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Abstract

Even if the total length of shorelines in low-wave environments like bays, sounds, lagoons

and estuaries greatly exceed that of open-ocean coasts, the morphodynamics of such systems

are poorly understood. Only few studies developed models to predict changes in these environ-

ments and these systems are often managed with the same policies as open ocean beaches. The

Pittwater estuary is located in the north of Sydney, it is a drowned valley estuary with a well

developed �ood-tidal delta. The present study investigates the morphodynamics of four beaches

in the northern part of this estuary, at two di�erent timescales.

The long term stability of these beaches have been examined using historical aerial pho-

tographs that allow to determine the position of the shoreline for the last decades. At the monthly

to seasonal timescale, the morphological changes have been studied from beach surveys that are

perform every one or two months since May 2016. Given that the survey campaign began just

before a major storm that occurred in June 2016, this data set allow to study the post-storm

recovery of these sandy estuarine beaches.

The results of the present study show that the beaches within the Pittwater estuary are evolv-

ing di�erently according to parameters like distance from the inlet, exposure to ocean generated

waves or beach shape. Examination of the aerial photographs suggest that two out of the four

studied beaches are experiencing changes visible over several decades. Concerning the monthly

to seasonal changes, detailed analysis of beach surveys indicated that sandy estuarine beaches

can be strongly eroded during a storm event and that post-storm recovery can take several years

up to decades. The comparison with two beaches located along the open coast in the Sydney

area conclude that estuarine beaches have a much slower recovery rate.
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1 Introduction

From exposed ocean beaches, through estuaries, lakes and reservoirs, coastlines occur in a variety

of environments. However, since the late 1960s, research on sandy beaches has focused mainly on

open-coast beaches with high wave activity (Eliot et al., 2006). Although, the length of shorelines in

lower wave energy environments such as bays, sounds, lagoons and estuaries greatly exceed that of

open-ocean coasts (Nordstrom, 1992).

Estuaries are unique ecosystems with exceptional ecological, recreational, and commercial value.

They are also some of the most populated regions of the world and rank among the most heavily

impacted aquatic ecosystems on earth (Kennish, 2016). However, these complex systems have been

given poor attention resulting in a limited knowledge of their morphodynamics and are often man-

aged with the same policies as open ocean beaches (Nordstrom, 1992). This is an issue for sustainable

management of estuarine beaches, especially in the perspective of changing storm regimes and sea

level rise associated with climate change (Qin et al., 2007).

Nevertheless, recent studies are trying to develop models to predict changes in environments with

low wave energy (Eliot et al., 2006, Hegge et al., 1996, Jackson et al., 2002, Nordstrom, 1992, Travers,

2007) but there is still lots of uncertainties about the evolution of these systems.

2 Background

2.1 Estuarine systems

The most widely-used de�nition for an estuary is the one given by Pritchard (1967) as "a semi-

enclosed coastal body of water, which has a free connection with the open sea, and within which sea

water is measurably diluted with fresh water derived from land drainage". However, as highlighted

by Elliott and McLusky (2002), this de�nition does not take into account the importance of tides.

Thus the de�nition of Fairbridge (1980) is more suitable. According to him, an estuary is de�ned as

"an inlet of the sea reaching into a river valley as far as the upper limit of tidal rise, usually being

divisible into three sectors: (a) a marine or lower estuary, in free connection with the open sea; (b)

a middle estuary subject to strong salt and freshwater mixing; and (c) an upper or �uvial estuary,

characterized by freshwater but subject to strong tidal action. The limits between these sectors are

variable and subject to constant changes in the river discharges".

A classi�cation of estuaries along the eastern Australian coast was made by Roy et al. (2001). He

classi�ed estuaries into �ve groups according to the nature of their entrances that dictates the water

exchange between the estuary and sea. The �rst group consists of semi-enclosed bays �lled with

marine water, such as Botany Bay in Sydney. Then, with large entrance and similar tidal range than

the ocean are the tide-dominated estuaries. Wave-dominated estuaries have lower tidal ranges and are

more strongly in�uenced by river. They are generally found along the coast, behind sand barriers.

The group of intermittent estuaries comprises the water bodies that are isolated from the sea for

extended period of time, it consists of saline or evaporative lagoons for example. The last group is

composed of freshwater bodies that have from time to time linkage to the sea.

Drowned valley estuaries are included in the tide-dominated estuaries group. They occupy deeply

incised bedrock valley. On high-energy coastline such as the New South Wales coastline, their mouth

usually contains a large marine �ood-tidal delta composed of sand derived from the open coast that

grows continuously while accommodation space is available in the center part.
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Figure 2: Idealized sediment distribution in tide-dominated estuary, from Roy et al. (2001)

A natural gradient of energy exposure is present across estuary with high-energy and low-energy

environments existing side by side. The most energetic section is situated to the seaward-most part

of the entrance yet the degree of exposure to open-ocean waves also depend of the orientation of

the beaches. The less energetic segment is present in the inner side of the estuaries.

2.2 Beach morphology

Sheltered shorelines in bays, sounds, lagoons and estuaries are called "low-energy" shorelines, de-

rived from the comparison with the "high-energy" open coast beaches. These beaches are charac-

terized by low wave heights, short wave periods and restricted sediment budgets that directly a�ect

the types of topography present in these environments (Nordstrom and Jackson, 2012).

According to Jackson et al. (2002), the term "low-energy" describe an environment that is "fetch-

limited", "sheltered" or a combination of both. "Fetch-limited" beaches are controlled by locally

generated wind waves that depend on the wind speed, direction and duration as well as characteris-

tics of the basin. "Sheltered" environments are mostly a�ected by swell wave that are attenuated by

island, submerged barriers or other o�shore structures. These two types of beaches are not exclusive

and usually, low-energy environment is a�ected by both local and non-local waves. This is the case

for most estuarine environments ; estuarine beaches that are located near the ocean inlet are mostly

a�ected by ocean-generated waves while the better sheltered ones will especially experience locally

generated wind waves. Jackson et al. (2002) proposed four criteria to de�ne what a low-energy beach

is : (1) non-storm signi�cant wave heights are minimal (<0.25 m); (2) signi�cant wave heights due

to strong onshore winds are low (<0.50 m); (3) beach face widths are narrow (<20 m in microtidal

environments) and (4) morphologic features include those inherited from higher energy events.

According to Jackson (1995), estuarine beaches are generally characterized by a narrow or absent

backshore, a steep foreshore and a large low-tide terrace. At the back of the beach, dunes can

develop depending on the supply of sediments and the winds. With these characteristics, estuarine

beaches can be classi�ed as re�ective sandy beaches (Short, 2007). Small wave height is required for

a beach to be re�ective (<0.5 m) and this type of beach is generally found in harbors, estuaries and

at the extremity of some ocean beaches. Because of the small wave height and the relatively deep

nearshore zone (> 1 m), the waves break at the beach face and the energy must be dissipated over a

very short distance. The main part of the energy goes to the wave swash but a part of this energy

is re�ected back to the sea, hence the name.
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Figure 3: Typical pro�le for estuarine beaches , modi�ed from Jackson (1995)

2.3 Beach pro�le dynamics

The majority of the research about dynamics of beach have been conducted in high-energy wave-

dominated environments where surf zone processes and rip currents are the driving factors for

morphologic changes. In low-energy environments, beach morphodynamics have been investigated

by authors such as Hegge et al. (1996), Jackson (1995), Makaske and Augustinus (1998), Nordstrom

(1992).

The beach face, de�ned as the area on the beach were swash and back-swash are active, is a highly

dynamic environment and quickly respond to change in water levels or wave conditions (Makaske

and Augustinus, 1998). Nordstrom (1992) proposed two types of pro�le response to changing wave

energy on sheltered sandy beaches that will depend on the dominant sediment transport mode

(rather cross- or longshore). The �rst type is caused by transfer of sediment from the upper to

the lower foreshore resulting in a concave pro�le. Erosion of the upper foreshore is caused by an in-

crease in the wave height whereas when the wave energy decrease, sediment is brought back to the

upper foreshore. The second is linked to longshore current activity that can be caused by changes

in wind direction or wave angle causing a parallel retreat of the foreshore.

Figure 4: Pro�le changes for low-energy beaches from Nordstrom (1992).

This lack of diversity in beach shapes has been questioned by Hegge et al. (1996) who developed a

four morphotypes pro�le classi�cation : (1) concave ; (2) moderately concave ; (3) moderately steep

; (4) stepped. According to the authors, these beach forms are generally associated with di�erent

types of sediment since physical processes were similar during the duration of their study.
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Figure 5: low-energy beach morphotypes from Hegge et al. (1996).

The statement from Hegge et al. (1996) that pro�le types are more related to sediment characteristics

than physical conditions has raised questions in the relation between forms and processes. Authors

like Hegge et al. (1996), Jackson et al. (2002), Travers (2007) consider that the morphology of low-

energy beaches are mostly a�ected by short term variations in wave energy caused by storms or

strong winds. Thus, observed morphology could be relic from the last high-energy event since modal

conditions following these events may not be su�cient to return beach to their original conditions.

That is why Hegge et al. (1996) called attention on the fact that further research is needed to assess

the impact of storm events and strong sea breeze on low-energy beaches and their recovery.

2.4 Post-storm recovery

Beaches located near the entrance of an estuary can develop conditions of high-energy environ-

ments and be strongly impacted by ocean generated waves (Roy et al., 2001). These periods are

normally followed by phases of beach recovery. Calm conditions during a long period of time are

necessary for the beach to get back to the pre-storm morphology (Harley et al., 2017b). However

post-storm beach recovery of low-energy beaches can be slower than for moderate-high-energy

sandy beaches because of restricted alongshore sediment supply and insu�cient wave energy fol-

lowing a storm (Jackson et al., 2002). According to Houser et al. (2015), there are numerous descrip-

tions of near-instantaneous beach and dune erosion due to storms but only few studies about long

term beach and dune recovery. This is especially true for estuarine beaches that have receive poor

attention resulting in poor understanding of the post-storm recovery of these systems (Vila-Concejo

et al., 2010). Nevertheless, post-storm recovery of low-energy beaches located along microtidal and

storm-dominated coastlines have been assessed by several studies (Costas et al., 2005, Jackson, 1995,

Maspataud et al., 2009, Morton et al., 1994).

The sandy beaches located along the southeastern coast of Texas, a microtidal area where wave

energy is generally low and erosion mainly occurring during storm events, have been studied by

Morton et al. (1994). Following a hurricane that happened in 1983, regular beach surveys were done

for 10 year. The authors identi�ed four stages of beach recovery. The �rst one is a rapid accretion

of the forebeach with the sand that was stored directly o�shore being redeposited by wave runup.

This stage lasts between few months and one year. The second stage involves subaerial deposition of

sand as consequence of minor �ooding of the backbeach and aeolian transport. The two last stages

involve dune formation, expansion and recolonization by the vegetation. In this study site, 5 out

of the seven pro�le sites didn’t return to their pre-storm conditions even ten years after the storm.

According to the authors, the complete recovery of the beach will depend on the sand supply and

the long term shoreline displacement.

Costas et al. (2005) studied a sheltered, low-energy beach located in the Iberian Peninsula for three

years. The authors noticed that the beach was eroded during high-energy event and that beach

recovery was observed during fair weather conditions. However, wave conditions were insu�cient

to allow a full beach recovery between storms events and therefore beach morphology may indicate

a state of partial recovery rather than equilibrium conditions.
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Regarding high-energy open coastline or barrier island beaches, several authors have studied the

evolution of beach pro�les during period of accretion and erosion (Harley et al., 2017b, Loureiro

et al., 2012, Thom and Hall, 1991). To mention just a few, Harley et al. (2017b) have been studied

the recovery following a major storm event in six representative embayed beaches along the New

South Wales coastline. Results showed that these beaches quickly recovered after an high-energy

event (51% of subaerial volume recovery six months after a major storm that happened in June

2016). However, this observation does not apply to every high-energy beaches. Loureiro et al. (2012)

investigated some embayed beaches located along the high-energy southwestern coast of Portugal

and showed that due to the presence of strong rip currents, these beaches were not recovering in the

month following a storm. Nevertheless, compared to low-energy environments, the wave energy

and the amount of sediment supply in these high-energy systems are generally higher and should

favour the post-storm recovery of these environments (Jackson et al., 2002).

In the perspective of changing storm regimes and sea level rise associated with climate change (Qin

et al., 2007), understanding the recovery of beaches after a high-energy event is important. Especially

when the erosion of a beach generally occurs over a short-period of time while it can take years to

decades before the beach and dune are able to return to their pre-storm state (Houser et al., 2015).

2.5 Aim and objectives

The present study aims to give a better understanding of the evolution of sandy estuarine beaches

using two data sets at di�erent time scales : short term data that allow to study the monthly to

seasonal changes of the pro�les and long term data that look at the decadal evolution of shorelines.

This study have three main objectives. First, investigate the decadal evolution of shorelines from

aerial and satellite images and assess the long term stability of the studied beaches. Second, quantify

the short term variability of the di�erent beach pro�les that are monthly surveyed with Real Time

Kinematic GPS since May 2016. The third objective is to compare the post-storm recovery of sandy

estuarine beaches with two embayed beaches located along the open coast in New South Wales.
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3 Study Area

The region concerned by this study is the Sydney area within the state of New South Wales (NSW)

in Australia. Along the NSW coast, there are more than 900 water bodies that are open to the Paci�c

Ocean. Most of them are small ephemeral creeks or drains but among them are found 57 estuaries

(Roy et al., 2001).

Figure 6: Location of the Sydney area, within the state of New South Wales in Australia. ©ESRI Atla

3.1 The Pittwater estuary and the studied beaches

The Pittwater estuary is located approximately 40 km north of Sydney central business district.

As visible on Figure 7, the estuary �ows north between West Head and Barrenjoey Head, towards

Broken Bay, the con�uence of the Hawkesbury River, Pittwater, and Brisbane Water. The mouth of

the Pittwater estuary is located less than 1 km west from the Tasman Sea.

It can be observed on Figure 7 that the eastern part of the catchment is largely urbanized with the

suburbs of Mona Vale, Avalon and Warriewood while the western part is primarily in the perimeter

of the Ku-ring-gai Chase National Park.
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Figure 7: On the left panel, the Sydney area and on the right panel, the Pittwater estuary.

©ESRI Atlas for the left panel and Google Map for the right one

The Pittwater estuary is a drowned valley estuary in a semi-mature stage of evolution. It belongs to

the group of the tide-dominated estuaries and have relatively steep slopes (Roy et al., 2001). Based

on a report made by the NSW government (Roper et al., 2011), the Table 1 presents the physical

characteristics of the Pittwater estuary:

Entrance Location

Latitude (°S) -33.58

Longitude (°E) 151.32

Catchment area (km
2
) 50.8

Estuary area (km
2
) 18.4

Average depth (m) 9.9

Estuary volume (ML) 181836.2

Perimeter (km) 56.2

Table 1: Physical characteristics of the Pittwater estuary.

3.1.1 History & Management

A summary of the history and management of the Pittwater area is given by Robert (2004). Prior to

European settlement, the foreshores and headlands of the Pittwater estuary were inhabited by the

Guringai tribe as the area would have provided an abundance of shell�sh, �sh and bush foods. In

March 1788, Governor Philipp arrived in Broken Bay looking for land suitable for the cultivation of
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food for a new colony (Pittwater Council, 2006). During this �rst expedition, he named the inland

waterway "Pitt Water" after William Pitt the Younger, Prime Minister of Britain. From 1788 to 1900,

the land remained mostly unoccupied. There were only a few �shermen, timber cutter, gardeners

and the sta� of the lighthouse. One of the reason of this low European activity was that the area

was hardly accessible except by water. By the late 1920’s, improvements were made on the roads

and Palm Beach area became accessible to day trippers from Sydney which accelerated the devel-

opment of the region (Pittwater Council, 2006). It quickly became a weekend and summer holidays

destination. Nowadays, the metropolis of Sydney has extended to Palm Beach, Church Point and

o�shore communities in Pittwater.

The Pittwater waterway is one of the northern beaches natural assets and this waterway is under

the pressure of multiple touristic, economic, recreational and social activities (Haines et al., 2008).

To preserve the natural qualities of this place a sustainable management is required. Following

the guidelines of the estuary management policy of of the New South Wales Government (NSW

Government, 1992) and on behalf of Pittwater Council, a management plan for the Pittwater estuary

has been �nalized on August 2006. This plan contains goals and objectives for the future of the

Pittwater estuary and will integrate and compliment the Lower Hawkesbury Estuary Management

plan (Haines et al., 2008).

3.1.2 Studied beaches

The present study focuses on four beaches in the Pittwater estuary, selected to represent a variety

of geomorphic settings in terms of exposure to swell waves due to varying distance from the inlet

of the estuary and various aspects, shapes. Monthly topographic surveys have been undertaken

at these beaches since May 2016. These four beaches are summarized below, where unless other-

wise speci�ed, information is from Short (2007) who documented environmental settings for all the

beaches around Australia.
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Figure 8: Location of the studied beaches and other key features. ©NearMap

Great Mackerel Beach

With a length of 640 m, Great Mackerel Beach is the longest beach of the western foreshore in the

Pittwater Estuary. It consists of a narrow steep high tide beach that is partly protected from swell

or wind waves. Moreover, this beach is sheltered from westerly winds by the escarpment of the

Kuring-gai Chase National. Located at the northern end of the beach, a creek drains out and has

built an inter-tidal sand shoals extending 200 m into the bay. In the centre of the beach is located a

60 m long jetty.

This beach takes its name from the fact that in the early days �shermen came there to capture their

bait. Nowadays, this place is mostly used as wharf for residential boating activities. Note that there

is no car access to this beach and it can be reached only by private boat or by the regular ferry that

run from Snapperman Beach.
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Figure 9: View of Great Mackerel beach from the southern part.

Sandy Beach

Sandy beach is located south of Sand Point and is 470 m long. This narrow high tide beach is backed

by private properties with gardens. At the north-west end of the beach is a boat shed and slipway

and further south-east are two jetties.

Before the 1960s, Sandy Beach and Snapperman were forming only one beach but, nowadays, they

are no longer connected and are separated by 200 m of seawalls along Sand Point. According to a

study made by Manly Hydraulics Laboratory (2012), past evolution of the shoreline at Sandy Beach

indicates a long term accreting beach pro�le in the southern part of the beach. This can put the use of

certain infrastructures at risk especially combined with the sea level rise. For example, constructions

like the boat ramp will probably need some upgrades to maintain their serviceability in the future.

Figure 10: View of Sandy beach from the southern part.

Snapperman Beach

On the northern side of Sandy point begins Snapperman Beach which extends to Observation Point

over a length of 640 m. On the northern part of the beach is located a boat shed as well as the public

10



Jetty from where the ferry that goes to Great Mackerel beach leave. Then, heading south, there is a

large car park and many private homes.

Figure 11: View of Snapperman beach from the southern part.

Station Beach

Between the northern end of Observation Point and Barrenjoey Head stretch a popular recreational

area for Sydney residents and tourists. This peninsula is two kilometers long and composed of an

ocean beach, sand dunes, a vegetated backdune area and an estuarine beach. The latter is called

Barrenjoey Beach or Station Beach and consists of a narrow (10 m) beach backed by minor dunes.

The shoal that can extend up to 50 meters o�shore is largely covered with sea grasses and shows

typical depth of 2 to 5 meters.

Three distinct parts can be observed along the peninsula. Most of the residential development is in

the south. The middle is mainly a recreational area with a golf course, Governor Phillip Park park

and places for di�erent water activities (swimming, sur�ng, sailing, etc.). The northern part of the

beach consists of an heavily vegetated reserve.

Figure 12: View of Palm beach (on the left) and Station beach (on the right) from Barrenjoey Head.

As well as for previous beaches, Station Beach is a�ected by long period ocean waves that are heavily

di�racted and refracted when entering Pittwater bay. They are hitting Station beach from the north-
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north-west direction, causing southerly longshore transport. The beach is also a�ected by short

period wind waves impinging the beach from direction between south and north-north-west causing

northerly and southerly longshore transport (Australian Water And Coastal Studies, 1991). However,

the zeta shape of the embayment and the beach cutback in the south of the jetty indicate a tendency

for southerly longshore transport. The sand eroded from the beach is partly moved toward the

south to Observation Point, from where a portion is transported further south to Snapperman Beach

(Public Works Department, N.S.W, 1982).

Another important coastal process a�ecting this beach is o�shore deposition. Indeed, during storms,

the erosion of the beach face can lead to deposition of sand on the shoal, o�shore from the beach.

The other coastal processes like wind action on the dunes are believed to induce minor movements

of sand compared to the other processes (Public Works Department, N.S.W, 1982).

3.2 Sites used for results comparison

Figure 13: Location of the sites used to compare the post-storm recovery of beaches

©Google Map

3.2.1 Botany Bay

Located 15 km south of central Sydney, Botany Bay is an heavily urbanized coastal embayment that

hosts Sydney’s international airport and port. The decadal behavior of the beaches in Botany Bay
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was analyzed by Schosberg (2017). Four sites within Botany Bay (Yarra Bay, Frenchmans, Cong-

wong and Lady Robinsons beaches) are monitored with monthly pro�ling surveys using Real Time

Kinematic GPS since May 2016.

3.2.2 Narrabeen-Collaroy Beach

Narrabeen-Collaroy is the second longest beach in Sydney metropolitan area with a length of 3.6

km. The beach faces east with wave height averaging 1.5 m at the northern part and less than 1 m

in the southern part that is sheltered from the dominant southeast waves (Short, 2007).

Narrabeen-Collaroy is one of a limited number of sites where on-going and uninterrupted beach

monitoring now spans multiple decades. Since 1976, �ve survey transects are monitored at monthly

intervals. During the �rst three decades, pro�les were surveyed using traditional survey techniques

such as the Emery method. Since 2004, new and emerging survey technologies have been progres-

sively implemented such as RTK-GPS, Lidar, coastal imaging and Unmanned Aerial Vehicles (UAVs)

(Turner et al., 2016). The full Narrabeen Dataset is accessible online at http://narrabeen.wrl.unsw.edu.au/.

3.2.3 Maroubra Beach

Maroubra beach is the longest beach in the eastern suburbs of Sydney with a length of 1 km. The

beach is oriented toward the east and thus very exposed to the waves generated in the Tasman Sea.

Since 2006, Maroubra beach is recognized as a National Sur�ng Reserve because of the special place

this beach has in Australia sur�ng history (Short, 2007). This beach as well as three other beaches

in the eastern suburbs of Sydney are surveyed approximately every month since February 2016.
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3.3 Oceanographic and meteorological conditions for Sydney area

This section will �rst present the ocean and wind conditions for Sydney area and then, in the next

section, the focus will be put on the conditions that generate waves in the Pittwater estuary.

3.3.1 Hydrodynamic Data

A study of the wave climate for the Sydney region has been made by Short and Trenaman (1992).

According to this study, ocean waves in this area are generated by �ve meteorological systems in-

cluding three types of cyclones. Summer tropical cyclones in the Coral sea that generate moderate

ocean swell waves with direction going from northeast to east, reaching Sydney 16 days per year

on average. Mid latitude cyclone in the Tasman Sea generating moderate to low swell waves that

reach Sydney during 200 days per year on average. The larger swell waves are generated by east
coast cyclones located in the northern Tasman Sea, reaching Sydney 38 days a year on average (Short

and Trembanis, 2004). Although the latter are not common, they are the greater contributor to �ood

and wind damage in this region. Moreover, they aren’t easy to predict because of their relative small

size and rapid development (Holland et al., 1987). Aside from cyclones, easterly swell waves can also

be produced at any time of the year by anticyclonic highs and in summer sea breezes can generate

waves from north-east sector.

The destructive power of severe cyclones, particularly when they occur coincidently with high tides

and storm surge (the super-elevation of ocean levels associated with low atmospheric pressures

and wind e�ects) may cause coastal inundation, beach erosion, damage to property and marine

structures, and risks to public safety. High winds and intense rainfall which are often accompanying

storm events can also cause damage.

To monitor the o�shore wave climate of the Sydney coastal region, a non-directional Waverider buoy

have recorded wave data from July 1987 to October 2000 and a directional Waverider buoy since the

3rd March 1992. Wave height (H ) and wave period (T ) are available since July 1987 while wave

direction (Dir) since March 1992. The location of the directional Waverider buoy is approximately

12 km east of Curl Curl beach at a depth of 92 m (see Figure 14). This buoy is maintained by Manly

Hydraulic Laboratory (MHL) on behalf of the O�ce of Environment and Heritage.
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Figure 14: Actual location of Sydney Waverider Buoy. ©ESRI ATLAS

Hourly data from 17/7/1987 to 31/08/2017 were provided by MHL containing the following variables:

• Hsig [m] - The signi�cant wave height corresponds to the wave height exceeded by 1/3 of

waves per hourly interval. Wave height is the distance between the trough and crest of the

wave.

• Hmax [m] - The maximum wave height corresponds to the maximal wave height recorded

during each time step.

• Tz [s] - The mean period of the waves for each time step. The wave period is the time for two

consecutive crests to pass a �xed point. Longer waves period can be associated with more

powerful waves.

• TP1 [s] - The peak spectral period corresponds to the wave period with the highest energy.

The analysis of the distribution of the wave energy as a function of wave frequency is referred

as spectral analysis.

• Dir [degrees] - The mean wave direction is de�ned as the mean of all the individual wave

directions for a certain time step.

The overall mean signi�cant wave height (Hs) is 1.63 meters, the overall mean period (Tz) is 6.17

seconds and the overall mean direction (Dir) is 135 degrees. According to Short and Trenaman

(1992), a seasonal pattern is visible with longer period waves of moderate height during the winter,

between April and September.

15



F
i
g
u

r
e

1
5
:

W
a
v
e

h
e
i
g
h

t
s

g
r
e
a
t
e
r

t
h

a
n

3
m

e
t
e
r
s

a
s

w
e
l
l
a
s

p
e
r
i
o

d
s

g
r
e
a
t
e
r

t
h

a
n

1
0

s
e
c
o

n
d

s
f
o

r
S
y

d
n

e
y

a
r
e
a

s
i
n

c
e

1
9
8
7

(
i
n

r
e
d

)
.

W
a
v
e
s

d
i
r
e
c
t
i
o

n
b

e
t
w

e
e
n

e
a
s
t
-
n

o
r
t
h

e
a
s
t

a
n

d
e
a
s
t

a
r
e

c
o

l
o

r
e
d

i
n

r
e
d

b
e
c
a
u

s
e

t
h

e
w

a
v
e
s

f
r
o

m
t
h

e
s
e

s
e
c
t
o

r
s

a
r
e

i
m

p
a
c
t
i
n

g
m

o
s
t
l
y

t
h

e
P

i
t
t
w

a
t
e
r

e
s
t
u

a
r
y

a
s

i
t

i
s

e
x
p

l
a
i
n

e
d

i
n

t
h

e
S
e
c
t
i
o

n
3
.4

.1

16



3.3.2 Wind data

The closest governmental meteorological station from the Pittwater estuary is the Terrey Hills sta-

tion, on the Hornsby plateau, at an elevation of 195 metres above sea level and belonging to the

Australian Government Bureau of Meteorology. The town of Terrey Hills is located approximately

13 km southwest from the Pittwater estuary.

Figure 16: Wind roses for Terrey Hills, NSW - Average daily value from April 2017 to April 2018. Wind speed

and direction are the average value in the last 10 minutes either before 9 AM or 3 PM.

The data are displayed in two wind roses attributing a percentage occurrence of winds within a

set speed range. According to Figure 4, two wind direction are predominant at Terrey Hills, west-

erly and north-easterly winds. Westerly winds are predominant during winter while north-easterly

winds are caused by late-morning to afternoon sea breezes active from spring to autumn, when the

temperature di�erences between the ocean and nearby land is greater.

3.3.3 Tide data

The NSW coast has a mixed semidiurnal tidal cycle, resulting in two high and low tides per day

that di�er in height. According to Davies (1964), tide ranges can be classi�ed as micro- (< 2 meters),

meso- (2-4 meters) or macro-tidal (4-6 meters). The south-east Australian coast can be classi�ed as

micro-tidal. The mean neap tidal range that occurs just after the �rst or third quarter of the moon

is around 0.79 m . The spring tidal range that occurs when the gravitational force of the moon and

sun are combined and when the moon is full (or new) is 1.67 m. Solstice or "king" tide conditions
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occur when the sun, moon and earth are aligned creating the most signi�cant in�uence on the ocean

water surface (Austin et al., 2009).

A tide-gauge was installed at Fort Denison in 1866 and since that year a continuous record of tides

has been kept. However, data prior to 1914 have been considered unreliable, being a�ected by vari-

ous errors making the records unreliable. Yet, hourly water level from 1914 to present are available

providing an exceptional data record for Sydney Harbor (Watson and Lord, 2008).

3.3.4 Storm history

According to Shand et al. (2010), for the NSW coastline, an event of any duration with signi�cant

wave height greater than 3 meters recorded at an o�shore wave recording station can be de�ned

as a storm. Since July 1987, 12542 out of the 226575 hourly values recorded at the Sydney o�shore

station showed signi�cant wave height greater than 3 m which corresponds to 5.73 % of the time.

About 85 % of the mean direction assigned with these events was between south and south-east.

Only 5 % of these storms generated waves with northeast to east direction.

In order to target the more powerful events that happened since 1987, storms with signi�cant wave

height greater than 5 m have been identi�ed and are presented in Table 2. In the classi�cation of

coastal storms made by Shand et al. (2010) such events are characterized as major storms. During

the period 1987-2017, 75 storms with signi�cant wave height greater than 5 meters were detected

by the o�shore Sydney buoy. The wave direction of the majority of these events was from the south

to south-east sector. Only 5 storms generated waves with direction from east to northeast. These

storms have taken place in March 1995, July 1999, February 2004, March 2009 and June 2016.
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Table 2: List of the major recorded storms (Hs > 5 [m]) - Data is from Sydney Waverider Buoy

Date Hs [m] Direction Duration with Hs >5 [hrs]
03/08/1987 5,39 - 4

11/11/1987 5,65 - 21

09/02/1988 5,16 - 6

30/04/1988 5,33 - 6

25/05/1988 5,23 - 7

08/08/1988 5,30 - 7

25/07/1989 5,12 - 1

01/08/1990 5,12 - 2

03/08/1990 6,36 - 5

26/08/1990 5,75 - 15

13/10/1990 5,18 - 4

13/04/1994 5,41 S 6

10/06/1994 5,14 SSE 4

04/03/1995 5,10 ENE 2

18/06/1995 5,08 S 1

25/09/1995 5,52 SSE 6

19/08/1996 5,20 S 2

30/08/1996 5,41 SE 11

09/05/1997 6,21 SSE 49

07/03/1998 5,30 SSE 7

23/04/1999 5,58 ESE 16

28/04/1999 5,13 SSE 2

14/07/1999 5,49 E 15

29/12/1999 5,35 S 2

06/04/2000 5,03 S 1

30/06/2000 5,50 S 20

28/07/2001 6,18 S 19

19/11/2001 5,52 SSE 31

18/06/2002 5,03 SSE 1

29/06/2002 5,67 S 26

15/08/2002 5,36 SE 19

11/12/2002 5,16 ESE 2

04/05/2003 5,30 S 15

31/07/2003 5,27 S 2

11/10/2003 5,04 S 173

26/02/2004 5,44 ENE 3

18/07/2004 5,57 S 13

28/10/2004 5,47 S 12

22/03/2005 5,90 SE 16

24/06/2005 5,46 S 2

10/07/2005 5,71 - 2

15/11/2005 5,63 S 5

28/11/2005 5,27 S 2

07/02/2006 5,33 S 185

03/06/2006 5,84 S 21

11/06/2006 5,71 S 7

07/09/2006 5,09 SSE 164

08/06/2007 5,81 SSE 38

16/06/2007 5,58 ESE 4

20/06/2007 5,16 SSE 1

19/07/2007 5,58 SSE 12

05/11/2007 5,14 S 2

14/06/2008 5,16 S 5

23/08/2008 5,46 S 7

06/09/2008 5,06 SSE 154

31/03/2009 5,47 E 10

08/10/2009 5,75 S 12

03/08/2010 5,68 S 10

13/08/2010 5,35 SSE 6

20/07/2011 5,57 S 7

05/06/2012 6,44 S 22

11/08/2012 5,35 S 8

19/04/2013 5,27 S 6

02/06/2013 5,48 S 2

18/07/2014 5,10 S 20

18/08/2014 5,48 S 1

03/09/2014 5,01 S 11

14/10/2014 5,51 S 4

05/03/2015 5,83 S 2

20/04/2015 5,34 SSE 31

22/05/2015 6,68 S 8

05/06/2016 5,38 E 18

11/04/2017 5,93 S 2

19/08/2017 5,33 S 5

28/08/2017 5,38 S 4
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3.3.5 List of exceptional storms events

The generally moderate wave climate of the south-east coast of Australia is periodically a�ected

by large wave events originating from coastal storm systems. These very large storm event have

strong impact on the coastline and, particularly when they are co-incident with high water levels,

can cause large beach erosion, inundation and damage to property (Callaghan and Helman, 2008).

Since one of the objective of this study is to identify long term shoreline changes, the larger storms

that occurred during the last decades are presented here.

- 1974 -

The character of many beaches along the central and southern coast of the New South Wales changed

after three periods of strong erosive wave conditions during May 24th and June 18th (Bryant and

Kidd, 1975). It was quali�ed as one of the three most severe storms that hit the Sydney coastline

since white settlement (Callaghan and Helman, 2008). The return period of this storm is around 100

years and is generally used as reference for storms design (Lord and Kulmar, 2001). Moreover, it

is after these storms that a network of Waverider buoys and water level recorders along the New

South Wales east coast was installed.

- 1997 -

The "Mother’s Day" storm is the largest storm on record. It happened in May 1997 and the storm

peaked during the night of the 10th-11th May, with a signi�cant wave height reaching 8.43 m at

both Sydney and Port Kembla and 8.86 m at Botany Bay (Shand et al., 2010).

- 2007 -

In June 2007 occurred the largest storm event by total storm power, the "Pasha Bulker Storm". The

peak height was not extremely high with 6.90 meters in Sydney but it remained elevated over 3 m for

8 days and over 5 m for nearly 2 days which leaded to major �ash �ooding, massive coastal erosion

and over 1.5 billion $ in damage costs (Mills et al., 2010).

- 2016 -

In June 2016 an unusual East Cost Low created a large and relatively stable north-easterly fetch

directed at the coastline for several days (Harley et al., 2017a). Most open ocean beaches of the

eastern seaboard of Australia experienced the worst erosion in 40 years. The major determinant

of this erosion magnitude is the east to north-east storm wave direction as well as the coincidence

with winter solstice spring tide. Indeed, easterly wave direction partly avoid the energy attenuation

across the continental shelf and focus wave energy on coastal Section not equilibrated under the

prevailing south-easterly wave climate (Mortlock et al., 2017).

During the last decades, the apparent frequency and storm damage have increased while there is

no discernible change in frequency of occurrence or severity of storms. According to Public Works

Department, N.S.W (1986), this is linked with the rapidly growing population and urbanization of

the coast but also because of the long term recession of the coastline increasing the exposure of the

constructed assets.
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3.4 Wave climate in the Pittwater estuary

Wave conditions in the Pittwater estuary are generated from two main sources : locally generated

wind waves and ocean waves penetrating through Broken Bay (Australian Water And Coastal Stud-

ies, 1991). Also, noteworthy, waves can also be generated by the boat activity in the estuary. Yet,

according to the study done by Australian Water And Coastal Studies (1991), they are not powerful

enough to generate signi�cant sand transport.

3.4.1 Ocean generated waves

Ocean waves that enter the estuary are not as high as on open ocean beaches. This is because of

the energy dissipation caused by shoals in the estuary entrance and the process of di�raction and

refraction undergo by the waves when they penetrate the estuary (Jackson, 1995). The proximity

from the entrance of the estuary as well as the orientation of the beach will de�ne the reduction

factor.

A wave transformation model was established by Australian Water And Coastal Studies (1991) to

estimate the heights of the o�shore waves penetrating the Pittwater estuary, for di�erent o�shore

wave directions. Wave height reduction factors were calculated taking into consideration wave

refraction, di�raction, shoaling and frictional losses. The sensor used to determine empirical coef-

�cients was deployed from August 1988 to October 1989 at Great Mackerel public wharf and at the

Sydney o�shore Waverider buoy station.

Table 3: O�shore Wave Coe�cients - From the wave transformation model established by Australian Water

And Coastal Studies (1991)

O�shore Wave Direction Station Beach Snapperman Beach Sandy Beach Great Mackerel Beach

NNE 0 0 0 0

NE 0.04 0.06 0.03 0.16

ENE 0.11 0.17 0.07 0.22

E 0.14 0.18 0.07 0.26

ESE 0.05 0.06 0.01 0.16

SE 0.04 0.05 0.01 0.08

SSE 0.02 0.04 0.01 0.04

S 0 0 0 0

In Table 3, the values correspond to the ratio between inshore wave heights and o�shore wave

heights. O�shore waves from sector east to east-northeast generate the highest waves in the estuary

and Mackerel beach is more impacted by swell waves that the others beach in the northern part of

Pittwater. However, as seen in Section 3.3.4, during the period 1987-2017, only 5 out of a total of 75

major storm events showed waves direction from the east to northeast sector.

3.4.2 Locally Generated Wind Waves

The second type of waves to consider when studying embayed beaches is wind waves generated

locally inside the estuary. Wind wave generation is governed by a limited set of parameters such

as wind fetch (uninterrupted distance of open water over which the wind blows without signi�cant

change in direction), water depth, wind velocity and bottom friction.
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Table 4: Locally Generated Waves in the Pittwater estuary studied beaches - From the model established by

Australian Water And Coastal Studies (1991)

Return Period

20 50 100Maximum Av. Fetch [m] Direction

Hs [m] Tp [s] Hs [m] Tp [s] Hs [m] Tp [s]

Station Beach 3077 SW 1.2 3.2 1.4 3.3 1.5 3.4

Snapperman Beach 3129 N 1.2 3.2 1.4 3.3 1.5 3.4

Sandy Beach - - - - - - - -

Great Mackerel Beach 2160 SE 1 2.8 1.1 2.9 1.2 3

The signi�cant wave height (Hs) and peak spectral wave period (Tp) shown in the Table 4 were

calculated using a computer model developed by Australian Water And Coastal Studies (1991). Wind

speeds of 28.1 [m/s], 30.8 [m/s] and 32.9 [m/s] for respectively 20, 50 and 100 years return period

were used to establish the model. This procedure aimed to calculate the maximum heights of locally

generated wind wave heights for each site. The results indicate that with its elongated shape, large

wind waves can be generated inside the Pittwater Estuary, particularly impacting the beach located

in the eastern part of the estuary.

A point that is not taken into account in the two previous chapters is that both conditions can

take place at the same time. Moreover, if this is combined with strong tides, it can have important

consequences on the morphology of the beaches studied.
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4 Methods

4.1 Decadal evolution

The analysis of the long term shoreline displacement was conducted along three transects located

in the northern, middle and southern part of each studied beach. They are labelled according to

the pro�le names of the surveys because of their common origin (see Figure 17). For this analysis,

the number of transects has been limited to three in order to facilitate the comparison between the

di�erent sectors.

Figure 17: Location of the transects for the shoreline analysis.
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4.1.1 Source of images

The long term changes in beach width was investigated using aerial photographs and satellite im-

ages. A great collection of aerial photographs for the state of the New South Wales can be found at

the O�ce of Environment and Heritage in Newcastle where a scanner is available for digitization.

The resolution of these images vary according to the years and are not always speci�ed. The scale

ranges from 1:42000 for the oldest images to 1:4000 for the more recent.

Table 5: Available aerial photographs that cover the northern part of the Pittwater Estuary

Date Capture scale

Covered Area

Great Mackerel Beach Sandy Beach Snapperman Beach Station Beach

29 Sep. 1940 1:32000 x x x x
1941 - x x

01 Jan. 1947 - x x x x
01 May 1951 - x x x
02 Dec. 1951 1:42000 x x x x
30 Apr. 1952 1:18000 x x x
28 Sep. 1955 - x x x x
09 Jul. 1961 1:45000 x x x
18 May 1962 1:18000 x x x
23 Sep. 1965 - x x x x
28 Aug. 1970 - x x x x
19 Jun. 1974 1:16000 x x x
16 Nov. 1976 1:16000 x x x x
22 Dec. 1977 1:4000 x
02 Aug. 1978 1:4000 x
14 Apr. 1979 1:4000 x
20 Jul. 1979 1:6000 x x x
28 Mar. 1980 1:8000 x x x
03 Mar 1981 1:10000 x x x
09 Jan 1982 1:8000 x x x

20 Aug. 1982 1:16000 x x x
30 Mar. 1983 1:8000 x x x
01 Apr. 1985 1:16000 x x x x
18 Aug. 1986 1:8000 x x x x
10 Mar. 1988 1:16000 x x x x
04 May 1990 1:8000 x
18 Aug. 1990 1:6000 x x x
19 Apr. 1993 1:6000 x x x x
30 May 1996 1:6000 x x x
20 May 1999 1:6000 x x x
13 Sep. 2001 1:6000 x
22 Apr. 2004 1:8000 x
03 Jul. 2008 1:10000 x x x x

The satellite images used are from two di�erent sources, DigitalGlobe (https://www.digitalglobe.com)

and NearMap (https://www.nearmap.com.au) companies. The resolution of these images range from

0.6 m for the NearMap images to 1.2 m for the DigitalGlobe images, depending on the chosen canals.

To investigate the long term stability, since the interval between the images should not be too short

to avoid aliasing e�ects (see Section 4.1.3), not all the available aerial or satellite images were used.

The images on which the shoreline identi�cation is complicate were left behind. The Figure 18

summarize the images used for the investigation of the long term stability. For each beach, the

detailed list of images used can be found in Appendix 1.

Figure 18: Date and source of the images that have been used to assess the decadal evolution of the shorelines.
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4.1.2 Image georeferencing

The scanned photographs were �rst re-sized to �t the area of interest in order to facilitate and

improve the accuracy of the georeferencing processes. Second, they were recti�ed in ArcGis using a

satellite image from NearMap as base map, already projected in the Universal Transverse Mercator

(UTM) coordinate system. A summary of the methods used for transformation of remotely sensed

data is given by Novak (1992). The most common transformation use polynomial functions that are

de�ned using ground control points (GCPs) that have to be identi�ed on the scanned photographs

and on the base map. In general, GCPs are landmarks such as large rocks, corners of buildings,

road intersections, etc. The size of the image as well as the availability of easily identi�able features

control the requisite number of control points. In the present study, their amount ranged between

10 to 25 (a minimum of 7 points is required to perform a polynomial transformation of 2nd degree).

The polynomial recti�cation is then based on a curve �t where the maximum exponent corresponds

to the degree of the polynomial function. The original image will be stretched, scaled, rotated, bent

and curved to �t best to the control points chosen. According to Rocchini et al. (2012), it’s rare

to go beyond a second degree transformation because higher degree polynomial or spline function

will provide a perfect �t at the reference points but due to undulations between these points, large

errors can be present outside the GCP range. Polynomial function cannot correct relief distortion

because it only take into account the x and y coordinates of the GCP but not the elevation. When the

elevation is taken into account, the process is called di�erential recti�cation or ortho-recti�cation

Rocchini et al. (2012). Since the relief distortion is not really important in our study area (mean

elevation of the studied beaches is around mean sea level), the relief distortion has not been taken

into account. However, a special attention was paid to not place GCPs on elevated area.

The accuracy of the recti�cation is estimated by the root mean square error (RMSE). The RMSE

corresponds to the sum of all the residuals which refer to the distance between the location speci�ed

for a control point and the place where he ends up after the transformation of the original image

Rocchini et al. (2012). The RMSE is a good indicator of transformation accuracy and should not be

too large. However, even is the RMS is close to zero, it doesn’t mean that the image will be perfectly

georeferenced, especially when using higher degree polynomial that can lead to important errors

outside the GCP range. In the present study, RMSE values obtained for the recti�cation process were

between 0.5 to 5 m, depending principally on the quality of the GCPs and on the scale of the image

(see Appendix 1 for the RMSE values of the di�erent recti�ed images).
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Figure 19: Example locations of ground control points used for the recti�cation of aerial photographs - Great

Mackerel Beach

4.1.3 Shoreline interpretation

To investigate long term shoreline stability, the principal methodology approach is to draw the

shoreline position from the data sets available (aerial photographs, satellite images, contour maps).

However, �rst, it is necessary to choose to which feature corresponds the shoreline. According to

Boak and Turner (2005), an idealized de�nition of the shoreline is the physical interface between

the land and water. On an aerial or satellite image, this limit may be visualized as the edge of the

dark water body, a foam line or by a line of specular re�ection from the edge of the dark water

body (Shoshany and Degani, 1992). However, opting for this de�nition of the shoreline raise some

problems, �rst the foam line does not always correspond to the water line and second, the resolution

of the photographs is often not small enough to properly see the edge of the water body. Finally, the

water limit changes continuously over time because of the dynamic nature of the water level (tides,

waves, groundwater, etc.) and the sediment movement.

An alternative line must be chosen and the high water limit is the most common shoreline indicator

for historical shoreline comparison (Hanslow, 2007). It should be noted that the term High Water

Line (HWL) is often confused in the literature and this point deserve some clari�cation before going

any further. The de�nition used in the present study is the same than the one used by McBride

et al. (1991) ; the HWL corresponds to the location of the wet and dry beach contact that usually

represents the non-storm high tidal wash of the waves (Crowell et al., 1991). This feature can be

identi�ed on aerial images because of the change of tone between the wet and dry sand. The HWL

is also more stable in time than other features because of the rate at which the sand dry. However,

in cases where the resolution of historical photographs is too low to visually identify the wet-dry

line, the shoreline feature chosen in the present study is the zone of high-pixel brightness variance
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(Shoshany and Degani, 1992). The use of some alternatives lines such as high tide line, berm line

was examined but it was found that the high water line is o�ering better stability and detectability

in this case.

Figure 20: Example of visibly discernible shoreline features on an aerial photographs of Mackerel Beach. The

shoreline feature used in this study is the High Water Line also referenced as wet/dry line or runup maxima

4.1.4 Uncertainties

The uncertainties and errors associated with shorelines extracted from aerial photographs and satel-

lite images need to be taken into account when studying shoreline changes. The total uncertainty

estimation is a good indicator of the minimum shoreline change signal that can be reliably inves-

tigated by studying shoreline displacement (Ruggiero et al., 2003). However, quantifying measure-

ment error is probably one the most di�cult step of long term shoreline measurement (Smith and

Zarillo, 1990). In short, the total uncertainty of shoreline position is a combination of source accu-

racy, interpretation error and natural short term variability (Ruggiero et al., 2003).

Source accuracy is related to the fact that the High Water Line on aerial photographs is not always

easily discernable. Sometimes, it is because the quality of the source media is too low to be able to

identify the shoreline feature properly. This depend of the camera used and the altitude at which the

images were taken. It can also be the case when the photo is taken just prior or after the high tide

or after a rainy event because the wet-dry sand limit is nonexistent. Moreover, if the angle between

the ground and the camera is too high, the re�ectivity will mask the di�erence in shading (Ruggiero

et al., 2003).

Another inherent source error associated with aerial photographs is the recti�cation of aerial images.

For this factor the RMSE is a solid estimator. As seen in Section 4.1.2, the RMSE ranged between

0.5 and 5 m (see Appendix 1). An average value for the uncertainty related to georeferencing was

estimated to be around ± 2 m.

Shoreline interpretation error corresponds to the di�erence of shoreline position after several re-

peated digitization. It is mainly related to the skill of the operator doing the operation. In the
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present study, this factor has been minimized by doing a detailed description of the shoreline fea-

ture to identify (see Section 4.1.3) and because the digitization of the shoreline was always made

by the same operator. From repeated shoreline digitization of the same coast by a single operator,

Fletcher et al. (2003) found that the mean di�erence between shoreline position was ± 3 m and

Ruggiero et al. (2003) found a di�erence in shoreline position of ± 2 m.

Short term variability also called positional uncertainty by Fletcher et al. (2003) is by far the largest

uncertainty. It is caused by features and phenomena that in�uence the shoreline position at the time

of the aerial photograph or satellite image was collected. It can be linked with the short time scale

variability of the beach morphology or to other phenomenon like tidal �uctuation, changes in wave

run-up, seasonal beach recovery or change in the angle of wave incidence (Ruggiero et al., 2003).

Except during storms event, the total water level in tidal estuarine beaches such as the Pittwater

estuary is mostly a�ected by tidal �uctuation (Australian Water And Coastal Studies, 1991). For

this reason, the positional uncertainty is associated with the tidal �uctuation causing horizontal

displacement of the water line. It can be quanti�ed using the mean spring tidal range that equals

1.25 meters for the Sydney area (Manly Hydraulics Laboratory, 2015) and the mean slope of the beach

that is approximately 10 degrees according to the beach surveys results. This lead in an horizontal

displacement of around ± 6 meters. Ideally, in order to minimize the short term variability, aerial

images should be taken at the same tidal level and during period of the year with low wave climate

Ruggiero et al. (2003).

Table 6: Uncertainties related to positional and measurement errors

Source Magnitude
Onscreen delineation ± 3 [m]

Orthorecti�cation and source accuracy ± 2 [m]
Short term variability ± 6 [m]
Total Uncertainty ± 7 [m]1

1
Calculated as the root sum squared of the individual uncertainties

To overcome the short term variability and be able to observe some long term trends, the interval

of time between the images chosen should not be too short. Ideally, it should be long enough to

establish a signi�cant net change in shoreline position that is greater than the short term variability

(Smith and Zarillo, 1990). In the present study, the time interval between aerial photographs ranges

from 5 to 10 years.

Another solution to reduce the short term variability would be to use less dynamic shoreline features

like the erosion scarp or the vegetation line but these features are not always clearly de�ned and

can be a�ected by man modi�cation like those resulting from leveling for development purposes or

sand extraction. Moreover, the vegetation line is cultivated on most part of the developed beaches

of the Pittwater Estuary and does not represent the natural movement of the shoreline. Another

point it that using these morphological features is case speci�c because they are good indicators of

erosion but may not show accretion or will show it with a signi�cant time lag because of the longer

recovery time (Boak and Turner, 2005).
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4.2 Monthly to seasonally changes

Long term data sets like aerial photographs allow to study decadal shoreline changes but to inves-

tigate the monthly to seasonally evolution of a beach, small scale data sets are preferred because

of the better accuracy and objectivity that they provide (Ruggiero et al., 2003). Di�erent methods

can be use to collect such data but the basic form of beach morphology monitoring aims to obtain

cross-shore beach pro�les that are perpendicular to the shoreline.

A variety of survey methods can be used to obtain beach pro�les. One of the older technique is the

one proposed by Emery (1961) that use two graduated rods to determine the di�erence of elevation

along a beach pro�le. More sophisticated methods such as LiDAR (Light Detection And Ranging),

RTK-GPS (Real Time Kinematic Global Positioning System) or unmanned aerial vehicles (UAVs)

allow faster data collection at higher resolution that can generate three-dimensional representations

of beach morphology (Harley et al., 2011).

4.2.1 Topographic Survey

Since the 20
th

May 2016, topographic surveys using RTK-GPS are performed on the four study sites

in the Pittwater Estuary every 1-2 months. A total of 20 beach surveys campaigns were performed

between May 2016 and June 2018. For each beach, �ve or six cross-shore pro�les are surveyed

by walking perpendicular to the contours, from the datum points towards the shoreline and into

shallow water (see Figure 21). Except for Station beach, long-shore measurements are also performed

along the entire length of the beaches, by zigzagging between the shoreline and the dune crest.

Elevation and location data (xgps, ygps, zgps) are logged every meter. To reduce measurements errors,

the measuring device should be held as vertically as possible and with the lower part as close to the

sand as possible.
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Figure 21: Location of the RTK-GPS survey pro�les

Individual pro�le can provide information about cross-shore morphology and allow to derive beach

height, width and gradient. Long-shore pro�les give information about beach volume and three

dimensional features. Pro�ling must be done regularly to capture monthly changes and during a long

enough period of time to obtain meaningful time series (Short and Trembanis, 2004). In comparison

with aerial photographs analysis, GPS-surveys doesn’t rely on subjective visual interpretation and

allow for a more objective and repeatable datum-based estimate of shoreline position (Ruggiero

et al., 2003).
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4.2.2 Calculation of the width, slope and volume

For each pro�le, the width was calculated from the pro�le origin to where the pro�le reach mean

sea level. When necessary, horizontal adjustments of the pro�le origin were made so that the origin

corresponds to the foredune crest. The slope was calculated as the altitude di�erence between the

origin point and the mean sea level divided by the beach width. The subaerial volumetric area

[m3/m] was calculated for each pro�ling survey that were carried out using a trapezoidal function

on Matlab. The seaward limit corresponds to the mean sea level and the landward limit corresponds

to the dune crest.

To investigate the post-storm recovery of the studied beaches, the method used in the present study

is similar to the one proposed by Harley et al. (2017b) that studied the recovery of Narrabeen-

Collaroy Beach after June 2016 storm. The di�erence of subaerial volume between two dates [m3/m]
is calculated for each transect using the following equation :

∂V =

∫ xd

x0

(z1) dx −
∫ xd

x0

(z2) dx (1)

where xd is the origin point corresponding approximately to the position of the dune crest, x0 is the

cross-shore position of the mean sea level contour ; z1 and z2 are the elevation data for the two dates

of interest. The integral is calculated using a trapezoidal function on Matlab. Then, the percentage

of volume recovery for a given period of time is calculated using the following equation :

%recovery = 100 · (1− ∂Vrecovery
∂Vstorm

) (2)

where ∂Vstorm correspond to the di�erence of volume directly before and after the storm while

∂Vrecovery correspond to the di�erence of volume before the storm and after a given period of time.
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5 Results

5.1 Decadal evolution

Long term �uctuations of beaches in time are categorized under two processes; seaward migration of

the shoreline is called beach accretion, and landward movement is called recession. This is driven by

sediment transport, due to variations in meteorological and hydrodynamic forcing including wind,

waves, sea level and currents.

The Figure 22 on the following page presents the long term evolution of the studied beaches. The

results are summarized in the Table 7 below.

Annual change rate

[m/year]
Total change between

1941 and 2017 [m]
Northern Middle Southern Northern Middle Southern

Station beach -0.01 -0.04 -0.01 -3 -2 1

Snapperman beach -0.13 -0.10 -0.11 -11 -6 -4

Sandy beach -0.10 0.07 0.33 4 12 29

Great Mackerel beach -0.28 -0.13 -0.34 -19 -5 -24

Table 7: Shoreline changes from 1941 to 2017. On the left table, the annual rate of change is calculated along

each transect using the slope of a linear �t to the time series of shoreline positions. On the right panel, the

total change is the shoreline displacement between the year 1941 and 2017. A negative rate means that the

beach has been eroded during the study period while a positive rate means that the beach has been accreting

Station Beach

As illustrated on Figure 22a, Station Beach remained relatively stable over the study period. The

total long term changes of the shoreline position is small as well as the annual change rate (see

Table 7). Concerning the longshore variability, the three parts of the beach behaved in a similar

way.

In the 1980s, another investigation of historic photographs of Station Beach and Palm Beach has been

made for the period 1940-1978 (Public Works Department, N.S.W, 1982). They found a recession rate

for Station beach up to 0.35 [m/year]. Their results strongly di�er from the annual change rate found

by the present study that is close to zero [m/year] (see Table 7). Since the period of time covered

by their study is not the same, this di�erence is probably linked with the natural beach evolution

that alternate between period of recession and accretion. On Figure 22a, this phenomenon is visible

with the period between the 1940s and 1974 that show erosion, followed by a period of accretion

between 1974 and the end of the 1990s. Then, during the last two decades, the beach is narrowing

again.

Snapperman Beach

The width of Snapperman beach has slightly decreased between 1941 and 2017 (around 10 m). There

is no noticeable di�erence between the di�erent areas of the beach. The northern, middle and south-

ern areas have followed a similar trend.

Similar as for Station Beach, the e�ects of the 1974 storm are visible on the Figure 22b. The storm

coincide with a decrease of the beach width and is followed by a period of accretion.
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Figure 22: Shoreline displacement for the period 1941-2017 represented with the uncertainty associated (see

Section 4.1.4). The distance between the shorelines and the reference point are centered around the mean

distance value to easily visualize accretion and recession periods. The dashed vertical lines represent the four

larger storms that happened during this period of time (see Section 3.3.5).
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Sandy Beach

Unlike the two previous beaches, important changes happened in Sandy Beach since the 1940s. First,

until the 1980s, the beach accreted along its entire length, with a shift of the shoreline of about 20

m. Second, since 1980s, the southern part of the beach continued to grow whereas the northern

part began to erode. On Figure 23, this clockwise rotation of Sandy Beach is clearly visible at both

extremity with a di�erence of about 15 m between the shoreline in 1974 and in 1999.

Figure 23: Clockwise rotation of Sandy Beach after the construction of the seawall in the northern part.

This phenomenon of accretion in the south of Sandy Beach is probably linked with the construction

of a seawall in the early 1970s, on both sides of Sand Point (see Figure 24). According to Carley et al.

(2010), altered erosion and accretion seaward from the wall or along the shore are potential physical

impacts for this type of stabilization infrastructure. One hypothesis is that after the construction

of the seawall, the sand located in front of it has been transported o�shore. According to Cowell

(1992), the transport of sand in the Pittwater estuary is preferably from north to south. Therefore,

it is likely that the eroded sand has been transported alongshore and redeposited further south.

Figure 24: Construction of the seawall along Sand Point in the late 1960s. Possible cause of the disappearance

of the beach between Snapperman and Sandy beach.
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Great Mackerel Beach

For this beach, instead of using the pro�le n°5 to characterize the northern part of the beach, the

pro�le n°4 was used (Figure 21 showing pro�le locations). This was done because the pro�le n°4 is

located further away from the intertidal sand shoals at the northern end of the beach. Indeed, at the

location of the pro�le n°5, the slope is lower and the shoreline is strongly a�ected by tidal variation

(see cross-shore pro�les on Figure 32).

Two distinct erosion and accretion periods can be observed on Figure 22d. First, until the late 1960s,

the shoreline is moving seaward, expressing an accumulation of sediment in the upper foreshore of

the beach. According to Thom (1974) during the period between the 1950s and late 1960s, there were

no storm causing major beach erosion and it is reported as a period of beach accretion and foredune

development in the Sydney region. Then, since the late 1960s, the photographs analysis indicate

a landward displacement of the shoreline of approximately 30 m at the southern and northern ex-

tremity of the beach. The middle part of the beach was more stable with a landward displacement

of around 15 m. In short, among the four study beaches, it is at Great Mackerel beach that the ero-

sion was the greatest during the investigation period with a total recession of around 20 m at both

extremity (see Table 7).

To explain the important shoreline recession observed at Great Mackerel, several factors have been

identi�ed. First, unlike the three other studied beaches, this one is located in the western part of

the estuary and is more sensible to o�shore generated waves arriving in the estuary (see Section

3.4.1). Another important factor is the presence of the stream mouth in the northern part of the

beach that strongly in�uence the morphology of this beach. According to Cowell (1989), the strong

erosion observed north from the wharf is mainly linked with the presence of this channel. Indeed,

during erosion phase, sand is transported o�shore and deposited in the basin formed by the channel.

Therefore, because of this "delta-margin" process, sand is permanently lost from the natural onshore-

o�shore exchange cycle of the beach.

On Figure 22d, it is visible that the erosion caused by the storms of 1974 was important. According

to Cowell (1992), this was a critical erosion period that put the northern-most beach-front properties

in danger and it was mainly caused by the presence of the stream. Indeed, before 1974, a narrow

partially-vegetated sand-barrier on the delta shoulder was de�ecting the stream entrance against

the northern headland and reducing the "delta-margin" e�ect. As shown on Figure 25, during the

storm of 1974, this sand barrier has been destroyed and the stream mouth moved further to the

south, aggravating the delta-margin erosion. On Figure 25, it is visible that this storm caused an

important landward displacement of the vegetation line. With the presence of houses about ten

meters from the dune line in the northern part of the beach, this erosion event had a strong e�ect

on the local community that asked for protective measures and studies (Cowell, 1989, 1992). One

protective measure was the reconstruction of the dune at the northern extremity of the beach and

its stabilization with trees. This is visible on the aerial photo of 1996 on the Figure 25.
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Figure 25: Aerial photographs of Great Mackerel beach showing the destruction of the sand barrier after the

storm of 1974 and its reconstruction several years later. The dashed lines represent the position of the back

of the beach, its evolution re�ects the important erosion in the northern part of the beach after the storm of

1974.

Since the stream at the northern part of the beach drains a large catchment, its presence is also

linked with some �ood events at Great Mackerel beach that can cause strong erosion. In late 1988 -

early 1989, a major �ood happened causing a temporary discharge of the stream at the location of

the northern-most houses (Cowell, 1989). As visible on the Figure 22d, the width of beach has been

strongly reduced after this event.

Another factor that could explain the o�shore losses of sand in Great Mackerel Beach is the seagrass

decline in the Pittwater estuary between 1940 and 1960 (Kulmar et al., 1987). Indeed, the presence of

seagrass beds on the lower shoreface has a sand-trapping e�ect that increase the shoreline stability.

This reduction of seagrass coverage could be linked to the northwestern expansion of Sydney that

has resulted in an increase of the level of pollution in the Hawkesbury river (Cowell, 1989).
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5.2 Monthly to seasonally changes

5.2.1 Beach morphology

Following the criteria proposed by Short (1979), with an average slope of around 0.1 (tan β) and a

width comprise between 10 and 20 m, the four studied beaches can be classi�ed as sandy re�ective

beaches. This type of beach is generally steep and narrow with coarser sand and with average wave

height less than 0.5 m on the NSW coast.

The beach morphology of the four studied sites have been monitored since May 2016. Below, a

detailed analysis of these changes is conducted for each beach as well as between the di�erent

sections. To note that during this period of time, according to the Table 2, June 2016 and August

2017 appears to be the periods with greatest wave power.

Station Beach

Following the classi�cation for sheltered beaches proposed by Hegge et al. (1996), Station Beach can

be classi�ed in the moderately steep group (see Section 2.3 for details about this classi�cation). This

type of beach is characterized by steep linear nearshore zones, wide beach face and high berms.

Figure 26: Station Beach cross-shore pro�les surveys (May 2016 - May 2018). Left panels show the beach

pro�les and right panels the corresponding time series of beach width at the 0 m AHD contour elevation

After the storm of June 2016 which was an important erosion event, the �ve pro�les behaved sim-

ilarly to each other during the survey period and remained relatively stable in time. The June 2016
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storm reduced the width of the beach by 3 to 5 m for pro�les 1 to 4 and by almost 10 m for pro�le

5. A small diminution of the beach width can be observed after the storm of August 2017.

Snapperman Beach

With a steep and linear beachface slope, this beach can be classi�ed as a steep beach according to

Hegge et al. (1996). According to the pro�le change model of Nordstrom (1992), the parallel recession

of beach pro�les that can be observed on �gure 27 is indicating that the dominant mode of sediment

transport is long-shore rather than cross-shore.

The northern part of the beach (P1, P2 and P3) was the most dynamic part during the survey period

with important width variations. The southern part (P4, P5 and P6) remained relatively stable.

Figure 27: Snapperman Beach cross-shore pro�les surveys (May 2016 - May 2018). Left panels show the beach

pro�les and right panels the corresponding time series of beach width at the 0 m AHD contour elevation
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Sandy Beach

The northern part of the beach (pro�le 1, 2 and 3) is relatively steeper than the southern part of the

beach (pro�le 4 and 5) that is characterized by a wider beach face. According to Hegge et al. (1996),

the northern part of the beach can be classi�ed as a steep beach while the southern part would

probably belong to the moderately steep group. To note that the origin points of pro�les 2 and 3 are

located in the grass behind the dune, resulting in an abrupt change of slope at the landward part of

these pro�les.

Visible on the left panels of Figure 28, the shape of the pro�le 2 and 3 was modi�ed during the

monitoring period with an accretion of the upper foreshore part. According to the pro�le change

model developed by Nordstrom (1992), deposition of sand in the upper-part of the foreshore indicate

that the dominant mode of sediment transport is cross-shore rather than alongshore. For the other

transects, no signi�cant changes in the pro�le shape can be identi�ed.

Figure 28: Sandy Beach cross-shore pro�les surveys (May 2016 - May 2018). Left panels show the beach

pro�les and right panels the corresponding time series of beach width at the 0 m AHD contour elevation
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Great Mackerel Beach

In terms of pro�le topographic shape, Great Mackerel appears to fall into two groups with the pro-

�les 1, 2, 3 and 4 showing steep and linear beach face while the pro�le 5 is showing a more concave

pro�le with a �atter nearshore zone. According to Hegge et al. (1996), sediment characteristics and

groundwater conditions play an important part in the development of pro�le morphology. The pres-

ence of the stream mouth in the northern part of the beach could be the reason for the pro�le shape

of transect 5. To note, the origin points of the pro�les 2, 3 and 4 are located a few meters behind the

dune crest, explaining why the upper extremity of these pro�les didn’t change in time.

By looking at the left panels on Figure 32, the northern part of the beach appears to be more dynamic

than the southern part. According to the pro�le change model of Nordstrom (1992), the dominant

sediment transport mode seems to be cross-shore with visible slope modi�cation of the pro�les 3, 4

and 5. These changes in pro�le shape are indicating that sand has been eroded at the upper part of

the beach face and transported to the lower part.

Figure 29: Great Mackerel Beach cross-shore pro�les surveys (May 2016 - May 2018). Left panels show the

beach pro�les and right panels the corresponding time series of beach width at the 0 m AHD contour elevation
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5.2.2 Erosion and post-storm recovery

The following chapters look at the subaerial beach volume changes that occurred between May 2016

and May 2018 for the di�erent study sites. The subaerial volume changes as well as the percentage of

volume recovery after the storm of June 2016 were calculated using the method presented in Section

4.2.2. The Figure 30 presents the results and is visible on the following page.

5.2.2.1 The Pittwater Estuary

Station Beach

As visible on the Figure 30(a), the pro�les 1, 2, 3 and 4 were heavily a�ected by the June 2016 storms

with a loss of volume of respectively 32%, 21%, 13% and 19% between the months of May and August

2016. The average subaerial volume change for Station beach was 4.08 [m3/m]. According to the

pro�le surveys (Figure 26), the part that was the more a�ected by the erosion was the lower foreshore

part. A relevant point to note is that even though the high-energy event happened in June 2016, the

consequences of the storm are visible on the pro�les only in August, three months later.

Concerning the recovery of the beach, as it can be seen on Figure 30(a), the subaerial volume of the

beach remained stable after this period and the beach has not yet recovered from this high-energy

event.

Snapperman Beach

The June 2016 storms eroded a signi�cant quantity of sand from the beach, especially in the northern

part of the beach. Between the 20th May and the 16th June, the volume of pro�les 1, 2 and 3 got

reduced by 100%, 84% and 60% respectively. The southern part, pro�les 4, 5 and 6 get less a�ected

by the storm with around 20-25% of the initial volume being eroded. The mean subaerial change

for the whole beach was 4.08 [m3/m] with a maximum value of 7.4 [m3/m] observed along pro�le

3. Concerning the storm of August 2017, the Figure 30(a) shows that the subaerial volume of the

southern part of the beach got reduced by around 2 m.

Concerning the recovery, among the four studied sites, Snapperman beach is the one that has the best

recovery rate after June 2016 storms. Figure 31(a) shows that after two years the beach has almost

completely recovered along the pro�le 1 while around half of the volume have been recovered for

pro�les 2 and 3. Although the subaerial volume change was not really signi�cant for the southern

part of the beach, this part hasn’t recovered and was even more eroded along the pro�le 5 and 6

(negative percentage of volume recovery after the storm).
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Figure 30: Volumetric changes of the subaerial part of the di�erent study sites between May 2016 and June

2018
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(a) Snapperman Beach

(b) Sandy Beach

Figure 31: Percentage of subaerial volume recovery, determined by reference to the subaerial volume lost after

the storm of June 2016.

Sandy Beach

Between May 2016 and August 2016, signi�cant changes of the subaerial volume of Sandy beach

have been observed. Pro�le 1 was the most impacted with an erosion of 64% during this period

of time while the others have seen their subaerial volume be reduced by around 30-40 %. For the

whole beach, the mean subaerial change was 5.46 [m3/m] with a maximum value of 7.28 [m3/m]
observed along pro�le 1. The part of the beach face that was the most eroded was the upper part

of the foreshore (see Figure 27). Looking at the impact of the August 2017 storm, the northern part

of Sandy Beach (pro�les 1 and 2) has been a�ected by this event with a decrease of the subaerial

volume of around 2 [m3/m].

Concerning the recovery after June 2016 storm, there is a strong contrast between the northern part

of the beach and the southern part (Figure 31(b)). The northern part almost did not recover from the

high-energy event and its volume continue to decrease in time. On the other hand, more than 50%

of the volume eroded has been recovered at the southern part of the beach.

Great Mackerel Beach

Contrary to what was expected according to its exposition to ocean generated waves (see Section

3.4.1), Great Mackerel was a�ected in a similar way than the other studied beaches by the June 2016

storm. The volume reduction was between 10% and 25 % for the pro�les 1, 2, 3 and 4. However, the

northern part of the beach get strongly eroded with a subaerial volume change along the pro�le 5

of around 70%. For the whole beach, the mean subaerial change was 6.8 [m3/m] but the maximum

value was 16.5 [m3/m] along pro�le 5.

Similar to Station Beach, Great mackerel shows no signs of recovery after the storm. Moreover,

according to the subaerial volume evolution of the pro�le 3 and 4, the recession has continued in

the northern part of the beach with a decrease in subaerial volume of 30 % and 32 % respectively
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between August 2016 and May 2018. During the same period of time, the volume along the other

pro�les (1, 2 and 5) remained more stable.

Figure 32: The images on the left show the northern part of Snapperman beach (location of the pro�le n°2)

and the images on the right show the middle part of Great Mackerel beach (location of the pro�le n°2). These

photos were taken just before and after the storm of June 2016 as well as two years later.

5.2.2.2 Botany Bay

In order to compare the evolution of these two estuaries, the same method used to study short term

changes in the Pittwater estuary has been applied to the data collected in Botany Bay. On Figure

30(b), it is visible that similar to the Pittwater estuary, Botany Bay was strongly a�ected by June 2016

storm. The consequences of the June 2016 storms vary from one beach to another. At Frenchmans

Beach, the subaerial part of the pro�les were eroded by around 20% for pro�les 1, 2 and 3 and 60% for

pro�le 4. The average subaerial volume change was 8 [m3/m]. At Congwong Beach, the volume of

the subaerial beach got reduced by around 20% with an average volume change of 16 [m3/m]. The

southern part of Lady Robinsons beach (pro�les 5 and 6) have seen its subaerial volume reduced

by around 40% while the rest of the beach (pro�les 1, 2, 3 and 4) was eroded by around 20%. The

average subaerial volume change was 7.5 [m3/m]. Regarding Yarra Bay, it is harder to identify trends

because this beach is highly variable in terms of beach volume.

Concerning the storm of August 2017, the erosion was less strong but some sections of Frenchmans,

Yarra and Congwong beaches were signi�cantly a�ected and this estuary was more a�ected by this

storm than the Pittwater estuary (see Figure 30(b)). This di�erence is probably due to the orientation

of the entrance. Indeed, the opening of Botany Bay is orientated in the south-east direction so more

a�ected by waves coming from south to east sectors while the Pittwater estuary is more a�ected by

waves coming from the east to north-east sectors.
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The recovery of these beaches after the June 2016 storm is really low with only a few pro�les that

show signs of recovery. Among them, the pro�le 1 at Congwong beach recovered 45% of the eroded

sand after 24 months. At Frenchmans Beach, the recovery along the pro�le 4 was great with 50% of

volume recovery after 12 months but the storms of August 2017 again reduced the volume of sand

to the same level as after the storm of June 2016. Concerning Lady Robinsons, the beach shows no

sign of recovery two years after June 2016 storms and the volume of sand is similar to or lower than

the level of August 2016 (except for pro�le 1 that has slightly recovered).

5.2.2.3 Narrabeen-Collaroy Beach

Subaerial beach volume have been obtained from the elevation data of Narrabeen-Collaroy that

is freely available on http://narrabeen.wrl.unsw.edu.au/. The elevation data have been converted

to subaerial beach volume volume using the methodology proposed by Harley et al. (2017b) and

explained in Section 4.2.2.

According to Figure 30(c), Narrabeen-Collaroy beach was heavily impacted by June 2016 storms. The

southern part of the beach (pro�le 6 and 8) was strongly eroded with around 60% of the subaerial

beach volume eroded after June 2016 Storms. Pro�le 1, 2 and 4 have seen their volume reduced

after the storm by 20, 32 and 38% respectively. The average total subaerial volume change was

109 [m3/m]. The percentage of volume reduction is in the same order of magnitude with the ones

observed in the Pittwater estuary and Botany Bay. Looking at the recovery after June 2016 storm,

only three months after, the average percentage of subaerial beach recovery was 36%, 46% after six

months and 49% one year later. To note that this beach was strongly a�ected by the storms of August

2017, more than the estuarine beaches of Botany Bay and the Pittwater estuary.

5.2.2.4 Maroubra Beach

As excepted according to its exposure, this beach was strongly eroded by the June 2016 storm, as

visible on Figure 30(c). The volume of the northern part (pro�les 1, 2 and 3) of the beach has been

reduced by around 30% while the southern part (pro�les 4 and 5) has seen his volume dropped

by 45% and 51% respectively. The average subaerial volume change was 90 [m3/m]. Similarly as

for Narrabeen-Collaroy, the initial recovery of the beach was really fast with an average volume

recovery equal to 39% after 3 months and 60% after 6 months. However, this good period of recovery

was followed by some high-energy events and 2 years later the average volume recovery is still

around 65%.
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6 Discussion

In order to investigate the long term stability and the changes that occurred on a monthly to seasonal

time scale, the present study has integrated two di�erent time scales. Section 6.1 and 6.2 discuss the

main shoreline changes observed in these two analysis and investigate the forcing mechanisms that

lead to shoreline displacement. Section 6.3 look at the di�erent rate of post-storm recovery between

the study sites. The limitations of the present study and future research possibilities are presented

in Section 6.4.

6.1 Decadal evolution

Long term shoreline analysis suggests that the beaches of the northern part of the Pittwater estuary

have evolved di�erently during the period 1940-2017. Several factors could explain why the beaches

have distinct long term trends. For example, it can be related to the in�uence of engineering inter-

ventions but also to the speci�c characteristics of the beach like the position in the estuary or the

presence of a river outlet.

The beach that encountered the most long term recession since the 1940s is Great Mackerel Beach.

As shown in the Section 5.1, two main erosive events were identi�ed during the period of analysis,

the storm of 1974 and the �ood of 1989. In the Pittwater estuary, this beach is the most exposed from

ocean generated waves and storm events are supposed to have greater impact on this beach than on

the other studied beaches. In Section 5.1, it was shown that the 1974 storm changed the morphology

of the northern part of Great Mackerel Beach by destroying a vegetated sand-barrier. The inability

to recover after the 1974 storm supports the fact that low-energy beaches can be greatly impacted

by storm waves that a�ect the long term shoreline evolution by changing the morphodynamic equi-

librium of the system.

For the other studied beaches, according to the Figure 22, identi�cation of the main erosive events

with aerial images appears to be complicated because it is di�cult to assess the e�ects of historic

storms in the long term shoreline displacement results. On Figure 22, the only storm that induce dis-

tinctive beach width diminution is the storm of 1974 whose return period is 100 years. As mentioned

by Smith and Zarillo (1990), to compare the e�ects of historic storms, aerial photos taken directly

after the storms should be available. Especially if the time necessary for the beach to recover after

a storm is shorter than the time interval between aerial photographs.

Beside from storms, stabilization infrastructure can also have important e�ects on the long term

trends that have been observed by the aerial photographs. This hypothesis is supported by a recent

study of the decadal evolution of the beaches in Botany Bay which is heavily urbanized (Schosberg,

2017). This study has reached the conclusion that the intensity of beach changes is correlated with

the anthropogenic impacts on the hydrodynamics of the site. The Pittwater estuary is less impacted

by stabilization infrastructures but the disappearance of the beach along Sand point and the accretion

phenomenon occurring in the south part of Sandy Beach is probably linked with the construction

of a seawall along Sand Point during the early 1970s. Moreover, this transport of sediment to the

south of the beach is a concern for the Northern Beaches Council that asked for an investigation of

the long term evolution of Sandy Beach (Manly Hydraulics Laboratory, 2012). The study concluded

that the accretion of sand at the south of Sandy beach can put the use of certain infrastructures at

risk, especially combined with the sea level rise. Constructions like the boat ramp will probably

need some upgrades to maintain their serviceability in the future.
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Figure 33: The northern part of Sandy Beach : an impressive dune scarp in the foreground and in the back-

ground, the seawall built around Sand Point.

Another factor to keep in mind when studying accretion and recession of beach is the supply of sed-

iment. Indeed, since the inundation of estuaries along the southeast coast of Australia that occurred

around 6.5 ka BP when global sea level rose, estuaries trap sediment coming from the land by the

rivers or from the ocean by waves and tidal currents (Roy et al., 2001). The degree of in�lling of

estuaries is function of the sediment supply and accommodation space available. Roy et al. (2001)

have developed a four class subdivisions to characterize the �lling of estuaries, going from imma-

ture (Stage A, 0-25 % �lled) to mature estuaries (Stage D, more than 75 % �lled). In the same study,

the Pittwater estuary has been classi�ed as an un�lled estuary, �lling up slowly since thousands

of years. This result in a slowly growing marine �ood tidal delta that is composed of sand from

the open coast and in�uenced by tidal currents and wave action. However, the amount of marine

sand available is �nite and the sediment budget can be negative for certain estuarine beaches (Roy

et al., 2001). In a study about the coastal processes of the Pittwater estuary (Kulmar et al., 1987),

the authors indicate that the beaches along the western and eastern shore of the Pittwater estuary

are the result of the longshore transport of sand from the marine delta located in the entrance of

the estuary. The amount of sand is determined by the input of sand from the marine delta and the

output of sand to the southern part of the estuary. In short, if the input of sand is lower than the

level of the output, long term shoreline recession can occur. The variability of sand supply is also

probably linked with the position of the beach in the estuary. Indeed, Palm Beach is located closer

from the mouth of the estuary, the main sediment input source, and shows a relative stability in the

long term analysis. On another hand, Great Mackerel and Snapperman beaches are located further

away from the mouth of the estuary and show signs of long term recession.

6.2 Monthly to seasonal changes

Unlike the analysis of aerial photographs which aim to identify long term trends in shoreline dis-

placement, topographic surveys allow to detect changes occurring over a short period of time, de-

pending of the frequency of the surveys. A phenomenon that has been clearly identi�ed with the
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surveys data is the impact of June 2016 storm in the Pittwater estuary with an average diminution

of the subaerial beach volume of 35% for the four studied beaches. These results con�rmed that

Pittwater is mostly exposed to ocean generated waves from northeast to east direction, like the June

2016 storm. Indeed, the storms of April and August 2017 with similar wave heights but from sector

south had little impact in the Pittwater estuary, especially when compared with Botany Bay or other

open ocean beaches like Maroubra or Narrabeen-Collaroy beach.

Another aspect that has been studied with survey results is the alongshore variability within a beach.

With the exception of Station beach, for the three other studied sites, beach evolution was not similar

between the di�erent sectors. For example, at Snapperman beach, the northern part of the beach

(pro�les 1, 2 and 3) was strongly a�ected by June 2016 storm while the southern part (pro�les 4, 5 and

6) remained more stable (see Figure 30(a)). One hypothesis to explain this strong alongshore variance

could be the presence of hard stabilization infrastructures at the back of pro�les 1 and 2 and at the

northern extremity of Snapperman beach. During a storm, the presence of a seawall can intensify

alongshore transport of material and inhibits beaches storm response (Pilkey and Wright III, 1988).

The fast recovery observed at the northern part of Snapperman beach could also be linked with the

seawall. Indeed, after the passage of the June 2016 storm, the morphology of the northern section

of Snapperman beach was maybe far from its equilibrium state and therefore the return of sand to

the upper foreshore was reinforced.

Figure 34: Illustration of the stabilization infrastructure in the northern part of Snapperman beach

During the last two years, alongshore variability was also observed at Sandy beach where accretion

of sand occurred only at the southern part of the beach while the northern part was gradually eroded

(visible on Figure 30(a)). As explained in the Section 5.1, this could be linked with the seawall around

Sand Point that prevent sand deposition in the northern part of the beach and reinforced southward

transport of material.

Concerning Great Mackerel beach, over the last two years, as visible in the Figure 30(a), the central

part of the beach has decreased in volume while both extremity remained relatively stable. One

explanation for the relative stability of pro�le 5 could be the presence of the sandy delta at the

northern end of the beach which acts as a sand reservoir and allow this part of the beach to return

more quickly to its equilibrium state. For the southern end, it is possible that this apparent stability

is linked with southward transport of sand from the center and northern part of the beach. Indeed,
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the zeta shape of the beach as well as its exposure from NE wind suggests southerly alongshore

transport of sediment (Australian Water And Coastal Studies, 1991).

6.3 Post-storm recovery

In the Pittwater estuary and in Botany Bay, the process of post-storm recovery appears to be very

slow and with great variance from one beach to another. In the �rst one, two beaches (Snapperman

and Sandy beach) are showing some sign of recovery and in Botany Bay, recovery is observed only

along few pro�les. These results are in line with the statements of several authors (i.e. Costas et al.

(2005), Jackson et al. (2002), Travers (2007), Vila-Concejo et al. (2010)). According to them, the mor-

phology of estuarine beaches is inherited from high-energy events because the beaches do not have

time to recover between these events. An extended period of fair weather conditions is necessary

for a complete recovery of the beaches. As seen in Section 2.4, Jackson et al. (2002) identi�ed two

factors that could explain the slow recovery of estuarine beaches : restricted alongshore sediment

supply and insu�cient wave energy following a storm. However, by looking at the results of the

long term shoreline analysis on Figure 22, except for Great Mackerel Beach and to a lesser extent

Snapperman beach, no long term recession is observed. This can mean that estuarine beaches still

recover the sand that is eroded during storms but at a really slow rate.

Observations of beach recovery in Narrabeen-Collaroy and Maroubra indicate a substantial recov-

ery in only a relatively short amount of time. This show that, unlike estuarine beaches, exposed

sandy beaches are naturally resilient to storms. According to Harley et al. (2017b), one important

factor in post-storm recovery is exposition to the prevailing swell direction (southerly swell waves

in NSW) that allow waves to bring back sand to the upper foreshore of the beaches. Another fac-

tor determining recovery rate is the waves conditions following a storm. The period of mild wave

conditions prevailing after the June 2016 storm allowed a rapid recovery of the eroded sand.

6.4 Limitations and future research

The main limitation of the present study is the uncertainties related to the shoreline position ex-

tracted from aerial photographs, as seen in Section 4.1.4. This problem has been highlighted by

several authors (i.e. Fletcher et al. (2003), Ruggiero et al. (2003), Smith and Zarillo (1990)). Indeed,

uncertainty add "noise" to the results and only allow the identi�cation of large long term trends

that occur over several decades. Thus, the impacts of single event like storms or �oods are di�cult

to identify in long term record. What can be done to reduce the total uncertainty is to correct the

position of the shoreline according to the tidal level and the slope of the beach. Unfortunately, in

the present study, it was not always speci�ed at what time the photographs were taken and this

correction was not possible to make for all the photographs.

Concerning the short term beach changes, forcing mechanisms and resulting beach changes were

often based on previous studies or assumptions but not on real data. More �eld investigations would

be necessary to have a better understanding of the physical processes that are taking place in the

Pittwater estuary. A process that is poorly understood is the transport of sediment within the estu-

ary. A time series of the bathymetry of the �ood tidal delta could improve the knowledge about sand

supply in the estuary. Also, the alongshore transport of sediment could be studied with measure-

ment of nearshore currents for example. On another hand, the period covered by the topographic

surveys doesn’t allow to properly identify the time needed for estuarine beaches to recover from

high-energy events and its crucial to continue the beach surveys in the future years.
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7 Conclusion

By assessing the morphological changes of four beaches within the Pittwater estuary, at two dif-

ferent timescales, the present study is a contribution to the limited knowledge base of low-energy

beach morphodynamics. Long term trends were derived by studying historical aerial photographs

of the Pittwater estuary. Long term shoreline retreat was identi�ed at Great Mackerel beach, the

most exposed beach within the estuary. Concerning the three other beaches, they remained more

stable over the last decades but shoreline rotation was observed at Sandy Beach, probably related to

shoreline management interventions.

Data set obtained from the beach surveys campaign in the Pittwater estuary showed that storm

events play the most important role in removing sediment from the beach, especially when the waves

are coming from east to north-east direction. Also, strong alongshore variability were observed at

three out of the four studied beaches within the Pittwater estuary. Concerning the beach recovery

after severe storms, two years after the June 2016 storm, the percentage of volume recovery were

very low in the Pittwater estuary as well as in Botany bay. The comparison with two open ocean

beaches indicated that the post-storm recovery is much faster for these systems.

Most of the trends extrapolated from the historical photographs are supported by the beach surveys.

Indeed, both analysis showed that Great Mackerel beach is experiencing strong erosion and that

clockwise beach rotation is occurring at Sandy beach. Yet, when comparing the rate of change, they

are much higher in the short term scale than in the long term one. Thus, while it is probably not a

good idea to infer long term trends only with data sets that expand over a short period of time, this

shows that long term trends could be observed with small scale data sets.

The �ndings of the present study could also be used to improve the future management of the

beaches within the northern part of Pittwater estuary. This is especially relevant for the northern

part of Great Mackerel Beach where the narrowing of this part of the beach could be a treat for some

houses. Moreover, the accretion of sand in the southern part of Sandy beach could also put the use

of some infrastructures like the boat ramp at risk.
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8 Appendix

Appendix 1 : Detailed information about the images used for the long term analysis

Mackerel : Images used

Date Area Number of control points RMS Scale Ground Resolution

Aerial Images
1941 Mackerel 6 1.80 [m] - -

01/01/1947 Mackerel 9 4.87 [m] - -

28/09/1955 All 10 1.74 [m] - -

23/09/1965 Mackerel 8 1.59 [m] - -

16/11/1976 All 13 1.39 [m] 1:16’000 -

01/04/1985 All 18 2.92 [m] 1:16’000 -

04/05/1990 Mackerel 7 0.64 [m] 1:8’000 -

19/04/1993 Mackerel 9 0.55 [m] 1:8’000 -

30/05/1996 Mackerel 9 1.09 [m] 1:8’000 -

22/04/2006 Mackerel 7 0.55 [m] 1:8’000 -

03/07/2008 Mackerel 9 0.62 [m] 1:8’000 -

DigitalGlobe Images
28/05/2005 All - - - 1.2 [m]

NearMap Images
05/01/2013 All - - - 0.6 [m]

23/02/2017 All - - - 0.6 [m]

Table 8: Images used for the photogrammetric analysis of Great Mackerel Beach

Sandy Beach : Images used

Date Area Number of Control Points RMS Scale Ground Resolution

Aerial images
29/09/1940 All 14 2.92 [m] 1:32’000 -

01/01/1947 All 9 1.38 [m] - -

01/05/1951 Snapperman-Sandy-Station 13 1.6 [m] - -

28/09/1955 All 10 1.74 [m] - -

23/09/1965 Snapperman-Sandy 11 2.76 [m] - -

19/06/1974 Snapperman-Sandy-Station 12 3.45 [m] 1:16’000 -

16/11/1976 All 13 1.39 [m] 1:16’000 -

01/04/1985 All 18 2.92 [m] 1:16’000 -

18/08/1990 Sandy 14 2.36 [m] 1:6’000 -

30/05/1996 Sandy 11 1.8 [m] 1:6’000 -

20/05/1999 Sandy-Snapperman 11 2.4 [m] 1:6’000 -

03/07/2008 Sandy-Snapperman 15 1.6 [m] 1:10’000 -

DigitalGlobe Images
28/05/2005 All - - - 1.2 [m]

NearMap Images
05/01/2013 All - - - 0.6 [m]

23/02/2017 All - - - 0.6 [m]

Table 9: Images used for the photogrammetric analysis of Sandy Beach
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Snapperman Beach : Images used

Date Area Number of Control Points RMS Scale Ground Resolution

Aerial images
29/09/1940 All 14 2.92 [m] 1:32’000 -

01/01/1947 All 9 1.38 [m] - -

01/05/1951 Snapperman-Sandy-Station 13 1.6 [m] - -

28/09/1955 All 10 1.74 [m] - -

23/09/1965 Snapperman-Sandy 11 2.76 [m] - -

19/06/1974 Snapperman-Sandy-Station 12 3.45 [m] 1:16’000 -

16/11/1976 All 13 1.39 [m] 1:16’000 -

01/04/1985 All 18 2.92 [m] 1:16’000 -

18/08/1990 Snapperman 14 2.36 [m] 1:6’000 -

20/05/1999 Sandy-Snapperman 11 2.4 [m] 1:6’000 -

03/07/2008 Sandy-Snapperman 15 1.6 [m] 1:10’000 -

DigitalGlobe Images
28/05/2005 All - - - 1.2 [m]

NearMap Images
05/01/2013 All - - - 0.6 [m]

23/02/2017 All - - - 0.6 [m]

Table 10: Images used for the photogrammetric analysis of Snapperman Beach

Station Beach : Images used

Date Area Number of Control Points RMS Scale Ground Resolution

Aerial images
29/09/1940 All 14 2.92 [m] 1:32’000 -

01/01/1947 All 9 1.38 [m] - -

01/05/1951 Snapperman-Sandy-Station 13 1.6 [m] - -

28/09/1955 All 10 1.74 [m] - -

23/09/1965 Station Beach 11 2.76 [m] - -

19/06/1974 Station Beach 12 3.45 [m] 1:16’000 -

16/11/1976 All 13 1.39 [m] 1:16’000 -

28/03/1980 Station Beach 8 2.2 [m] 1:8’000 -

01/04/1985 All 18 2.92 [m] 1:16’000 -

18/08/1990 Station Beach 14 2.36 [m] 1:6’000 -

30/05/1996 Station Beach 11 1.29 [m] 1:6’000 -

20/05/1999 Station Beach 11 2.4 [m] 1:6’000 -

03/07/2008 Station Beach 15 1.6 [m] 1:10’000 -

DigitalGlobe Images
28/05/2005 All - - - 1.2 [m]

NearMap Images
05/01/2013 All - - - 0.6 [m]

23/02/2017 All - - - 0.6 [m]

Table 11: Images used for the photogrammetric analysis of Station Beach
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