hidrografico, Lisbon, Portugal
gState Key Laboratory of Satellite Ocean Environment Dynamics, Second Institute of Oceanography, Hangzhou, China
hDepartment of Coastal and Marine Systems Science, Coastal Carolina University, Conway, SC 29528, U.S.A.
bNizhny

*

Corresponding author: wenyan.zhang@hzg.de, Tel: +49 (0)4152 87 1568

17
18

Abstract

19

Hydrodynamic conditions and near-bottom sediment transport on the NW Iberian shelf associated with a 5-day

20

storm in September 2014 were monitored. During the post-storm relaxation period, active bottom sediment

21

transport by internal solitary waves (ISWs) on a mid-shelf mud depocenter, located in between 110 and 130 m

22

water depth (WD), was observed. To explore the potential of internal waves in sediment transport and its link to

23

development of mid-shelf mud depocenters, we apply a weakly nonlinear model based on the variable-coefficient

24

Gardner equation to estimate the flow fields and bottom shear stress induced by shoaling of mode-1 long internal

25

solitary waves. Shoreward propagation of the ISWs in three representative periods (pre-, intra- and post-storm) is

26

simulated, respectively. Transformation of the internal wave, from a single sech2 shape characterized by negative

27

polarity and small amplitude to a dispersive trailing wave packet with varying amplitude and inverse polarity, are

28

satisfactorily reproduced. Model results indicate enhancement of the maximum orbital velocity of the ISWs

29

during and after the storm on the outer shelf (130-220 m WD) including the seaward margin of the mud

1

30

depocenter. Bottom shear stress consequently becomes strong enough (>=0.1 Pa) to winnow unconsolidated

31

sediment and constrains the offshore extension of the depocenter. The enhanced bottom orbital velocity and the

32

asymmetry in the excursion direction of mode-1 long ISWs in the post-storm period prove to be efficient in

33

transporting fine-grained sediment across shelf. Our results suggest that mid-shelf mud depocenters are not

34

necessarily areas under permanently calm conditions where fine-grained sediment can settle straightforwardly.

35

They could also result from convergent sediment transport from both onshore and offshore directions, and

36

sediment may go through numerous cycles of resuspension-transport-deposition before its ultimate lasting burial.

37
38
39
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1. Introduction

41

Coastal and continental shelf mud depocenters (MDCs hereafter) are an important sink for continent-derived

42

material during modern sea level highstand conditions. They serve as habitat for benthic life and store large

43

quantities of organic carbon, nutrients, and contaminants (e.g. Hedges and Keil, 1995; Blair and Aller, 2012;

44

Mahiques et al., 2016). Despite of their important role in the global source-to-sink connection and ecosystem

45

functioning, their formation dynamics as well as the particular natural and anthropogenic drivers that shape their

46

morphology remain poorly understood (e.g. Walsh and Nittrouer, 2009; Hanebuth et al., 2015a; Zhang et al.,

47

2016). Three processes, namely 1) surface buoyancy plume related to river discharge, 2) dilute suspension

48

dispersal in the bottom-boundary layer, and 3) gravity-driven turbidity flows have been identified as being

49

responsible for the transport of fine-grained sediment across continental shelves (e.g. Cacchione et al., 1987;

50

Bursik, 1995; Syvitski and Morehead, 1999; Ogston et al., 2000; Traykovski et al., 2000, 2007; Hill and McCave,

51

2001; Geyer et al., 2004; McKee et al., 2004; Walsh and Nittrouer, 2009; Hale and Ogston, 2015; Zhang et al.,

52

2016). The latter two processes are particularly critical for the formation of MDCs (e.g. McCave, 1973; Ogston et

53

al., 2000; Wright and Friedrichs, 2006; Wu et al., 2016).

54

Until recently, internal waves were suggested to be another important process for resuspension and transport

55

of fine-grained sediment across continental shelves (e.g. Johnson et al., 2001; Quaresma et al., 2007; Bourgault et

56

al., 2014; Cheriton et al., 2014). Formation of certain sediment wave fields such as those on the shelf of NW

57

Mediterranean was hypothesized to result from shoaling of internal waves (van Haren and Puig, 2017). Deep
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58

penetration of internal solitary waves (ISWs) was promoted by seasonal deepening of stratification, allowing the

59

ISWs to rework mid-shelf sediments and possibly form sediment waves that are characterized by similar

60

wavelengths to the ISWs. Some geological studies in addition suggest that certain stratigraphic structures found in

61

sedimentary rocks, such as hummocky-cross stratification layers, may result from the impact of internal waves

62

(e.g. Morsilli, M., and Pomar, 2012; Pomar et al., 2012).

63

The mechanism, which acts when internal waves cause sediment resuspension, is related to wave

64

deformation during shoaling, as demonstrated in both laboratory and numerical experiments (e.g. Hosegood et

65

al., 2004; Boegman and Ivey, 2009; Bourgault et al., 2014; Lamb, 2014). Bottom shear stress is enhanced by

66

interaction between internal waves and seafloor during shoaling and can become strong enough to trigger the

67

movement of unconsolidated fine-grained sediment particles by means of rolling, saltation, and suspension.

68

Particles are further lifted up by vertical movements associated with turbulent vortices generated during the wave

69

deformation. While larger particles re-deposit rapidly as a result of decay of the turbulent boluses, fine-grained

70

sediment entrained in the mixed fluid around the pycnocline may be advected further offshore (Richards et al.,

71

2013; Bourgault et al., 2014). This process leads to the formation of intermediate nepheloid layers that are

72

frequently observed at continental margins worldwide (e.g. Cacchione and Drake, 1986; McCave et al., 2001;

73

Oliveira et al., 2002; McPhee-Shaw et al., 2004).

74

The relationship between intermediate nepheloid layers and MDCs is complex, because their formation

75

might be decoupled from each other (Palanques and Biscaye, 1992). Recent observations indicate that

76

resuspension and subsequent along-isopycnal dispersal of mud by internal waves at the outer shelf, especially by

77

long waves such as internal tides, can be important in defining the location of MDCs, and might even feed their

78

growth by shoreward material transport toward the middle and shallow section of the mud deposits (e.g. Inthorn et

79

al., 2006; Cheriton et al., 2014). While the impact of internal waves on dispersal and sedimentation of mud have

80

been supported by numerical and lab experiments, considerable gaps in our understanding of the natural system

81

still exist, especially in the quantification of sediment fluxes (Bourgault et al., 2014). Under which circumstances

82

internal waves are able to produce indicative textural sedimentation patterns that may be preserved in sedimentary

83

rocks and soft sediment cores remains unclear as well, given the fact that formation of such sediment structures

84

requires either persistent forcing over a long period or the preservation of a major storm event horizon, while
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85

internal waves are highly variable on both temporal and spatial scales (Shanmugam, 2013).

86

The purpose of our study is to derive further insights into the impact of mode-1 (i.e. two-layer structured) long

87

ISWs on MDCs. Our study area is the northwest Iberian continental shelf which hosts a series of MDCs (Fig. 1).

88

Hydrodynamic conditions and near-bottom sediment transport associated with a 5-day storm in September 2014

89

were monitored by a research cruise. The monitoring covered the entire phase of a downwelling-inducing storm

90

passing through the study area, i.e., from pre-storm to post-storm period. An earlier study by the authors focusing

91

on the pre- and intra-storm periods found that strengthened oceanic density front by storm-induced downwelling

92

and the associated jet flow along the coastline imposed a primary control on transport and deposition of fine grained

93

sediment on the inner shelf (20-110 m WD) of the study area and confined the shoreward boundary of shelf MDCs

94

(Zhang et al., 2016). Enhanced current-wave interaction during the storm was able to produce gravity-driven

95

turbidity flows in various muddy areas of the shelf, and contributed to deposition on the MDCs. The field data

96

derived from the second cruise phase, i.e., the post-storm period, indicate an active role of long ISWs in sediment

97

transport across the seaward boundary of MDCs, and therefore are in the focus of the present study.

98

2. Regional setting

99

Our study area is located off the northwest Iberian Peninsula in northeast Atlantic. It is characterized by a

100

relatively narrow shelf (width within 40 km) and a steep (> 20°) continental slope (Fig. 1). The physical

101

oceanographic conditions in this region are mainly controlled by the Eastern Boundary Currents along the shelf

102

edge and local wind-driven currents on the shelf (Relvas et al., 2007). The shelf edge current system is characterized

103

by a slow, broad equatorward circulation at the sea surface (within ~100-150 m WD) and poleward compensating

104

flows below (~100-600 m WD). The shelf dynamics are mainly controlled by a seasonal variation of two major

105

atmospheric systems: the Azores High and the Iceland Low (Wooster et al., 1976). As a result two mean circulation

106

patterns, with summer upwelling from April to September and winter downwelling from October to March, develop

107

with inter-annual variability in the intensity and timing. In contrast to a relatively calm hydrodynamic condition

108

characterized by a mild equatorward current and low-energy waves with height typically below 3 m, the

109

hydrodynamic regime on the shelf in winter becomes energetic, characterized by episodically strong poleward wind-

110

driven currents and increasing wave heights (PO-WAVES Group, 1994). Significant wave heights often exceed 5

111

m during winter storms. Interaction between swells and storm-generated local waves can produce maximum wave
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112

heights over 10 m on the mid-shelf (Vitorino et al., 2002). Heavy precipitation often accompanies winter storms

113

and results in extreme river runoff values (Otero et al., 2010).

114

Monitoring data of a storm which hit the NW Iberian shelf from 15 September to 20 September 2014 clearly

115

demonstrate a dominant control on sediment transport and redistribution across the entire shelf by energetic

116

events (Zhang et al., 2016). Strong southerly winds (up to 25 m/s) accompanying the storm front effectively drove

117

the surface water towards the coast and resulted in a prominent downwelling on the inner and mid-shelf. The mid-

118

shelf thermocline, originally located between 20 and 35 m WD, was depressed down to 50-60 m depth during the

119

storm. Due to a large density difference between the surface and bottom waters, a strong positive buoyancy was

120

generated at the interface between the downwelling and bottom water, producing a vertical density front

121

characterized by a large across-shelf density gradient. The oceanic density front was located in about 80 m depth

122

in the south (off the Douro river mouth) and gradually deepening to 120 m in the north of the study area (off the

123

Ría de Vigo). A jet-like coastal current developed at the shoreward side of the front with current velocities higher

124

than 0.25 m/s near the seafloor, while the seaward side of the front was relatively calm with near-bottom

125

(calculated at 0.005 D above seafloor, where D is local water depth) current velocity less than 0.1 m/s. Active

126

bottom sediment resuspension (concentration higher than 0.4 kg/m3 at 150 cm above seafloor) was observed on

127

the inner shelf (73 m WD) at the edge of a mud depocenter off the Douro river mouth and transported toward the

128

depocenter. It was found that storm-generated downwelling front and associated coastal jet impose a primary

129

control on transport and deposition of fine-grained sediment on the shelf. Intra-storm transport and post-storm

130

deposition of highly-concentrated near-bottom sediment suspensions (>10 kg/m3) generated by wave-current

131

interaction and flow convergence in local muddy sites are suggested to contribute to deposition on MDCs of the

132

study area. In additional to the hydrographic control on sediment transport and deposition by storms, topographic

133

relief associated with the rocky outcrops on the outer shelf in the southern part of the study area (Fig. 1) is

134

suggested to play an important role in constraining a seaward expansion of several MDCs in the region (Dias et

135

al., 2002). These rocky bedrocks are several meters high and act as a barrier widely hindering offshore sediment

136

dispersal. As a result, the MDCs in the southern part of the study area is restricted to the zone between the front

137

and the rocky outcrops (Zhang et al., 2016). The driving mechanism for a well-defined seaward boundary of
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138

MDCs in the northern part of the study area (off the Rias, Fig. 1), where topographic influence by rocky outcrops

139

is absent, is yet unclear.

140

Besides energetic surface gravity waves produced by winter storms, ISWs are frequently observed in the

141

Iberian shelf waters by both satellite images and hydrographic moorings (e.g. da Silva et al., 1998; Quaresma et

142

al., 2007; Magalhaes and da Silva, 2012). ISWs have been found to significantly enhance dissipation rates of

143

turbulent kinetic energy and vertical diffusivity on the shelf edge of NW Iberia (Barton et al., 2001). Although

144

strengthened stratification in summer promotes development of ISWs along the thermocline, active ISWs in

145

winter months in the study area have also been reported (Varela et al., 2005). Observations indicate that

146

episodically enhanced ISWs have the power to remobilize mid-shelf bottom sediments (Quaresma et al., 2007).

147

Despite evidence of capability of ISWs in matter transport in this region, their action and role in development of

148

MDCs remain unexplored.

149

3. Materials and methods

150

3.1. Field measurements

151

Field data in the study area are mainly derived from the research cruise M110 GALIMOS (Monitoring the

152

interaction between Oceanographic elements and Sedimentary seabed structures at the GALIcian margin; 14-30

153

September, 2014, with the German R/V METEOR). Work report of the cruise is provided by Hanebuth et al.

154

(2015b), with its first scientific results reported by Zhang et al. (2016). The cruise was performed in two phases,

155

with the first in Portuguese waters (south of 42°N) from 16 September (before arrival of the storm front) to 20

156

September (right after the passing through of the storm) to monitor the storm impact on the MDCs, and the

157

following in Spanish waters (north of 42°N) from 21 to 26 September to monitor the sediment dispersal and

158

deposition on the MDCs in the post-storm relaxation period. Besides 58 vertical CTD (Conductivity,

159

Temperature, Depth) profiles at 42 stations along nine cross-shelf tracks (denoted as P0-P6 in Portuguese water

160

and S1-S2 in Spanish water, see Fig. 1b), 78 water samples were collected shipboard. Furthermore, a seafloor

161

lander equipped with various sensors including Electromagnetic Current Meters (ECM), CTD, Optical

162

Backscatter Sensors, two Acoustic Doppler Current Profilers (300 and 1200 kHz, respectively) and a Laser In-

163

Situ Scattering and Transmissiometry (LISST) was deployed at a muddy sand site (73 m WD, ~30% mud) off the
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164

Douro river mouth (Figure 1b) in the first cruise phase (16-20 September) and at the Galician mud depocenter

165

(127 m WD, ~85% mud) off the Ría de Vigo (Fig. 1b) in the following cruise phase (21-26 September). The

166

upward-looking 300 kHz ADCP operated continuously and provided average data for every 600 s. Its bin size was

167

set to 2 m and covered a vertical range of ~97 m above the lander at the Galician mud depocenter. The downward-

168

looking 1200 kHz ADCP unfortunately malfunctioned and failed to record any data during the cruise. The ECMs

169

operated continuously and provided data at a frequency of 4 Hz. A nearly continuous record of acoustic

170

backscatter data from the water column was collected using the 18 kHz primary high frequency from the hull-

171

mounted Parasound P70 (Atlas Hydrographic) Echo sounder. During the acquisition of dedicated hydroacoustic

172

profiles (see Figure 1b) a constant route speed of 3.34 m/s (i.e. 6.5 kn) was maintained.

173

3.2. Numerical modeling of internal solitary waves

174

A weakly nonlinear model based on the variable-coefficient Gardner equation (Holloway et al., 1999;

175

Grimshaw et al., 2010; Talipova et al., 2014) is applied in this study to simulate the shoreward propagation of

176

internal waves in a two-dimensional vertical plane (2DV). The variable-coefficient Gardner equation is an

177

extended Korteweg-de Vries (eKdV) equation (Korteweg and de Vries, 1895) including cubic nonlinearity to take

178

into account internal waves of large amplitude (Grimshaw et al., 2004). An advantage of the model is that it

179

allows very high resolution calculations with small computational expense and in the meanwhile is able to

180

provide results similar to sophisticated nonhydrostatic models (O’Driscoll and Levine, 2017; Yuan et al., 2018).

181

Another advantage of this model is that it is able to capture the dynamics of long internal waves during their

182

shoaling in coastal and shelf waters with inhomogeneous stratification along both the horizontal and vertical axis

183

(e.g. Grimshaw et al., 2004, 2010; Talipova et al., 2014). Major equations of the model are described below. For

184

further mathematical details the reader is referred to Holloway et al. (1999), Grimshaw et al. (2004) and Talipova

185

et al. (2014).

186
187

188

The variable-coefficient Gardner equation with inclusion of bottom friction and Earth's rotation effect is
described by


 3 f 2
c dQ
2 
 ( c    1 )
 3 
dx  ( v  
) ,

t
x
x
2c
2Q dx
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(1)

189

where  is the maximum vertical displacement of the pycnocline that varies with time (t) and distance (x) from

190

the initial position (x = 0), c is the wave phase speed,  and  1 are quadratic and cubic nonlinear coefficients,

191

respectively,  is a dispersion parameter, f is the Coriolis frequency, v is a bottom friction coefficient and Q

192

is an amplification factor in the linear long-wave theory due to changes in the water depth and stratification. The

193

three terms on the right hand side of the equation stand for the impact of Earth's rotation, bottom friction and

194

changes of water depth and stratification during shoaling, respectively.

195

The wave speed c is determined from the eigenvalue problem for the modal structure function  (z ) of the

196

vertical displacement in the linear long-wave limit adopting the Boussinesq approximation and the rigid-lid

197

boundary condition (i.e.  (0)   (  H )  0 , where -H is the seafloor depth):

198

d 
2 d 
2
c  U ( z )
  N ( z )  0 ,
dz 
dz 

(2)

199

where U (z ) is the background horizontal current velocity, and N (z ) is the undisturbed background buoyancy

200

frequency (provided by the 3D coastal ocean model in this study). Note that Eq. (2) defines an infinite sequence

201

of regular modes with corresponding speeds. We only focus on the mode 1 function, that is,  (z ) has its

202

maximum at z max in the interior of the water.  (z ) is then normalized by  ( z )   ( z )

203

 ( z max ) .

Once  (z ) and c are known, other parameters in Eq. (1) that depend on them, such as the nonlinear

204

coefficients  and  1 , the dispersion parameter  , the bottom friction coefficient v and the amplification

205

factor Q can be derived. Numerical details are provided in Grimshaw et al. (2004, 2010).

206
207

The density  ( x, z ) and current velocity fields ( u ( x, z ), w( x, z ) ) associated with the motion of the internal
waves are then given by

208

 ( x, z )   ( x, z   ( x ) ( z )) ,

209

u ( x , z )  c ( x )

210

w( x, z )  c ( z )

(3a)

 ( z )
,
z

(3b)

 ( x )
.
x

(3c)
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211

It is worth to note that bottom friction may significantly influence the near-bottom velocity field of internal

212

solitary waves (e.g. Kurkina et al., 2016). It has been found that a reverse horizontal flow forms directly behind

213

the main flow generated by a solitary wave. This reverse flow is confined near the bottom and is hypothesized to

214

be generated by a balance between bottom friction and pressure (Kurkina et al., 2016). Although being much

215

weaker than the main horizontal flow associated with a solitary wave (described by Eq. 3b), the reverse flow may

216

play an important role in transporting sediment that is resuspended by a preceding strong main flow. The near-

217

bottom flow reversal is not resolved in the model due to the simplification in the equation which does not take

218

into account the balance between pressure and bottom friction. However, we attempt to discern such reverse flow

219

in our monitoring data and discuss its potential impact on sediment transport. Within the main flow field

220

associated with a solitary wave, the bottom shear stress  (x ) is estimated from a combined effect of the internal

221

wave motion and the background flow using the law of the wall:

222

    u( z r )  U ( z r ) /ln( z r  H )  ln z 0 2 ,

(4)

 (=0.4) is the von Karman constant, z r  10  H

refers to 10 m above the seafloor and z 0 is a reference

223

where

224

height above the seafloor where current velocity is assumed to be zero. z 0 is also called bottom roughness length

225

and its value for the mud deposits with a relatively flat surface is given by z 0  2.5d 50 / 30 , where d 50 is the

226

median grain size of the seafloor sediment (Zhang et al., 2016).

227

3.3. Model setup for the study area

228

In order to figure out the temporal and spatial variability of the internal waves and their potential in

229

remobilizing seafloor sediment, we set up a 2DV model domain for the cross-shelf profile S1 with horizontal and

230

vertical spatial resolution of 100 and 0.05 m, respectively. The computational time step is 5.5 s. The profile

231

extends from the continental slope at 1000 m WD to the inner shelf at 50 m WD, with a horizontal length of 62

232

km. A sech2 shape internal wave with negative polarity (because both the quadratic and cubic nonlinear

233

coefficients have negative values here) is introduced at the open ocean boundary as an initial disturbance of the

234

density field. The maximum vertical displacement of the pycnocline (  ) by the wave at the seaward boundary is

235

set to 15 m and its initial period to 6000 s according to measurements at a stationary station located on the

9

M 2 tidal cycle

236

continental slope (station 32 in Fig.1). This open boundary condition is imposed periodically in a

237

(12.42 hrs) to be consistent with the field observation. Shoreward propagation and transformation of this wave in

238

three representative periods (pre-, intra- and post-storm) is simulated, respectively.

239

The background density fields for the internal wave model are derived from simulation results by a validated

240

3D coastal ocean model (Zhang et al., 2016). A comparison between the simulation results and observed data

241

(vertical CTD profiles) suggests an overall satisfactory model performance. Despite of a reduction of the density

242

gradient across the pycnocline by ~15%, the temporal and spatial variation of both water layers (separated by the

243

pycnocline) are well reproduced by the 3D model. The deviation of the density gradient across the pycnocline is

244

mainly related to an overestimation of the temperature beneath the pycnocline in the model, which is about 2 °C

245

higher than the observed data (Zhang et al., 2016). The effect of the reduced density gradient across the

246

pycnocline on the 2DV internal model results has been tested by sensitivity runs which indicate only a minor

247

effect (within 11% deviation) on the amplitude of ISWs and thus does not affect interpretation of the results.

248

4. Results and analysis

249

4.1. Field observation

250

4.1.1. Post-storm conditions – currents

251

In the afternoon of 20 September the wind weakened rapidly, combined with decreasing seas and shower

252

activity. The following six days (21–26 September) was relaxation period characterized by a weak wind strength

253

between 2 to 6 m/s and reversal in the wind direction from southerly to northerly. The surface wind wave height

254

was mostly below 1.5 m and dominated by swells with a period of about 8 s. The rapid decrease of wind velocity

255

in the first 30 hours (till the end of 21 September) resulted in a rebound of the bottom cold water toward the inner

256

shelf. This is evidenced by a comparison of vertical density profiles at CTD stations between two neighbouring

257

cross-shelf track lines measured in intra- and post-storm periods, respectively (Fig. 2, with location of the track

258

lines in Fig. 1). Lander observation located off the Ría de Vigo, which shows a drop of temperature by 0.15 °C

259

from 12:00 UTC 21 September to 00:00 UTC 22 September and an increase of water density by about 0.3 kg/m3,

260

further confirms the shoreward migration of denser bottom water (Fig. 3a). After the initial change the bottom

10

261

water temperature and salinity remained stable at the monitoring site. Recorded 600 s average current time series

262

by the upward-looking ADCP indicate a complicated hydrodynamic regime on the mid-shelf (Fig. 3). In most of

263

the monitoring period (in total 79.5 hrs from 21 to 24 September) the vertical current above the Galician mud

264

depocenter exhibited a two-layer structure, with stronger current intensity in the surface layer. Besides high-

265

frequency oscillations, a semidiurnal ( M 2 ) tidal undulation is clearly seen in the signal (Fig. 3). The

266

ellipse at this site is relatively narrow and aligned mainly along the NNE (15°) – SSW (195°) axis. Butterworth

267

band-pass filtered data indicate that the tidal current velocity oscillates between  0.06 m/s. The enhanced current

268

intensity resulted from a combined effect of tides and high-frequency oscillations characterized by periods

269

between 15-30 min and a two-layer (i.e. with opposite current directions) vertical structure (Fig. 3e). It is

270

particularly worth to note that the high-frequency oscillations were aligned mainly along the west-east axis (Fig.

271

4a) and characterized by a stronger and longer-lasting offshore directed component (i.e. negative u) (Fig. 3e).

272

They altered both current strength and direction along the west-east axis (Fig. 3e), while their effect along the

273

south-north axis was relatively small (within  2 cm/s according to high-pass Butterworth filtering of the 600 s

274

average data) and did not reverse the current direction (Fig.3d). Although the high-frequency oscillations

275

consistently appeared in the entire monitoring period, only in certain circumstances their strength was enhanced

276

(> 5 cm/s in the 600 s average data) (Fig. 3e). Another phenomenon worth to note is that the mean current (600 s

277

average) within a few (7-9) meters above the seafloor behaved differently than that in the upper water column.

278

This behavior is not only due to a bottom Ekman spiral effect (Zhang et al., 2016) but also associated with the

279

high-frequency oscillations. Reverse and relatively weak currents (< 2 cm/s) appeared within a few meters above

280

the seafloor after strong offshore-directed high-frequency currents and lasted considerably long (Fig. 3e).

281

M 2 tidal

Information from the near-bottom (20 and 150 cm above seafloor, respectively) ECM data (4 Hz) indicates

282

that the strong high-frequency oscillations (> 0.2 m/s) occurred mainly at low tide (Fig. 4). These oscillations

283

proceeded mainly along the west-east axis (Fig. 4a and 4b). Calculation of current energy spectra in three selected

284

time slices at low tide identifies two dominant wave groups, one centering at about 100 s and the other between

285

1000 and 1400 s in period (Fig. 5). However, in contrast to the 100 s group which shows a high peak in the power

286

spectral density of pressure, the long wave group exhibits a much weaker peak in the pressure signal (Fig. 5d).
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287

Because the frequency of internal waves is limited by the buoyancy frequency N , which was observed above the

288

outer and inner margins of the MDC during the post-storm period to range between 2  10-3 s-1 (= 500 s in period)

289

and 7  10-3 s-1 (=143 s in period), respectively, the possibility of the 100 s group being internal waves can be

290

discarded. These results suggest that the 100 s wave group comprises surface gravity waves (i.e. infragravity

291

waves) while the long wave group refers to internal waves that were observed as high-frequency (period between

292

15-30 min) oscillations (e.g. Moum and Smyth, 2006). The infragravity waves are consistently seen in the time

293

series and induced a flow oscillation within ± 0.03 m/s at the lander, while the internal waves were enhanced at

294

low tide and caused change of the near-bottom current velocity by max. 0.3 m/s. The duration of each strong

295

internal wave pulse lasted for about 6 hrs at the lander site. A combination of the ADCP and ECM datasets

296

indicates the presence of cyclically enhanced mode-1 long internal waves above the Galician MDC in the post-

297

storm period.

298

4.1.2. Post-storm conditions – near-bottom SPM transport

299

Vertical profiles of SPM concentration at the CTD stations indicate that turbidity was very low in the upper

300

water column and SPM became increasingly abundant toward the seafloor (Fig. 2). A pronounced enhancement of

301

the near-bottom (within 10 m above seafloor) SPM concentration was monitored above the seaward margin of the

302

MDC in intra- and post-storm periods (at Station 13 and 37, see Fig. 2), further proving a persistent active

303

sediment transport across the MDC. It is worth mentioning that the SPM concentration above the seaward margin

304

of the MDC was higher in the post-storm period compared to that during the storm, and also higher than the

305

observed value above the shoreward margin of the MDC. Recorded time series of near-bottom (30 cm above

306

seafloor) SPM on the Galician MDC indicate that SPM concentration started to rise at 00:00 UTC on 22

307

September (Fig. 4), right after the initial increase of bottom water density (Fig. 3a). Maxima of SPM

308

concentration appeared in short-lasting pulses, which were similar to the appearance of enhanced internal waves

309

(Fig. 4c). However, the changes of these two quantities were only weakly correlated (Pearson's r = 0.12),

310

suggesting that a major portion of the SPM at the lander site was not produced by local resuspension.

311

Furthermore, a forward shift of 8 hrs in the SPM data results in a high correlation coefficient (r = 0.89) with the

312

bottom current velocity (Fig.4d). This indicates that the near-bottom SPM at the nucleus of the MDC, where the
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313

lander is located, mainly originated from a remote source where strong internal waves occurred few hrs earlier

314

(than at the lander site). The grain size composition (Fig. 4e) indicates that the SPM was mostly composed of

315

coarse silts and fine sands (i.e. 50-200 μm) and exhibited a decreasing trend in grain size with time. This is

316

significantly different from the grain size spectrum observed during the storm (off the Douro river mouth, location

317

in Fig. 1) which shows a remarkable portion of flocs ("marine snow") characterized by grain size larger than 200

318

μm (Zhang et al., 2016). Analysis of seafloor surface sediment samples however, indicated a dominance of

319

medium silts (6-20 μm) which made up more than 70% at this site. The mismatch in grain size between the SPM

320

and the seafloor sediment in situ further indicates that the SPM has an origin from the margin of the MDC where

321

sediment is coarser.

322

It is worth to note that the power spectral density of turbidity recorded by the ECM shows a clear signal at

323

the frequency of the internal waves during low tide (Fig. 5e and 5f). Calculation of the near-bottom (30 cm above

324

seafloor) sediment transport flux (= uC , where C is SPM concentration) induced by internal waves is derived

325

through a band-pass filtering (cut-off frequencies are 2.5  10-3 and 2.5  10-4 Hz, respectively) of the original

326

times series from the ECM. Results from three selected time slices at low tide (Fig. 6) indicate a net onshore

327

transport by enhanced internal waves. The residual transport fluxes in time slice 1 (5-9 h), 2 (27-31 h) and 3 (66-

328

70 h) are 126, 520 and 267 g s-1 m-2, respectively. A combination of information above leads to the conclusion that

329

a lasting sediment resuspension from the outer shelf and subsequent transport toward the nucleus of the MDC was

330

initiated by enhanced internal waves in the post-storm period..

331

4.1.3. Cross-shelf acoustic backscatter profiles

332

The echograms (18k Hz) along different cross-shelf track lines reveal that plenty of internal wave-like

333

reflectors were present during the entire cruise (Fig. 7). Three major types of reflectors, which reoccurred at

334

specific water depths throughout the cruise, are identifiable (Fig. 7a). Type 1 and 2 appeared in shallower water

335

between 20 and 150 m WD, while type 3 was located in deeper water (200-300 m WD) and most prominent at the

336

shelf edge. Type 1 reflectors overlapped with the thermocline. They exhibited a relatively symmetric shape with

337

wave length between a few hundred and a few thousand meters and period between a few minutes and a few

338

hours on the continental rise before approaching the slope, and became progressively asymmetric with both
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339

decreasing wave lengths and periods when propagating toward the inner shelf. Compared to type 1 reflectors that

340

are restricted to the upper water column, type 2 reflectors are in close contact with the seafloor and are connected

341

to type 1, as seen from the echograms (e.g. P5 and P1 in Fig. 7). Type 2 reflectors existed only on inner and mid-

342

shelf. They exhibited large amplitudes (30-80 m), short wave lengths (200-1000 m) and an asymmetric shape with

343

a pronounced positive polarity. Note that the wave lengths of these reflectors are underestimated in the echograms

344

due to the Doppler effect created by the ship movement toward the shelf edge.

345

It is worth to mention that an acoustic profile illustrating a plume of high backscatter intensity confined to a

346

certain water depth range (120-180 m) on the mid- and outer shelf was detected in the post-storm period (21

347

September) along track line S2 (Fig. 7d). This plume probably consisted of resuspended SPM originated from

348

actions of internal waves on the outer and mid-shelf seafloor. The vertically confined thickness of the plume

349

indicates a stable along-isopycnal dispersal with limited vertical mixing.

350

4.2. Simulation results

351

4.2.1. Model validation

352

Generally, the modeled vertical displacement of the pycnocline (  ) along Profile S1 is in good agreement

353

with the amplitude of internal reflectors identified in the echogram (Fig. 8). The modelled period of internal

354

waves above the lander site varies between 1600 s for the leading waves and 750 s for the trailing waves, which is

355

close to the field data (Fig. 8c). The modeled horizontal velocity induced by the internal waves without bottom

356

friction effect is higher than the ADCP data at 100 m WD and the band-pass filtered ECM data at 1.5 m above the

357

sea floor. This is not surprising because the ADCP data are 600 s averaged in which peaks are smoothed, while

358

the ECM data are within the bottom boundary layer that is strongly affected by friction. The shoaling and

359

transformation of the ISWs from an initial sech2 shape characterized by negative polarity and small amplitude ( 

360

= 15 m) to a trailing wave packet with varying phase speed and amplitude, are satisfactorily reproduced. The

361

trailing packet is led by a pulse of large amplitude and high frequency solitary waves with positive polarity

362

(Figure 8 and 9). Model results also indicate significant differences in the transformation of the ISWs in three

363

periods (pre-, intra- and post-storm, example given in Fig. 9). The most remarkable difference of ISWs in these

364

three periods is the location of a critical point where the weak nonlinearity is destroyed and model simulation
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365

terminates (Fig. 9). For a better comparison with the lander data, we focus on the simulation result for the post-

366

storm period. A discussion of the differences in the three periods and their general implication is given in section

367

5.

368

4.2.2. Simulated internal waves in the post-storm period

369

The spatial variation of the coefficients in the 2DV model along S1 in the post-storm period is shown in Fig.

370

10. The model computation terminates at mid-shelf water (8.96°W in longitude), where the leading ISW becomes

371

unstable and its weakly nonlinearity no longer holds due to a drastic increase of higher order nonlinear terms. The

372

results show that the linear long wave speed c decreases from 1.2 m/s at the open boundary to 0.26 m/s at the

373

mid-shelf (110 m WD). The coefficient of the cubic nonlinearity

374

the propagation of the ISWs, each resulting in a change in the amplitude of the ISW (Fig. 11). Because the cubic

375

nonlinearity (  1 ) is weak and

376

before it approaches the shelf edge (Fig. 11). After crossing zero above the shelf edge

377

reaching another critical point at the mid-shelf (164 m WD, 9.1°W in longitude) where it crosses zero again.

378

During this course the polarity of the ISWs is exclusively determined by the sign of

379

which changes from negative to positive. This indicates that the polarity of the ISWs changes correspondingly

380

from negative to positive (Fig. 11). The Earth’s rotation term is not shown in Fig. 10, but can be found from c

381

and the Coriolis frequency f (=0.976  10-4 rad/s in our study area). It is easy to judge from Eq. (1) that this

382

term has significant effect only on waves with period larger than the inertial ones ( 2 / f = 17.88 hrs in our area),

383

thus its effect on the ISWs is much smaller than other terms described earlier. According to model sensitivity

384

study, the Earth's rotation decreases the amplitude of the leading wave by less than 10%, and slightly reduces the

385

number of trailing waves in our study area. The bottom friction term is found to be of minor importance until

386

where the amplitude of the leading ISW becomes considerably large (> 40 m).

387

2



1 experiences several changes of its sign along

is relatively stable, the initial internal wave maintains a soliton-like shape

1 remains negative until

 (Grimshaw et al., 2004),

The ISW remains in the soliton-like shape until reaching the shelf edge, and deformation starts afterwards

388

(Fig. 11). A lengthening trailing tail develops behind the leading wave and a dispersive wave packet forms.

389

Because part of the energy in the initial internal wave is lost to the trailing tail, the amplitude of the leading wave

390

decreases from ~30 m to ~23 m in the first few km from the shelf edge towards the coast. The leading wave
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391

propagates faster than the trailing waves which have the phase speed of c . At the critical point (~9.28°W) where

392



393

the leading wave increases after a change of its polarity, in the meanwhile the wave length becomes continuously

394

smaller due to a conservation of the wave energy. Behind the leading wave the isopycnal is elevated and steepens

395

due to an increased amplitude of the leading wave. This results in a disintegration of the trailing tail into a wave

396

train with an increasing number of waves. It should be noted that although the amplitude of the trailing waves is

397

independent from the initial solitary wave amplitude  0 , the wave number and formation rate of each trailing

398

wave do depend on  0 , because the wave momentum should be conserved (Grimshaw et al., 2004). The

399

amplitude of the leading wave reaches its maximum (~80 m) at 8.976°W, where the seafloor depth is 116 m. This

400

is a critical point where

401

) exceeds the linear long wave speed c and the weak nonlinearity is destroyed. Transformation of the leading

402

wave is dominated by higher order nonlinearity afterwards, which is not resolved by the 2DV model. Although

403

development of the exceptionally large amplitude of the leading wave is beyond the applicability of the weakly-

404

nonlinear assumption of the 2DV model, similar waves with smaller amplitude (~50 m) were indeed reflected in

405

the echograms (Figure 7a, 7c and 7e). This good agreement implicates that our model is capable of reproducing

406

the essential features of the field observations. Breaking and intense mixing should occur in the shoreward

407

direction of the large amplitude leading waves, according to the criterion that the local Ostrovsky number (

408

O s  2 2 2 c 1 f

409

horizontal orbital velocity u ( x, z ) exceeds the wave phase speed c at this point (Fig. 11 and 12), also indicating

410

a potential breaking afterwards (Vlasenko and Hutter, 2002).

411

4.2.3. Flow asymmetry and bottom shear stress

412

Simulations indicate that the horizontal orbital velocity u ( x,10  H ) of the ISWs at 10 m above seafloor

413

increases in an accelerated rate after passing through the critical point (  ) at 9.21°W, where the seafloor depth is

414

180 m (Fig. 11 and 12). This is induced by a combined effect of increased amplitude (  ) and vertical gradient of

415

the modal structure function  (z ) , as implemented in Eq.(3b). An asymmetry in both the strength of

changes its sign from negative to positive, the wave polarity starts deformation accordingly. The amplitude of

2

1 crosses zero and becomes positive afterwards. Here the quadratic nonlinear term ( 

, see Eq.(35) and (36) in Grimshaw et al. (2014)) exceeds 1. Furthermore, the maximum
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416

u( x,10  H ) and duration of the orbital excursion, with a more pronounced offshore directed component, is

417

clearly seen (Fig. 11 and 12). This is also consistent with the field measurement showing a dominant offshore

418

component above 10 m from the seafloor (Fig. 2e). It can be easily deduced from Eq.(3b) that the asymmetry in

419

the strength of u ( x,10  H ) is related to the ratio of the depth where  (z ) reaches its maximum ( z max ) to the

420

entire local water depth (  H ). Accordingly, the offshore directed component becomes increasingly pronounced

421

when z max is deepened. The asymmetry in the duration of the orbital excursion is attributed to deformation of the

422

ISWs during their shoaling, which results in a narrowing of the wave crest and broadening of the wave trough

423

(Fig. 11a). Assuming that the critical shear stress for resuspension of unconsolidated silts and very fine sands is

424

0.1 Pa, which corresponds to a u ( x,10  H ) of ~ 20 cm/s according to Eq. (4), we could see from the result

425

(Fig.12) that sediment resuspension and transport by the ISWs start from the outer shelf already. The observed

426

enhancement of near-bottom (10 m above seafloor) SPM concentration above the outer shelf and the seaward

427

margin of the MDC (Fig. 2) provides evidence for active transport there. Pulses of shoreward transport become

428

increasingly prominent after passing through the critical point at 9.21°W and reach their maxima at the potential

429

breaking point, which is located at the inner part of the MDC.

430

Our simulation results indicate significant differences in the transformation of the ISWs in three periods

431

(pre-, intra- and post-storm) due to a variation of the density field (Fig. 12). In the post-storm period, the initial

432

internal wave remains in a soliton-like shape until reaching the shelf edge, and transforms into a dispersive wave

433

packet afterwards. Intensification of the horizontal velocity associated with the ISWs occurs from the outer shelf

434

till the seaward edge of the MDC, and is strong enough to induce resuspension of local unconsolidated fine-

435

grained sediment (from silts to fine sands).

436

5. Discussion

437

5.1. Implication of simulation results

438

Through a combination of field data analysis and numerical modeling we investigated the potential impact of

439

mode-1 internal solitary waves on sediment remobilization and transport across a mid-shelf mud depocenter on

440

the NW Iberian shelf. The meteorological and oceanographic conditions used in the study are associated with a

441

downwelling-inducing storm that was representative for the typical extreme winter climate in the NE Atlantic
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442

(Vitorino et al., 2002). Although our internal wave model is based on the weakly nonlinear theory, which falls

443

short in reproducing nonlinear internal waves to the full extent (e.g. breaking and subsequent vortices), a good

444

agreement between simulation results and field data was obtained. Hence, the model is robust in capturing the

445

essential features of the internal solitary waves during their shoaling from the shelf edge to shallow coastal water

446

before potential breaking. The general validity of eKdV models in capturing the characteristics of large amplitude

447

ISWs in coastal oceans has also been demonstrated in other studies, for example in a review by Helfrich and

448

Meiville (2006). The modeled large amplitude ISWs in our study have periods of 750-1600 s before their

449

potential breaking, close to the observed periods of high-frequency wave pulses (1000-1400 s, Fig. 2, 3 and 4) at

450

the lander. It is worth to note that these high-frequency internal waves observed above the lander site should not

451

be breaking-induced vortices. This is because that the latter shall have a frequency close to the local buoyancy

452

frequency N (e.g. Antenucci and Imberger, 2001; Van Haren 2009; Walter et al., 2012; Masunaga et al., 2015).

453

The observed near-bottom (10 m above seafloor) buoyancy frequency N was around 2  10-3 s-1 (= 500 s in

454

period) and 7  10-3 s-1 (=143 s in period) at the outer (Station 37) and the inner margin (Station 38) of the MDC in

455

the post-storm period, respectively (Fig. 2). Although a peak centered at ~450 s is shown in the energy spectra

456

(Fig. 5), it is not significant enough. Therefore we are confident to believe that our model successfully reproduced

457

the observed unbroken internal waves above the nucleus of the MDC.

458

5.1.1. Relationship between internal waves and sediment transport

459

It is particularly worth mentioning that the onset of increasing SPM concentration (00:00 UTC on 22

460

September) at the lander occurred immediately after the first group of enhanced internal waves passed (Fig. 4c

461

and 4d). The analysis of field observations in section 4.1.3 indicates that this enhanced level of SPM

462

concentration was attributed to an internal wave-induced persistent sediment transport from the margin toward the

463

nucleus of the MDC. Simulation results (section 4.2) further suggest that a major part of the SPM originates from

464

the seaward margin of the MDC. It is seen from Fig. 12 that the horizontal current associated with the ISWs was

465

enhanced at the outer shelf in the post-storm period. On the other hand, the lander observation indicates

466

shoreward and relatively weak currents (< 2 cm/s) appeared within a few meters above the seafloor after strong

467

offshore-directed internal wave motions and lasted considerably long (Fig. 3e). This implies that sediment

468

resuspended by the enhanced internal waves would be partly transported onshore toward the MDC, which is
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469

further proved by the net onshore transport at the lander site (Fig. 6)..

470

The time needed to transport the resuspended sediment from the outer shelf to the lander may explain the

471

time lag between the observed maxima of current velocity and SPM concentration (Fig. 4). Similar phenomena

472

showing coexistence of elevated SPM level and weak current near the seafloor has been observed also in other

473

areas and attributed to enhanced bottom shear stress induced by upstream propagating leading ISWs (e.g. Bogucki

474

et al., 1997; Cheriton et al., 2014).

475

5.1.2. Storm impact on internal waves and MDC

476

A particularly striking finding of our study concerns the impact of a deepened pycnocline caused by the

477

storm-induced downwelling on the shoaling and transformation of internal waves, which subsequently affected

478

sediment dynamics across the MDC. It has been recognized that the interaction between internal waves and

479

MDCs is episodic and dependent upon water stratification, with a notable effect under certain circumstances such

480

as upwelling and downwelling conditions when stratification close to the depth of the MDCs is enhanced

481

(Cheriton et al., 2014). Our results provide evidence for this argument. Both model results and field echograms

482

indicate that large amplitude ISWs appeared mostly on the inner shelf where the seafloor was located at depths

483

between 65 and 100 m before the storm (Fig. 7). Also their potential breaking should occur at a similar depth. As

484

a result the mid-shelf seafloor sediment, including the MDC, is only slightly affected by the ISWs (Fig. 12).

485

Under such circumstance a mild transport of SPM is expected on the mid- and outer shelf according to the

486

simulation result (Fig. 12). This scenario might represent non-storm condition for the entire year. During the

487

storm the transformation of the ISWs was significantly altered due to a change in the density field. The potential

488

breaking point of the leading ISW shifted to a deeper location (~106 m) that approaches the inner margin of the

489

MDC (Fig. 12). The initial internal disturbance transforms into a dispersive packet led by a ~30 m-amplitude

490

wave on the outer shelf already (between 9.3° and 9.2°W). This relatively large-amplitude leading wave and its

491

following packet result in an enhancement of the horizontal orbital velocity in both directions, which might have

492

an impact on the near-bottom sediment transport. However, a major part of the MDC remains still unaffected by

493

the change of ISWs during the storm (Fig. 12). The potential breaking point of the leading ISW shifted toward the

494

nucleus of the MDC by ~ 1 km after the storm, reaching a depth of 110 m. The shoaling of the ISWs in the post-

495

storm period resulted in an active sediment resuspension at the seaward margin of the MDC and subsequent
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496

transport in both onshore and offshore directions as described previously. The observed onset of increasing SPM

497

concentration in the post-storm period also suggests that internal wave-induced sediment resuspension above the

498

MDC was not enhanced until the storm passed. Based on these results, we have the confidence to believe that the

499

impact of mode-1 long ISWs on the seafloor sediment is mainly confined at the inner shelf shallower than 100 m

500

before the storm, and the trailing wave packet had the capability to transport resuspended sediment toward the

501

MDC, while during the storm and in the post-storm relaxation period the impact of ISWs on the outer shelf

502

seafloor including the seaward margin of the MDC was gradually enhanced, and resulted in an active sediment

503

resuspension and cross-shelf transport that restricted the offshore extension of the MDC and on the other hand

504

facilitated deposition on the nucleus of the MDC centered around the 120 m isobath.

505

5.2. Limitation of simulation results

506

Although our model results are able to reproduce the shoaling of ISWs from the shelf edge to the outer part

507

of the MDC, the effect of a single packet of ISWs alone can neither explain the complicated flow patterns (Fig. 3)

508

nor the near-bottom sediment transport (Fig. 6) observed from the field. A combined effect of low-frequency

509

forcing (e.g. tide, secondary circulation) and high-frequency ISWs should be taken into account. This is clearly

510

shown in the observed current data (Fig. 3). Further contributions come from more energetic ISWs and interaction

511

between different groups of ISWs. As pointed out in the previous section, the initial conditions (amplitude and

512

length) of ISWs have an influence on the amplitude of the leading ISW, the number of each trailing wave and the

513

rate it is generated with. A larger initial internal wave or disturbance would lead to a more developed dispersive

514

wave packet and larger leading waves. Observation data at the lander site do not show a decreasing trend in the

515

wave amplitude which is characteristic of wave packet generated by one single initial disturbance (Fig. 8c). This

516

indicates coexistence of ISWs originated from different sources. Simulation with a larger initial amplitude (40 m)

517

indicates that the leading ISW develops an amplitude of ~85 m when it approaches the seafloor at -118 m before

518

potential breaking, and induces offshore and onshore directed orbital velocities of up to 0.65 and 1 m/s near the

519

seafloor, respectively. A considerably long period (about 1.4 hrs) of offshore-directed current preceding the large

520

amplitude leading wave results in a maximum horizontal dispersal of ~2 km in this scenario, while the subsequent

521

shorter-lasting but stronger onshore current would further enhance sediment resuspension and stretches the SPM

522

plume. These simulation results demonstrate that large amplitude and long ISWs are quite efficient in transporting
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523

resuspended sediment across the shelf. This is also proved by observations in other areas where ISW-induced

524

near-bottom offshore current velocity can reach up to several tens of cm/s and sustain for a few hrs (e.g. Noble

525

and Xu, 2003; Butman et al., 2006). A combined effect of long solitary waves and low-frequency currents would

526

further enhance the transport.

527

6. Conclusions

528

Through a combination of field data analysis and numerical modeling we investigated how an energetic

529

winter atmospheric storm in the NE Atlantic modulated the shoaling of mode-1 internal solitary waves on the NW

530

Iberian shelf and its consequence on sediment remobilization and transport across a mid-shelf mud depocenter

531

(110 - 130 m WD). Three major conclusions are drawn from this study. Firstly, mid-shelf mud depocenters are

532

not necessarily areas of permanently calm conditions where fine-grained sediment can settle straightforwardly.

533

They could also result from convergent sediment transport from both onshore and offshore directions. Sediments

534

at both the seaward and the shoreward margins of a mid-shelf mud depocenter may be resuspended by ISWs and

535

subsequently transported across the depocenter itself, particularly during and after downwelling-inducing storms

536

that represent recurrent rough sea conditions.

537

Secondly, deepening of the pycnocline on the mid- and inner shelf by storm-induced downwelling can lead

538

to a dramatic change of ISWs with a significant impact on sediment dynamics (resuspension, transport and

539

deposition) across mid-shelf mud depocenters. The altered shoaling of the ISWs induced by the storm and

540

enhancement of bottom shear stress at the outer shelf provides a sound explanation for the heterogeneity of the

541

seafloor sediment grain size across the shelf, i.e. a very characteristic gradual coarsening from the nucleus of the

542

mud depocenter in both onshore and offshore directions. The shoreward coarsening of grain size is attributed to a

543

combined effect of surface and internal gravity waves as well as their interaction with coastal currents, while the

544

seaward coarsening can be caused by ISWs alone in the absence of strong currents on the outer shelf, such as the

545

case in our study area.

546

Finally, an asymmetry in the excursion direction of the ISWs and associated near-bottom processes (e.g.

547

flow reversal and Ekman transport) enables an efficient cross-shelf transport of fine-grained sediment. This

548

asymmetry marks a major difference in the efficiency of near-bottom sediment transport between internal and
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549

surface gravity waves. As shelf mud depocenters are distributed worldwide, our results may also be applicable to

550

other areas, especially those sharing similar oceanographic settings characterized by energetic ISWs.

551

7. Data availability

552

All data derived from the cruise (M110) are summarized in the public accessible cruise report through

553

https://www.tib.eu/suchen/id/awi:- doi:10.2312%252Fcr_m110/. Field and model data used in this study can be

554

directly accessed from the online repository at https://github.com/wzhang-hzg/M110. The internal wave model is

555

available at https://lmnad.nntu.ru/en/projects/igwresearch/.
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Figure 1. (a) Location of the study area. (b) Bathymetry of the study area delineated by depth contour lines at 20
m intervals on the shelf (< 200 m WD) and color-filled contours (1000 and 2000 m, respectively) off the shelf
edge. Nuclei of the MDCs where the mud content exceeds 80% are marked by closed solid curves in red. A
sketch map of the M110 GALIMOS cruise showing the 1) cross-shelf track lines with multi-beam (12 kHz) and
sediment echo-sounding (18 kHz) data, 2) lander deployment sites (solid triangles), and 3) CTD stations (solid
circles marked by numbers) that are relevant to this study is also embedded. (c) Distribution of surface sediment
median grain size in the study area. Mud depocenters are delineated by the dashed line (mud content >30%) and
the solid line (mud content >80%). This map is modified from Dias et al. (2002).
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Figure 3. Recorded time series of (a) near-bottom (20 cm above seafloor) water density and temperature, (b)
surface water level, (c) cross-shelf component (u) of 600 s average current, (d) along-shelf component (v) of 600
s average current, and (e) three selected time slices of u during the post-storm period. These time slices are also
marked in (c). Positive values in u and v indicate eastward and northward directions, respectively. Position of the
lander is indicated in Fig. 1.
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Figure 4. Time series of near-bottom current and SPM recorded by the lander. (a) The cross-shelf component (u)
of the current data recorded by the ECM placed 150 cm above the seafloor. (b) The along-shelf component (v) of
the current data detected from the same device. (c) The absolute velocity of the current data. The mass
concentration and grain size composition of SPM at 30 cm above the seafloor are shown in (d) and (e),
respectively. The SPM data were recorded by the LISST100 and calibrated against sediment samples in situ. The
curve of water level is embedded in (a), (b) and (c) for better interpretation of the data. Three time slices with
strong high-frequency oscillations are marked by coloured columns and numbers in (a). Energy spectra for these
time slices are plotted in Fig. 4.
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Figure 5. (a, b, c) Energy spectra of the cross-shelf component of the bottom current for three selected time slices
with strong high-frequency oscillations as indicated in Figure 2 and 3. (d) Power spectral density of the seafloor
pressure recorded by the lander for the first time slice. (e, f) Power spectral density of the near-bottom turbidity
recorded by ECM for the first two time slices. The spectral resolution is 1.15  10-4 Hz. The 95 % confident
intervals are shown.
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Figure 2. Cross-shelf density fields revealed by 3D modeling (contour maps) and field measurements (CTD
stations) along two neighbouring track lines off the Ría de Vigo (location in Fig. 1) during intra- and post-storm
periods, respectively. Note that each CTD profiling terminates at ~9 m above the seafloor and the sampling
sequence goes from the shelf edge to the inner shelf. Vertical profiles of SPM concentration, calibrated by water
samples in situ, are also shown at each station.

Figure 6. Near-bottom (30 cm above seafloor) sediment transport flux induced by enhanced internal waves in
three time slices.
Figure 7. Echograms (18k Hz) along different cross-shelf track lines (see Figure.1 for location) showing different
types of internal wave-like reflectors. The abnormal high backscatter signal shown in profile S2 in between 120
and 180 m WD, which is not shown in any other track line, is likely consisted of resuspended SPM originated
from actions of internal waves on the outer and mid-shelf seafloor in the post-storm period. . The core of the
plume, characterized by highest backscatter intensity, is indicated by the circle.
Figure 8. (a) Density field that integrates the modeled vertical displacement of the pycnocline (  ) along S1
during the storm. This figure shows the result for 11 h after the initial disturbance at the open boundary. (b)
Echogram (18k Hz) along the same profile derived on the same day. (c) Comparison between field data and
model result for the internal waves in the post-storm period. Note that the time for the model result is displayed in
a shifted coordinate for a better comparison with field data. The ECM data has a frequency of 4 Hz and the ADCP
data is 600 s averaged. Fifth-order band-pass Butterworth filtering is applied to derive the internal wave series
from the ECM data.
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Figure 9. Initial and final stage of simulated ISW across Profile S1 during the pre-storm (a) and post-storm (b)
periods, respectively. Note that the time for the final stage is displayed in a shifted coordinate for a better
comparison with the initial condition.
Figure 10. Spatial variation of coefficients of the 2DV model along Profile S1 in the post-storm period. The
background density field is shown in the bottom panel. Note that the model domain starts from the continental
slope (1000 m WD), which is not shown here for better representation of the mid-shelf. Model computation
terminates at the place where high order nonlinearity (i.e. the quadratic and cubic nonlinear terms) takes control
and the weakly nonlinear assumption is no longer valid. The pycnocline, where  (z ) reaches its maximum, is
marked by the dashed line.
Figure 11. (a) Evolution of a periodic ISW (initial amplitude = 15 m) along Profile S1 in the post-storm period.
(b) Near-bottom horizontal orbital velocity u ( x,10  H ) associated with the ISW. Positive values indicate
shoreward direction. (c) Topography of the shelf along Profile S1.
Figure 12. Exceedance probability of the near-bottom horizontal orbital velocity u ( x,10  H ) associated with
propagation of periodic ISW (initial amplitude = 15 m) along Profile S1 in three representative periods (pre-,
intra- and post-storm), respectively. The threshold in the strength of u ( x,10  H ) for resuspension of
unconsolidated silt is marked by dashed lines. Note that the plots terminate at the point where high order
nonlinearity starts to dominate the transformation of the leading ISW.
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Introduction
The supplemental information provides descriptions of the background density fields for internal
wave modeling (Supplement 1), model sensitivity to bias in the background density field
(Supplement 2), simulation results of the shoreward propagation and transformation of internal
solitary waves (ISW) in pre-storm (Supplement 3) and intra-storm periods (Supplement 4),
respectively.

Supplement 1 - background density fields
The background density fields for the internal wave model are derived from simulation results by
a validated 3D coastal ocean model (Zhang et al., 2016). A comparison between the simulation
results and observed data (vertical CTD profiles) suggests an overall satisfactory model

1

performance (Fig. S1-c). Despite a deviation of the density gradient across the pycnocline, the
temporal and spatial variation of both water layers (separated by the pycnocline) are well
reproduced by the model. The deviation of the density gradient across the pycnocline is mainly
related to an overestimation of the temperature beneath the pycnocline in the model, which is
about 2 °C higher than the observed data (Zhang et al., 2016). It is worth to note that both 3D
model results and observed data indicate a shoreward thickening of the surface water layer,
meaning a deepening of the pycnocline from outer to inner shelf (Fig. S1). In addition, a rebound
of bottom cold water pushed the front shoreward and upward shortly after the storm had passed.
This significantly altered the stratification on the mid-shelf, especially on the MDC which was
affected by the front during the storm.

2

Figure S1. Comparison between modeled density fields (contour maps) and field measurements
(CTD stations) across two track lines off the Ría de Vigo. Note that each CTD profiling
terminates at 10 m above the seafloor and the sampling sequence goes from the shelf edge to the
inner shelf. Vertical profiles of SPM concentration, calibrated by water samples in situ, are also
shown at each station. The solid lines in (c) indicate observed water density profiles while the
dashed lines represent model results. Unit of the horizontal axis in (c) is kg/m3.
Supplement 2 - model sensitivity to bias in background density field

3

The effect of underestimating the density gradient across the pycnocline on the simulated
ISWs can be roughly estimated by simplifying the water column to a two-layer system. In a twolayer system with a rigid lid and no background flow, the parameters ( c ,  ,  1 ,

 and Q ) and

the modal structure function  (z ) in Eq. (1) can be quantified using the Boussinesq
approximation:

c  g (  2  1 )h1h2 /( 1h2   2 h1 ) ,
1/ 2

  3c(  2 h12  1h2 2 ) /[2h1h2 (  2 h1  1h2 )] ,

1  3c( 1h22   2 h12 ) 2  81 2 h1h2 (h1  h2 ) 2 /[8h12 h22 ( 1h2   2 h1 ) 2 ] ,

  ch1h2 (  2 h2  1h1 ) /[6(  2 h1  1h2 )] ,
Q  1 /2 gc(  2  1 ) ,
1/ 2

if 0  z  h1
 z / h1 ,
,
( z  H ) / h2 , if  h1  z   H

 ( z)  

where h1 and h2 are the thickness of the upper and lower layer, respectively,  1 and  2 are the
corresponding densities. It can be seen from the above formula that five parameters ( c ,  ,  1 ,

 and Q ) are affected by the difference between

 1 and

 2 , while  (z ) is not. An

underestimation of  2  1 by ~16% in our density field compared to the field data results in an
underestimation of c by ~8% and subsequently affects the other three parameters  ,  1 and



to a similar extent, while Q is overestimated by ~14%. It can be easily justified that in most
circumstances such bias in the parameters do not influence the model results significantly, unless
h1  h2 . In this case a subtle change in

1  0 when

 2  1 would cause a change in the sign of  . Because

h1  h2 , the polarity of the ISWs is determined by the sign of

 . To conclude, the

polarity of the ISWs is quite sensitive to a change of  2  1 when h1  h2 , which might have a
consequence on the transport of sediment. However, it should be noted that h1  h2 normally
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occurs in a small part of the shelf only (e.g. between 9°W and 8.95 °W in the post-storm period,
as shown in Fig. 9), and most importantly, it does not affect the continuing transformation of the
ISWs. An underestimation of  2  1 also has an effect on the amplitude of the ISWs (see for
example, Eq. (14) in Grimshaw et al. (2004)). In our case this slightly reduces the amplitude of
the ISWs by ~11%. In summary, although an underestimation of  2  1 by ~16% in our density
field would affect the polarity and amplitude of the ISWs under certain circumstances, the general
validity of our model results is not violated.

Supplement 3 - simulated internal waves in pre-storm conditions
The spatial variation of the coefficients in the 2DV model along Profile S1 in the pre-storm
period is shown in Fig. S2. The model computation terminates on the inner shelf (~8.9°W) close
to the shoreward margin of the mud depocenter. The amplitude of the coefficient of the cubic
nonlinearity (  1 ) remains constantly small (  2  10-4 m-1s-1) along the propagation of the ISW
from the slope to the mid-shelf, despite that the sign of

1

changes several times. After reaching

the inner part of the depocenter at 8.93°W, the amplitude of

1

increases drastically and the

corresponding cubic nonlinear term ( 1 ) overwhelms the linear term ( c ). In the entire course
2

of propagation before the possible breaking point (i.e., where the computation terminates), the
coefficient of the quadratic nonlinearity



remains negative. After passing 8.93°W,



starts to

rise rapidly and reaches zero at the place where the computation terminates. The spatial variation
of the quadratic (  ) and cubic ( 1 ) nonlinear term and their comparison with the linear
2

term ( c ) indicate that the shoaling and transformation of the ISW from the slope to mid-shelf
(before approaching 8.93°W) are mainly controlled by the linearity and secondarily influenced by
the quadratic nonlinearity, with c about 2.5 to 6 times larger than

 .
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Figure S2. Spatial variation of coefficients of the 2DV model along Profile S1 in the pre-storm
period. The background density field is shown in the bottom panel. Note that the model domain
starts from the continental slope (-1000 m), which is not shown here for better representation of
the mid-shelf. Model computation terminates at the place where high order nonlinearity (i.e., the
quadratic and cubic nonlinear terms) takes control and the weakly nonlinear assumption is no
longer valid.
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Because of a dominance of linearity in the initial propagation stage, the ISW remains in the
soliton-like shape until reaching the upper slope (-700 m water depth), and starts deformation
afterwards (Fig. S3). The ISW slightly increases its amplitude from 15 to 17 m during the first 18
km of propagation until it reaches above the upper slope (-700 m water depth), and then increases
with an accelerated rate in the next 7 km until reaching the shelf edge at -300 m where its
amplitude increases to 26 m. A lengthening trailing tail starts to develop behind the leading wave
above the shelf edge (-300 m) and a dispersive wave packet forms there. Because part of the
energy in the initial internal wave is lost to the trailing tail, the amplitude of the leading wave
decreases from 26 m to 20 m in the next 5 km from the shelf edge towards the coast. The leading
wave propagates faster (larger than the local linear long wave speed c ) than the trailing waves
which have the phase speed of c . The negative polarity is maintained in the leading ISW during
its propagation from the shelf edge to the mid-shelf until reaching 8.93°W. In the meanwhile a
trailing packet with positive polarity develops right behind the leading ISW. The wave length of
the trailing packet becomes continuously smaller due to a conservation of energy, while the
amplitude becomes increasingly larger. After passing 8.93°W, the amplitude of the trailing waves
increases drastically and reaches a maximum (~40 m) at 8.9°W where the model computation
terminates. Breaking and intense mixing should occur in the shoreward direction of the large
amplitude waves, according to the criteria used in this study (see the main text for further details),
2 2
1
i.e., the local Ostrovsky number ( Os  2  c f

2

) exceeds 1 and the maximum

horizontal orbital velocity u( x, z ) exceeds the wave phase speed c (Fig. S2 and S3).
Correspondingly, the near-bottom horizontal orbital velocity u( x,10  H ) of the ISW increases
in an accelerated rate after passing 8.93°W, where the seafloor depth is -106 m, and reaches 0.27
m/s before likely breaking. This is induced by a combined effect of increased amplitude (  ) and
vertical gradient of the modal structure function  (z ) . An asymmetry in both the strength of

u( x,10  H ) and duration of the orbital excursion, with a more pronounced offshore directed
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component, is clearly seen (Fig. S3). As pointed out in the main text, the asymmetry in the
duration of the orbital excursion is attributed to deformation of the ISW during its shoaling,
which results in a narrowing of the wave crest and broadening of the wave trough.
If we adopt the critical shear stress for resuspension of unconsolidated silts and very fine
sands as 0.1 Pa, it can be seen from the result (Fig. S3) that the ISW is mostly below the threshold
until breaking. This result indicates that the ISW in the pre-storm period mainly act as agency for
transporting instead of resuspending sediment from the mud depocenter.

Figure S3. (a) Evolution of a periodic ISW (initial amplitude = 15 m) along Profile S1 in the prestorm period. (b) Near-bottom horizontal orbital velocity u( x,10  H ) associated with the ISW.
Positive values indicate shoreward direction. (c) Topography of the shelf along Profile S1.
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Supplement 4 - simulated internal waves in intra-storm conditions
The spatial variation of the coefficients in the 2DV model along Profile S1 during the storm
period is shown in Fig. S4. The model computation terminates on the inner shelf (~8.95°W) at the
shoreward margin of the mud depocenter. The coefficient of the cubic nonlinearity
positive and small (< 5  10-5 m-1s-1). After reaching above the shelf edge (-300 m),

1
1

is initially
changes

its sign to negative and remains the sign during the major course of propagation until approaching
8.964°W (-107 m), afterwards it rises quickly until likely breaking. Different from the case in the
pre-storm period in which the coefficient of the quadratic nonlinearity
negative,





remains mostly

in the intra-storm period is quite variable and changes its sign several times during

the propagation of the ISW. Because
determined by the sign of



1

remains negative, the polarity of the ISW is exclusively

on the shelf, as shown in Fig. S5.
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Figure S4. Spatial variation of coefficients of the 2DV model along Profile S1 during the storm.
The background density field is shown in the bottom panel. Note that the model domain starts
from the continental slope (-1000 m), which is not shown here for better representation of the
mid-shelf. Model computation terminates at the place where high order nonlinearity (i.e., the
quadratic and cubic nonlinear terms) takes control and the weakly nonlinear assumption is no
longer valid.
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Similar to the case in the pre-storm period, the ISW remains in the soliton-like shape in the
initial propagation stage until reaching the upper slope (-700 m water depth), and starts
deformation afterwards (Fig S5). The ISW mildly increases its amplitude from 15 to 20 m in the
first 25 km of propagation from the open boundary (-1000 m) to the shelf edge (-300 m). After
passing the shelf edge an accelerated increase of amplitude of the leading wave is seen from the
result. A local maximum of 30 m in the amplitude is reached at the outer shelf (9.22°W).
Correspondingly, the near-bottom horizontal orbital velocity u( x,10  H ) of the leading wave is
enhanced and reaches the magnitude of 0.3 m/s at the outer shelf (9.22°W). Interestingly, the
amplitude of the leading ISW decreases after passing the local maximum point at 9.22°W. Its
value declines to 21 m when approaching the outer margin of the mud depocenter (9.1°W). As a
result u( x,10  H ) decreases below 0.2 cm/s. Along the propagation a trailing tail with
increasing number of waves develops. The asymmetry in duration of the orbital excursion is less
prominent in this case compared to the pre-storm period (Fig. S5 and see also Fig. 11 in the main
text), although the offshore transport in general still dominates. After passing a major part of the
mud depocenter the leading wave increases the amplitude in an accelerated rate from 8.97°W, and
reaches 31 m before its likely breaking at 8.95°W.
Again, assuming the critical shear stress for resuspension of unconsolidated silts and very
fine sands is 0.1 Pa, it can be seen from the result (Fig. S5) that the ISW get strong enough to
resuspend sediment from the outer shelf (between 9.17° and 9.3°W). Their impact on the mud
depocenter is relatively small due to reduced u( x,10  H ) .
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Figure S5. (a) Evolution of a periodic ISW (initial amplitude = 15 m) along Profile S1 during the
storm. (b) Near-bottom horizontal orbital velocity u( x,10  H ) associated with the ISW.
Positive values indicate shoreward direction. (c) Topography of the shelf along Profile S1.
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