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ABSTRACT

Coastlines around the Gulf of Mexico are dynamic, due to prevailing energetic wind

systems such as frequent cold fronts and diurnal wind systems. In the last two decades,

more research has focused on the surf zone’s complex coupling effects between wind-

driven waves and currents.. However, there is still a need for further field based exper-

iment to elucidate, (1) how offshore cold fronts impact nearshore morphodynamics and

sediment dynamics, when compared to onshore fronts, (2) what is the main physical forc-

ing that controls the surf zone and the inner-shelf region current circulation during rela-

tively intense onshore and offshore wind events, and (3) does the cumulative effect of sea

breeze cycles result in more morphodynamic variation than cold fronts? Therefore, two

field based studies were conducted in the Gulf of Mexico to advance our understanding

of the complex coupling effects between wind-driven waves and currents, including tur-

bulence quantities, sediment transport parameters, and morphodynamic processes. Both

field experiments included time-series of highly resolved hydrodynamics and suspended

sediment concentration obtained at different cross-shore locations across the surf zone.

The first field experiment was conducted at a sea breeze dominated beach on Sisal, Yu-

catán peninsula, México. Time-series observations suggest that the impact of sea breeze

cycles on the nearshore hydrodynamics and morphodynamics is comparable to the effect

of onshore-directed cold front, and cumulatively the sea breeze cycles will result in higher

sediment loss. Regardless, it is also suggested that the cumulative accretional of the land

breeze cycles can be sufficient to compensate for the loss of sediment by either the sea

breeze cycles or the cold fronts. The second field experiment evaluated surf zone hy-

drodynamics and sediment dynamic processes within the upper Texas coast during three

offshore cold front events and three onshore Gulf breeze events. Observations show en-
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hanced eastward suspended sediment transport following the passage of cold fronts, while

westward transport was experienced during the Gulf breeze events. The study suggests that

during late fall and early spring seasons, Galveston Island will experience higher erosion

rates in the eastside, while accretion of sediment on the west side will occur.
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NOMENCLATURE

ADCP Acoustic Doppler Current Profiler

AQUADOPP Aquadopp Acoustic Doppler Profiler

ADCP-HR High Resolution Acoustic Doppler Current Profiler

ADV Acoustic Doppler Velocimeters

ADVP Vectrino II Acoustic Doppler Profiling Velocimeters

AD2CP Advanced-Five-Beam Current Profiling System

CA Continental Arctic

CP Continental Polar

DGPS Differential Global Positioning Systems

DIWASP DIrectional WAve SPectra Toolbox

EOF Empirical Orthogonal Eigen Function

ENSO El Niño-Southern Oscillation

GoM Gulf of Mexico

GPS Global Positioning System

UTC Universal Time Coordinate

UNAM Universidad Nacional Autónoma de México (National
Autonomous University of Mexico)

E East

W West

N North

S South
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LATEX Texas and Louisiana Shelf

MSL Mean sea level

NNM Nivel Medio del Mar

MP Maritime Polar

OBS Optical Backscatter Sensor

PC Principal Component

PCA Principal Component Analysis

PUV Pressure, cross-shore velocity, longshore velocity
method

PT Pressure Transducer

PSD Power Spectral Density

RSSI Received Signal strength Indicator

RTK Real Time Kinematic

SSC Suspended sediment concentration

SSCADV Suspended sediment concentration measured by the
ADV

SST Sea-surface temperature

TKE Turbulent Kinetic Energy

U/U10 Wind speed at 10 m height above mean sea level

u Cross-shore velocity

u∗ Frictional velocity

v Longshore velocity

w Vertical velocity

qu Cross-shore suspended sediment flux

qv Longshore suspended sediment flux
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Qv Longshore total suspended mass

Qu Cross-shore total suspended mass

Ei Echo intensity

Er Echo strength

ρa Air density

ρw Water density

c Phase velocity

C Calibration constant

CD Drag coefficient

Hs Significant wave height

Hb Breaking wave height

m0 Wave elevation variance

Ts Significant wave period

Tp Wave peak period

fp Peak frequency

τb Near bed shear stress

τw Wind shear stress

ε Turbulent Kinetic Energy dissipation rate

k Wavenumber

α Empirical Kolmogorov constant

κ Emprical von Kármán constant

Sxy Alongshore component of the wave radiation stress

θb Breaking wave angle

γ Breaking wave index
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cg Group velocity

η Water level

Φpv Longshore velocity cross spectra

Φpu Cross-shore velocity cross spectra

V Current magnitude

σ Variance of the wave induced horizontal velocity

θ Angle

Sv Volume backscatter strength

R Slant range

LDBM Transmitted pulse length

PDBW Transmitted power

αab Absorption coefficient

Kc Scale factor

z Targeted measurement height above the seabed
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1. INTRODUCTION

Throughout history, civilizations have congregated around coastal areas. This increase

in population densities at the coastal areas is because of access to open-sea providing

sustenance and rapid growth in economic development. However, along the coasts of the

Gulf of Mexico (GoM), beaches are under ever increasing pressure due to geophysical

processes like tropical storms and erosion. As a result, infrastructures and populations are

under threat.

The nearshore region (Figure 1.1) is the most complex part of the coastal system that

contains three dynamic zones. Waves coming from offshore will become unstable and start

to break at the breaker zone and most of the wave energy will dissipate in the surf zone.

Sandbars can be found in the surf zone and they provide protection for the beach from high

waves attack. The variation of sandbar height and position will affect nearshore waves

and currents (Lippmann & Holman, 1990), ultimately affecting the sediment transport

and morphological features of the beach profile. The swash zone is characterized by an

inundation phase during the run-up and an exposure phase during the backwash. The

nearshore wave field is strongly influenced by meteorological forcing. Meteorological

forcing can be syntopic scale (e.g. hurricanes and cold fronts) and mesoscale (e.g. sea and

land breezes). Wind events associated with both syntopic and mesoscale scale have been

topics of substantial research effort in the last few years, especially investigating their role

rapid changes of nearshore morophodynamics .

P. Wang and Oey (2008) investigated the affect of hurricanes on hydrodynamics using

offshore buoys, while Vatvani et al. (2012) investigated hurricane surge level using on-land

surge gauges. Additionally, studies relating to the hydrodynamic response of hurricanes

to land loss were carried out using Light Detection and Ranging (LIDAR) and/or manual
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beach profiling survey of pre and post hurricanes (Edmiston et al., 2008; Otvos, 2004).

However, the documented results regarding the cold fronts suggests that due to their fre-

quent occurrence they can have a greater impact on the nearshore region dynamics than

hurricanes (Carlin et al., 2016a; Pepper et al., 1999; Moeller et al., 1993). Literature has

shown that cold fronts result in a significant decrease in Sea Surface Temperature (SST)

and increased in turbidity (Moeller et al., 1993), beach erosion and overwash events (Keen,

2002; Dingler & Reiss, 1990), and significant increase in wave height, period, and current

speed (Keen, 2002). Additionally, the significant impact of onshore syntopic storms to

sandbar migration have been noted in several studies (e.g. Elgar et al., 2001; Thornton et

al., 1996; Lippmann & Holman, 1990).

Beaches in the north central GoM have a high erosion rate; beaches around barrier is-

lands such as Galveston have an average erosion rate of 3.5 m/yr (Paine et al., 2012), while

beaches around Isles Dernieres that has an average erosion rate of 10 m/yr (Dingler et al.,

1993). Observations from Dingler and Reiss (1990) suggest that high erosion rates in the

Louisiana barrier island arc was partially a result of the cumulative effect of cold fronts.

However, Kineke et al. (2006) suggest that cold fronts result in accretion of sediment

along the Louisiana’s Chenier-plain coast. Similarly, in the southern part of the GoM (e.g.

Yucatán peninsula), beaches are under threat from erosion by seasonal cold fronts and a

strong sea breeze system (Mendoza et al., 2013). In the northern part of Yucatán peninsula

the sea breeze system can result in wind velocity up to 13 ms−1. Nevertheless, the influ-

ence of how cold fronts approach the coast and impact nearshore hydrodynamics, bottom

boundary layer characteristics, morphodynamics and sediment transport in the GoM is

poorly documented. Additionally, to the author’s knowledge there is no current literature

available that compares the impact of onshore and offshore cold fronts to the nearshore

region.

Sea and land breezes are very well documented in atmospheric science. Several stud-
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ies have covered the subject of its circulation dynamics (Miller et al., 2003; Sonu et al.,

1973), pollution transport (Buckley & Kurzeja, 1997), and atmospheric turbulent char-

acteristics in the lower surface layer (Chiba, 1993). Additionally, this topic has gained

the interest of oceanographers and coastal engineers within the last few decades. Previ-

ous research efforts investigating nearshore dynamics during sea breezes events focused

on sediment suspension (Miller et al., 2003; Sonu et al., 1973), surface currents (Sonu et

al., 1973), surf zone sediment transport and morphodynamics (Masselink & Pattiaratchi,

1998; Pattiaratchi et al., 1997). The stability of the sea breeze has noticeable impact on

nearshore processes, particularly on wave climate, nearshore currents, and morphodynam-

ics (Pattiaratchi et al., 1997; Abbs & Physick, 1992; Sonu et al., 1973). However, despite

the work that has been done on studying the sea breezes impact on nearshore hydrodynam-

ics, morphodynamics, and sediment dynamics, there has been no work devoted to study

the effect of sea breezes on nearshore processes in the GoM. Additionally, the cumulative

effect of sea breezes to cold front events has not been documented nor covered in GoM

studies.

Coastal region 
O�shore

Swash zone Surf zone Breaker zone

Nearshore region 

Sandbar
Sandbar

Figure 1.1. Schematic of cross-shore beach profile showing coastal region zones.
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From an oceanographer’s standpoint, understanding the effect of sea breezes and cold

fronts on different coastal environments is fundamental. Intense wind events can induce

sediment resuspension (Booth et al., 2000). This may have direct impact on coastal ecosys-

tems by transporting organic matter and nutrients (Booth et al., 2000; Madden et al., 1988),

re-exposing some of the oil residues (Michel et al., 2013), or by despersion of oil spills

from the beach to ocean (Balseiro et al., 2003). Thus, more scientific investigation and

quantification of cold fronts and sea breezes influence on nearshore processes needs to be

better understood (e.g. waves, current, turbulence quantities, sediment transport). More

importantly, how would the onshore and offshore cold fronts affect nearshore current cir-

culation and sediment transport.

By understanding the physical processes that occur during sea breeze cycles and cold

front events will help having:(1) a better approach for beach management (e.g. beach

nourishment and defining the vulnerable areas of the beach), (2) an effective functionality

of nearshore processes predication in numerical models regarding different wind forcing

and the resulting changes in morphodynamics. Therefore, the primary aims of the present

study are:

I. To best understand and describe the response of nearshore hydrodynamics (e.g. cur-

rents and waves), morphodynamics, and sediment processes under different wind

forcing conditions.

II. Design a conceptual model for the effect of onshore vs. offshore wind on nearshore

current circulation and changes in the beach morphology.

1.1 Cold front characteristics and nearshore processes

Cold fronts are synoptic scale atmospheric phenomena associated with intense wind

events. They are characterized by a cold air mass advancing under warmer air mass (Figure
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1.2). The direction of the front can be either directed offshore (Figure 1.2a) or onshore

(Figure 1.2b). In the GoM, a cold front can exist any time of the year, but they are more

frequent and active during the winter season. There are approximately 30-40 cold fronts

crossing the GoM in a year (Stone et al., 2004; Keen et al., 2003; Huh et al., 2001). Wind

velocities during these events range between 4 ms−1 and 18 ms−1. The average duration

of cold fronts is one to two days, but can last longer during winter months (Henry, 1979).

OceanOceanOceanLand Ocean OceanLand

Cold air Cold airwarm air warm air

Land

(a) (b)

Figure 1.2. Schematic showing: (a) offshore-directed cold front (b) onshore-directed cold
front.

According to Henry (1979) cold fronts entering the GoM can come from the north

(Continental Polar-CP, and Continental Arctic-CA) or come from the Pacific Ocean (Mar-

itime Polar-MP). Observations from Henry (1979) reveals that MP cold fronts are the most

frequent fronts entering the GoM throughout the year, except in summer months (Figure

1.3). Occasionally MP cold fronts enters between Galveston Island and Corpus Christi

(Henry, 1979).
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Figure 1.3. Schematic of GoM cold fronts entry locations and the seasonal changes of CP
and MP fronts, modified from Henry (1979). Reprinted with permission from ©American
Meteorological Society. Used with permission.

Atmospheric disturbance resulting from cold fronts leads to high wind stress ampli-

tudes and an increase in nearshore turbulent kinetic energy (Stech & Lorenzzetti, 1992).

This can mobilize large volumes of sediment. For instance, during the passage of offshore-

directed cold front over the inner-shelf of Louisiana Pepper and Stone (2004) noted an in-

crease of the cross-shore sediment transport that was five times higher than normal condi-

tions, approximately from 0.1 gcm−1s−1 to 6 gcm−1s−1, respectively. During this process,

the direction of the transport was shifted towards offshore. In most cases the suspended

sediment transport rate is less than bed-load transport. However, Keen et al. (2003) sug-

gested that during the passage of cold fronts the suspended sediment transport rate can be

an order of magnitude higher than bed-load transport rate.
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1.2 Sea and land breeze cycle characteristics and nearshore processes

The atmospheric phenomena of sea and land breezes are caused by thermal tempera-

ture variation between land and ocean. At night, the ocean is warmer than land causing

the wind to flow from the land to the ocean (Figure 1.3a). During the day, the wind flow is

reversed due to heating of the land (Figure 1.4b). The circulation strength of the sea breeze

cycle is mainly a function of the difference of the air temperature between the land and

the ocean (Hsu, 1988). Thus, higher temperatures will result in intense sea breeze wind

events (Federico et al., 2010). Impact on the nearshore wave field and surface currents

can significantly increase during hot summer days (Masselink & Pattiaratchi, 1998). It has

been noted that sea breeze dominated areas are found in tropical and subtropical regions

(i.e. between 35oS and 35oN). However, the investigation of global sea and land breezes

variation by Gille et al. (2003) suggests that the most intense sea breeze system in the

GoM is located around the north part of Yucatán peninsula.

Land Ocean OceanLandOceanLand

(a)Land Breeze (b) Sea Breeze

warm air rises warm air rises cold air sinks cold air sinks 

Figure 1.4. Schematic showing: (a) land breeze cycle (b) sea breeze cycle.

Previous studies on sea breeze cycles have shown that wave induced currents, high

wave energy, and suspended sediment fluxes were substantially increased following the

onset of the sea breeze cycles resulting in rapid morphological changes within the surf zone
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(e.g. Gallop et al., 2011; Masselink & Pattiaratchi, 1998; Pattiaratchi et al., 1997; Sonu

et al., 1973). Pattiaratchi et al. (1997) observed an increase in longshore currents from

0.05 ms−1 to 1 ms−1 three hours following the onset of the sea breeze cycle. According to

Masselink and Pattiaratchi (1998), one cycle of sea breeze resulted in inducing longshore

and cross-shore suspended sediment transport rate approximately by a factor of 90 and 40,

respectively, leading to an erosion of the beachface and deposition of sediment within the

surf zone.

1.3 Field experiments obstacles in the nearshore

Both in oceanography and coastal engineer studies, the nearshore region has been and

still is difficult to study and obtain reliable data from. This is because of the complexity and

the very dynamic processes that occur in the nearshore region (i.e. high spatial variability

of hydrodynamics and sediment dynamics over a very short distance, ≈ 250 m). When

using acoustic instruments for measuring currents in any zones of the nearshore region,

high noise level impacts the data quality, making data post-processing difficult. Exploring

this region, the acoustic instruments requires regular maintenance almost twice a day or

more. The maintenance includes checking if the instrument is operational and removing

anything that might get caught on the instruments transducer or receiver.

Some of the nearshore regions are very active, where erosion and deposition occurs

simultaneously (e.g. surf zone, and swash zone). Therefore, instruments needs to be verti-

cally adjusted to targeted depths. Sometimes during the passage of an offshore or onshore-

directed cold front events or strong onshore winds, instruments can be buried overnight

from intense deposition. In addition, instruments can also be buried under sandbars during

sandbar migration. Nevertheless, these kind of field experiments requires comprehensive

planning and testing before deployment, in addition to the manpower required to make

it possible. This can be done by studying the regional wind pattern, tide, wave climate,
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currents, and calibrating and testing the functionality of the instruments.

1.4 GoM summer vs. winter wind and selection of study sites

Seasonal surface (10 m above sea level) meteorological observations reveals a distinct

variation in wind pattern and magnitude between summer and winter seasons. Strong

wind dominates the Yucatán peninsula during both winter and summer seasons, while in

the northwest GoM winds are found to be more intense during the summer (Figure 1.5).

Figure 1.5. GoM summer and winter months wind variation (averaged from years 2000 to
2016) wind variation. Wind data presented in this figure were obtained from Kalnay et al.
(1996).
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Galveston Island (Texas, US) and Sisal (Yucatán, Mexico) were the perfect candidates

for studying different weather forcing conditions and the subsequent impact on the sur-

rounding coastal region. These locations were selected as both are sandy, microtidal, and

low wave energy beaches. Additionally, both locations are mainly influenced by wind,

as Sisal is a sea breeze dominated beach, while Galveston is influenced by the strong

southerly wind. The selected sites will make it possible to compare the offshore-directed

cold fronts exiting Galveston Island and the onshore-directed cold fronts reaching Sisal,

in terms of their influence on nearshore hydrodynamics, sediment dynamics, and morpho-

dynamics.

1.5 Dissertation structure, description, and research questions

This dissertation describes field based observations conducted on sandy microtidal

beaches in the GoM to investigate the different wind system impact on the nearshore region

hydrodynamics, morphodynamics, and sediment dynamics. This was done by comparing

the onshore and offshore-directed cold fronts, sea and land breeze cycles, and Gulf breeze

wind with the resultant characteristics of current circulation, energy levels, beach mor-

phology, and suspended sediment flux within the surf zone. To achieve the goal of this

dissertation, several questions were addressed:

I. What is the effect of onshore and offshore wind events on nearshore currents?. I

hypothesize that strong onshore wind events induce undertow currents, while strong

offshore wind events induce onshore currents.

II. Does cold front approach directly effect the nearshore sediment in terms of accretion

and erosion?. I hypothesize that offshore-directed cold fronts will lead to erosion

around sandbars and the foreshore and an accretion of sediment within the trough

(between sandbars), while an onshore-directed cold fronts result in higher erosion

rate within the entire surf zone.
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Section 1 describes the motivations behind this work. This section also provides a

detailed description of both cold fronts and sea breeze dynamics characteristics. Addition-

ally, it includes a review of the most outstanding field studies that have been undertaken

within the nearshore region and addressing impact of offshore-directed cold fronts and the

diurnal sea and land breeze system on surf zone hydrodynamics and sediment dynamics.

Moreover, it also provides a sense of how difficult it is to have a field experiment within

the surf zone (see section1.3).

The second portion of this dissertation (Section 2) uses in-situ observations of nearshore

hydrodynamics and morphodynamics on a microtidal, sandy, sea breeze dominated beach

in Sisal, Yucatán, México. The study investigated wind-driven waves and currents, with

the resulting energy levels, sediment transport, and morphodynamic processes. The study

scope was to understand the cumulative impact of a sea breeze system when compared to

intense wind event such as a cold front, in terms of erosion and accretion. As previously

mentioned the surf zone hydrodynamics and sediment transport parameters were found

to be intensified during both sea breeze and cold fronts (see section1.1 and section1.2).

However, to the author’s knowledge, no study has been found to compare the cumulative

effect of both the sea breeze system to cold fronts, in terms of surf zone energy levels, and

sediment transport and morphodynamics. Therefore, the goal of this study was to answer

the following questions:

I. Does the cumulative effect of sea breeze events result in more morphodynamic vari-

ation than cold fronts?. I hypothesize that sea breezes have more impact on the

nearshore sediment flux than cold fronts due to the stability and the diurnal cycle of

the system.

II. During the period of increased wind and longer land breeze cycle, what is the mor-

phological response of the surf zone?. I hypothesize that during longer than average
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land breeze cycle, the available energy within the surf zone will be low, leading to

low sediment suspension; therefore, resulting in a significant sediment deposition.

Section 3 examines the nearshore circulations following three offshore-directed cold

front and three Gulf breeze events using field based data of highly resolved hydrodynamics

collected within the surf zone and the inner-shelf region. The study discusses the role of

different oceanographic and atmospheric forcing in driving nearshore current circulation,

under fluctuating wind events. Recent study by Torres-Freyermuth et al. (2017), sug-

gests that during the period of onshore-directed cold fronts, the Yucatán current controls

the circulation within the inner-shelf, while waves control the circulation within the surf

zone. However, there has been no work devoted to study the impact of offshore-directed

cold fronts on the nearshore circulation. This study aims to better understand the role

of the resultant oceanographic and atmospheric forcing on the nearshore circulation from

offshore-directed cold fronts. This study was designed to answer the following questions:

I. What are the main physical forces that controls the surf zone and the inner-shelf

region current circulation during the periods of offshore-directed cold fronts?. I hy-

pothesize that during the period of cold fronts, waves breaks and drive an eastward

current within the surf zone, while the shelf currents control the circulation with in

the inner-shelf region.

II. What are the main physical forces that controls the surf zone and the inner-shelf

region current circulation during the periods of onshore winds?. I hypothesize that

during the period of Gulf breeze events, southeasterly waves break driving a west-

ward current flow, while wind shear stress and shelf currents control the circulation

with in the inner-shelf region.

Section 4 uses field based data of highly resolved hydrodynamics and suspended sed-

iment concentration within the surf zone of the upper Texas coast. Little is understood
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regarding the impact of offshore-directed cold fronts compared to regular onshore Gulf

breeze winds on the surf zone dynamics within the northern GoM; therefore, this study fo-

cused on addressing the impact of fluctuating onshore and offshore winds on the surf zone

sediment transport, current characteristics, energy levels, morphodynamics processes. This

study aimed to answer the following questions:

I. How does the turbulence quantities differ during the offshore-directed cold front

events compared to the Gulf breeze events?. I hypothesize that during the period

gulf turbulence quantities will be higher due to the increase in wave energy.

II. Do offshore-directed cold fronts result in onshore suspended sediment flux? and

how much sediment is gained or lost within the surf zone when compared to Gulf

breeze events. I hypothesize that during the period of cold fronts, suspended sediment

concentration is low and the cross-shore velocity will be onshore, thus cold fronts

will result in onshore sediment flux. However, the cumulative sum of Gulf breeze will

result in high suspension of sediment and will transport it seaward.

Section 5 provides a discussion and a comparison of the findings between Section 2

to Section 4. The comparison includes the impact of different wind forcing on waves,

currents, turbulence quantities, suspended sediment fluxes, and beach morphology. Fi-

nally, Section 6 provides a conclusion and a brief summary of the mean findings of this

dissertation.
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2. NEARSHORE HYDRODYNAMICS AND MORPHODYNAMICS OF A

MICROTIDAL, SANDY BEACH: ONSHORE COLD FRONT, LAND AND SEA

BREEZE EFFECTS

2.1 Introduction

Beach erosion is a threat many coasts are facing and beaches along the Yucatán penin-

sula are no exception. Over the last decades, the Yucatán peninsula has experienced

episodic coastal erosion problems (Meyer-Arendt, 1991). This has resulted in extensive

loss of property and land (Mendoza et al., 2013; Salles et al., 2013). Investigations of ero-

sion events along various stretches of the Yucatán coast by Cuevas Jiménez et al. (2016)

and Meyer-Arendt (1993) suggest that beach loss can be attributed to natural forcing from

cold fronts and hurricanes as well as anthropogenic alterations of the coastline in the form

of piers, jetties, and seawalls. Wave-induced erosion is considered to be a significant

contributor to overall erosion trends along the Yucatán coasts despite the relatively low-

energy normal wave conditions in the Gulf of Mexico (Appendini et al., 2012). Several

engineering projects attempted to mitigate effects of erosion, yet most were unsuccessful

(Meyer-Arendt, 1991). This failure could be due to the lack of understanding of the com-

plex interactions between varying wind forcing, coupled nearshore hydrodynamics, and

morphological changes resulting from sediment transport processes. Apart from infre-

quent hurricanes, the Yucatán coast experiences meteorological forcing conditions related

to local land and sea breeze wind cycles as well as synoptic cold front systems (refer to

as Nortes) with potentially significant effects on nearshore currents, waves, and sediment

dynamics. The work presented herein sheds some light on the nearshore hydrodynamics

and associated beach morphology changes due to meteorological forcing conditions cre-

ated by land and sea breeze cycles as well as a Norte event. A better understanding of the
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complex feedback mechanisms involved can inform more effective coastal management

practices.

The nearshore region is mainly influenced by wind driven waves. During intense wind

events wave height increases resulting in wave-induced nearshore currents (Matsunaga

et al., 1997), which in turn will result in truculent flow that can cause resuspension and

transport of sediment leading to morphological changes across the entire surf zone. For

example an important morphological feature of a sandy beach such sandbars are signifi-

cantly affected by the complex response to storms and non-storms hydrodynamic forcing

(Gallagher et al., 1998; Houser & Greenwood, 2007). During the high energetic con-

ditions such as storms sandbars tend to migrate seaward due to the increase of offshore

current induced by the incident waves breaking on the sandbar crest. Meanwhile, low en-

ergetic conditions result in slow landward migration (Wijnberg & Kroon, 2002; Elgar et

al., 2001). Sandbars can contain a large volume of sand, therefore accounts as major part

of the surf zone sediment budget (Lippmann et al., 1993).

During the summer months the Yucatán peninsula is subject to tropical and extratrop-

ical storms. On the other hand, Nortes can occur throughout the year with most frequent

appearances during the winter season (Torres-Freyermuth et al., 2017; Figueroa-Espinoza

et al., 2014). In the northern Gulf of Mexico (GoM) cold fronts (which may become Nortes

as they progress south across the GoM) have a significant impact on the coastal environ-

ment, due to their frequent occurrence (e.g. Carlin et al., 2016a; Stone et al., 2004; Moeller

et al., 1993; Roberts et al., 1989). Previous studies revealed that cold fronts can result

in a significant decrease in Sea-surface temperature (SST), increase turbidity (Moeller et

al., 1993), cause beach erosion and even overwash events (Keen, 2002; Dingler & Reiss,

1990), increased longshore sediment transport (Kineke et al., 2006), as well as increase

wave height and current speed (Torres-Freyermuth et al., 2017; Keen, 2002). Appendini

et al. (2018) classified Norte events into five categories based on the derived wave power.
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The study suggested that within a year on average the Yucatán peninsula experienced a 24

intense Norte event with a mean duration of 44 hours. However, based on the future Rep-

resentative Concentration Pathways (RCP) 8.5 emission scenario Appendini et al. (2018)

suggests that the number of intense Norte events will decrease and the Yucatán peninsula

will have more frequent mild Norte events.

The sea breeze and land breeze cycles are common local atmospheric systems existing

in several parts of the world. However, sea breeze cycles have been found to be more stable

and intense in tropical and sub-tropical regions due to weaker trade wind systems (Inman

& Filloux, 1960). Results from Gille et al. (2003) on global land and sea breezes based

on QuikSCAT wind analysis, suggested that the northern coast of the Yucatán peninsula

is subject to relatively strong sea breeze cycles. The actual sea breeze cycle can extend

from north of the Yucatán peninsula across almost the entire GoM (Gille et al., 2003).

The strength of the sea breeze cycle is a function of temperature between land and sea

(Hsu, 1988). This temperature difference is more pronounced during the summer season,

leading to increased peak intensity of sea breeze cycles (Masselink & Pattiaratchi, 1998).

Studies have shown that sea breeze cycles induce wind that results in increased Sus-

pended Sediment Concentration (SSC) and sediment transport rate (Pattiaratchi et al.,

1997), increased offshore currents (Masselink & Pattiaratchi, 1998; Pattiaratchi et al.,

1997), increase wave height (Masselink & Pattiaratchi, 1998) and change in wave angle

(Sonu et al., 1973), all of which can that significantly affect beach morphology (Pattiaratchi

et al., 1997; Inman & Filloux, 1960). In contrast, land breeze cycles are found to be as-

sociated with weaker wind due to the increased topography roughness over land and the

lack of air convection (Sonu et al., 1973), resulting in low wave energy. For example,

observations from Masselink and Pattiaratchi (1998) and Pattiaratchi et al. (1997) showed

that longshore currents, wave height, and SSC were a factor of 20, 3, and 6 lower during

the land breeze compered to the sea breeze cycle observations.

16



Several studies have been conducted in the northern part of the Yucatán peninsula in-

vestigating longshore sediment transport (e.g. Appendini et al., 2012), heat fluxes (e.g.

Zavala-Hidalgo et al., 2014), and wind shear stress (e.g. Figueroa-Espinoza et al., 2014;

de Velasco & Winant, 1996). However, to our current knowledge, there has not been a

study in this area addressing the influence of land and sea breeze cycles as well as cold

fronts (Nortes) on the nearshore hydrodynamics and sediment dynamics, except Torres-

Freyermuth et al. (2017), which is based on the same field experiment focusing primarily

on explanation of the field campaign and nearshore current circulation. Additionally, to

the authors knowledge, there has not been a field study conducted to assess the relative

importance of sea breeze cycles and cold fronts (Nortes) in light of nearshore morphody-

namics. The work presented herein focuses on understanding the effect of mesoscale (i.e.

land and sea breeze cycles), as well as synoptic scale (i.e. cold fronts) meteorological sys-

tems on nearshore hydrodynamics (e.g. waves, currents, turbulent kinetic energy, turbulent

kinetic energy dissipation rate, bed shear stress) and the coupled morphodynamics (beach

erosion and accretion, and sandbar migration, sediment fluxes in the cross and longshore

direction).

2.2 Field experiment location

The study area is located in Sisal (21°9′58.40′′N 90°2′11.00′′W) along the northern

coast of the Yucatán peninsula (Figure 2.1). The Yucatán coast is characterized by a 245

km wide continental shelf and a 1:1000 slope (Mendoza et al., 2013; Appendini et al.,

2012; Enriquez et al., 2010). Analysis of sediment samples indicates sandy material with

a mean grain size of 0.5 mm in the swash zone and 0.3 mm in 1 m depth. Carbonate

sediment is dominant in the region, where calcareous beach sediment is primarily derived

from biogenic processes (Jiménez & Ávila, 2009). Shell fragments were found in the

swash zone at the study site. The net longshore sediment transport in the region is over
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48,000 m3yr−1 to the west (Reyes et al., 2015). The beach width is 30 m and has a mean

slope of 3.5o with a 0.5 m dune. Additionally, two subtidal sandbars were observed at

the study area that were 60 m apart and parallel to the shore. The study site also known

for its economic importance where tourism and local fishing villages have been growing

(Morales-Vela et al., 2003; Meyer-Arendt, 1991).

The region has a mixed tidal cycle with a tidal range of 0.1 m during neaps and 0.8

m during spring tides (Mendoza et al., 2013; Salles et al., 2013; Appendini et al., 2012).

The wave field is influenced by the continental shelf of the Yucatán peninsula with slightly

higher levels of wave energy reaching the eastern beaches compared to the western ones

(Appendini et al., 2012). The surf zone can experience maximum current velocities upto

0.4 ms−1 during storms and significant wave heights ranging from 0.75 m to 1 m primarily

arriving from northeast and east-northeast (Brinkkemper et al., 2013; Salles et al., 2013;

Appendini et al., 2012). Recent findings by Torres-Freyermuth et al. (2017) suggest that

within the surf zone currents are mainly controlled by wind during more intense events

like sea breeze cycles and Nortes.

The north coast of the Yucatán peninsula is exposed to atmospheric circulations includ-

ing: tropical cyclones, anticyclones, Nortes and a strong sea breeze systems (Figueroa-

Espinoza et al., 2014; Mendoza et al., 2013; Meyer-Arendt, 1991). The wind climate in

Sisal shows wind velocity values 50% stronger than other locations within a 50 km ra-

dius (Figueroa-Espinoza et al., 2014).Wind analyses by Figueroa-Espinoza et al. (2014)

and Torres-Freyermuth et al. (2017) suggest a semi-consistent intense northeasterly (sea

breeze cycles) and moderate southeasterly (land breeze cycles) wind. This consistency in

winds pattern explains why Sisal has stronger winds compared to other nearby locations.

The study location was selected to be near the Universidad Nacional Autónoma de México

(UNAM) campus along the beach between Sisal port and an east pier due to the prevail-

ing sea breeze winds and the availability to use existing instruments operated by UNAM.
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The instruments operated by UNAM included multiple cameras covering the area between

Sisal port and the pier, in addition to three anemometers located at different heights.

Yucatán

Sisal

Sisal

Chuburná

Yucalpetén

Anemometer (Laboratory of Engineering and Coastal
 Processes of UNAM)

c
b

a

Field experiment location 
Tide gauge
Swash zone camera and meteorological station

0

0 2 4 6 8 10

30o0’0’’N

25o0’0’’N

20o0’0’’N

95o0’0’’W 90o0’0’’W 85o0’0’’W 80o0’0’’W

0.5 1

Kilometers

Kilometers

Figure 2.1. Map of the study area showing: (a) location of Sisal on the Yucatán peninsula,
(b) a part of the northwest coast of the Yucatán peninsula, and (c) the study site and existing
instrument locations.

2.3 Methodology

2.3.1 Field experiment

Data from this field experiment were acquired on Sisal beach from March 30 to April

12, 2014. The data were collected by more than 50 instruments, mostly along three cross-

shore transects (West (W), Middle (M), and East (E), Figure 2.2). However, the present

study will be focusing on the periods between April 1 and April 10, 2014, and limited to
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some of the deployed instruments as detailed in Table 2.1. The instruments were deployed

in the swash zone, surf zone, and inner shelf region. Two land-based meteorological sta-

tions were used to obtain wind, temperature, and atmospheric pressure measurements. The

first meteorological station was located on the UNAM campus (approximately 0.6 km west

of the study location). The station consisted of 3 ultrasonic anemometers sampling at 10

Hz positioned at 3, 6, and 24 m elevation, respectively. The second meteorological station

(referred to as VISULA) was located on the dry beach near the middle transect. VISULA

was set to collect mean values of wind speed and direction at 3 m elevation, temperature,

and atmospheric pressure every 10 minutes. All data presented in this study are referenced

to Universal Time Coordinate (UTC).

Instruments in the swash zone/inner surf were deployed along three cross-shore tran-

sects with a longshore spacing of 40 m. Sets of goalpost frames were made of galvanized

steel pipes (dimensions of 2.5 m x 2.5 m x 12.5 m). Each transact had three stations (W1–

W3: M1–M3:E1–E3) spaced 2.6 m (station 1 – station 2) and 4.9 m (station 2 – station 3)

apart, respectively. Here, only the data from swash/inner surf zone stations W3, M3, and

E3 are used. Each station held a Nortek Vectrino II acoustic Doppler velocimeter profiler

(ADVP) measuring 3D current velocity profiles over a vertical range of up to 30 mm with

an accuracy of 0.001 ms−1. For the purpose of this paper only the top bin approximately

0.04 m above the local bed was used. The ADVPs were setup to sample continuously at

100 Hz. The ADVPs were wired to computers in a control trailer (Figure 2.2), for instant

data display and storage. All computers were time-synchronized every second via satellite

signal provided by a Trimble GPS antenna.

Water free-surface elevation was obtained using Druck pressure transducers (PT) sam-

pling at 16 Hz with an accuracy of± 0.10% of full scale. Data obtained from the PTs were

stored using a data logger. All of the instruments deployed within the outer swash/inner

surf zone were vertically adjustable. During the field campaign, sensors were adjusted
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almost every 2 hours depending on the tide level, wave condition, and local bed level

ensuring that instruments measured at the targeted depth.

Nortek Acoustic Doppler velocimeters (ADV) were used to obtain velocity point mea-

surements in the surf zone that has an accuracy of± 0.001 ms−1. These ADV also feature a

built-in PT to measure water free-surface elevation. Campbell Scientific optical backscat-

ter sensors (OBS) were connected to the ADV internal logging system and were used to

infer SSC from backscatter light amplitude. The ADVs were mounted to galvanized steel

pipe goalpost frames looking downward, set to measure continuously at 16 Hz. In total,

there were 5 ADVs and OBSs deployed in the surf zone, 3 located on the inner sandbar

(E4, M4, and W4), one within the trough (M5), and one on the outer sandbar (M7). The

ADVs were set to record velocities using the XYZ coordinate system, corresponding to

cross-shore, longshore, and upward velocity respectively. A 2-MHz Nortek Aquadopp

acoustic Doppler current profile (ADCP) was deployed in 4 m water depth (station M8)

and set to measure the mean current velocity profile over 120 s intervals every 60 s and

has an accuracy of ± 0.005 ms−1 (vertical bin size = 0.14 m).

Beach topography and wading depth surveys were conducted daily (except on April

5, 6, and 8) using a real time kinematic (RTK) differential global positioning systems

(DGPS) consisting of a land-based base station and a pole-mounted rover antenna. The

surveys were carried out along a number of cross-shore lines between the three transects

with an accuracy of 0.01 m in the horizontal and 0.02 m in the vertical. The same system

was used to record sensor locations in Universal Transverse Mercator (UTM – Zone 15).
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2.3.2 Data processing

The ADV and ADVP recorded the velocity in the XYZ coordinate system, correspond-

ing to cross-shore (u), longshore (v), and upward (w) velocity respectively. Meanwhile

the ADCP was set to record velocity in the ENU coordinate system. Prior to data anal-

ysis quality control was performed on both the recorded atmospheric and oceanographic

data. Commonly acoustic velocity meters were used in deeper waters and usually veloc-

ities with correlation less than 70% were filtered out, but due to the natural environment

of the surf zone high correlation is hard to obtain, thus measured velocities with correla-

tion less than 55% were filtered out. Later, velocity and water free-surface elevation were

block-averaged every two minutes and smoothed using a low pass filter over a ten minutes

window.

Ten minutes mean wind stress (τw) was computed using wind speed observations from

VISULA in the following way:

τw = ρa CD U2
10 (2.1)

where ρa is air density (assumed to be constant at 1.2 kgm3), U10 is wind speed (ms−1)

at 10 m elevation above ground, and CD is the drag coefficient estimated following the

method by S. D. Smith (1988). Local wave parameters were computed using the data

recorded by the pressure sensors. Prior to analysis, the data obtained by the pressure

sensor were adjusted to account for depth attenuation using Fast Fourier transform and

applying the pressure response factor (Kp). Significant wave height (Hs) was computed

using the water free-surface elevation variance m0 (zeroth moment of the wave energy

density spectrum using PWELCH spectrum), while the peak period (Tp) as computed using
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the definition:

Hs = 4
√

m0 (2.2)

Tp =
1
fp

(2.3)

where fp represents the peak frequency of the wave energy density spectrum. Additionally,

a zero-upcrossing method was used to obtain H1
3

and significant wave period Ts to compare

methods but the result is not discussed in this paper (Pierson, 1954). A common approach

to estimate the cross-shore bed shear stress (τb) is the covariance method (e.g. Pope et al.,

2006; Biron et al., 2004; Babaeyan-Koopaei et al., 2002; Kim et al., 2000) based on mean

cross-shore and vertical velocity fluctuations ( u′w′) :

τ = ρwu′w′ (2.4)

where ρw is the density of salt water (assumed to be constant ≈ 1025 kgL−1). Addition-

ally, turbulent kinetic energy (TKE), and TKE dissipation rate (ε) were computed using

the measured vertical velocities at each location, to minimize the effect of instrument noise

(for details see Rusello, 2009). Two methods were used to estimate ε to provide redun-

dancy and comparison between differing approaches. The first method includes fitting

the Kolmogorov -5/3 slope within the inertial subrange of the Welch (1967) power spec-

tral density (PSD) plot of turbulent velocity fluctuations (Kolmogorov, 1941) and assumes

turbulence to be homogeneous and isotropic. Then ε can be estimated from:

E(k) = αε
2/3k−5/3 (2.5)

where E(k) is the energy spectra, k is the wavenumber, and α is the empirical Kolmogorov
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constant for the vertical velocity component ≈ 0.71 (Lien & D’Asaro, 2006). The second

method uses the bed friction velocity u∗ assuming the wall logarithmic velocity profile

shape is valid:

ε =
u3
∗

κz
(2.6)

where κ is the empirical von Kármán constant (≈ 0.4) and z is the height of measurement

above the bed. These methods have been commonly used within surf zone field stud-

ies (e.g. Feddersen, 2012, 2007). However, Eq.2.5 and Eq.2.6 are difficult to estimate

especially within the nearshore region where noise can interfere with the measurements

leading to errors in the estimated ε values. Nevertheless, using the vertical velocity com-

ponent in Eq.2.5 provides lower noise level compared to the horizontal velocity in terms

of waves motion effect on the energy signature (Al Senafi, 2015; Thorpe, 2007; Gordon et

al., 1999). TKE is estimated as:

TKE =
1
2

(
u′2 + v′2 +w′2

)
(2.7)

where u′2, v′2 , and w′2 are the cross-shore, longshore, and vertical mean velocity variances,

respectively.

OBS calibration to estimate SSC followed the method by Pratt (1990). The calibration

procedure includes placing the OBS in a container filled with a known quantity of water

and equipped with a stirring device that produces homogeneous turbulence throughout

the calibration chamber. Known amounts (by weight) of dried sediment collected from

the instrument site are added to the calibration chamber incrementally until the entire

desired range of SSC is covered. The corresponding voltage readings are noted at each

incremental step until the maximum voltage (5 V) is reached. SSC is then estimated by

linear regression analysis of the calibration data creating a best-fit calibration curve to
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convert OBS voltage to gl−1 concentration values.

A running average of longshore suspended sediment flux (qv) and cross-shore sus-

pended sediment flux (qu), were obtained using the time averaged values of the instanta-

neous current velocity and SSC, following Jaffe et al. (1984):

qv =
1
N

i=n

∑
i=0

vin(SSC)in (2.8)

qu =
1
N

i=n

∑
i=0

uin(SSC)in (2.9)

where N is the number of data point in the sample, uin is instantaneous cross-shore

velocity, which is the sum of both the time averaged component (ū) and the fluctuation

component (u′). The previous definition is also applied to SSCin, and vin in Eq.2.8 and

Eq.2.9. A total suspended transport was also computed by integrating the suspended sedi-

ment flux obtained from Eq.2.8 and Eq.2.9 over each wind event period using the following

definition:

Qv =
i=n

∑
i=0

∫ t2(i)

t1(i)
qv(t)dt (2.10)

Qu =
i=n

∑
i=0

∫ t2(i)

t1(i)
qu(t)dt (2.11)

where Qv is the total suspended transport in the longshore direction, Qu is the total sus-

pended transport in the cross-shore direction, i is the number of events, t1 and t2 represent

the start and end time of the event, respectively, and t is the time.
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2.4 Results

2.4.1 Environmental forcing conditions

The time series measurements of wind speed and direction in Figure 2.3a display a

typical sea and land breeze cycle with a weak offshore wind in the morning and strong

onshore wind in the afternoon during the local time of Sisal. Over the 11-day duration of

the study, the site experienced 9 sea breeze cycles, 8 land breeze cycles, and one Norte

event. The wind events were categorized based on wind speed and direction, except for

the first two sea breeze cycles they were categorized in terms of the wave energy level.

On average, the duration of the land breeze cycle (12.6 hr) was three hours longer than the

duration of the sea breeze cycle (9.6 hr). Sea breeze cycles were associated with intense

bursts of wind with speeds ranging from 5 ms−1 to 12 ms−1, blowing from a northeasterly

to easterly direction (Figure 2.3a, light gray shaded areas). Land breeze cycles were found

to be characterized by weaker and sustained winds (less than 6 ms−1), primarily blowing

from the southeast and south, except on April 7, 2014 (6 ms−1 < U10 < 8 ms−1). The

Norte event dominated the picture from April 8 to April 9, 2014 and was accompanied by

a dramatic change in wind direction, rapidly increasing wind stress (up to 0.55 Nm−2 ,

Figure 2.4b) and wind speeds up to 15 ms−1 blowing from the north.

Measured water free-surface elevation (η) was recorded every one minute using a tidal

gauge located in Sisal port and compared to the one hour predicted water free-surface

elevation (Figure 2.3c). During the sea and land breeze cycles a deviation of ± 0.1 m

between predicted and measured water free-surface elevation (η) was notable. In Figure

2.3c η is referenced to Mean Sea Level (MSL). During the Norte event, measured water

free-surface elevation exceeded the predicted values by approximately 0.36 m due to the

prevailing intense and sustained onshore wind. The variation of wind measurements is

reflected in the inner shelf wave climate (i.e. Hs, Tp, and wave direction) and can be

28



related to the fluctuation of wind stress (Figure 2.3a, b, and d). During land breeze cycle

offshore significant wave height was found to be with values between 0.1 and 0.32 m

arriving mainly from the north and northeast. The onset of sea breeze events resulted in

immediate increase in significant wave height (0.41 – 0.65 m) and period (4 – 5 s). The

most discernible changes in wave climate occurred during the Norte with maximum wave

height and period up to 1.3 m and 10 s, respectively, arriving from the north and northwest.

This increase in wave energy levels can be linked to the increase in wind shear stress.

Measurements of mean offshore current (Vc) indicate a consistent direction towards

the west during sea breeze cycles. Current velocities associated with these events ranged

from 0.1 to 0.2 ms−1 (Figure 2.3-e). In contrast, currents during land breeze cycles were

directed towards the west, except for April 7, 2014 when the current direction shifted

towards the southeast with reduced magnitude (≈ 0.12 ms−1). Currents during the Norte

behaved similarly to those during the sea breeze cycles but velocities were sustained for a

longer period of time.
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2.4.2 Nearshore hydrodynamics and suspended sediment concentration

Stations M7, M5, and W4 were selected to represent the wave climate within the surf

zone, and M3 to represent the outer swash/inner-surf zone (see Figure 2.4). Gaps in the

wave data record are due to exposure of pressure sensors to the atmosphere for short pe-

riods of time during the field experiment when water levels were low. Waves in the surf

and the outer swash/inner-surf zone were generally weaker during the land breeze cycle

(Figure 2.4a) and more intense during the sea breeze cycle with significant wave heights

ranging from 0.2 m to 0.4 m (almost 50% lower than offshore wave conditions).

M3 W4 M5 M7

H
s(m

) a

0.2

0.4

0.6

T
p
(s

)

b

2/Apr 4/Apr 6/Apr 8/Apr 10/Apr

2
4
6
8

Figure 2.4. Measured time series of: (a) significant wave height and (b) peak wave period.
The light gray shaded areas represent sea breeze cycles, white areas refer to land breeze
cycles and the dark gray shaded area indicates the Norte event.
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The overall characteristics of the cross-shore currents for the surf zone and the outer

swash/inner-surf zone are shown in Figures 2.5a and 2.5b, respectively, where positive

values indicate onshore currents and negative values indicate offshore currents. In com-

parison, the surf zone cross-shore velocities (0.06 to -0.24 ms−1) are found to be higher

than those in the outer swash/inner-surf zone (0.03 to -0.12 ms−1). These differences

count for approximately 50% in current velocities between the surf zone and the outer

swash/inner-surf zone and can be due to the difference in wave energy levels between the

zones as mentioned previously. During the sea breeze cycle the currents were mainly di-

rected offshore and found to be more intense at stations W4, E4, M4, and M7. Station

M5 showed a different current flow pattern than the other surf zone stations. During the

sea breeze cycles velocities were primarily onshore-directed as opposed to offshore at the

other stations. This may point to a complex three-dimensional circulation phenomenon

related to the bar-trough morphology at the site. During the Norte, offshore flow was sus-

tained at all stations with a mean velocity of -0.12 ms−1 in the surf zone and -0.06 ms−1

in the outer swash/inner-surf zone indicating erosive conditions. Stations located on the

inner sandbar (W4, E4, and M4) experienced intense westward longshore currents with

magnitudes between 0.05 ms−1 and 0.44 ms−1 during sea breeze cycles (Figure 2.5c).

These shifted towards the east during the Norte with velocity magnitudes of up to -0.42

ms−1. Similar longshore currents direction can be seen at the outer swash/inner-surf zone

stations (W3, E3, and M3) as shown in Figure 2.5d during both the sea breeze cycles and

Norte. However, current velocities were 60% lower than observed velocities within the

surf zone.
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Suspended sediment concentrations (Figure 2.5e–f) experienced an immediate jump

during the onset of the sea breeze cycles as nearshore energy levels increased. At the surf

zone stations the mean suspended sediment concentration increased from 0.5 gl−1 dur-

ing land breeze cycles to 1.1 gl−1 during the sea breeze cycles. This increase was also

observed during the Norte, however, sediment suspension was sustained almost continu-

ously at levels around 1.5 gl−1. Additionally, the outer swash/inner-surf zone station (M3)

experienced lower suspension values compared to the surf zone measurements during sea

breeze cycles with a mean of 0.7 gl−1. The outer swash/inner-surf zone station recorded

lower velocities and contained coarser sediment grains than the surf zone stations, which

may explain the lower SSC values.

2.4.3 Turbulence and near bed shear stress

The energy levels experienced within the nearshore regions vary and mostly depend

on the beach energy levels that is primarily linked to the beach slope. For example a beach

with a plunging breakers waves will have a higher TKE and turbulent kinetic energy dis-

sipation rate levels higher than a beach with a spilling breaker. The reported values of

TKE levels within the nearshore region ranged from 10−5 m2s−2 to 10−2 m2s−2 and with

turbulent kinetic energy dissipation rate up to 10−2 m2s−3 (e.g. Brinkkemper et al., 2017;

Feddersen, 2012; Ruessink, 2010; Feddersen et al., 2007). The turbulent kinetic energy

dissipation rate is estimated using Eq.2.5 and Eq.2.6 with results shown in Figure 2.6a–b

and Figure 2.6c–d, respectively, for the two different approaches. Both methods display

a similar pattern, but with higher estimated values of ε with Eq.2.5, especially within the

outer swash/inner-surf zone. ε values estimated using Eq.2.6 show less fluctuation and

more pronounced influence of the effect of wind events. Results from Eq.2.6 take into

account the frictional velocity, unlike Eq.2.5 that only depends on the vertical velocity.

Therefore Figure 2.6c–d display a similar pattern to the cross-shore velocity and wind pat-
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tern. During the land breeze cycles the maximum ε recorded across all surf zone stations

was 3.5× 10−4 m2s−3. Higher ε values were observed over the inner sandbar stations,

with magnitudes between 3× 10−4 m2s−3 and 2.5× 10−3 m2s−3 using Eq.2.5 and mag-

nitudes between 4× 10−4 m2s−3 and 1.4× 10−3 m2s−3 using Eq.2.6. The increase in ε

values especially over the sandbars can be a result from wave breaking. Norte values of

ε were higher and gradually increased during the first 12 hours ranging from 1.9× 10−4

m2s−3 to 3.5× 10−3 m2s−3 (Figure 2.6a). After that ε values decreased as wind inten-

sity began to subside. During the land breeze cycles, the outer swash/inner-surf zone was

characterized by low ε values ranging from 2× 10−4 to 1× 10−3 m2s−3 (Figure 2.6d).

Meanwhile, higher values of ε was experienced during the sea breeze cycles with values

ranging from3×10−4 to 2×10−3 m2s−3 (Figure 2.6d). During the Norte event, the esti-

mated ε values in the outer swash/inner-surf zone were higher than values observed by the

surf zone stations with a maximum value of 5×10−3 m2s−3.

The estimated TKE values (Figure 2.6e–f) behaved similarly to ε , with lower TKE

values during land breeze cycles exhibiting a mean of 7.4× 10−4 m2s−2 ± 3× 10−4 in

the surf zone and 2.9×10−3 m2s−3 ± 1.6×10−3 in outer swash/inner-surf zone. Higher

TKE values were observed during the sea breeze cycle with a mean of 1× 10−3 m2s−2

± 4× 10−4 in the surf zone and 5.6× 10−3 m2s−2 ± 2.6× 10−3 in outer swash/inner-

surf zone. TKE values during the Norte, were higher than those during the diurnal wind

cycle for all stations and were almost constant for the surf zone stations with a mean of

3.7×10−3 m2s−2. Meanwhile, at the outer swash/inner-surf zone stations the mean Norte

TKE value was 1×10−2 m2s−2.

Measurements of shear stress are essential components of almost all sediment trans-

port models and specifically are of interest in terms of motion thresholds for sediment

movement. Thus, it is important to investigate the spatial and temporal changes in near-

bed shear stresses within the nearshore region to better estimate conditions where large
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amount of sediment can be mobilized. The near-bed shear stress at the surf zone stations

during the field experiment ranged from 1 Nm−2 to 21 Nm−2 (Figure 2.7a). During the

land breeze cycles values were relatively low with an average of 2.7 Nm−2. An abrupt

increase in τ was observed with the onset of each sea breeze cycle exhibiting a mean of

5.5 Nm−2 ± 1.5 and a maximum value up to 11 Nm−2. The peak values of τ were signif-

icantly higher during the Norte period with the highest at the outer sandbar station (M7)

with a mean maximum shear stress value of 14 Nm−2 and lowest within the trough station

(M5) with a mean maximum shear stress value of 10 Nm−2. The overall surf zone shear

stress during the Norte event ranged from 8 Nm−2 to 21 Nm−2. Similar observations were

made in the outer swash/inner-surf zone (Figure 2.7b). However, values of τ in theouter

swash/inner-surf zone were higher than those in the surf zone. Mean shear stress magni-

tudes during land breeze cycles, sea breeze cycles, and the Norte event were 7.4, 9.2, and

36.3 Nm−2, respectively. However, stations at outer swash/inner-surf zone had a signif-

icant portion of data gaps in the beginning of the Norte event and certainly affected the

statistical analysis of computed mean and max values that could have been higher based

on τ values of stations located in the surf zone.
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2.4.4 Beach morphology

Despite the study site location taking a place between the Sisal port and the Sisal pier,

this section of the cost can be described as fairly uniform in the longshore direction. The

bathymetry survey boundaries covered a longshore distance of 120 m and 140 m in the

cross-shore. In total 24 bathymetry surveys were made with a spacing ranging between

4 m and 6 m. Snapshots of the nearshore bathymetry at three different instances in time

are displayed in Figure 2.8a–c. The given bathymetric measurements represent sample

bed elevation data collected during/after a sea breeze cycle (Figure 2.8a), a land breeze

cycle (Figure 2.8b), and the Norte event (Figure 2.8c). All bed level data were obtained

via real-time kinematic (RTK) global positioning system (GPS) wading depth surveys and

revealed two nearshore sandbars. The inner bar was located between 90 m and 110 m and

characterized by a height of 1.1 m and a slope of 2.1◦, while the outer bar was located

between 150 m and 170 m and characterized by a height of 1.85 m and a mean slope of

1.7◦. The bars were separated by a trough (located between 110 and 150 m). The beach

included a step that migrates between 58 m and 62 m and the overall mean slope of the

beach profile was 1.3◦ (Figure 2.9a)

Comparing observations from Figure 2.8a and Figure 2.8b it can be seen that after the

sea breeze cycle on April 3 sandbars are more pronounced than those seen after the land

breeze cycle on April 7. Additionally, after the land breeze cycle on April 7 the outer

sandbar width increased by 8 m. On the other hand, the Norte resulted in wider sandbars,

specifically the outer sandbar experienced a 12 m increase in width and became more

flattened and resulted in a deeper trough (Figure 2.8c). Bed level changes between selected

measured profiles are presented in Figure 2.8d–f to assess areas of erosion and accretion

related to different forcing conditions. Sea breeze, land breeze, and Norte conditions

influence the nearshore bathymetry in different ways (Figure 2.8d–f). Bed level changes
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after the sea breeze cycle on April 4 indicate that accretion took place over both sandbars

ranging from 0.05 m to 0.21 m, while erosion occurred in the trough and the inner surf

zone ranging from 0.05 m to 0.34 m (Figure 2.8d). In contrast, bed level changes resulting

from the land breeze cycle on April 7 indicate a mean of 0.15 m accretion over the surf

zone and 0.05 m erosion in the outer outer swash/inner-surf zone (Figure 2.8e). Increased

erosion rates over the entire study site occurred during the Norte event with the exception

of the outer swash/inner-surf zone, where significant accretion up to 0.28 m was recorded

(Figure 2.8f). For the selected events (Figure 2.8d–f) a summary of total volume losses and

gains normalized over the longshore distance (140 m) is given in Table 2.2. Result from

Table 2.2 indicates that accretion volume that is associated with the land breeze cycle was 7

times higher than the volume loss. The sea breeze cycle resulted in erosion mainly around

the trough region and the inner sandbar with an increase of 350% of volume loss compared

to the extended land breeze cycle. The most significant volume loss was observed during

the Norte event with an increase of 129% higher compared to the sea breeze cycle.

Table 2.2. Comparison of volume losses and gains from selected events.

Event Volume loss (m3m−1) Volume gained (m3m−1)
Post sea breeze

(April/3 – 4)
7 3

Post land breeze
(April/4 – 7)

1.8 13

During Norte (April/9) 16 4
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Further insight into nearshore morphodynamics over the duration of the field study is

provided by examining measured beach profiles along the middle transect (Figure 2.9).

Elevation changes in response to five sea breeze events (April 1 – 4, and 10), a strong

land breeze event on April 6 – 7, and the Norte event on April 9 are captured. During the

sea breeze events, the beach profile elevations encountered significant variation. Most of

these changes were observed between M3 and M7, specifically between the two sandbars,

while the foreshore remained almost unchanged with low vertical variation on the order

of ± 0.05 m. Energetic conditions during the selected sea breeze cycles resulted in mean

erosion of the inner and outer sandbars of 0.15 m and 0.13 m, respectively (Figure 2.9b,

and c).
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1/Apr Sea breeze
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  9/Apr Norte
10/Apr Sea breeze
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Figure 2.9. Measured beach profiles along the middle transect. The vertical axis represent
elevation above Nivel Medio del Mar (NMM, i.e. mean tidal level), while horizontal axis
represents cross-shore distance. Inset panels (b) and (c) provide a zoomed-in view of the
profile evolution around the inner and outer sandbar, respectively.

During sea breeze cycles, the outer sandbar became more skewed toward the land and

increased in steepness and height. During the strong land breeze event on April 6 – 7, pro-
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file elevation increased and both sandbars migrated onshore by 2 – 3 m. The most abrupt

morphological change occurred during the onset of the Norte event, resulting in a steeper

foreshore by 1.5◦ than others observed during the sea breeze cycle with approximately

0.2 m of sediment accumulation at M3 (beach step). Additionally, during the Norte event

sandbars eroded by 0.25 m at M4 and 0.5 m at M7, respectively, and migrated approxi-

mately 2 m seaward. During the Norte event the inner sandbar increased in steepness by

1◦, while a decrease of 0.4◦ was recorded at the outer sandbar slope. These changes in the

morphodynamics are mainly linked to bed-load transport due to the increase in near bed

shear stress.

2.4.5 Longshore and cross-shore suspended sediment flux

Suspended sediment flux was estimated using Eq.2.8 and Eq.2.9 as introduced in Sec-

tion 2.3.2. Figure 2.10 displays time series of suspended sediment flux at M3, W4, E4, M4,

M5, and M7 separated into the cross-shore (Panel a) and longshore (Panel b) component.

Cross-shore values are positive for onshore-directed transport and negative for offshore-

directed transport. Longshore values are positive toward the East (downdrift) and negative

toward the West (updrift). Maximum values of cross-shore suspended sediment flux (Fig-

ure 2.10a) were generally one order of magnitude higher during sea breeze cycles (0.3

kgm−2s−1, directed offshore) compared to land breeze cycles (0.03 kgm−2s−1, directed

onshore). Stations located on the inner sandbar (W4, E4, M4) registered the largest mag-

nitudes of cross-shore suspended sediment flux. During the extended land breeze event on

April 6 – 7, the suspended sediment flux was almost constant with very little fluctuation

across all stations (between -0.002 kgm−2s−1 and 0.01 kgm−2s−1).

The transition from pre-frontal to frontal phase at the onset of the Norte was marked

by an abrupt increase in offshore-directed suspended sediment flux with a mean of 0.2

kgm−2s−1 ± 0.9. The longshore suspended sediment flux component (Figure 2.10b) dis-
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played similar characteristics to its cross-shore counterpart but larger magnitudes up to

1 kgm−2s−1 during sea breeze cycles. The longshore suspended sediment flux direction

during the sea breeze cycles was toward the west with a mean of 0.4 kgm−2s−1 ± 0.2,

except for station M3 which displayed a mean of 0.1 kgm−2s−1 ± 0.06. This difference in

longshore current intensity between M3 and other stations was due to the different dynam-

ics that are associated with the outer swash/inner-surf zone (detailed explanation can be

found in Section 2.5.1) .Gaps in M3 observations seen in Figure 2.10a-b are a result from

the quality control, where both the OBS or the ADVP had a high noise level or when instru-

ments were exposed to atmosphere. The surf zone stations experienced intense eastward

suspended sediment flux during the Norte event with a maximum value of 1.3 kgm−2s−1

observed at station M4, while station M3 registered a lower longshore suspended sediment

flux magnitude with a mean of 0.14 kgm−2s−1 ± 0.08.
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Statistical analyses of both longshore and cross-shore suspended sediment flux for the

middle transect are displayed in Figure 2.11 including each land and sea breeze cycle

and the Norte event. The figure shows maxima, minima, and mean values with 95%

confidence intervals. The Figure indicate that overall cross-shore suspended sediment flux

has a higher variability during the sea breeze cycles compared to the land breeze cycles.

This can be related to the abrupt increase in wave heights observed during sea breeze

cycles when compared to the low wave energetic conditions experienced during the land

breeze cycles. Moreover, observations suggest that highest variability was experienced

during the third, fourth, and ninth sea breeze events at the inner sandbar stations (i.e. E4,

M4, and W4). During the Norte event all stations encountered the highest cross-shore

suspended sediment flux variability, except for W4. The low variability observed at W4

is due to the lower cross-shore velocity observed at the location. The low cross-shore

velocity is high likely due to the lower wave heights compared to stations M5 and M7.

Similar observations can be seen from the computed longshore suspended sediment flux

but with higher magnitude. The largest variability values were followed by those measured

at M5 and W4 in descending order. Nevertheless, it is worth mentioning that gaps in SSC

and velocity measurements also effected the outcome for the sediment transport statistics.
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Figure 2.11. Cross-shore and longshore suspended sediment flux statistics for each land
and sea breeze cycle and the Norte event. The shaded bars represent maximum and mini-
mum values, while the whisker plots display mean values with 95% confidence intervals.
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2.5 Discussion

This study compares the impact of diurnal wind system forcing (land and sea breezes)

on nearshore processes to the impact of a cold front or Norte at the location of Sisal beach.

Nearshore processes investigated via field measurements include currents, waves, turbu-

lent kinetic energy and its dissipation rate, suspended sediment flux, and morphodynamics.

Similarly to previous findings, a significant relationship between wind and nearshore pro-

cesses is discovered. This has been confirmed by a recent study on nearshore circulation

based on the same field experiment by Torres-Freyermuth et al. (2017). They suggest that

within the surf zone and the outer swash/inner-surf zone, currents are mainly controlled

by intense winds during Norte and sea breeze cycles. In the following, the new findings

are discussed and placed into context.

2.5.1 Nearshore current response to changing wind forcing

The significant increase in surf zone current magnitude during the sea breeze cycles

can be directly related to the increased incident wave energy levels. This energy increase

resulted in sustained offshore and westward currents over the inner and outer sandbar sta-

tions, while the only station located within the trough region (M5) encountered onshore

currents. This may be due to M5 located closer to the bed and deeper region compared to

stations located on the sandbars. However, when the recorded significant wave height ex-

ceeded 0.3 m and was arriving from the north-west, all the surf zone stations had the same

current direction. Therefore, it is suggested that within this study the direction of cross-

shore currents within trough region were mainly controlled by the broken wave heights and

direction. Similarly Wright and Short (1984) observed lower current magnitude recorded

at the trough region and changes direction depending on the experienced waves parame-

ters.

Current observations have been made by Masselink and Pattiaratchi (1998) and Pattiaratchi
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et al. (1997) had a resemblance to currents experinced within this field study, with offshore

currents ranging from 0.03 ms−1 to 0.15 ms−1 following the onset of a sea breeze cycle.

During the regular land breeze cycles the waves energy impact on the nearshore currents

were insignificant due to the diminished wind during the land breeze cycles. However,

during the extended land breeze cycle currents magnitudes can increase as indicated in

Figure 2.9a–b, suggesting some sort of minimum required duration of land breeze cycles

to induce significant currents. Additionally, there was no difference in alongshore current

magnitudes between sea breezes and the Norte, but current intensity was sustained longer

during the Norte. Cross-shore current magnitude on the other hand was found to be higher

during the Norte due to the increase in τw resulting in a higher waves. The shift in currents

during the Norte correlates with the shift in wind direction from N-NE to N-NW (Figure

2.3b). However, the wave direction does not echo that, suggesting that during the Norte a

wind-driven current component may be dominant over the wave-driven component.

During the sea breeze cycles the observed outer swash zone cross-shore current were

approximately 60% lower than those measured at the surf zone. However, the difference

in the cross-shore current magnitude between the outer swash and surf zone decreased

during the onset of the Norte, as wave energy increased by 50%. Furthermore, the outer

swash/inner-surf zone is more a complex region with several factors that impact current

measurements such as water level, bore/wave energy levels, and the beach slope. This may

explain the differences in current magnitude and direction between the surf zone and outer

swash/inner-surf zone (e.g. sea breeze cycles 2 and 6, and land breeze cycles 3, 5, and 8).

The bore heights decrease with decreasing water depth and becomes more oriented to the

shore, therefore resulting in a different longshore characteristics from currents observed in

the surf zone. Additionally, the processes of uprush and backwash at the swash zone may

effect currents dynamics at the outer swash/inner-surf zone. The difference between the

longshore current direction between the outer swash/inner-surf zone and the surf zone can
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be a result of the different morphological feature at both of these zones. Previous study

by Hoyt and Henry Jr (1963) suggests currents direction within the swash zone of a sandy

beach can be affected by the slope of the beach and small washover ripples that are formed

by the uprush and backwash processes.

2.5.2 Nearshore turbulence and bed shear stress response

Estimated turbulence parameters and bed shear stress (i.e. ε , TKE, and τ) in the surf

and outer swash zones displayed a consistent pattern related to the fluctuation in wave

climate and associated wind stress. During the sea breeze cycle and the Norte event, esti-

mated surf zone energy dissipation rates values were higher than those observed in some

previous studies (e.g. Ruessink, 2010; Feddersen et al., 2007), while other studies re-

ported similar values (e.g. Feddersen, 2012; Grasso et al., 2012; Trowbridge & Elgar,

2001; Veron & Melville, 1999; George et al., 1994). For example, Feddersen et al. (2007)

observed maximum ε values of 2.5× 10−4 m2s−3 , associated with a longshore velocity

of 0.34 ms−1 and significant wave height of 1.2 m at a depth of 2.6 m. Feddersen (2012)

however suggests that shallower regions have a higher ε than deeper regions and found

magnitudes of ε as high as 3×10−3 m2s−3 in a water depth of 1 m. This explains why sta-

tions located on the inner and outer sandbars feature higher values of ε than those obtained

from M5. Outer swash zone ε values ranged from 10−4 m2s−3 to 10−2 m2s−3. These rel-

atively high values of ε are similar to reported values by Flick and George (1991). The

lower observed ε values are likely linked to different environmental conditions (i.e. water

levels, currents, waves, wind, and changing bathymetry). However, Lanckriet and Puleo

(2013) observed ε values as low as 10−5 m2s−3 within the swash zone. During increased

water levels the cross-shore location of the outer swash zone could easily become the inner

surf zone. Thus, the observed variation in ε values could be as a result of that transition.

Observed TKE values ranged from 10−5 m2s−2 to 10−2 m2s−2 within the surf zone and
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from 10−4 m2s−2 to 10−1 m2s−2 within the outer swash zone. Surf zone TKE values in

this study are similar to TKE values reported by Brinkkemper et al. (2017). The observed

increases in TKE levels are a result of the increasing wave energy during the more intense

wind events (sea breeze cycles and Norte). The higher TKE levels at the sandbar locations

correspond nicely to more intense wave breaking at those locations. Huang et al. (2009)

suggests that TKE levels are higher in the upper layer of the water column (up to 10−2

m2s−2) in the surf zone, specifically during passage of the wave crest. However, even

higher surf zone TKE levels up to 10−1 m2s−2 have been reported by Svendsen (1987)

and (Aagaard & Hughes, 2010) with vertical velocities ranging from 0.12 ms−1 and 0.61

ms−1.

The bed shear stress observed within the surf zone ranged from 0.1 Nm2 to 26 Nm2

compared to values between 0.2 Nm2 and 42 Nm2 observed in the outer swash zone.

Higher values of τ during intense wind events are in agreement with previously reported

numerical model results of surf zone dynamics during intense wind and wave events.

Tomás et al. (2012) reported values between 2 Nm2 and 50 Nm2 using the SWAN model

results and Dufois et al. (2008) presented values ranging from 0.8 Nm2 to 10 Nm2 by im-

plementing field measurements data into MARS-3D model. Peaked bed shear stress levels

found in this study were higher than those reported in other field studies (e.g. Ruessink,

2010), most likely due to stronger hydrodynamic forcing conditions combined with dif-

ferences in beach morphology. However, (Aagaard & Hughes, 2010) reported bed shear

stress up to 46 Nm2 with offshore wave heights of 1.25 m.

2.5.3 Beach morphology

At the study site, the bathymetry was almost uniform in the longshore direction but

fairly dynamic in the cross-shore. Analysis of bed level changes associated with sea breeze

cycles suggest that sediment tends to accumulate after and before areas characterized by
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sudden depth changes such as sandbars and the ephemeral beach step. This accretion is

also likely to be as a result of the offshore-directed sediment transport observed in Figure

2.10a. However, the result from Figure 2.10a-b only represent a specific point in the

water column which may make it difficult to infer profiles of sediment concentration and

velocity over the entire water column. Additionally, bed-load may provide a significant

(if not the most significant) mode of transport resulting in the observed morphological

changes. However, bed-load was not measured explicitly in this study. Nonetheless, sea

breeze cycles are considered net erosion events as the comparison of sediment volume

gains and losses in Table2.2 and Figure 2.8d indicates. This also relates to the observed

increases in ε and τ along with offshore-directed currents, resulting in fairly continuous

suspension of sediment and offshore-directed flux. The erosion of the beach face (Figure

2.9, approximately between 45 m and 55 m) during sea breeze cycles (e.g. April 4 profile)

was due to the increased wave energy levels and current magnitudes. Similar observations

have been made by Masselink and Pattiaratchi (1998).

During April 6-7, the land breeze cycle dominated the area, leading to relatively low

sediment suspension and weaker currents, resulting in significant accretion across the

study site. The significant accretion was associated with τ less than 4 Nm2. This suggests

that in order for a significant accretion environment to occur for the selected study location

it requires longer land breeze cycles (> 18 hours) and τ less than 4 Nm2. 12 hours into

Norte event, τ exhibited a 10-fold increase over the sea breeze cycles resulting in higher

SSC values sustained for a longer period causing high levels of erosion up to 0.4 m around

the trough and the outer sandbar. Additionally, results from Figure 2.8f suggest that areas

of erosion and accretion alternate in the cross-shore direction, especially between 40 m

and 70 m in the x-direction. Such patterns are more likely related to cross-shore sediment

processes occurred during the Norte event where sediment eroded and moved seaward.
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2.5.4 Suspended sediment flux response

Suspension of sediment from the seabed to the water column occurs when forces ex-

erted by the fluid on the sediment particles increases. Herein, estimation of SSC were

obtained by calibrating the OBS as introduced in Section 2.3.2. However, the estimated

SSC values through the OBS calibration may not reflect the actual amount of suspended

particles due to the difference between the sediment sample used for the calibration and

the actual suspended sediment at the location of the measurement. For example, the sam-

ple used for calibrating the outer swash zone OBS was collected from the bed and ranged

from moderately well sorted (1.92 φ ± 0.68) to very poorly sorted (-1.41 φ ± 3.01). On

the other hand, sediment sample collected at the middle of the water column showed mod-

erately well-sorted (2.39 φ ± 0.68) to well-sorted fine sand (2.84 φ ± 0.27). However, this

method has been widely used and recognized through the coastal researchers community.

The measured suspended sediment concentrations ranged from 0.1 gl−1 to 3 gl−1. This

is somewhat lower than SSC values reported from other field experiments. For example,

Pattiaratchi et al. (1997) found SSC values derived from OBS measurements 0.27 m above

the local bed ranging from 1 gl−1 prior to the onset of sea breeze winds to 6 gl−1 during

sea breeze. However, values of significant wave height measured by Pattiaratchi et al.

(1997) were up to 50% higher than the ones this study site has experienced and the beach

composed of fine sand sediment with a mean grain size of 0.89 φ . Nonetheless, the factor

of 6 increase in SSC between land and sea breeze events observed by Pattiaratchi et al.

(1997) is low when compared to a factor of 25 increase from land to sea breeze cycles

measured in this field study. Other factors potentially leading to differences in measured

SSC ranges include sediment texture and grain size distribution.

The longshore and cross-shore suspended sediment fluxes were estimated using Eq.2.8

and Eq.2.9, respectively. The cumulative effects of the different wind systems on sus-
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pended sediment transport are investigated using data from the middle transect. Essen-

tially, a comparison of transported suspended mass and mean suspended sediment flux

in the cross-shore as well as the longshore directions is performed to assess the relative

importance of repeated sea breeze cycles versus a single Norte event. During sea breeze

cycles, the total mass transported was highest at the inner sandbar location (station M4)

with a magnitude of 1.8× 104 kgm−2 and offshore-directed (Figure 2.12a). This maxi-

mum value was followed by those measured at M7, M3, and M5 in descending order with

values of 1.3×104, 5×103, and 1.3×102 kgm−2, respectively.

Total suspended mass transport significantly increased during the Norte event by up

to 900% at station M5. This suggests that the total cross-shore mass transport during the

Norte event is significantly higher than the sum of the 9 sea breeze cycles preceding it.

The longshore total suspended transport (Figure 2.12b) was comparable between the sea

breeze cycles and the Norte event, except for the reversal in direction in the surf zone,

where transport was westward during sea breeze cycles and eastward during the Norte

event. However, the increase in longshore total transport over the trough region (M5) was

most notable during the Norte event with a 1100% compared to the the total suspended

transport of the 9 sea breeze cycles preceding it. The overall mean cross-shore suspended

sediment flux observations during all sea breeze cycles suggest that M4 had the highest

maximum mean value (0.12 kgm−2s−1) followed by M7 stations with a maximum mean

value of 0.1 kgm−2s−1. During the Norte event mean flux values at M4 and M7 expe-

rienced 130% increase in magnitude. Similar observation can be seen from the mean

longshore suspended sediment flux with higher magnitude observed at sandbar stations

(M4, M7). This increase can be a result of the increased turbulence intensity due to wave

breaking resulting in a higher sediment suspension and higher current intensity.
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Figure 2.12. Overall sediment transport observations. The left vertical axis represents
total suspended sediment mass transport (kgm−2, gray shaded columns), while the right
vertical axis display suspended sediment flux mean values with upper and lower 95%
confidence intervals (kgm−2s−1, whisker plots) comparing all sea breeze cycles combined
to the one Norte event. Values have been estimated from measurements at stations along
the middle transect and are shown separately for cross-shore (panel a) and alongshore
(panel b) components.

The comparison between total suspended sediment transport during sea breeze cycles

and the Norte event as displayed in Figure 2.12 of course only covers the duration of the

field measurements. Sea breeze cycles occur on a diurnal basis, and are approximately

25% more intense during the summer season (Torres-Freyermuth et al., 2017), while cold

fronts (or Norte events) are less frequent that approximately 30 to 40 cold fronts cross the

GoM in one year. Thus the cumulative effect of sea breeze cycles over an entire year can

outweigh the effect of cold fronts. For example, if the presented volume loss during the
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sea breeze cycle presented in Table 2.2 is assumed to be constant for 365 days, then the

volume lost within the study site would be 2,87,620 m3. Therefore it would takes 152 cold

fronts with the same energy level as one observed in this study to overcome the effect of

a year time sea breeze cycles. Taking Appendini et al. (2018) predication regarding the

decrease of intense Norte events and replaced with more frequent Norte events in the far

future into consideration, it is suggested that sea breeze cycles will still be the dominate

wind forcing controlling the nearshore morphodynamics.

2.6 Conclusions

The nearshore response of a sea breeze dominated beach to alternating land and sea

breeze cycles and one cold front (referred to as Norte) was investigated through detailed

field measurements of wind, hydrodynamics, and morphodynamics over a period of 10

days. Wind intensity and direction changed significantly between the different forcing

conditions leading to distinct responses in nearshore waves and currents as well as sed-

iment transport and morphological evolution (i.e. formation and migration of a beach

step/berm and sandbars). In the following, findings are summarized for each type of wind

forcing condition, respectively:

[1] Land breeze cycles: Land breeze cycles featured relatively low prevailing wind ve-

locities resulting in low wave energy levels with Hs < 0.26 m and weak onshore and

westward-directed currents (maximum of 0.01 ms−1 and 0.1 ms−1, respectively).

These low energy conditions led to low values of ε , TKE, and τ both in the surf

and the outer swash/inner-surf zone. This is approximately 900% less than those

observed during the sea breeze cycles. Subsequently resulting in low SSC values

less than 1 gl−1. The combination of weak currents and low SSC created a mostly

depositional environment across the study site resulting in a 87% volume gained

(exhibiting a mean of 0.15 m, Figure 2.8e). However, this volume gain was a com-
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bination of both suspended load and bed-load.

[2] Sea breeze cycles: A rapid increase in wind speed up to 11 ms−1 was observed at

the onset of each sea breeze cycle. This increase in wind speed was followed by

an increase in SSC, current magnitude, wave energy levels (0.2 m < Hs < 0.43

m), and turbulence intensity of approximately 300%, 250%, 120%, and 900%, re-

spectively. Surf zone cross-shore currents experienced an increase of 0.24 ms−1

(onshore directed), while longshore currents increased by 0.5 ms−1 (westward di-

rected). The results indicated that currents during sea breeze cycles are more intense

around the sandbars than the outer swash/inner-surf zone and trough region, approx-

imately 70% and 35% higher, respectively. This leads to an increase in ε , TKE, and

τ inducing sediment suspension across the surf zone up to 0.26 gl−1. Consequently

resulting in higher offshore and westward-directed suspended sediment flux with

mean values of 0.1 kgm−2s−1 and 0.4 kgm−2s−1, respectively, that are 300% higher

than observation made during the land breeze cycles. This is reflected in beach mor-

phology changes, with a decrease of the inner sandbar height by 33% and an increase

in the outer sandbar height by 25%. In addition, following each sea breeze cycle, the

outer sandbar became pronounced and skewed landward (Figure 2.9). The diurnal

cycle of the sea breeze system can play a major role in long-term sediment budget

considerations consistent nature as also mentioned by Masselink and Pattiaratchi

(1998).

[3] Norte event: The Norte event featured onshore wind speeds up to 15 ms−1. This in-

crease was reflected in nearshore currents with cross-shore currents approximately

125% higher than during sea breeze cycles. However, the longshore currents inten-

sities were similar to those measured during sea breeze events.The main change was

the shift in wave direction resulting in eastward longshore currents (Figure 2.3a).
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Turbulence parameters showed higher values than those observed during sea breeze

cycles and were sustained for longer periods of time. For example, TKE values in-

creased one order of magnitude during the onset of the Norte and τ increased by a

factor of ten. In response to this substantial increase, suspended sediment concen-

tration was almost continuous with levels up to 2.8 gl−1. Cross-shore suspended

sediment flux was twice as high as during the sea breeze cycles. The Norte resulted

in a significant erosion in comparison to the other events (Figure 2.9). This can

be primarily attributed to the induced return flow (undertow current), proven to be

effective in eroding sediment (Roelvink & Stive, 1989; Thornton et al., 1996).

To summarize, this study suggest that the cumulative impact of sea breeze cycles on

the nearshore hydrodynamics and morphodynamics is comparable to the effect of onshore-

directed cold fronts. As both of these system are considered to be erosive, it is believed

that the land breeze cycle acts as the equilibrium factor in terms of cross-shore sediment

transport. The interactions of different nearshore forcing mechanisms are complex and ex-

trapolation to yearly averages is difficult from this fairly short-term field study. However,

the collected data gives valuable insights into the relative importance of different wind

forcing conditions that can help create a better understanding of nearshore dynamics and

resulting morphology changes in general.
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3. NEARSHORE CIRCULATION ON THE UPPER TEXAS COAST IN RESPONSE

TO FLUCTUATING ONSHORE (GULF BREEZE) AND OFFSHORE (COLD

FRONT) WIND

3.1 Introduction

In recent years, understanding nearshore circulation has been a primary focus in better

constraining its impact on the coastal zones. This is due to the importance of nearshore cir-

culation being a key factor in the exchange/transport of sediment, nutrients, and pollutants

along and across the surf zone and the inner-shelf region (Hendrickson & MacMahan,

2009; S. B. Grant et al., 2005; Aagaard et al., 1997; Nittrouer & Wright, 1994). The influ-

ence of wind, waves, and tide on nearshore circulation has been documented in previous

literature using both field observation and models (e.g. Torres-Freyermuth et al., 2017;

Gallop et al., 2016; Mulligan & Hanson, 2016; Zhang et al., 2009; Zavala-Hidalgo et al.,

2003; Noda, 1974). However, there is a dearth within the literature in comparing or inves-

tigating the spatial, across the surf zone and inner-shelf region, and temporal influence of

both oceanographic and atmospheric forcing on the nearshore circulation.

Currents within the northwestern Gulf of Mexico (GoM), in particular the Texas and

Louisiana Shelf (hereafter referred to as LATEX shelf) varies seasonally and are mainly

wind driven (Zhang et al., 2009; Cho et al., 1998). During the summer and early fall,

Gulf breeze (onshore wind) dominates along the upper Texas coast (W. Wang et al., 1998;

N. P. Smith, 1977), resulting in a westward flow (Wallace et al., 2010; Nowlin et al.,

2005), and onshore flow over the inner-shelf (Nowlin et al., 1998). Within this study the

Gulf breeze events (GE) are defined as an onshore wind events that are associated with a

high wind speed (5 ms−1 < GE < 11 ms−1) and a mean duration of one day. In contrast,

during the winter, northwesterly and northeasterly winds are more frequent, resulting in
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eastward flow (Nowlin et al., 2005; W. Wang et al., 1998), and offshore flow over the

inner-shelf (Nowlin et al., 1998).

The shift in wind direction during winter season is due to maritime polar and con-

tinental polar cold front events (CE) that enter between Corpus Christi and Galveston

and propagate across the GoM (Henry, 1979). These synoptic-scale disturbances can be

accompanied with a rapid increase in wind speed up to 16 ms−1 (Kineke et al., 2006),

extreme temperature fluctuation (Huh et al., 1978), and contributes to 50 % of rainy events

in the northwestern part of the GoM (Keim, 1996). Moeller et al. (1993) suggest that about

30 – 40 cold fronts pass over the Louisiana coast during the winter season. Additionally,

studies by Henry (1979) and Hardy and Henderson (2003) reveled an average of five cold

fronts passes the north GoM coast during each month from November to April. Accord-

ing to Dingler et al. (1993), cold fronts resulted in a significant wave height of 2 – 3 m,

while Pepper and Stone (2004) observed a 0.4 ms−1 increase in near bed current velocity.

Therefore, cold fronts are considered to be an important atmospheric forcing mechanism,

due to their frequency of occurrence and large spatial coverage (Pepper & Stone, 2004;

Stone et al., 2004; Moeller et al., 1993; Roberts et al., 1987).

The majority of field work conducted within the northern GoM investigated the impact

of cold fronts over the northern coastal regions including, barrier islands (e.g. Dingler

& Reiss, 1990), inner-shelf regions (e.g. Pepper & Stone, 2004; Pepper et al., 1999),

micro-tidal lagoons (e.g. Carlin et al., 2016a). However, despite the considerable effort

that has been invested in understanding the significant impact of cold fronts on nearshore

hydrodynamics (e.g. Keen, 2002), sediment resuspension and transport (e.g. Dellapenna

et al., 2006; Kineke et al., 2006; Stech & Lorenzzetti, 1992), beach morphology (e.g.

Keen et al., 2003; Armbruster et al., 1995; Moeller et al., 1993; Dingler & Reiss, 1990),

and nutrient transport (e.g. Gallucci & Netto, 2004; Madden et al., 1988), little has been

done to investigate their impact on nearshore current circulation in the northwestern GoM.
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Specifically, there is a need in understanding the influence of offshore cold fronts to the

onshore Gulf breeze winds and the resultant nearshore current circulation.

Previous studies on nearshore circulation conducted within the northwestern GoM in-

vestigated seasonal shelf upwelling (e.g. Zavala-Hidalgo et al., 2006), inner-shelf cur-

rent in response to winter cold fronts (e.g. Pepper & Stone, 2004), correlation between

wind stress, currents, and suspended particulate matter concentration (e.g. Salisbury et

al., 2004), the role of surface circulation on hypoxia, and red tide blooms (e.g. Bianchi et

al., 2010; Tester & Steidinger, 1997). Nevertheless, to the authors knowledge, there has

not been a study conducted in the northern GoM investigating the role of different physical

processes such as wind, tide, waves, and LATEX shelf current on the nearshore circulation

across the surf zone and the inner-shelf. However, Torres-Freyermuth et al. (2017) con-

ducted a study on a sea breeze dominated beach (Sisal, Yucatan), to investigate the relative

role of different physical forcing on nearshore circulation between the inner-surf zone and

the inner-shelf region. The findings from Torres-Freyermuth et al. (2017) suggests that

wind and shelf currents mainly control the inner-shelf circulation during the passage of

cold front, while wind and waves were the main driving forces within the surf zone.

This paper replicates the work from Torres-Freyermuth et al. (2017) in order to under-

stand the relative role of two different atmospheric phenomena, specifically cold front and

Gulf breeze events along with the variation in the different forcing mechanisms such as

winds, waves, tides, and LATEX shelf currents in the Texas upper coast. Therefore, this

work aims to investigate the influence of physical processes (i.e. wind, waves, tide, and

LATEX shelf current) associated with the offshore cold fronts and the onshore Gulf breeze

on nearshore current circulation across the surf zone and the inner-shelf region.
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3.2 Field experiment location description

The field experiment was conducted on Galveston Island , a barrier island located

in the upper Texas Gulf coast (Figure 3.1). Galveston Island is known for its economic

importance due to high tourism impact scale (John & Crompton, 1998). The island is

also known for its 4.8 m × 5.4 m seawall that has a length of 16 km, which was built to

protect the island from storm surges (Ravens & Sitanggang, 2007; Morton et al., 1995).

The specific location of the instrument deployment site was 10 km west of the seawall

and in front of Galveston Island state park beach. The location was selected based on the

minimal anthropogenic interference (i.e. structures such as seawall, piers, and jetties), in

order to obtain the most natural current circulation within the surf zone.

c

a
b

Corpus Christi

Galveston

Lousiana

>18 14 10 6 2

Figure 3.1. Map of study area showing: (a) location of Galveston Island within the upper
Texas coast, (b) map of Galveston Island with depth contours, and (c) a zoomed-in view
of the field experiment site.
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The region is subtropical with hot summer and mild winter (Feagin et al., 2005). Dur-

ing the winter the area is subject to northeasterly cold fronts (W. Wang et al., 1998; Henry,

1979) associated with wind speed up to 16.5 ms−1, while in the summer the area is subject

to hurricanes and tropical storms. Galveston beach is microtidal with a tidal range of 0.3

m, and has a relatively low wave energy (Wallace et al., 2010; Rogers & Ravens, 2008).

The current flow regime is mainly wind driven; westward currents are generated by the

prevailing southeasterly Gulf wind, while eastwards currents are generated by the passage

of cold fronts during the winter season (Wallace et al., 2010; Darby, 2005). According

to Brannstrom et al. (2014) and Brannstrom et al. (2015), rip currents are more frequent

on the eastern portion Galveston, but can exist on the west side of Galveston with a lower

frequency. During the field experiment two types of breakers were observed: spilling

breakers covered the whole surf during low wind condition, and plunging breakers mainly

seen over the sandbars during high wind events.

3.3 Data collection and analysis

3.3.1 Field setup

The field experiment included five current meters deployed in a cross-shore array cov-

ering the area from the surf zone to the inner-shelf region (Figure 3.2a). Measurements of

currents, water free-surface elevation, atmospheric temperature, and wind were collected

between November 16 to December 1, 2016. Table 3.1 provides detailed instrument setup

and sampling parameters. In addition, mean spatial GoM surface wind data (10 m above

sea level) has been obtained from Kalnay et al. (1996), covering the whole period of the ex-

periment, to examine the cold fronts spatial extent and intensity over the region compared

to the Gulf breeze events.
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Figure 3.2. Field experiment setup and instruments: (a) plane view sketch of the instru-
ments layout and sandbars locations, (b) frame used for mounting the ADVs, (c) pod used
to hold the ADCPs, (d) Signature-1000 mounted on gimbal tripod, and (e) HOBO-U30-
NRC on-land meteorological station.
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The surf zone instruments included two Nortek Acoustic Doppler Velocimeters (ADV),

that are 7 m apart (hereafter referred to as G1 and G2, respectively). Two sets of goalpost

frames were made of galvanized steel pipes in a triangle shape used to mount the ADVs

(Figure 3.2b). The ADVs were oriented downward and measured velocity at 0.15 m from

the seabed. The ADVs were configured to record continuous pressure and velocity point

measurements at 16 Hz using ENU coordinate system (i.e. East, North , Up) with an

accuracy of ± 0.001 ms−1.

Additionally, a 2 and 1 MHz Nortek High Resolution Acoustic Doppler Current Pro-

filer (ADCP HR), were deployed within the mid surf zone and has an accuracy of ± 0.005

ms−1 looking upward into the water column. The 2 MHz ADCP-HR (hereafter referred

to as G3) was located on the outer edge of the inner-sandbar, and used to record velocity

profiles (0.075 m bin over 13 cells), and pressure measurements at 8 Hz in burst mode (2

minutes of measurements every 3 minutes), using ENU coordinate system. The 1 MHz

ADCP-HR (hereafter referred to as G4), was located at the far end of the trough before the

outer-sandbar (Figure 3.2a), and was setup with the same configuration as G3, except the

sampling rate was at 4 Hz and collecting 0.1 m bin velocity profiles over 8 cells. Two pods

made of aluminum frame were used to hold both ADCPs to minimize magnetic interfer-

ence. The pods used for the ADCPs included spiked legs to anchor the instrument on the

seabed, preventing the pods from flipping over during energetic wave condition (Figure

3.2c). Unfortunately, around 21:00 on November 27 both G3 and G4 stations were buried,

due to high sediment accretion. Therefore, measurements of pressure and velocity made

between 21:00-November 27 and 00:00-December 1, 2016 were filtered out.

One Nortek advanced five beam current profiling system referred to as Signature-1000

(AD2CP, hereafter referred to as G5) was deployed further offshore at the inner-shelf re-

gion, approximately 1.2 km from the shoreline (Figure 3.2a). The instrument was mounted

on a gimbal tripod made by durable aluminum in 8 m depth looking upward into the water
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column (Figure 3.2d). The instrument was continuously recording velocity profiles sam-

pled with 0.2 m bin spacing over 5.4 m with an accuracy of ± 0.003 ms−1, and pressure

measurements with a sampling rate of 8 Hz. The velocity measurements were recorded us-

ing ENU coordinate system. LATEX shelf surface currents measurements were obtained

through NOAA national data buoy center Station-42043-GA-252-TABS . The buoy was

developed and maintained by Texas A&M University.

Atmospheric measurements of temperature (◦C), relative humidity (%), wind speed

(ms−1) and direction (degree) were recorded using Onset Computer Corporation HOBO

U30-NRC (meteorological station). The meteorological stations has a 1 Hz sampling fre-

quency and report a mean of the recorded measurements every 30-seconds. The meteoro-

logical station sensors were mounted on a 3 m mast fixed to a tripod approximately 100

m from G1 (Figure 3.2e). Having the meteorological station near the study site provides

accurate local atmospheric observations.
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3.3.2 Meteorological and hydrodynamics data

Recorded meteorological data were block-averaged every 2 minutes, than smoothed

using a low pass filter over 40 minutes window. In addition, wind speed measurements

were adjusted to the standard reference height of 10 m. The wind stress (τw) was estimated

by the quadratic law (Eq. 3.1), to investigate the role of cold fronts and Gulf breeze wind

on nearshore current circulation:

τw = ρa CD U2
10 (3.1)

Where ρa is the air density assumed to be constant at 1.2 kgm3, CD is the drag coefficient,

which is a function of air density, temperature, and wind speed, and was estimated using

S. D. Smith (1988) methods. U10 is wind speed (ms−1) at 10 m elevation above ground.

The alongshore component of wind stress was computed using the wind horizontal veloc-

ity (U), and the wind longshore velocity ( v ) using the definition:

τy = ρa CD U v (3.2)

A directional wave spectrum Matlab toolbox (DIWASP) designed by Johnson (2002),

was used to estimate the significant wave height (Hs), period (Ts), angle (θ ), and provided

directional wave spectrum analysis, by implementing Direct Fourier Transform Method

(DFTM, see Eq.16 and Eq.45 within Barber (1963). DIWASP have been used in previ-

ous ocean and coastal studies for the purpose of computing directional wave spectrum

(e.g. Fisher et al., 2017; Fedele et al., 2013; Ogawa et al., 2012; Bechle & Wu, 2011;

Bever et al., 2011). The toolbox computed the directional wave spectrum using measured

pressure/free-surface elevation (P), cross-shore (u) and longshore (v) current velocity (i.e.

PUV method). Later, the alongshore component of the wave radiation stress (Sxy) was
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computed using estimated breaking wave height (Hb) and angle (θb) derived from G5, by

the following definition:

Sxy =
1

16
ρw g H2

b
cg

c
sin(θb) cos(θb) (3.3)

where ρw is the density of sea water assumed to be constant at 1025 kgm3, cg is the group

velocity, and c is the phase velocity. The breaking wave height and angle was estimated

using liner wave theory and apply a shoaling, refraction, and a breaking index (γ) of 0.42

to G5 waves observation.

3.3.3 PCA method

The principal component analysis (PCA) method, also known as empirical orthogo-

nal eigen function (EOF), was used to determine the local variability orientation of both

the longshore and cross-shore velocities for each stations following Thomson and Emery

(2014). This method has been widely used in atmospheric and oceanography studies to

investigate the relative role of the driving forces and the variability of nearshore currents

(e.g. Torres-Freyermuth et al., 2017; Prandle & Matthews, 1990), inner-shelf cross-shore

exchange (e.g. Hendrickson & MacMahan, 2009), and wind patterns and sea surface tem-

perature (e.g. Torres et al., 2003; Deser & Blackmon, 1995). The results of PCA analysis

are uncorrelated, and refereed to as Principal Components (PCs), where the first mode

represent the significant portion of total variance in the current data (Jolliffe, 2002).

Prior to PCA analysis, the longshore and cross-shore currents of G5 – G3 stations were

depth averaged. Surf zone velocity measurements with correlation less than 60% were

filtered out, whereas inner-shelf region velocity measurements with correlation less than

70% were filtered out (for details see Rusello, 2009). Additionally, recorded current data

were block-averaged every 2-minutes and then smoothed using a low pass filter over a 40-

minutes window. The new variables from PCA analysis were rotated along the direction of
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maximum variance of the currents, usually refereed to as principal direction (PD). Figure

3.3a-e displays a scatter diagram of E – W and N – S currents, where the dominate current

direction oriented in a nearly NE – SW direction for all stations. Moreover, the PCs (First

mode) for G1 – G5 describes more than 95% of the variance of the EOF analysis for the

whole period of the field experiment.
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Figure 3.3. Scatter diagram of E – W, and N – S current components: (a) G5, (b) G4 ,
(c) G3, (d) G2, (e) G1. G5 – G4 stations values represent depth averaged velocity. The
dashed line represent the rotated axes along the direction of maximum variance.
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3.4 Results & discussion

3.4.1 Wind and wave observations

Over the duration of the field experiment the area experienced six main wind events.

These events include the passage of three cold fronts (with mean wind speed: CE#1 ≈

5.1 ms−1 blowing from NW – NE, CE#2 ≈ 3.3 ms−1 blowing from N – NE, and CE#3

≈ 4.2 ms−1 blowing from NW – E). Additionally, three Gulf breeze events were observed

(with mean wind speed: GE#1 ≈ 4.4 ms−1 blowing from SE – S, GE#2 ≈ 4.7 ms−1

blowing from SE – S, and GE#3 ≈ 7.9 ms−1 blowing from SE – W). Overall, results from

Figure 3.4, suggest that Gulf breeze events tend to last for a longer period and are usually

associated with higher winds than cold front events.

SE#1 SE#2 SE#3CE#1 CE#2 CE#3

Wind compass
Direction = wind 

blowing from
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Figure 3.4. Measured time series of meteorological observations: (a) wind speed and
direction, (b) wind shear stress. The light gray shaded areas represent cold front events,
while the dark gray shaded area indicate Gulf breeze events.

High surface wind shear stress derived from the wind measurements (Figure 3.4b) were

associated with Gulf breeze wind (approaching the coast from SE – S). The study site ex-
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perienced the highest wind shear stress during GE#3, while the lowest surface wind shear

stress was observed between the November 29 and November 30, 2016. Nevertheless, the

wind shear stress experienced an immediate sharp increase following the onset of CE#1

(second highest wind stress value over the total period of the experiment). A summary of

mean, max, and standard deviation (σ ) of both τ and U10 are provided in Table 3.2.

Table 3.2. Mean, max, and σ of U10 and τ for the selected events, including upper and
lower 95% confidence intervals in brackets.

U10 τw

Event Std Deviation Average Max Std deviation Average Max
CE#1 1.8 5.08 6.8 0.03 0.054 0.09

[5.03, 5.14] [0.053, 0.056]
CE#2 1.0 3.29 4.8 0.01 0.0195 0.04

[3.26, 3.32] [0.0192,0.0197]
CE#3 1.2 4.23 5.4 0.01 0.0343 0.05

[4.17, 4.29] [0.0336,0.0349]
GE#1 1.3 4.41 6.6 0.02 0.0354 0.08

[4.37, 4.44] [0.0349, 0.0360]
GE#2 1.0 4.72 6.3 0.01 0.0393 0.07

[4.69, 4.75] [0.0389, 0.0397]
GE#3 1.6 5.97 7.9 0.03 0.0718 0.12

[5.92, 6.02] [0.0708, 0.0728]

Analysis of wind measurements suggest that southeasterly winds are the most domi-

nant winds during the total period of the field experiment (Figure 3.5). Winds approaching

the coast from 90◦ to 180◦ had a 12% frequency of occurrence with wind speeds up to

8 ms−1 (this represents GE#1 and GE#2). However, winds blowing from the southwest

(180◦ to 270◦) have a lower frequency of occurrence (between 3% and 1%), but with high

wind speed reaching up to 8 ms−1 (this represents GE#3). On the other hand, wind blow-

ing from 0◦ to 90◦ had a frequency of occurrence up to 11.8%, and associated with wind

speed ranging from 1 to 6 ms−1 (this represents CE#2). However, wind blowing from

72



270◦ to 0◦ had the lowest frequency of occurrence (3%<), with wind speed ranging from

1 to 7 ms−1.

Figure 3.5. Hourly averaged variation in wind frequency rose generated by the recorded
data from HOBO U30-NRC. The direction represent of where wind blows from.

Additional spatial and temporal wind observations for each selected event (i.e. GE#1,

GE#2 ... etc) were obtained using NCEP Reanalysis data provided by Kalnay et al. (1996)

and are illustrated in Figure 3.6. Observations suggest that offshore cold fronts passing

approximately from north – northwest has a larger extent over the upper Texas coasts, and

are associated with higher wind speed than northeasterly cold fronts (Figure 3.6,). On the

contrary, Gulf breeze wind blowing from the south, had a larger extent and covered almost

the whole northwestern GoM especially GE#3. Nevertheless, GE#1–2 had a more effect

on the local wind, were the spatial extent did not revile its true strength.
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(a)GE#1 (b)GE#2 (c)GE#3

(d)CE#1 (e)CE#2 (f)CE#3

Figure 3.6. Mean surface wind (10 m) within the GoM of Gulf breeze events, (a) GE#1,
(b) GE#2, (c) GE#3, and cold front events, (d) CE#1, (e) CE#2, (f) CE#3. The spatial
wind data presented in this figure were obtained from Kalnay et al. (1996).
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The variation in wind measurements were reflected in the inner-shelf and surf zone

wave climate (i.e. Hs, Ts, Figure 3.7a-b). During the Gulf breeze events estimated signif-

icant wave height was almost 50% higher than cold front events observations. The most

largest increase in significant wave height (1.5 m) was observed at G5 during GE#3, due

to the increase in wind stress. The region between the sandbars experienced a significant

wave height ranging from 0.13 to 0.5 m, and periods 4 to 7 seconds, where the maxi-

mum values were found during the GE#1-3. On the contrary, at G1 and G2 stations wave

conditions were found to be approximately 40% lower than those observed at G3 and

G4 stations, where the significant wave height ranged from 0.12 to 0.32 m, and periods

from 2 to 8 seconds. Across all stations, easterly – southeasterly waves dominated dur-

ing the GE#1-3, while during the CE#1-3 southeasterly – south waves dominated (Figure

3.7c). Unlike cold fronts, the Gulf breeze winds blow from the south where wind is not

constrained by land topography along with large fetch length allows for higher waves to

develop.
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Figure 3.7. Measured time series of: (a) significant wave height, (b) significant wave
period, and (c) wave direction. The light gray shaded areas represent cold front events,
while the dark gray shaded area indicate Gulf breeze events.
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The strongest current experienced within the inner-shelf region (up to 0.6 ms−1) was

during the Gulf breeze events (Figure 3.7a). The mean direction of the current was east-

ward during the cold front periods. Meanwhile, current directions were shifting frequently

between eastward and westward, but westward currents were sustained for a longer period

during GE#3 as wind shear stress exceeded 0.15 ms−1. In comparison, the mean current

magnitude recorded during the Gulf breeze was approximately 0.35 ms−1 ± 0.1, while

during the cold front events was 0.28 ms−1 ± 0.05. The same observations are made by

Nowlin et al. (2005), as after the passage of the cold front the currents encountered an

abrupt increase in velocity and shift in current direction.

The region between the sandbars experienced current velocities up 0.7 ms−1 at G4 sta-

tion during GE#1 (Figure 3.7b-c). On the other hand, G3 station experienced lower current

velocity fluctuations than recorded current velocities at observed at G4 station. Currents

within the surf zone are mainly induced due to waves motion and breaking. Therefore,

the high currents observed at G4 station are likely due to the higher waves observed at

the outer surf zone that might break before G3 station leading to lower current speed.

However, both G4 and G3 stations had sustained southwestward flow and northeastward

flow during the Gulf breeze and cold front events, respectively. In the inner-surf zone en-

hanced currents were observed over G2 and G1 stations, during GE#3 with a maximum

of 0.8 ms−1 (Figure 3.7d-e). On average, measured currents within the inner-surf zone

were higher than current values recorded in stations in deeper locations. The direction of

currents across the surf zone was consistent, where northeasterly – northwesterly wind re-

sults in a eastward-directed flow, whereas southeasterly – southwesterly wind results in a

westward-directed flow. Elevated current values recorded during GE#1, GE# 3, and CE#1,

are likely due to the increase in both wind speed, and wave climate accompanied by a large

tidal range (spring tide, see Figure 3.8c).
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3.4.2 Nearshore circulation and forcing conditions

Following Torres-Freyermuth et al. (2017), LATEX shelf currents, alongshore wind

stress, alongshore wave radiation stress, and tides were considered to be the main influence

on nearshore current circulation across the surf zone and the inner-shelf region (Figure

3.9). The alongshore wind stress was found to be strongest during CE#1 and CE#3, where

the highest magnitudes were found during the middle of the events (Figure 3.9a). During

the cold front periods, the alongshore wind stress ranged from 3× 10−6 Nm−2 to 9×

10−2 Nm−2, and ranged from −3× 10−6 Nm−2 to −1× 10−1 Nm−2 during the Gulf

breeze periods .The recorded LATEX shelf currents were found to be higher than currents

recorded at G5 station, especially during cold front periods (Figure 3.9b).

The recorded currents during Gulf breeze periods were almost twice as high at G5

station than the shelf current. This might be due to the location difference, as the buoy was

approximately 22 km from the coast. This difference in distance will allow the offshore

wind to develop enhanced current velocity, whereas G5 station was located closer to the

coast so it has less distance for wind to develop high waves (i.e. fetch length effect).

On the other hand, the estimated alongshore wave radiation stress values within the surf

zone experienced small fluctuation during cold front periods, and higher magnitudes were

observed during the Gulf breeze periods, especially during GE#3 (Figure 3.9d). This was

likely due to the increase in breaking wave height and change in breaking wave angle.
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Figure 3.9. Measured/computed time series of the selected forcing mechanism: (a) along-
shore wind stress, (b) recorded LATEX shelf current, (c) measured mean sea level at G5,
(d) alongshore wave radiation stress. The light gray shaded areas represent cold front
events, while the dark gray shaded area indicate Gulf breeze events.

The first EOF mode values for the inner-shelf region were ranging from -0.3 ms−1 to

0.25 ms−1, and were mainly eastward-directed (Figure 3.10a). Meanwhile, stations within

the surf zone had a higher range than the inner-shelf region, approximately between -0.6

ms−1 and 0.58 ms−1, Figure 3.10b-e. Additionally, stations located within the surf zone

displayed similar flow direction with a consistent pattern of westward-directed currents

during the Gulf breeze events, and eastward-directed currents during the passage of cold

fronts. Similar observations have been made by Torres-Freyermuth et al. (2017), as the first

EOF mode for the inner-shelf region behaved differently than the surf zone. Additionally,

Torres-Freyermuth et al. (2017) suggested that the rotation in EOF values within the surf

zone correspond to wave breaking.
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In order to examine the influence of the forcing mechanism on nearshore current cir-

culation across the surf zone and the inner-shelf region, the first EOF mode was correlated

with selected forcing over a 12-hour moving window. The mean correlation coefficients

R̄ values of all Gulf breeze and cold front events were computed for all stations and are

reported in Table 3.3. During the cold front events, the inner-shelf currents showed higher

correlation with LATEX shelf current (R̄ = 0.44) and tide (R̄ = 0.45), than alongshore

wind stress component (R̄ = 0.41). Meanwhile stations within the surf zone correlated

better with the alongshore component of wave radiation stress (R̄ = 0.69) and tides (R̄ =

0.62) compared to alongshore wind stress (R̄ = 0.50).

Table 3.3. A summery of R̄ (12 hours window moving correlation between alongshore
wind stress, alongshore wave radiation stress, tide, and LATEX shelf currents with G1 –
G5 first EOF mode during all cold fronts and Gulf breeze events

Mean R values (CE#1-3) Mean R values (GE#1-3)

Wind Waves Tide Current Wind Waves Tide Current

G1 0.47 0.76 0.72 - 0.38 0.42 0.78 -

G2 0.41 0.61 0.64 - 0.42 0.41 0.74 -

G3 0.57 0.71 0.57 - 0.45 0.39 0.57 -

G4 0.53 0.71 0.56 - 0.43 0.40 0.67 -

G5 0.41 - 0.45 0.44 0.47 - 0.42 0.57

Stations located closer to shore (i.e. stations G1 – G2) displayed the highest correlation

with tide, while stations between the sandbars were better correlated with alongshore wind

stress. On the contrary, during the Gulf breeze events the inner-shelf region correlated

better with LATEX shelf currents (R̄ = 0.57), alongshore wind stress (R̄ = 0.47), and tides
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(R̄ = 0.42) in descending order. Surf zone stations R̄ values suggest that during gulf breeze

periods alongshore wind stress (R̄ = 0.42) and the alongshore component of wave radiation

stress (R̄ = 0.40) decrease in correlation, while tides (R̄ = 0.69) correlated better with the

first EOF mode. In comparison, the circulation at the inner-shelf region was controlled by

LATEX shelf currents during both wind events (i.e. cold fronts and Gulf breeze winds),

whereas during the passage of the cold front wave breaking drives the current circulation

within the surf zone.

Figure 3.11 display a 12-hour moving R2 between the first EOF mode computed for

stations G1 – G5 and the tested forcing mechanisms (i.e. alongshore wind stress-black

line, alongshore wave radiation stress-blue line, tide-gray line, and LATEX shelf currents-

green line). During energetic cold fronts (i.e. CE#1 and CE#3), the inner-shelf region

currents were mainly influenced by the LATEX shelf currents and the alongshore wind

stress. Meanwhile, during periods sustained wind direction (N – NE) and lower wind

speed (3 < U10 < 5) LATEX shelf currents and tides are considered the main driving force

(i.e. CE#2). It is also suggests due to that high tidal range recorded during spring tides

tidal forcing dominate over the LATEX shelf currents. Therefore, high sea level fluctu-

ation can play a role in inner-shelf region current circulation. During the Gulf breeze

periods, the LATEX shelf currents and alongshore wind stress controls the current circula-

tion within the inner-shelf region. This was noticed especially during the GE#1 and GE#3

as alongshore wind stress experienced increased in magnitude.

Moreover, observations of the mid-surf zone (i.e. G3 and G4 stations) suggests that

during the cold front events waves breaking and alongshore wind stress are the main driv-

ing force, but the influence of the tides can become as important during the spring tide.

Additionally, the importance of the tide is mainly dependent on the wave height and the

alongshore wind stress conditions. For example, tides were found to be the dominate

forcing mechanism when less intense wave heights and alongshore wind stress conditions
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exist (i.e. CE#2). Similar to Torres-Freyermuth et al. (2017) findings, tides became more

important to current circulation during the spring tidal cycle. Recorded observations at

G1 and G2 stations suggests that during the cold front events the inner-surf currents were

influenced by all forcing mechanisms, but tides and waves were the dominate controlling

forces. These findings contradict with Torres-Freyermuth et al. (2017) observations, as

their data suggest that the main driving forces within the surf zone are breaking waves

and wind. This contradiction is likely due to the difference in study site locations and

meteorological environment (i.e. wind speed and direction). For example, the tidal range

in Galveston Island is 0.5 m lower than the tidal range in Torres-Freyermuth et al. (2017)

study site. Additionally, Torres-Freyermuth et al. (2017) field experiment site experienced

higher wind conditions than what was observed within this study.

In the surf zone the relative importance of tides becomes more visible during the pe-

riod of Gulf breeze events, and unlike the cold front events waves breaking has relatively

similar influence as the alongshore wind stress. Overall during the Gulf breeze events,

the tidal force is considered the main driving mechanism for surf zone current circulation,

followed by wind. In addition, surf zone stations had a significant portion of data gaps.

This definitely has affected the statistical analysis of R̄ between the first EOF mode and

the selected forcing mechanisms.
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3.5 Summary

The present study has investigated the influence of alongshore wind stress, alongshore

wave radiation stress, tide, and LATEX shelf currents on nearshore current variability.

This included both spatial and temporal scales, during the passage of three cold front and

three Gulf breeze events. Results shows that nearshore currents are intensified during both

the passage of cold fronts and during the Gulf breeze events. The findings of this study are

summarized in the following three points:

[1] During the cold fronts passage (2 ≤ U10 ≤ 7, offshore-directed wind) currents were

mainly eastward-directed from the inner-shelf region to the surf zone. During en-

ergtic cold fronts the inner-shelf circulation was mainly driven by the tide and wind,

whereas less energtic condations the main driving forceses are LATEX shelf current

and wind. Meanwhile, the surf zone current circulation was mainly influenced by

tides and waves (Figure 3.11b-e).

[2] During the Gulf breeze events (3 ≤ U10 ≤ 8, onshore-directed wind), westward-

directed currents dominate over the surf zone, while the inner-shelf region current

direction varied, and became sustained when wind shear stress levels increased (τw

> 0.13 Nm−2). It is suggested that the inner-shelf region current circulation was

controlled by both wind and LATEX shelf currents. On the other hand, tides and

waves combined are considered the main driving forces controlling surf zone current

circulation. The consistency of current flow within the surf zone, is likely due to

waves arriving from ESE breaks resulting in a westward flow.

[3] During the fall season, both cold front and Gulf breeze events can significantly in-

fluence the nearshore circulation, by reversing the mean direction of the current

flow. Therefore, this can determine the main transport direction of the sediment,
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pollutants, and nutrients. However, the analysis herein does not provide a long term

influence of the tested forcing mechanisms. This may result in either underestimat-

ing the influence of the forcing mechanisms during both gulf breeze and cold front

events.
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4. NEARSHORE HYDRODYNAMICS AND SEDIMENT DYNAMICS ON THE

UPPER TEXAS COAST IN RESPONSE TO FLUCTUATING ONSHORE (GULF

BREEZE) AND OFFSHORE (COLD FRONT) WIND: A SANDY MICROTIDAL

BEACH FIELD STUDY

4.1 Introduction

Human beings favor settlement around coastal areas, because of the economical value,

ecological, and social importance they have to offer (Costanza, 1999; Culliton et al., 1990).

However, coastal erosion is a growing worldwide problem. According to Bird (1985)

coastal erosion has affected almost 70% of the world sandy beaches. In addition, coastal

erosion can caused by anthropogenic interference by placing artificial structures (e.g. sea-

wall, piers, and dams), altering the sediment supply (Morton, 1988). Syvitski et al. (2005)

suggest that humans impact have reduced sediment flux to the world coast by 1.4 ± 0.3

billion metric tons per year. In the Gulf of Mexico (GoM) coastal erosion/retreat is a

significant problem facing Texas coast, especially from Galveston Island to Padre Island

(Morton & McKenna, 1999). This is due to storm activity (Sebastian et al., 2014; Mor-

ton et al., 1995), sea level rise (Feagin et al., 2005), and human interference altering the

sediment supply (Morton, 1988).

During late fall and early winter months, the northern GoM is subject to synoptic-scale

disturbance events (i.e. cold fronts), that are considered to be highly energetic and covers

a large spatial extent. An eleven-year analysis of cold fronts by Henry (1979) suggests that

on average five fronts pass the GoM between November and April. Approximately 50% of

these cold fronts are considered continental polar and enters the GoM between Galveston

and Corpus Christi (Henry, 1979). This is similar to what has been reported by Moeller

et al. (1993) with an average of 35 cold fronts passing over the Louisiana coast during the
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winter months. Cold fronts are characterized by an abrupt increase in wind speed (up to

16 ms−1), reversal in wind direction, and accompanied with high precipitation (Kineke et

al., 2006; Keim, 1996; Huh et al., 1978). This can reflect on the wave field, for example,

Dingler et al. (1993) reported an increase of significant wave height of 2-3 m in the north

of GoM, while Pepper and Stone (2004) reported a 1 m increase in significant wave height

and a 3-second decrease in peak wave period. Additionally, Pepper and Stone (2004)

observed a 1.5 ms−1 increase in near bed current velocity shortly after the passage of a

cold front .

Studies by Dingler et al. (1993) and Moeller et al. (1993) suggest that cold fronts

are more effective in sediment re-suspension and transport than tropical storms due to

their high frequency of occurrence. Therefore, cold fronts are found to be highly effec-

tive in sediment re-mobilization (Stone & Wang, 1999; Chaney & Stone, 1996). Pepper

and Stone (2004) reported an increase of 0.6 gm−1s−1 in cross-shore suspended sediment

transport right after the passage of a cold front. Moreover, Dingler et al. (1993) suggested

that beach face erosion and overwash deposition are likely to occur during a cold front pas-

sage. In contrast, Kineke et al. (2006) results regarding the effect of cold fronts passage

over the chenier-plain coast of Louisiana, suggest sediment accretion events are likely to

occur following an offshore cold fronts. Therefore, cold fronts can result in both accre-

tion and erosion of sediment within the nearshore region. The impact of cold fronts on

nearshore sediment dynamics depends on the wind speed and the cold fronts orientation

in regards to the coast (Curtarelli et al., 2013; Garreaud, 2000).

Adding to their critical impact on sediment transport, cold fronts also have an impact

on biogeochemical fluxes (e.g. Booth et al., 2000), nutrient transport (e.g. Gallucci &

Netto, 2005), and pollution transport (e.g. Michel et al., 2013; Balseiro et al., 2003).

The most outstanding impact of cold fronts within the nearshore current circulation on

the northern GoM is reversing the westward current resulted from the Gulf breeze wind
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events to eastward flow (Wallace et al., 2010; Nowlin et al., 2005; W. Wang et al., 1998;

N. P. Smith, 1977). Herein, the Gulf breeze wind events are defined as an energetic wind

events, which has a mean duration of one day and blowing onshore with wind speeds more

than 5 ms−1 and less than 11 ms−1.

Studies addressing the impact of seasonal meteorological events such as cold fronts

on coastal regions have been growing in the GoM. A considerable amount of research has

covered the cold fronts impact on re-suspension of sediment in lagoons (e.g. Carlin et al.,

2016b; Dellapenna et al., 2006), barrier island erosion and overwash (e.g. Keen et al.,

2003; Moeller et al., 1993; Dingler & Reiss, 1990), inner-shelf waves and currents (e.g.

Keen, 2002), inner-shelf sediment transport (e.g. Kineke et al., 2006; Pepper & Stone,

2004; Stech & Lorenzzetti, 1992), and bay foreshore erosion (e.g. Armbruster et al., 1995).

However, there is a sparse regarding the impact of cold fronts on the hydrodynamics and

sediment dynamics within the surf zone, despite the widespread recognition of cold fronts

impact on the coastal region. Therefore, this paper aims to provide a better understanding

of offshore directed cold fronts compared with the onshore winds associated with the Gulf

breeze events within the surf zone. The was conducted by comparing cold fronts and Gulf

breeze events impact on the surf zone hydrodynamics and sediment dynamics.

4.2 Study site

The field experiment was located on Galveston Island (29°14′27.62′′N 94°54′32.88′′W,

see Figure 4.1), approximately 10 km west of the seawall and in front of Galveston Island

State Park. The site can be considered as a natural beach with no human interference. The

island is 50 km long and well known to coastal engineering committees because of the

16 km seawall (4.8 m × 5.4 m) built to protect the island after the 1900 hurricane that

resulted in the loss of both lives and properties (Ravens & Sitanggang, 2007; Morton et

al., 1995). The study location has the highest shoreline loss of 1.5 – 2.5 m/y within the
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upper Texas coast (Paine et al., 2012). Some studies have suggested that the key reason

behind Galveston Island shoreline loss is due to the influence of human structures, such as

the seawall and jetties, which altered the littoral drift system (e.g. Ravens & Sitanggang,

2007; Morton et al., 1995; Morton, 1988). Another reason can be due to the extreme

storm events such as hurricanes (Wallace et al., 2010). However, Galveston Island has an

important economic value to the state of Texas. This is due the island location relatively in

the center of northwestern GoM with open accesses to sea provided ease of transport for

trades via vessels and ports, and high revenue from tourists attraction (Sen & Mayfield,

2004). Therefore, the government spends a huge amount of money heavily to compensate

the loss of sediment by beach nourishment. According to Trembanis and Pilkey (1998) 5.9

million dollars have been spent in 1994 – 1995 in order to provide Galveston Island coast

with 542834 m3 of sand.

N

S

EW29o24’N

29o18’N

29o12’N

29o06’N

29o00’N
95o12’W 95o00’W 95o48’W 95o36’W

-16
-14

-8
-12

-6
-4-2

Field experiment site

Figure 4.1. Map of the Galveston Island with depth contours. The white circle represents
the field experiment location.

Galveston Island has a subtropical climate with hot summers and mild winters (Feagin
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et al., 2005). During the summer season the area is subject to the Gulf breeze winds

resulting in a westward current flow, while in the winter season the area is subject to

frequent cold fronts resulting in an eastward current flow (Wallace et al., 2010; Nowlin et

al., 2005, 1998; W. Wang et al., 1998; Henry, 1979).

Galveston beach is microtidal with a tidal range of 0.3 m and a relatively low wave

energy (Wallace et al., 2010; Rogers & Ravens, 2008). The reported mean grain size

in the surf zone was approximately 0.13 mm (Rogers & Ravens, 2008). The available

sediment within the study area is 10-25% calcium carbonate (Balsam & Beeson, 2003),

and abundant quartz sand on the Texas shelf, while high percentage of terrigenous silt is

available near the coast (Ellwood et al., 2006). Additionally, surf zone sub-tidal sandbars

are common within the upper Texas coast (Anderson, 2007), with two sandbars present

during the field experiment.

4.3 Data collection and analysis

4.3.1 Field setup

The data used in the present study was collected from November 16 to December

1, 2016, where the field experiment included a cross-shore array of current meters that

covered the surf zone (1 m – 2 m depth) and extended to the inner-shelf region (8 m

depth). Surf zone currents were measured using two Nortek Acoustic Doppler Velocime-

ters (ADV) with a 7 m spacing between the two stations. The ADVs were mounted on

a triangle frame made on site using galvanized steel pipes as shown in Figure 4.2b. The

ADVs, hereafter referred to as G1 and G2, respectively, were oriented downward targeting

current measurements at 0.15 m from the seabed. Additionally, the ADVs were able to be

vertically adjusted to the targeted depth if needed. Both stations were configured to record

continuous pressure and velocity at 16 Hz using the ENU coordinate system (i.e. East,

North , Up) with an accuracy of ± 0.001 ms−1.
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Figure 4.2. Setup and field experiment instruments: (a) plan view schematic of the study
area showing instruments locations and layout, (b) frame used for mounting the ADVs ,
(c) an ADCP mounted on the aluminum pod, (d) gimbal tripod used to mount the Signture-
1000, and (e) ONSET meteorological station.

Both G1 and G2 stations were equipped with optical backscatter sensor (OBS), fixed

at 0.15 m from the seabed next to the ADVs. However, the OBS failed to record data;

therefore, another deployment was conducted to calibrate the Suspended Sediment Con-

centration (SSC) using G2 station only (will be further discussed in 4.3.4).

Additionally, two pods, holding a 2-MHz and 1-MHz Nortek High Resolution Acous-

tic Doppler Current Profiler (ADCP HR), were deployed between the inner and the outer-

sandbars (Figure 4.2a). The ADCPs provided a measurements of pressure and velocity

profile using the ENU coordinate system with an accuracy of ± 0.005 ms−1. To reduce
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magnetic interference, the pods used here were made by aluminum frames, and were an-

chored to seabed using spiked legs (Figure 4.2c). The 2-MHz ADCP-HR, hereafter re-

ferred to as G3, was placed right after the inner-sandbar, and was configured to record

2-minute velocities profile (0.075 m bin over 13 cells) and pressure measurements at 8

Hz every 3-minute. Meanwhile, the 1-MHz ADCP-HR, hereafter referred to as G4, was

deployed just before the outer-sandbar, and had the same configuration as G3, but sampled

at 4 Hz with cell resolution of 0.1 m (i.e. bin size) over 8 cells. Both G3 and G4 stations

were oriented upward, and each were equipped with an OBS; however, the OBS failed

to record any measurements. Additionally, measurements of both pressure and velocities

from G3 and G4 stations recorded between 21:00-November 27 and 00:00-December 1

2016 were deleted, as the ADCPs were buried under the sandbars.

Furthermore, one Nortek advanced-five-beam current profiling system referred to as

Signature-1000 (AD2CP), hereafter referred to as G5, was deployed approximately 1.2 km

from the shoreline. The AD2CP was deployed in an 8 m depth using a gimbal tripod. G5

station was configured to record continuous pressure and velocity profile measurements at

8 Hz with 0. 2 m spacing over 5.4 m, using the ENU coordinate system with an accuracy

of ± 0.003 ms−1(Figure 4.2d).

Finally, atmospheric observations were collected using Onset Computer Corporation

HOBO U30-NRC (meteorological station) and was setup on the beach approximately 100

m from G1 station. The meteorological station was configured to record measurements

of temperature (◦C), relative humidity (%), wind speed (ms−1) and direction (degree) at 1

Hz, and produced an average value every 30 seconds. The meteorological station sensors

were mounted on a 3 m mast (Figure 4.2e), and the calibration of wind direction sensor

was performed on site. A summary of instrument configuration and sampling parameters

are provided in Table 4.1.
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4.3.2 Wind, currents, and waves analysis

Prior to data analysis, wind measurements were adjusted to the standard reference

height of 10 m. Later, the recorded wind speed and direction were block-averaged every

2 minutes, then smoothed using Savitzky-Golay filter over a 10-minute window (Savitzky

& Golay, 1964). Additionally, the magnitude of wind stress (τw) was estimated using the

quadratic law by the following definition:

τw = ρa CD U2
10 (4.1)

where ρa is the air density, assumed to be constant at 1.2 kgm3, the drag coefficient

(CD) is a function of air density, temperature, wind speed, and was estimated following

S. D. Smith (1988) methods. U10 in Eq.4.1 is wind speed at the standard reference height.

During the post processing phase all velocity measurements from station G1 to G5

were converted from the earth coordinate system (i.e. North-South and East-West) into

cross-shore and longshore, according to the coastline orientation. Measurements of veloc-

ity with correlation less than 60% were filtered out for stations located within the surf zone

and correlation less than 70% for the inner-shelf station (for description refer to Rusello,

2009. Later, velocity and pressure measurements were block-averaged every 2 minutes,

then smoothed using a low pass filter over a 10-minute window.

Wave analysis was carried out using a directional wave spectrum Matlab toolbox re-

ferred to as DIWASP (Johnson, 2002). The toolbox has been used in previous studies

to investigate wave dynamics within oceans and coastal regions (e.g. Fisher et al., 2017;

Fedele et al., 2013; Ogawa et al., 2012; Bechle & Wu, 2011; Bever et al., 2011). DIWASP

output provides an estimate of significant wave height (Hs), period (Ts), angle (Dw), and

also provides a directional wave spectrum analysis. This was carried out by implementing

the Direct Fourier Transform Method (DFTM, see Eq.16 and Eq.45 within Barber (1963)).
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The toolbox computes the wave direction similar to Gordon and Lohrmann (2001) meth-

ods (Eq.4.2) by using the pressure recording and both the cross-shore and the longshore

velocity cross spectra (Φpu and Φpv, respectively, usually referred to as PUV method):

Dw = atan2(Φpu,Φpv) (4.2)

4.3.3 Turbulence

Shear stress produced by wind increases surface wave height. Therefore, it is directly

linked with enhancing Turbulent Kinetic Energy (TKE). TKE dynamics can be quantified

by measurements of TKE dissipation rate (ε). Both TKE and ε were estimated using

the velocity measurements recorded using the current meters. In this paper, TKE was

computed using the variance method (Eq.4.3), that has been previously used within the

surf zone region (e.g. Butt et al., 2004; Svendsen, 1987):

TKE =
1
2

(
u′2 + v′2 +w′2

)
(4.3)

the right hand side of Eq.4.3, u′2, v′2 , and w′2, corresponds to cross-shore, longshore, and

vertical mean velocity variances, respectively. Furthermore, ε can be estimated by fitting

the Kolmogorov -5/3 slope within the inertial subrange of Power Spectral Density (PSD)

plot of velocity fluctuations (Eq.4.4). This method was developed by Kolmogorov (1941),

and it assumes the turbulence to be homogeneous and isotropic and can be computed using

the following:

E(k) = αε
2/3k−5/3 (4.4)

where E(k) is isotropic energy spectra, k is the wavenumber, α is the empirical Kol-

mogorov constant ≈ 1.5 (H. Grant et al., 1962). Additionally, a robust regression algo-
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rithm (Huber, 1964) can be used for fitting the −5/3 slope into the spectra, as this method

helps in reducing the error produced by the least square fit. However, within this paper

a modified version of Eq.4.4 by Trowbridge and Elgar (2001) was used to compute ε

(Eq.4.5). Trowbridge and Elgar (2001) version filters out the energy signature of wind and

waves on the PSD, thus providing accurate estimate of turbulence, and was computed as

follows:

E(k) =
12
55

αε
2/3k−5/3V 2/3I

(
σ

V
,θ
)

(4.5)

where V is defined as the magnitude of the current, θ is the angle between the wave and

current, and σ is the variance of the wave induced horizontal velocity. Trowbridge and

Elgar (2001) defined the term I
(

σ

V
,θ
)

as follows:

I
(

σ

V
,θ
)
=

1√
2π

(
σ

V

)2/3 ∫ +∞

−∞

[
x2−2

V
σ

cos(θ)x+
V 2

σ2

]1/3
exp
(
− 1

2
x2
)

dx (4.6)

a detailed explanation of Eq.4.6 can be found in Trowbridge and Elgar (2001). The cross-

shore bed shear stress (τb) was estimated using the covariance method (e.g. Pope et al.,

2006; Biron et al., 2004; Babaeyan-Koopaei et al., 2002; Kim et al., 2000) by using the

cross-shore and vertical velocity fluctuations ( u′w′):

τ = ρwu′w′ (4.7)

herein ρw is the density of the salt water and assumed to be constant (≈ 1025 kgL−1).

4.3.4 Beach profile survey and suspended sediment flux

Beach topographic surveys were made using Real Time Kinematic (RTK) Differential

Global Positioning Systems (DGPS) that has a horizontal accuracy of± 10 mm and a ver-
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tical accuracy of ± 20 mm. Due to some limitations, the surveys were only conducted on

November 17, 21, and 30 2016, and December 1, 2016. However, due to technical issues

with the RTK discovered later after the experiment for profiles taken after November 21.

Thus, profiles taken on November 17 and November 21 were used for analysis. Moreover,

due to the failure of the OBSs to operate during period of the experiment, another deploy-

ment was conducted on the same site using only G2 station. The new deployment lasted

a week and had experienced similar atmospheric wind events (i.e. cold fronts and Gulf

breeze events).

In order to compute suspended sediment flux, SSC was derived from G2 station backscat-

ter measurements. Doppler velocity instruments were mainly designed to measure current

velocity, but also can be used as a surrogate to measure SSC by backscatter intensity. Re-

searchers have adopted this acoustical technique to aid in investigating sediment transport

processes (e.g. Ha et al., 2011; Thorne et al., 2011; Hill et al., 2003; Jay et al., 1999;

Thorne et al., 1993). Later, the technique had improved to account for sound attenua-

tion (e.g. Sassi et al., 2012; Lee & Hanes, 1995; Thorne et al., 1993), and the impact of

site environment on the backscatter calibration (e.g. Hoitink & Hoekstra, 2005; Gartner,

2004). The method used to derive SSC from G2 station followed Deines (1999) technique

by using the simplified version of the sonar equation, as follows:

Sv =C+10log10(R
2)−LDBM−PDBW +2αabR+Kc(Ei−Er) (4.8)

herein, Sv correspond to the volume backscatter strength, R is slant range ( R= z/
180×θ

π
,

θ is the transducer angle and z is the cell depth), LDBM is the transmitted pulse length,

PDBW is the transmitted power, αab represent the absorption coefficient, Ei and Er are the

echo intensity/strength and the Received Signal strength Indicator (RSSI) reference level

under no signal present. Moreover, once the RSSI scale factor (Kc) and the calibration
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constant (C) were obtained using a linear regression of E and SSC obtained from the

OBS, the inversion can be estimated using the following definition:

SSCADV = 10
(

20log10(R)−LDBM−PDBW+2αR+Kc(Ei−Er)/10
)

(4.9)

where SSCADV is the SSC measured by the ADV. Computation of time averaged longshore

and cross-shore sediment flux (qv, and qu, respectively) , were carried out following Jaffe et

al. (1984) method, a well known method that has been used by several coastal researchers

(e.g. Williams et al., 2015; Pattiaratchi & Masselink, 1996; Aagaard & Greenwood, 1994;

Osborne & Greenwood, 1993; Russell, 1993):

qv =
1
N

i=n

∑
i=0

vin(SSC)in (4.10)

qu =
1
N

i=n

∑
i=0

uin(SSC)in (4.11)

The total suspended sediment transport in both the longshore and cross-shore direction

was computed using Eq.4.10 and Eq.4.11 results, as follows:

Qv =
i=n

∑
i=0

∫ t2(i)

t1(i)
qv(t)dt (4.12)

Qu =
i=n

∑
i=0

∫ t2(i)

t1(i)
qu(t)dt (4.13)

herein Qv and Qu represent the total suspended transport in the longshore direction and the

total suspended transport in the cross-shore direction, respectively. The term i represents

the number of events, t1 and t2 are the beginning and end of the event period, respectively,

and t is the time.
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4.4 Results

4.4.1 Atmospheric observations and inner-shelf oceanographic forcing

Time series measurements of wind speed and direction in Figure 4.3a, display three

Gulf breeze events, hereafter referred to as GE#1–3, and three cold front events, hereafter

referred to as CE#1–3. Overall during the Gulf breeze events, wind speed was found to

be slightly stronger than those experienced during cold front event winds. Meanwhile,

changes in wind speed and direction over the course of cold fronts were almost instanta-

neous. Wind speed during the Gulf breeze events ranged between 2 ms−1 and 8.3 ms−1,

with a mean wind speed of 4.4, 4.7, and 5.9 ms−1, experienced during GE#1, GE#2, and

GE#3, respectively. Wind direction was sustained during GE#1, GE#2 and mainly blow-

ing from the southeast, while GE#3 had a southwest wind component. On the contrary,

cold front events had a lower duration and weaker winds, where wind speed ranged be-

tween 1.5 ms−1 and 6.8 ms−1, with a mean wind speed of 5.1, 3.3, 4.4 ms−1, during

CE#1, CE#2, and CE#3, respectively. Over the course of Gulf breeze events, wind shear

stress experienced the highest increase, with a maximum wind shear stress observed during

GE#3 (0.185 Nm−2), while cold fronts displayed lower values, except during CE#1 (Fig-

ure 4.3b). The characteristics of the wind events experienced during the field experiment

are summarized in Table 4.2.

Water level (η) measurements display two spring tidal cycles at the start and end of the

experiment, while neap cycle occurred between November 21 and November 26 (Figure

4.3c). A prediction of water level data was generated using T_Tide (Pawlowicz et al.,

2002). Gulf breeze events associated with a wind speed of more than 6 ms−1, the observed

water level exhibited an increase of 0.13 m higher than the predicted water level (Figure

4.3c). However, during the cold front events, the observed water level was suppressed up

to 0.12 m compared to the predicted water level, as the wind direction was rotated.
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Moreover, during the Gulf breeze events, offshore waves arrived from E-SE, while

during the cold front events, waves mainly arrived from SE-S (Figure 4.3d).The significant

wave height was higher during the Gulf breeze events compared to cold front observations.

The most outstanding increase in wave climate was experienced during GE#3, with a 1 m

and 3.5 seconds increase in significant wave height and period, respectively. However,

cold fronts displayed a weaker wave climate, with a mean significant wave height and

period of 0.4 m and 6.5 seconds, respectively. The low wave energy experienced during

the cold fronts can be a result of the low wind shear stress caused by the land topography.

The average directional wave spectrum of all Gulf breeze events (Figure 4.4a) depicts a

peak period of 4.5 seconds and a peak direction at 110◦, while the mean directional wave

spectrum of all cold fronts events (Figure 4.4b) display a peak period of 5 seconds and a

peak direction at 150◦.
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Figure 4.4. Mean directional wave spectrum for combined: (a) Gulf breeze events, (b)
cold front events.

The recorded cross-shore and longshore currents within the inner-shelf display higher
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magnitudes during the cold front events than the ones observed during the Gulf breeze

events (Figure 4.5a-b). The current profile was relatively homogeneous through the water

column, except for CE#2, which may be due to the low wave energy conditions. The mean

depth averaged cross-shore currents experienced during the CE#1–3 was approximately

0.15 ms−1, while the mean depth averaged lonshore current was approximately 0.18 ms−1.

On the other hand, Gulf breeze events depth averaged cross-shore current ranged between -

0.08 ms−1 and 0.1 ms−1, while the longshore currents ranged between -0.17 ms−1 and 0.18

ms−1. Note that current direction was more consistent during the cold front events, with

onshore and eastward currents. However, offshore and westward currents were enhanced

and sustained for a longer period during GE#3 compared to GE#1–2.
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4.4.2 Surf zone currents and waves

The surf zone significant wave heights and periods were lower than the wave climate

experienced at G5 station (Figure 4.6a-b). The highest waves were recorded within the

area between the sandbars, where G3 and G4 stations experienced similar wave height

and period. In comparison, wave parameters during the Gulf breeze events were found

to be higher than wave parameters experienced during cold fronts events. During the

Gulf breeze events, G3 and G4 experienced a maximum significant wave height and wave

period of 0.57 m and 7 seconds, respectively. On the other hand, during the beginning

of the cold front events, an increase in wave climate was observed followed by a decline

as the fronts passed the area. On the contrary, G1 and G2 stations wave climate were

almost 40% lower than what was experienced at G3 and G4 stations, with significant wave

heights ranging between 0.12 m and 0.32 m, and periods ranging between 2 seconds and

8 seconds. Nevertheless, all stations displayed a similar pattern in both wave height and

period during the total period of the field experiment.
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Figure 4.6. Measured time series of: (a) significant wave height, (b) significant wave
period. The light gray shaded areas represent cold front events, while dark gray shaded
area indicate Gulf breeze events.
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Unlike the inner-shelf region, the surf zone cross-shore and longshore current profiles

recorded at G3 station were homogeneous throughout the entire water column (Figure

4.7a-b). This homogeneity in the current profile is due to the waves energy distributed

across the entire water column in shallower waters, where the inner-shelf region currents

homogeneity can only be observed at the top layer of the water column. Overall, measured

surf zone currents were found to be approximately 90% stronger than measured currents

at the inner-shelf region (Figure 4.8). In comparison, the characteristics of the cross-shore

current over G2 and G4 stations were found to have a similar current intensity and pattern

(Figure 4.8a). Additionally, the same can be seen from the recorded cross-shore current

between G1 and G3 stations.

During CE#1, the experienced cross-shore current between the sandbars were found to

be approximately 0.13 ms−1 higher than those observed at G2 station. Meanwhile, during

the GE#2, the cross-shore current at G2 station increased in magnitude with a maximum

value of 0.48 ms−1. On average, the cross-shore current across all stations was directed

offshore during GE#1–3 and mainly directed onshore during the CE#1–3. Similarly, the

longeshore current had a consistent pattern with eastward current during CE#1–3, and

sustained westward current during GE#1–3. The recorded longshore current intensity at

G1 and G2 stations were slightly higher than the recorded longshore currents at G3 and

G4 stations, with a mean longshore current of 0.43 ms−1 and 0.35 ms−1, during GE#1–3,

and CE#1–3, respectively.
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4.4.3 Turbulence within the the surf zone

In terms of suspended sediment concentration, it is essential to investigate the energy

levels associated with each wind event, where higher values of TKE and ε are consid-

ered the main factors for sustaining the suspension for longer periods. Overall, the site

experienced ε values ranging from 10−5 m2s−3 to 10−3 m2s−3 and TKE values ranging

from 10−4 m2s−2 to 10−2 m2s−2. Despite the high energetic conditions observed from this

study, these observations falls within the range of previously reported values of ε and TKE

within the surf zone region (e.g. Brinkkemper et al., 2017; Ruessink, 2010; Feddersen et

al., 2007). Time series of estimated ε displays higher values during the Gulf breeze events

and increases in magnitude as it gets closer to the coast (Figure 4.9a). The mean estimated

ε during the Gulf breeze events was 2×10−4 m2s−3, while the maximum value of ε was

observed during GE#3 (1.5× 10−3 m2s−3). It can be noted that the high magnitude in ε

experienced during GE#3 was associated with both high wave conditions accompanied by

low or high tidal levels during the spring tidal cycle. Meanwhile, the lowest ε value was

observed at G3 during the CE#2 (9×10−6 m2s−3). Additionally, it can be noted that dur-

ing the Gulf breeze events, the differences in ε values between the stations were relatively

high, whereas during the passage of cold fronts the differences between the stations ε val-

ues were reduced. This can be correlated to the wave energy conditions observed during

both wind events, as low energetic conditions experienced with cold front events resulted

in lower magnitudes of ε .

Moreover, the estimated TKE values at G1 station display similar characteristics to val-

ues experienced at G2 station (Figure 4.9b). However, between November 16 and Novem-

ber 24, the estimated TKE values at G1 station were found to be the highest compared to

the other stations. On the other hand, TKE values at stations G3 and G4 were approxi-

mately the same throughout the total period of the field experiment. Mean TKE values

109



were similar during both the cold fronts and Gulf breeze events (3×10−3 m2s−2). During

the Gulf breeze events, the maximum TKE was experienced in GE#3 with TKE values

up to 8× 10−3 m2s−2 at G1 station. On the other hand, during the cold front events the

maximum TKE was experienced in CE#1 up to 7×10−3 m2s−2 at G1 station. Lower TKE

values experienced between the sandbars and ranged from 7× 10−4 m2s−2 to 2× 10−3

m2s−2, at G4 and G3 stations, respectively.

Near bed shear stress is an important parameter that is used in almost every sediment

transport studies, where it provides an indication or a threshold for sediment movement

within the coastal regions. Depending on sediment properties , wave activity, and the

methods used, the computed τ values will range significantly. For example, values of surf

zone reported τ values for both modeled and observed ranging between 0.8 Nm2 and 50

Nm2 (Tomás et al., 2012; Aagaard & Hughes, 2010; Ruessink, 2010; Dufois et al., 2008).

Within this field experiment, the surf zone τ values were similar across all stations during

the field experiment and ranged from 1.5 Nm−2 to 19.8 Nm−2 (Figure 4.9c). Generally,

τ values were elevated during the Gulf breeze events and experienced a decline during

the cold front events. The largest increase in τ levels was recorded during GE#3 with

a maximum value of 19.8 Nm−2 observed at G2. In comparison, the lowest observed τ

during the cold front events was experienced during CE#2 (2.7 Nm−2) at G4 station. The

mean τ experienced during the Gulf breeze events was 9 Nm−2, whereas 6.6 Nm−2 was

experienced during the cold front events. During the Gulf breeze events, the surf zone

energy levels were found to be higher, which explains the difference between the observed

τ values when comparing cold fronts to the Gulf breeze events.
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4.4.4 Beach morphology and suspended sediment

Examining the cross-shore beach profile for pre-GE#1 and post-CE#1, display rela-

tively drastic changes in the profile morphology (Figure 4.10a). Post-CE#1, a 0.16 accre-

tion of sediment was observed within the foreshore region (0 m – 8 m) and 0.14 m between

the sandbars (70 m – 95 m). On the other hand, an erosion of 0.24 m was observed at the

beach berm (18 m – 26 m). Meanwhile, an erosion of 0.14 m was observed at the inner-

sandbar and erosion 0.16 m observed at the outer-sandbar. Comparing both cross-shore

beach profiles and the associated prevailing hydrodynamics during GE#1 and CE#1, it can

be noted that the eroded sediment was deposited landward. Nevertheless, this does not

indicates sandbar migration phenomena, but suggests that due to the cross-shore velocity

a re-mobilization of sediment will take place and will be transported landward. However,

this is limited to the selected events (i.e. the cross-shore beach profile for pre-GE#1 and

post-CE#1) and might not reflect the morphodynamics that will be associated with future

cold fronts. Moreover, the passage of the cold front resulted in 0.3o increase mean beach

slope and an increase of 1.2o in the foreshore slope. Similarly, the passage of the cold

front resulted in 0.2o decrease in the inner-sandbar slope.

The elevation Difference (∆) between pre-GE#1 and post-CE#1 is shown in Figure

4.10b. Observations from Figure 4.10b suggests that distinct topographic features such as

the sandbar and the beach berm will be eroded during the passage of offshore cold front,

whereas sediment deposition will take place at the trough or trough-like regions.
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Overall, the estimated SSC levels experienced within the total period of the experiment

ranged between 1 gl−1 and 3.4 gl−1, where higher concentrations were recorded during the

Gulf breeze events (Figure 4.11a). During the Gulf breeze events, SSC levels experienced

some variation, where spiked levels were seen at the beginning of the events, except during

GE#3 where SSC levels were gradually increasing throughout the event. This increase can

be a result of the combination in the increasing levels of τ and turbulence at G2 station, as

can be seen from Figure 4.9. On the contrary, spiked SSC levels during CE#1–2 occurred

approximately in the middle of the events. The mean SSC experienced throughout the

total period of the experiment was 2.6 gl−1.

The cross-shore suspended sediment flux was higher during the Gulf breeze events and

ranged between 0.12 kgm−2s−1 and -1 kgm−2s−1, and was mainly directed offshore (Fig-

ure 4.11b). Meanwhile, cold front events cross-shore suspended sediment flux was mainly

weaker. During the CE#1, the flux was mainly onshore directed exhibiting a mean of 0.1

kgm−2s−1 ± 0.2, while during CE#2, the flux was mainly offshore directed with a mean

of -0.1 kgm−2s−1 ± 0.1. The direction of the cross-shore suspended sediment flux during

CE#2 could be due to local generated undertow currents, as all other stations exhibited

an onshore current direction. Unlike the cross-shore suspended sediment flux, the long-

shore flux experienced higher values with higher variation during cold front events (Fig-

ure 4.11c). Overall, westward-directed suspended sediment flux was dominating during

the Gulf breeze events. On the other hand, a eastward-directed suspended sediment flux

was consistent during the cold front events. During the cold front events, the maximum

longshore suspended sediment flux reached up to 0.78 kgm−2s−1 (recorded during CE#1).

Alternatively, the maximum longshore suspended sediment flux experienced throughout

the experiment was recorded during GE#3 with a value of -1.5 kgm−2s−1.
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4.5 Discussion

The recorded oceanographic conditions were coupled with recorded sediment dynam-

ics using in-situ data over a 14 day period. Oceanographic forcing (i.e. waves, currents,

and turbulence parameters) within this study were similar to what has been reported with

previous studies. Current characteristics during the shift between the onshore wind periods

and the passage of offshore cold fronts were also in agreement with Nowlin et al. (2005)

and W. Wang et al. (1998) observations.

4.5.1 Nearshore currents in response to Gulf breeze and cold front events

Overall, temporal observations of current velocities over the Gulf breeze events dis-

played a gradual and steady increase in velocity, and once wind was rotated it resulted in a

more dramatic shift and increase in current velocity. However, the difference between the

cold front events and the Gulf breeze events current intensity was mainly due to the sus-

tainability in wind speed and direction. During the Gulf breeze events, winds were more

sustained resulting in higher wave energy levels. On the other hand, the spatial variation

in cross-shore current velocity is likely due to wave breaking before G4 and G2, resulting

in higher offshore currents.

The Gulf breeze events produced similar characteristics to cross-shore currents seen in

previous studies focused on the role of intense onshore winds (i.e. sea breeze cycle) on

the surf zone hydrodynamics. For example, observations by Masselink and Pattiaratchi

(1998) and Pattiaratchi et al. (1997), suggest that during periods of high onshore winds,

the resultant cross-shore current was mainly offshore directed. In contrast, unlike the

findings of Pepper and Stone (2004), the prevailing currents during the cold front events

compared with the Gulf breeze events within this study were to be weaker. This is due to

the difference of the cold front wind intensities the two studies experienced, as with Pepper

and Stone (2004) study, the recorded wind speed exceeded 10 ms−1, whereas within this
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study, the maximum recorded wind speed was approximately 8 ms−1. Meanwhile, the

recorded longshore and cross-shore currents were in agreement with Kineke et al. (2006)

observations with weaker onshore current and induced eastward current.

4.5.2 Nearshore turbulence in response to Gulf breeze and cold front events

The estimated ε within this study ranged between 10−5 m2s−3 and 10−3 m2s−3, where

the temporal fluctuations in ε were similar to fluctuations in wave climate and wind shear

stress. The range of ε recorded within this study was also similar to previous surf zone

studies (e.g. Ruessink, 2010; Feddersen et al., 2007; Trowbridge & Elgar, 2001; George et

al., 1994). During the Gulf breeze events the recorded wave heights increased as the wind

stress increased, therefore inducing ε values. In contrast, before the cold front’s passage,

the wind speed experienced abrupt decrease followed by a rapid increase in wind speed

and a reverse in wind direction. Therefore, wave climate decreased at the beginning of the

cold front events, and as the waves energy increased the ε values increased. Additionally,

it is suggested that northwesterly–north fronts are more energetic than north-northeasterly

fronts. The spatial variation in ε values is due to the difference in depth between the

stations. In other words, within deeper waters ε values decays with depth, as the waves

energy is disspated within the upper water column. Alternatively, within shallower regions

such as the surf zone the waves breaking induces ε values, as observed from G1, and G2

stations compared to G3 and G4 stations. Similar observations have been recorded by

Feddersen (2012), where stations located in shallower regions experienced higher ε than

the stations located in deeper regions (3× 10−3 m2s−3, at 1 m depth). Additionally, it is

suggested that during the low tide period, the surf zone can experience increased values of

ε .

Moreover, within this study the surf zone TKE values ranged from 10−4 m2s−3 to

10−3 m2s−3 and were lower than reported TKE values by Brinkkemper et al. (2017). The

117



dissimilarity between TKE values is likely due to the difference in beach slope between

the two study sites, as both this study and Brinkkemper et al. (2017) experienced simi-

lar oceanographic forcing. However, TKE during the cold front events were similar to

recorded turbulence measurements made by Feddersen and Williams (2007). Similar to

ε findings, TKE values were found to be higher in shallower regions, where TKE values

were found to be higher on the upper water column within the surf zone.Within the surf

zone TKE values can reach up to 10−2 m2s−2 (Huang et al., 2009). Therefore, TKE is

enhanced with increasing wave height, but it is more affected with the relative depth of

measurements. For example G3 stations encountered higher waves than G1 station, but

still G1 station experienced higher turbulence.

Unlike the previous turbulent quantities (i.e. TKE, and ε), the temporal difference in τ

was found to be relatively the same across all stations. The effect of cold front events on

τ was minimal, where a 60% increase in τ values was experienced during the Gulf breeze

events. This can be explained by comparing the wind direction and the coast orientation.

During the cold front events, the surf zone is relatively sheltered by the island, resulting

in less developed waves, and as a result τ was weaker. Modeled surf zone τ results from

Tomás et al. (2012) suggest that during intense onshore wind τ , can range from 2 Nm2 to

50 Nm2, while Dufois et al. (2008) recorded a maximum of 10 Nm2, and is in agreement

with this study’s τ observations.

4.5.3 Beach morphology and variation in suspended sediment flux

Post beach profile of CE#1, suggests that cold front results in erosion within areas

that are characterized by a large fluctuation in bed elevation with lower depth (i.e. beach

berm and sandbars). This is likely due to the increase in ε and τ over the sandbars and

the beach berm, as previously suggested that turbulent quantities increase with decreasing

depth. Additionally, the induced longshore currents from the local generated waves in
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addition to the increase in cross-shore currents with the enhanced suspended sediment flux,

may contribute to the erosion. Meanwhile, deposition of 0.14 m and 0.16 m of sediment

occurred between sandbars and on the beach face (1–8 m), respectively. However, due

to the lack of more profile observations, it is difficult to conclude that all offshore cold

fronts will provide similar observations. Nevertheless, the post-CE#1 beach profile is

in agreement with what was previously seen in Dingler and Reiss (1990). Dingler and

Reiss (1990) observed a deposition of sediment onshore and between the sandbars, while

erosion took place on the foreshore region. Additionally, Dingler and Reiss (1990) study

experienced an onshore sandbar migration, whereas within this study there were no records

indicating sandbar migration occurring during the cold front passage. The changes seen

in the beach morphology is likely due to bed-load transport, which was not measured

during the field experiment. However, according to Keen et al. (2003) during intense wind

events the suspended sediment transport rate can be greater than the bed-load transport

rate, which might be the case in this study.

The SSC levels within the surf zone demonstrated almost continuous suspensions, and

whilst the SSC level never exceeded a 3 fold increase, still the suspended sediment flux was

high during the field experiment. The peaks in SSC levels were correlated with observed

peaks in energy levels from Figure 4.9. The phase shift in the tidal cycle is also believed to

attribute to the observed peaks in SSC levels, but they were more effective during high tides

associated with spring tidal cycle. Overall, the cross-shore suspended sediment flux ranged

between -1.2 kgm−2s−1 and 0.78 kgm−2s−1, while the longshore suspended sediment flux

ranged between -1.5 kgm−2s−1 to 0.8 kgm−2s−1. Generally, the recorded cross-shore

suspended sediment flux during the Gulf breeze events demonstrated a similar behavior

to those experienced during a sea breeze cycle, specifically during GE#3. For example,

Masselink and Pattiaratchi (1998) observed an increase of 0.9 kgm−2s−1 during the onset

of the sea breeze cycle. However, the longshore suspended sediment flux recorded within
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this study was found to be lower than observations made by Masselink and Pattiaratchi

(1998), as their study experienced significantly higher SSC levels (up to 21 gl−1).

Unfortunately, there were no studies found within the literature that recorded sus-

pended sediment fluxes within the surf zone during the passage of offshore-directed cold

front to compare this study’s findings to. However, comparing the resultant fluxes between

the different events, it is suggested that Gulf breeze events induces both cross-shore and

longshore suspended sediment flux. Meanwhile, cold front events demonstrated lower

cross-shore suspended sediment flux compared to those observed during the Gulf breeze

events. The difference was mainly due to the wave conditions experienced during both the

cold fronts and the Gulf breeze events. Unlike energy conditions observed during the cold

fronts, the Gulf breeze events had a higher τ that might resulted in more suspended sed-

iment along with the increase in TKE and ε aid in sustaining the suspension for a longer

period. As a result, the cross-shore and longshore suspended sediment flux values were

higher during the Gulf breeze events by approximately 250% and 98%, respectively, com-

pared to cold fronts values. Surely, these spatial observations are limited to one location

and might not reflect the actual suspended sediment flux for the entire surf zone, but are

sufficient to provide a comparison of changing magnitudes during both wind events.

A comparison of the total suspended sediment transport of all Gulf breeze and cold

front events is presented in Figure 4.12. Figure 4.12 demonstrates a significant cross-

shore transport of sediment during the Gulf breeze periods, when compared to cold front

cross-shore loss results, with almost 5900% difference (Figure 4.12a). This suggests that

the resulting total suspended sediment cross-shore transport during the early fall and early

winter within the upper Texas coast is mainly affected by the Gulf breeze winds. Nonethe-

less, the magnitude of the longshore sediment transport during the Gulf breeze event was

70% higher than observations made during the cold front events, whereas the direction

was eastward during the cold front events and westward during the Gulf breeze events
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(Figure 4.12b). However, data of SSC during CE#3 were filtered out leading to significant

data gap, and certainly has affected the outcome for the statistical analysis of computed

suspended sediment transport. Nevertheless, according to the observations made for both

currents and SSC levels, Gulf breeze events will still be significantly higher in terms of

total cross-shore suspended transport.
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Figure 4.12. Total longshore and cross-shore suspended sediment transport computed us-
ing Eq.4.12 and Eq.4.13, respectively. The vertical axis represents total suspended sedi-
ment transport (kgm−2, gray shaded columns), while the horizontal axis display compares
CE#1–3 events combined to GE#1–3 combined. Values have been estimated from mea-
surements at G2 station and are shown separately for cross-shore (panel a) and longshore
(panel b) components.
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Unfortunately, this field experiment is short lived and does not have an annual record

to demonstrate the impact of cold front events on the nearshore suspended sediment flux

compared to the onshore wind periods. However, assuming that on average 30 cold fronts

passes the upper Texas coast yearly, that have the same characteristics as CE#1 (i.e. has

the same wind and duration), and the entire surf zone experienced the same mean SSC

levels and currents recorded at G2. Using these assumptions provided here, approximately

39,900 m3 will be transported onshore, and 61,000 m3 eastward, over a year period. There-

fore, despite the weak cross-shore suspended sediment flux, overall cold fronts are capable

of mobilizing large amount of suspended sediment within the surf zone.

4.6 Conclusions

Surf zone hydrodynamics and sediment dynamic processes within the upper Texas

coast have been evaluated during three offshore cold front events and three onshore Gulf

breeze events. The summarized findings regarding the resultant hydrodynamics and sedi-

ment dynamics for each type of wind forcing conditions are presented in the following:

[1] Hydrodynamics: The passage of cold fronts resulted in approximately 35% weaker

cross-shore currents than the currents prevailing during the Gulf breeze events. Ad-

ditionally, waves were less energetic during the cold fronts resulting in onshore flow,

whereas higher broken waves during the Gulf breeze events resulted in offshore-

directed currents (i.e. undertow currents). However, the longshore currents were

approximately 18% higher during the Gulf breeze events compared to longshore

currents recorded during the cold fronts. Additionally, the Gulf breeze events re-

sulted in a westward flow, meanwhile waves arriving SE-S resulted in eastward flow

during the cold fronts. Estimated turbulence quantities (i.e. TKE and ε) illustrated

higher values within stations located in shallower depths and were overall 1.5 mag-

nitude higher during the Gulf breeze events compared to cold fronts. Additionally,
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estimated turbulence quantities can increase substantially during the spring tidal cy-

cle (i.e. GE#3). Nevertheless, high turbulence quantities during the passage of cold

fronts can occur, when wind shear stress exceeds 0.12 Nm−2. In comparison, τ

levels were approximately 60% higher during the Gulf breeze events due to the sub-

stantial increase in significant wave heights.

[2] Sediment dynamics: The most morphological response of the cross-shore beach

profile during the passage of the cold front was the erosion of sandbars, while de-

position of sediment took place on the foreshore and the trough region. Due to the

elevated wave height during the Gulf breeze periods, energy levels increase within

the surf zone leading to approximately 15% higher SSC levels than cold fronts. Ad-

ditionally, the high turbulence experienced during the Gulf breeze events helped in

maintaining high SSC levels for a longer period, as observed from GE#3. This was

reflected on the cross-shore suspended sediment flux as it was more enhanced dur-

ing the Gulf breeze events, leading to flushing the suspended sediment seaward out

of the surf zone. However, the cold fronts impact within this study was considered

to be positive in terms of suspended sediment transport, where the mean suspended

sediment flux was onshore-directed.

Due to the enhanced eastward suspended sediment flux observed following the passage

of cold fronts, it is highly likely that during late fall season and early spring season erosion

of sediment will occur east of Galveston Island, while accretion of sediment on the west

side of the Galveston Island. Clearly, the nearshore region long-term morphological and

sediment dynamic response as a result of cold fronts and Gulf breeze events is crucial.

Therefore, hydrodynamics, sediment dynamics, and additional spatial measurements is

recommended to provide a better understanding of the long-term climatological evaluation

of these wind forcing conditions and their impact on the nearshore region.
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5. COMPARING SECTIONS 2, 3, AND 4 FINDINGS

The present work has demonstrated the impact of different wind forcing conditions

and their complex coupling effects between wind-driven waves, currents, and the result-

ing sediment transport and morphodynamic processes. This Section is going to discuss

the differences each wind system has on the nearshore region hydrodynamics, sediment

dynamics, and the primary findings of Sections 2–4. However, due to the differences in

the number of spatial sampling between Section 2, and Sections 3–4, the locations were

limited to the surf zone and the inner-shelf region.

5.1 Hydrodynamic forcing in response to different wind systems

5.1.1 Waves and currents comparison

Overall, the prevailing significant wave height within the inner-surf and surf zone dur-

ing the passage of Norte was approximately 40% higher than CE#1-3. As the cold front

passes the northern GoM, it has more distance to cover until it reaches the Yucatán penin-

sula, where wind has less disturbance. Therefore, onshore-directed cold front winds has

the ability to develop larger waves than offshore-directed cold fronts. On the other hand,

during the Gulf breeze events the mean significant wave height recorded between the sand-

bars were 50% higher than those recorded during the sea breeze cycles. However, during

the beginning of the Gulf breeze events, the difference between G2 and W4 were slightly

different with 10% higher at G2. Later, during the end of the Gulf breeze event a 70%

growth in wave height was observed. This increase is due to the difference in the wind

event duration, as the sea breeze events had a mean duration of 9 hours, while the Gulf

breeze events had a mean duration of 39 hours. Thus, during the Gulf breeze events

high wind shear stress is sustained for longer periods, which leads to gradually increasing

the wave height. Moreover, comparing the onshore and offshore-directed cold front tidal
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observations, it is suggested that onshore-directed cold front results in increasing the wa-

ter level, whereas the offshore-directed cold fronts result in suppressing the water level.

Meanwhile, comparing Gulf breeze events and sea breeze cycles water level observations,

it is suggested that both of these wind forcing results in increasing the water level.

The nearshore currents were found to be more enhanced during the passage of onshore-

directed cold fronts, as the Norte event resulted in a mean cross-shore current of 0.2 ms−1,

while offshore-directed cold fronts had a mean of 0.13 ms−1. The most noticeable differ-

ence in the cross-shore current was the direction of the flow, as the onshore-directed cold

fronts resulted in offshore-directed flow, while onshore-directed currents were observed

during the offshore-directed cold fronts. This is due to the difference in the nearshore

energy levels, with higher waves breaking during the Norte, leading to undertow currents.

On the other hand, the longshore currents magnitude during both the onshore and offshore-

directed cold fronts were relatively the same, with approximately 15% higher during the

Norte event. Similarly, the spatial current intensities in both studies were similar. For ex-

ample, it was found that currents were induced in regions that are located before and after

the sandbars. The maximum cross-shore currents recorded during the Gulf breeze events

were 0.05 ms−1 higher than the maximum recorded cross-shore currents recorded during

the sea breeze cycles. Furthermore, during both the Gulf breeze events and the sea breeze

cycles, the currents were observed to be offshore-directed across the surf zone region.

Section 3 suggests that the inner-shelf circulation within the upper Texas coast during

the passage of offshore-directed cold fronts was mainly driven by the LATEX shelf cur-

rent and wind. This is similar to Torres-Freyermuth et al. (2017) observations, as during

the onshore-directed cold front periods (i.e. Norte) the inner-shelf current of the Yucatán

peninsula was mainly controlled by the Yucatán current and the wind. Meanwhile, based

on the observations made in Section 3 and Torres-Freyermuth et al. (2017), during the

period of onshore-directed cold fronts, the surf zone current circulation was mainly con-
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trolled by the wind and wave breaking. However, during the period of offshore-directed

cold fronts, the surf zone current circulation was mainly controlled by tides and waves

breaking. Alternatively, unlike Torres-Freyermuth et al. (2017) observations in regards

to current circulation during the sea breeze cycle, the Gulf breeze events showed a sim-

ilar result to onshore-directed fronts. Therefore, waves and tides were the main driving

mechanisms controlling the surf zone current circulation.

5.1.2 Turbulent quantities comparison

Turbulent quantities presented in Section 2 and 4 were within the range of previous

study observations. However, during the offshore-directed cold fronts the mean recorded

ε was 1.3×10−4 m2s−3, while during the onshore-directed cold front it was approximately

3×10−3 m2s−3. This increase in ε values during the onshore-directed cold front was due

to the increase in the oceanographic forcing (i.e. wave heights and current intensity). On

the other hand, the observed ε values during the Gulf breeze events were 4×10−3 m2s−3

higher than values experienced during the sea breeze cycles.

TKE values during the offshore-directed cold fronts were found to be 5×10−3 m2s−3

lower than the recorded TKE during the onshore-directed cold front. Meanwhile, the

Gulf breeze events TKE values were approximately 30% higher than sea breeze TKE

values observed within the trough region, while 60% higher within the inner-surf region.

Estimated τ values within the surf zone during the onshore-directed cold fronts exceeded

20 Nm−2. In comparison, the offshore-directed cold fronts had approximately 81% lower

τ values than the observed τ during onshore-directed cold fronts. During the GE#1-2 and

sea breeze cycles, the observed τ values were almost the same ranging between 2 Nm−2

and 11 Nm−2. However, during the GE#3 τ values were 59% higher than observations

made during the sea breeze events. This is primarily due to the substantial increase in

oceanographic forcing observed during GE#3.
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5.2 Sediment and morphodynamic processes in response to different wind systems

5.2.1 Morphodynamics comparison

Comparing the cross-shore beach profile results in Section 2 and 4 suggests that onshore-

directed cold fronts have a greater impact on the nearshore region sediment loss when

compared to onshore-directed cold fronts. During the period of offshore-directed cold

front (CE#1), the beach profile experienced 0.24 m erosion of the beach berm and a mean

of 0.15 m over the sandbars. Meanwhile, during the period of onshore-directed cold front

the beach profile experienced similar erosion over the inner-sandbar (0.15 m) and higher

erosion over the outer-sandbar (0.4 m). However, the offshore-directed cold fronts resulted

in a total loss of the beach berm and erosion of sandbars, whereas the onshore-directed

cold fronts resulted in significant erosion and was associated with offshore migration of

the beach step and the outer sandbar.

Additionally, the results suggest that offshore-directed cold fronts leads to accumula-

tion of sediment within the trough region and the transport is mainly landward. In contrast,

onshore-directed cold fronts results in erosion of sediment across the whole beach profile

including the trough region (up to 0.4 m) and deposition of sediment on the foreshore and

the main transport direction was seaward. This high erosion during the onshore-directed

cold front was due to the induced return flow (i.e. undertow currents), proven to be effec-

tive in eroding sediment (Thornton et al., 1996; Roelvink & Stive, 1989).

5.2.2 Suspended sediment fluxes comparison

In order to compare longshore and cross-shore suspended sediment flux between the

studies, results from M4 during the 3rd sea breeze cycle and Norte event were selected

from the Sisal experiment. Meanwhile, GE#3 and CE#1 events were selected from Galve-

ston experiment. These events were selected based on their wind intensity and high wave

energy conditions compared to their counterpart events.
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The mean cross-shore suspended sediment flux during the offshore-directed cold front

was 150% higher than the recorded mean cross-shore suspended sediment flux during the

onshore-directed cold front (Figure 5.1a). Additionally, the mean longshore suspended

sediment flux during the offshore-directed cold front was 130% higher than the recorded

mean longshore suspended sediment flux during the onshore-directed cold front (Figure

5.1b). On the other hand, the mean cross-shore flux during GE#3 was approximately 0.4

kgm−2s−1 higher than sea breeze event mean cross-shore flux. However, the mean long-

shore suspended sediment flux during GE#3 was approximately 20% higher than mean

value recorded during the 3rd sea breeze cycle.

The most significant differences between the onshore and offshore-directed cold fronts

was the magnitude of sediment gain/loss during the events. The total cross-shore sus-

pended transport results from Figure 5.1a suggest that onshore-directed cold front was

approximately 500% higher in magnitude than the offshore-directed cold front. Addi-

tionally, the main total suspended transport was seaward during the onshore-directed cold

front, while landward transport during the offshore-directed cold front. Similar observa-

tions can be seen from the total longshore suspended sediment transport, as the onshore-

directed cold front shows 270% higher magnitude than the onshore-directed cold front

(Figure 5.1b). Additionally, the difference between the 3rd sea breeze cycle and the Gulf

breeze events was high, as GE#3 was 400% and 380% higher than the 3rd sea breeze cycle

total cross-shore and longshore suspended transport, respectively. Comparing all events in

terms of total suspended transport magnitude, the CE#1 and the 3rd sea breeze cycle were

most similar, while the Norte event was similar to the Gulf breeze event.
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5.3 Conceptual models: surf zone currents and morphology in response to different

wind systems

The major study findings in terms of the current response during the sea breeze cycles,

Gulf breeze events, onshore and offshore-directed cold fronts are presented in Figure 5.2a-

b. The figure shows a similar spatial cross-shore current intensity between the onshore and

offshore-directed cold fronts. Meanwhile, during the onshore-directed cold fronts strong

longshore currents were found on the sandbars (Figure 5.2a), while during the offshore-

directed cold fronts they were weaker compared to stations located closer to the shore

(Figure 5.2b).

Additionally, a comparison of both onshore and offshore-directed cold fronts impact

on the surf zone morphology is displayed in Figure 5.3. The comparison suggests that

onshore-directed cold fronts are characterized by intense energy conditions, resulting in

a higher erosion rates and offshore sandbar migration. Meanwhile, the offshore-directed

cold fronts are characterized by a milder energy conditions resulting in less erosion, and

can result in accumulating sediment landward and in trough regions.

Nevertheless, these results do not reflect the total impact of cold fronts on the beach

morphology, as different coasts will have different results, as the environmental conditions

differ from one location to another. Additionally, the results provided only represent a

short lived field based observations, which may not reflect the annual changes in these

wind forcing conditions, and small data gaps has also effected the statistical analysis of

this study. However, the results herein shed light on the response of a sandy microtidal

beach to different wind systems, and the resultant hydrodynamic and sediment transport

parameters.
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5.4 Study limitations and recommendations

The long-term understanding of the climatological evaluation of wind forcing, such

as the onshore and offshore-directed cold fronts, the diurnal land and sea breeze cycles,

and seasonal sustained onshore winds (i.e. Gulf breeze events) is crucial to better under-

stand the complex nearshore region dynamics. Therefore, a short lived field experiment

will not provide a full insight of the total impact of these winds on the nearshore region

dynamics. However, this should shed light and provide a glance of nearshore dynamics

response under short lived mild wind conditions. This problem can be solved by having

a well organized long-term field experiment with a duration more than 2 years. The field

experiment should also include a calibration between several organizations to help with

maintaining the field experiment and provide more instrumentation to the site.

Nevertheless, in oceanography and coastal engineering studies the definition of cold

fronts is blurred. For example, several studies have provided their own definition of cold

fronts, that is based on some criteria such as temperature, wind, pressure. However, within

this study cold fronts were defined using meteorological charts provided by NOAA na-

tional weather services, temperature, wind speed and direction, and pressure. Finally, the

author’s recommendations for future studies regarding investigating the nearshore region

dynamics under different wind forcing events are as follows:

[1] Location: It is recommended to have two field experiment sites, one located at

Galveston Island, Texas, and another at Sisal, Yucatán, México. These locations

were chosen for several reasons, first, cold fronts usually enters GoM between

Galveston Island and Corpus Christi (Henry, 1979), and can propagate all they way

to Sisal (Torres-Freyermuth et al., 2017). This will allow a comparison of the fol-

lowing nearshore dynamics resulting from the passage of the cold fronts between the

two sites. Second, this will help provide a long-term evaluation on the cumulative
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effect of sea breeze cycles compared to cold fronts in terms of sediment transport,

and also understand how fast the beach recovery phase during the land breeze cy-

cles. Finally, this can contribute to our understanding of the seasonal variation in

Gulf breeze events and also provide a better estimate of sediment transport within

the upper Texas coast.

[2] Duration/time: Cold fronts orientation in reference to coast, such as CP fronts, varies

seasonally, therefore to capture both fronts the field experiment has to cover both

summer and winter season. In Section 2, sea and land breeze cycles were investi-

gated during late spring. However, studies have suggested that sea breeze cycles are

more intense during the summer season, due to the increase in temperature differ-

ence between the land and oceans (Federico et al., 2010; Masselink & Pattiaratchi,

1998; Hsu, 1988). Therefore, in order to investigate the full impact of the sea breeze

cycle on the nearhsore dynamics, it is recommended have a summer field based

experiment. Similarly, it would be interesting to compare the summer local wind

cycle at Galveston Island compared to the Gulf breeze events discussed in Sections

3 and 4. Atmophseric parameters such as wind are significantly effected by El Niño-

Southern Oscillation (ENSO) cycle. The changes that occurs between El Niño and

La Niña will defiantly impact the frequency and intensity of cold fronts. Therefore,

it is recommended to have at least one field experiment covering both of ENSO cy-

cles, in order to understand how each phase will effect the wind-driven nearshore

dynamics within the surf zone and the inner-shelf region.

[3] Measurement: This study has compared the suspended load during both onshore

and offshore-directed cold fronts, but unfortunately there was no bed-load measure-

ments. Therefore, it is recommended to have bed-load measurements during both

wind events and compare it to the suspended load. Having multiple cross-shore pro-
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files is time consuming and requires manpower, therefore it is recommended to limit

the beach profile surveys for pre and post-events. Additionally, in Section 4 ADCPs

were used in the surf zone using HR mode, but unfortunately could not drive SSC

acoustically. Thus, it is recommended to at least have one ADCP within the surf

zone to investigate the turbulence profile, the SSC profiles, their correlation within

the water column. Atmospheric observations is going to be a key element in describ-

ing these wind forcing events. Therefore, it is recommended to have more spatial

wind measurements and a higher sampling rate. This will allow to distinguish be-

tween MP and CP fronts. Once they are distinguish, the impact of each front type on

nearshore region dynamics can be quantified separately and compare them to each

other.
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6. CONCLUSIONS

The presented work has described the influence of different wind forcing mechanisms

including sea and land breeze cycles, onshore and offshore-directed cold fronts, and Gulf

breeze winds on the nearshore hydrodynamics and morphodynmics. This was done to

advance our understanding of the complex coupling effects between wind-driven waves,

currents, and turbulence quantities, and the resulting flow circulation, sediment transport,

and morphodynamic processes. This was achieved by conducting two field based studies

using an array of sensors measuring water level, fluid velocity, and suspended sediment

concentration distributed in a transect perpendicular to the coast, and covered the region

from the inner-surf zone to the inner-shelf.

The first study (Section 2) investigated the effect of both mesoscale and synoptic scale

meteorological wind systems on the surf zone currents, turbulent quantities, suspended

sediment flux, and morphodynamic processes in the southern part of GoM. The second

study (Section 3) was conducted on the upper Texas coast with a primary focus on under-

standing the governing forces that controls the nearshore circulation within the surf zone

and the inner-shelf region, during the periods of offshore-directed cold fronts and onshore

Gulf breeze winds. Finally, the third study (Section 4) investigated the impact of winter

offshore-directed cold fronts compared to the Gulf breeze winds on suspended sediment

concentration, current, suspended sediment flux, and beach morphology. The main find-

ings and brief summary of Section 2–4 are presented in the following:

I. In-situ measurements from Section 2 suggests that intense currents and increase tur-

bulence quantities occurred during the period of Norte and sea breeze cycles, leading

to almost continuous sediment suspension and major erosion across the surf zone.

Due to diminished wind prevailing during land breeze cycles, wave energy levels
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were low and the combination of both weak currents and low SSC yield almost

no sediment flux, allowing deposition of sediment. Nevertheless, when land breeze

winds were sustained for longer periods than sea breeze, turbulence quantities were

increased along with mild onshore currents, leading to significant sediment accretion

across the surf zone. Overall, the estimated turbulence quantities, estimated wave

heights, and suspended sediment fluxes were found to be substantially higher during

the Norte event. However, the sea breeze cycle is a stable diurnal wind system, and

the resultant cumulative impact of the sea breeze cycles will have a more significant

influence on the nearshore sediment transport over time than the onshore-directed

cold fronts.

II. Results from Section 3 shows that nearshore currents were intensified during both the

passage of offshore-directed cold fronts and during the Gulf breeze events. During

the periods of offshore-directed cold fronts, flow was mainly eastward directed within

both the surf zone and the inner-shelf region. Additionally, the correlation between

the selected forcing conditions (i.e. wind, wave, tide, and LATEX-shelf current)

and current variability indicates that the surf zone currents were mainly controlled

by tide and wave breaking, while wind and LATEX current controlled the inner-

shelf current circulation. Meanwhile, during the Gulf breeze events, flow was mainly

westward within the surf zone and varied between eastward and westward within the

inner-shelf, except when wind shear stress exceeds 0.13 Nm−2 westward flow was

sustained. The study suggests that during the Gulf breeze events the inner-shelf was

controlled by wind and LATEX current, while tides and waves were suggested to be

the main influence on the surf zone current circulation.

III. Section 4 observation indicates that during the passage offshore-directed cold front

currents, suspended sediment flux, and turbulent quantities were mild. The cross-
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shore suspended sediment flux was mainly onshore directed, while the longshore

suspended sediment flux was mainly eastward. On the contrary, the Gulf breeze

events increased currents and turbulent quantities leading to higher suspended sed-

iment concentrations than values recorded during the cold front events. Therefore,

the combination of both increased currents and suspended sediment enhanced both

the cross-shore and the longshore suspended sediment flux. Additionally, the exam-

ined beach profile post cold front events suggest that offshore-directed cold fronts

results in sandbar and beach berm erosion, while depositing sediment landwards on

the foreshore and trough regions.

To this end, the different wind system discussed within this study displayed signif-

icant impact on the surf zone and the inner-shelf region by strengthening/weakening of

either current circulation or sediment transport parameters. Nevertheless, our understand-

ing on the complex nearshore sediment dynamics is not fully understood. However, it is

anticipated that the outcomes from the present work will enhance our understanding on

the impact of sea and land breeze cycles, onshore and offshore-directed cold fronts, and

the Gulf breeze wind events have on nearshore hydrodynamics and sediment transport

processes.
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