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Abstract
Phytoplankton form the basis of aquatic food webs and are responsible for
almost half of the Earth’s primary production. They represent an important indicator of
water quality and are extremely sensitive to climate change. Physical processes in water
bodies affect ecosystem functioning in a number of ways and phytoplankton readily
respond to alterations in the physical environment. Hence, a deep knowledge of
hydrodynamics and physical-biological coupling mechanisms in aquatic ecosystems is
essential in understanding the structure of ecological communities and elucidating
phytoplankton growth and succession patterns, which is of paramount importance for
water quality management, especially in the light of a changing climate.
This study explored the hydrodynamic mechanisms underlying phytoplankton
community composition and responsible for maintaining bioproductivity in three very
distinct aquatic systems: Lake Burragorang, Swan-Canning Estuary (both in Australia),
and Lake Iseo (Italy). This was achieved through an integrated approach combining
field data and three-dimensional modelling.
Lake Burragorang is a reservoir formed in 1960 that represents the biggest water
supply source to Sydney (Australia). This work has shown that low water levels as a
consequence of climate change combined with an extreme rainfall event and associated
high inflow volumes were responsible for a major cyanobacteria bloom that was the
only algal bloom registered in the history of the reservoir. In the Swan-Canning Estuary,
a highly urbanised micro-tidal salt-wedge estuary located in Perth (Australia),
phytoplankton succession and the formation of algal blooms were shown to be strongly
controlled by the timing and magnitude of freshwater inflows and their consequences to
residence time, water column stratification, and salinity concentrations. Lastly, the work
in Lake Iseo, a large, deep, and strongly stratified sub-alpine lake in Lombardy (Italy),
has conclusively shown that the energy transfer from basin-scale internal waves down
to high-frequency nonlinear internal waves is significant, implying nonlinear and nonhydrostatic processes need to be considered in order to accurately predict ecological
responses to physical forcing. This is extremely important in deep, meromictic systems,
where the breaking of high-frequency internal waves and resulting boundary mixing are
most likely the main mechanisms of communication between hypolimnetic and
epilimnetic waters, strongly controlling phytoplankton productivity in the euphotic
layer.
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This study brings new insights into proper management strategies and
demonstrates a thorough comprehension of physical-biological coupling mechanisms is
crucial in order to understand and predict how different aquatic ecosystems will respond
to extreme events and climate change.
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Chapter 1

Chapter 1 Introduction
1.1 Motivation
Phytoplankton constitute less than 1% of the global photosynthetic biomass but
are responsible for nearly half the Earth’s net primary production (Field et al. 1998).
They form the base of every aquatic food web and usually represent the primary energy
source for aquatic ecosystems, although investigations proposed that for certain systems
other sources such as benthic algae (Hecky and Hesslein 1995) or cross-ecosystem
subsidies between terrestrial and aquatic systems (Cole et al. 2011) may be equally or
more important. Phytoplankton also play a significant role in climate regulation and
biogeochemical cycling. Understanding the mechanisms underlying the dynamics of
phytoplankton growth, bloom formation and community composition is therefore of
critical importance in order to predict how environmental changes may affect the health
of aquatic ecosystems.
Biological production in aquatic bodies is controlled by complex interactions
between physical, chemical, and biological processes and different types of controls
may dominate at different temporal or spatial scales (Reynolds 2006). The production of
new biomass is a balance between processes leading to phytoplankton growth and
processes leading to losses and therefore is a function of both local conditions and
large-scale horizontal transport (Lucas et al. 1999).
Phytoplankton growth depends on the availability of nutrients and adequate
light, and on their ability to stay in the euphotic zone, which, in turn, is influenced by
mixing processes and water column stratification (Diehl et al. 2002, Salmaso 2005).
Losses are related to respiration, grazing by benthic or pelagic consumers, horizontal
transport, and detrainment from the euphotic layer due to turbulent mixing (Cloern
1996). Mixing and transport processes influence nutrient and light availability as well as
the relative locations of predator and prey (Daly and Smith 1993); thus, hydrodynamics
can be seen as the driving force in the dynamics of phytoplankton populations.
Phytoplankton blooms occur when processes promoting growth exceed loss
processes (Smayda 1997) and algal blooms can be basically classified into three types
(Cloern 1996): (1) seasonal events that usually persist for weeks; (2) sporadic events
that persist for a short period of time; (3) harmful algal blooms (Smayda 1997) that may
persist for months. Seasonal blooms are linked to annual fluctuations of temperature,
water column stability, light availability, and consumption by secondary producers
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(Sommer et al. 1986, Cloern 1996) and can be beneficial to natural systems, as they are
connected to food-web processes and to the re-supply of nutrients to the pelagic zone
(Hallegraef et al. 1993, Carstensen et al. 2007). Harmful algal blooms on the other hand
are, by definition, unfavourable to the ecosystem, causing major environmental and
human impacts (Smayda 1997, Zingone and Enevoldsen 2010).
Changing climatic conditions, as reported by IPCC (2007), have the potential to
modify the environmental factors that determine phytoplankton community structure.
Climate change has marked influences on hydrology, stratification regimes, light
availability, and nutrient delivery and cycling (Fee et al. 1996, Magnuson et al. 1997,
Schindler et al. 1996, 1997, Bates et al. 2008). Almost all transport processes, such as
sedimentation, resuspension, and mixing will be affected by climate change (Winder
and Sommer 2012).
This thesis has the objective of understanding the hydrodynamic mechanisms
underlying the dynamics of phytoplankton populations in three distinct aquatic
ecosystems that are known to have been impacted by climate change. This purpose was
achieved with an integrated approach, using field experiments, three-dimensional
hydrodynamic and ecological modelling, and historical data analysis. Different
mechanisms were explored at each study site and will be illustrated in the following
chapters.
1.2 Overview
This thesis is comprised of a series of three complimentary journal papers that
are individually self-contained, each one forming a chapter of this thesis. Publication
details are described in the preface.
Chapter 2 describes the role of lake water levels in determining inflow
interleaving and its consequences for primary production. The study site was Lake
Burragorang (NSW, Australia), the main water supply source to Sydney, where
unprecedented low water levels as a consequence of shifting rainfall patterns gave rise
to a major cyanobacteria bloom following an extreme rainfall event.
Chapter 3 explores the role of estuarine hydrology, through its effects on
residence time, water column stratification and salinity concentrations, in the control of
phytoplankton succession and how modifications in hydrological regimes due to
extreme events were associated with the formation of algal blooms in the SwanCanning Estuary, a micro-tidal salt-wedge estuary located in Perth (WA, Australia).
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Chapter 4 describes the importance of nonlinear internal waves in determining
vertical mixing and associated control of nutrient fluxes and primary production in the
large, deep sub-alpine Lake Iseo (Lombardy, Italy) that has evolved to meromixis due to
climate change (Ambrosetti and Barbanti 2005). Elucidating the main pathway of
communication between bottom and surface waters in a deep and strongly stratified lake
was the main objective of this part of the study.
Finally, the major outcomes are summarized on Chapter 5.
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Chapter 2 The role of climate change in the occurrence of algal
blooms: Lake Burragorang, Australia†
2.1 Abstract
The three-dimensional hydrodynamic Estuary, Lake and Coastal Ocean Model
(ELCOM) was coupled to the ecological Computational Aquatic Ecosystem Dynamics
Model (CAEDYM) and to an underflow model to simulate the fate of the constituents
from three flood underflow events in Lake Burragorang, Australia, in order to verify the
changes in the hydrodynamic behaviour that could lead to an algal bloom when the lake
water level is low as a consequence of climate change. Simulated patterns of
temperature, dissolved oxygen, and turbidity compared well with field data. The
ELCOM-CAEDYM simulations demonstrated that the vertical excursion induced by an
intrusion depended on the volume of the lake before the arrival of the inflow, on the
volume of water inserted by the inflow, and on the proximity between the top insertion
of the inflow and the surface layer of the lake. When the water level was low and the
inflow volume was high, the underflow constituents mixed into the surface layer and
triggered a major algal bloom.
2.2 Introduction
There has been enough evidence from observational records in the past years to
indicate a tendency of climate change and global warming (IPCC 2007) that has the
potential to strongly affect physical, chemical and biological processes of freshwater
resources through the influence on lake stratification (Bates et al. 2008), hydrology and
light availability (Magnuson et al. 1997; Schindler 1997).
Climate change affects nutrient availability and recycling from the hypolimnion
to the epilimnion, as well as deep water oxygen concentrations (Magnuson et al. 1997)
and dissolved organic carbon (DOC) concentrations (Schindler et al. 1996) that, in turn,
cause changes in water clarity (Fee et al. 1996). The hydrology of rivers is also
influenced by climate change; rain is generally getting more plentiful globally, but the
distribution of rain is currently changing dramatically. Mid-latitudes are generally
experiencing more droughts, a decrease in winter rain and a slight increase in summer
†
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rains (IPCC 2007). Nutrients and other chemicals coming with inflows are changing
with climate change, as are the relative magnitudes of lake volume to inflow volume.
Magnuson et al. (1997) conjectured that, in general, climate change effects in the midlatitudes lead to an increase in annual primary production of phytoplankton.
The altered lake water levels as a consequence of shifting rainfall patterns due to
climate change, and the associated change in surface area and volume, will affect many
aspects of lake ecosystems (Schindler et al. 1996; Schindler 1997), such as the internal
loading of nutrients, and nutrients concentration, as well as turbidity and light
environment, which, in turn, have a major effect in primary production (Håkanson et al.
2000). Almost all transport processes, such as sedimentation, resuspension, mixing,
bottom diffusion, burial, outflow, and bottom dynamic conditions are influenced by lake
morphometry (Rowan et al. 1992; Håkanson 2005; Johansson et al. 2007) and these
processes largely control the ecological response of the lake to meteorological forcing,
inflows and outflows (Imberger 2001) and have an effect on the spatial distribution of
biological and chemical components within the aquatic ecosystem (Reynolds 1992).
Phytoplankton senescence is also influenced by climate change, since this process is
finely tuned to the annual climate cycle (Winder and Cloern 2010).
2.2.1 Dynamics of river inflows
River inflows are the main source of nutrients, organic material, and suspended
sediments for lakes and reservoirs (Ford and Johnson 1986; Dallimore et al. 2003;
Morillo et al. 2008). As the river waters meet the lake or reservoir, there is usually a
density difference between the two water bodies, which may be caused by differences in
turbidity (Parker et al. 1986), salinity and temperature (Hebbert et al. 1979) or only
temperature (Fernandez and Imberger 2008a). If the inflowing water is less dense than
the lake surface water, the river enters the lake as a buoyant surface overflow. On the
other hand, if the river inflow is much denser than the lake surface, then the river water
plunges to the bottom of the lake as an underflow. For river inflows that are only
moderately denser than the surface water in the lake, the underflow may not reach the
bottom of the lake, but rather be intruded horizontally into the lake at the level of
neutral density (Fernandez and Imberger 2006, 2008 a, b).
River flows that plunge to some depth or to the bottom, lift the water above the
level of entry to accommodate the inflowing volume. The vertical excursion induced by
an intrusion depends on the volume of the lake, the hypsographic curve and the volume
of water inserted into the lake by a particular inflow. In general, water that has entered a
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lake via an intrusion remains isolated in the intrusion layer until mixed by the mixing
processes operating at the level of the intrusion (Saggio and Imberger 2001). The
hydrodynamics of this mixing and transport is well understood (Ford and Johnson 1983;
Imberger and Patterson 1990; Baines 2001); the closer the intrusion is to the surface
layer the quicker will the inflow constituents be mixed into the biologically active
surface layer.
2.2.2 Climate trends in New South Wales
Over the past 20 years, the state of New South Wales has experienced an
average temperature increase of 0.062°C per year (Figure 2.1a) and a significant
decrease in rainfall (Figure 2.1b). The decreasing rainfall led to marked decreasing river
inflows and lake water levels. Between 1988 and 2007, Lake Burragorang, the most
important resource of freshwater to Sydney, had its water level reduced by about 25
meters (Figure 2.1c), falling to only 33.6% of its full capacity (SCA 2008).
A large river inflow with high levels of turbidity entered the depleted Lake
Burragorang in June 2007, bringing nutrients and suspended particles into the small
volume. Subsequently, in August the lake experienced a major cyanobacteria bloom,
with a dominance of Microcystis sp. The explanation of why the reduced lake level gave
rise to the bloom is the objective of this paper.
The investigations are centred on the analysis of the data available from the
2007 event in comparison to data from 1991 and 1998. In both cases, the water level
was considerably higher than in 2007 and there was a significant inflow event (Figure
2.1) that did not result in an algal bloom. In order to quantify and simulate how the
hydrodynamic conditions favouring algal blooms change according to storage levels,
numerical simulations were carried out using the three-dimensional (3D) hydrodynamic
Estuary, Lake and Coastal Ocean Model (ELCOM), coupled to the Computational
Aquatic Ecosystem Dynamics Model (CAEDYM).
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Figure 2.1: Climate trends in New South Wales, Australia. (a) Total annual rainfall. (b) Changes in water
levels in Lake Burragorang. (c) Temperature anomalies. Vertical dashed lines indicate simulated periods.
Horizontal dashed lines in panels (a) and (c) represent trend lines.

The paper is organized as follows. First, the characteristics of the three events
are described in detail. Then, the results obtained from the numerical simulations are
compared to the available field data and are used to investigate and elucidate the
mechanisms that lead to an algal bloom in Lake Burragorang due to its reduced water
level.

8

Chapter 2
2.3 Methods
2.3.1 Study site
Located about 65 km west of Sydney, Lake Burragorang (Figure 2.2) was
formed in 1960 after the construction of the Warragamba Dam and it is the largest
reservoir in New South Wales (Australia), being responsible for the supply of 80% of
Sydney’s drinking water. It has a volume of 2 km3, maximum length of 60 km (Romero
et al. 2004), area of 75 km2, surface elevation of 116.7 m above mean sea level at full
supply level (Ferris and Tyler 1985), width of 1-2 km, and mean depth of 27.4 m
(Anokhin et al. 2008). It can reach a maximum depth of 105 m near the dam wall. Lake
Burragorang is a warm-monomictic dendritic lake, which presents a narrow, deep and
Y-shaped morphology. It has short circulation periods and relatively high transparency
(Ferris and Tyler 1985) and its water balance is mainly determined by occasional floods
and regular withdrawals for Sydney water supply (Romero et al. 2004). Rainfall and
evaporation rates have negligible impact on the lake’s water balance, as shown by
Romero and Antenucci (2002) who obtained inflow discharges that were nearly
identical to the recorded flow rates by performing simple water balance calculations that
ignored evaporation and rainfall.
The lake is supplied by seven primary inflows from Coxs, Kowmung (Kow),
Kedumba (Ked), Wollondilly (Wol), Little (Lit), and Nattai (Nat) Rivers, and
Werriberri (Wer) Creek. Ferris (1985) estimated that the Coxs-Kowmung river system
in the west and the Wollondilly-Nattai river system in the south are responsible for
about 83% of the inflows.
It is possible to notice, from the lake’s hypsographic curve, that even small
changes in water levels can have a great effect on the storage volume, due to the lake
shape (Figure 2.3).
2.3.2 Field data
All the data used in this study were provided by the Sydney Catchment
Authority (SCA), which carries out a broad water quality monitoring program in Lake
Burragorang (Figure 2.2) and by the Australian Bureau of Meteorology (BoM).
SCA provided daily water levels at the dam and daily withdrawals for Sydney
water supply, as well as flow rate, water temperature, pH, and dissolved oxygen (DO)
from the reservoir and the 7 major inflows, at intervals ranging from 15 minutes to
daily.

Water quality data for the inflows and the lake was available at irregular
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intervals. The data was supplemented by information from the SCA’s Reservoir
Management System (SCARMS).
Meteorological data for 1991 and 1998 was acquired from BoM, which provided
air temperature, relative humidity, cloud cover, wind speed and wind direction data
every three hours and daily short wave radiation data from Sydney Airport station,
located about 30 km away from Warragamba Dam. Data for 2007 was obtained from
the Lake Diagnostic System (LDS), which was installed in the lake in February 2002,
and provides records of wind speed and direction, air temperature, relative humidity,
short wave radiation, and net long wave radiation every 15 minutes.

Figure 2.2: Shoreline, key inflows, in-lake water quality monitoring sites (DWA02-DWA27), and
thermistor chain locations (T1-T5) in Lake Burragorang (modified from Romero et al. 2004).
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Figure 2.3: Geometric effects of underflow events in Lake Burragorang in: (a) 2007; (b) 1998; (c) 1991.
Black line represents the relative hypsographic curve of Lake Burragorang. Solid and dashed red lines
indicate the bottom and top insertion point of the inflow, respectively. Solid blue line indicates the initial
water level of the lake, while dashed blue line shows the water level after the inflow event. Relative depth
refers to the cumulative depths relative to the total depth of the lake, while relative volume refers to the
cumulative volumes relative to the total volume of the lake.

2.3.3 Numerical models
The numerical simulations in this study were conducted using the 3D
hydrodynamic model ELCOM, described in Hodges et al. (2000), coupled to the
ecological model CAEDYM, described in detail in Romero and Imberger (2003). The
coupled models are capable of simulating the lake’s hydrodynamics, nutrient cycles,
and food web dynamics in three dimensions (Romero et al. 2004; Hillmer et al. 2008).
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The models have been validated for Lake Burragorang in previous studies (Romero and
Imberger 1999; Romero and Imberger 2003; Romero et al. 2004).
In order to accurately simulate the behaviour of dense inflows entering the lake,
the models were also coupled to an underflow model, described, in detail, by Dallimore
et al. (2003).
ELCOM is based on the unsteady Reynolds-averaged Navier–Stokes equations
(RANS) and scalar transport equations using the Boussinesq approximation and
neglecting the non-hydrostatic pressure terms, with an eddy-viscosity approximation for
the horizontal turbulence correlations (Hodges et al. 2000). The model uses a semiimplicit method for free surface evolution, an Euler-Lagrangian scheme for advection of
momentum, a ULTIMATE-QUICKEST scheme for scalar transport and a numerical
diffusion filter that is appropriate for stratified lakes (Laval et al. 2003). Heat exchange
through the water surface is computed according to standard bulk transfer models found
in the literature (Imberger and Patterson 1990). The underflow model was based on the
numerical approach proposed by Bradford and Katopodes (1999) and is described in
detail by Dallimore et al. (2001, 2003) and Fernandez and Imberger (2008 a, b). The
ecological model CAEDYM includes comprehensive process descriptions for primary
and secondary production and of the C, N, P, Si, and DO cycles, being more advanced
than the traditional N-P-Z models (Romero and Imberger 2003). CAEDYM is a
complex model that comprises a range of biological and chemical state variables and is
able to simulate 7 different groups of phytoplankton. In this study, three phytoplankton
groups were considered and other primary producers (macrophytes, macroalgae) and
secondary producers (fish, zooplankton) were not simulated.
Algal biomass was modelled as carbon converted to chlorophyll a (Chl a) with a
constant C:Chl a ratio. The phytoplankton dynamics considered their growth (which
was limited by temperature, nutrients, and light – and silica in the diatoms case),
mortality, excretion, respiration, grazing, settling and resuspension. In order to simulate
C, P, and N dynamics within the algal groups, a constant nutrient to Chl a ratio was
used, as in Romero and Imberger (2003). CAEDYM has four different models to
calculate phytoplankton migration and settling. In this case, Microcystis sp. was
modelled with the capacity of moving vertically through the water column and the
migration was regulated by the need for light and nitrogen (Kromkamp and Walsby
1990) without considering photoinhibition. Green algae and diatoms were assigned a
constant settling velocity.

12

Chapter 2
Both the inorganic and organic forms of carbon, nitrogen, and phosphorus were
modelled explicitly as filterable and particulate pools along the degradation pathway of
particulate organic matter (POM ) to dissolved organic matter (DOM), to dissolved
inorganic matter (DIM ) (Hipsey et al. 2006). DO, C, N, P, and Si modelling also took
into account atmospheric gas exchanges and use or production by biotic components.
2.3.4 Models setup
The simulations were carried out for a period of 183 days, starting on 05 June
1991, 1998, and 2007, respectively. Input data to the model included daily outflow
volumes, quarter-hourly inflow volumes, water temperature, and DO measured in the 7
major inflows and nutrient concentration (PO4 and NO3) measured at irregular intervals,
complemented by values estimated according to Romero and Antenucci (2002), who
performed a regression analysis of water quality variables with the flow rate of each
inflow, except for DO that was correlated with temperature (Table 2.1). For the 1991
simulation, water temperature was only available for the Werriberri Creek, so it was
assumed to be the same for all the other rivers.
The 1991 and 1998 simulations were driven with meteorological data obtained
from BoM and, due to unavailability of more frequent data, half-hourly short wave
radiation was calculated according to Tennessee Valley Authority report (TVA 1972).
The meteorological data for the 2007 simulation was acquired from the LDS installed
on Lake Burragorang.
The initial vertical distributions of temperature, DO, and nutrients were obtained
from SCARMS and the simulations were initialized with horizontally homogenous
temperature, DO and nutrients fields. The ecological parameter values were the same
for the three simulations and were derived from the literature and are shown in Table
2.2. A summary of the differential equations for the nitrogen, phosphorus, dissolved
oxygen, and algal cycles in CAEDYM can be found in Romero and Imberger (2003)
and Romero et al. (2004).
As the application of large grid sizes (100 × 100 × 1 m) was not capable of
resolving the underflow dynamics, due to the lake’s complex geometry, a technique for
‘straightening’ morphologies that are narrow and curvy had to be used (Hodges and
Imberger 2001; Romero and Imberger 2003). This technique reduced the numerical
dissipation of momentum and allowed the propagation of the river waters through the
lake to be successfully modelled (Jha et al. 1999). The domain of Lake Burragorang
was, therefore, discretised with two grid sizes along the thalweg from the Wollondilly
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River to the dam wall: 800 (stream wise) × 200 (cross-stream) × 1 (vertical) m and 500
× 100 × 1 m, with a 360 s time step.
Table 2.1: Regression analysis of nutrient concentrations versus flow rate (Q, 106 L d-1)
and DO concentrations versus water temperature (T, oC) for Lake Burragorang’s main
tributaries
Inflow

Wollondilly River

Coxs River

Nattai River

Kowmung River

Werriberri Creek

Kedumba River

Little River

Variable

Equation

DO

18.54 - 3.55 × ln(T)

PO4

0.01 + 1.4 × 10-7 × Q

NO3

0.33 + 0.15 × Q

NH4

0.021 + 3.2 × 10-7 × Q

DO

19.04 - 3.78 × ln(T)

PO4

0.004 - 2.47 × 10-6 × Q

NO3

0.016 + 6 × 10-6 × Q

NH4

0.013 - 7.4 × 10-7 × Q

DO

21.91 - 4.61 × ln(T)

PO4

0.203 - 3.1 × 10-4 × Q

NO3

1.030 - 9.41 × 10-4 × Q

NH4

0.142 - 1.7 × 10-4 × Q

DO

18.54 - 3.55 × ln(T)

PO4

0.004 + 2.01 × 10-6 × Q

NO3

0.112 - 3.1 × 10-5 × Q

NH4

0.016 - 8.6 × 10-7 × Q

DO

19.04 - 3.78 × ln(T)

PO4

0.010 - 4.9 × 10-6 × Q

NO3

0.339 + 3.3 × 10-3 × Q

NH4

0.029 - 3.7 × 10-6 × Q

DO

21.91 - 4.61 × ln(T)

PO4

0.187 - 4.6 × 10-5 × Q

NO3

1.050 - 3.17 × 10-4 × Q

NH4

0.064 - 1.4 × 10-5 × Q

DO

18.54 - 3.56 × ln(T)

PO4

0.004 + 4.39 × 10-5 × Q

NO3

0.022 - 4.3 × 10-5 × Q

NH4

0.016 - 1.1 × 10-5 × Q

The ecological model was configured to simulate 3 groups of phytoplankton:
cyanobacteria (specifically Microcystis sp.), green algae and diatoms; and the dynamics
of phosphorus, nitrogen, dissolved oxygen, silica, and suspended solids.
It should be stressed that all predictions were achieved without any calibration
of the models.
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Table 2.2: Ecological parameters used in the simulations
Parameter
DO

Value

Oa
Ka
KDOS

Description

Equivalent DO at air–water interface
(mg DO L−1)
equation Transfer coefficient from equation
DO 1/2 saturation constant for nutrient
0.5
sediment fluxes
equation

(mg DO L−1)
FSOD

0.3

KSOD

5.0

Static DO consumption by sediments (g
DO m-2 day-1)
DO half saturation constant for
sediment oxygen demand (mg DO L−1)

Filterable reactive phosphorus (FRP),
particulate organic phosphorus (POP)
YP:Chl a

0.3

Fixed algal P to Chl a ratio (mg P (mg
Chl a)−1)

kOP

0.010

Aerobic POP mineralization rate (day-1)

kAP

0.003

Anaerobic POP mineralization rate
(day-1)

v Pa

-0.1

Settling velocity of POP (m day-1)

SP

0.0005

KOP

5.0

Maximum FRP sediment flux (g P m−2
day-1)
DO half saturation constant for POP
mineralization (mg DO L−1)

NO3, NH4, Particulate organic nitrogen (PON)
YN:Chl a

9.0

kON

0.010

kAN

0.003

v Nb

-0.1

SNH4

0.01

YO:N

3.43

Fixed algal N to Chl a ratio (mg N (mg
Chl a)−1)
Aerobic PON mineralization rate (day1
)
Anaerobic PON mineralization rate
(day-1)
Settling velocity of PON (m day-1)
Maximum NH4 sediment flux (g N m−2
day-1)
Nitrification stoichiometry ratio of DO
to N
(mg DO (mg N)−1)

kn

0.02

Nitrification rate (day-1)

Kn

2.0

DO half saturation constant for
nitrification (mg DO L−1)

kd

0.01

Denitrification rate (day-1)

Kd

0.5

KON

5.0

DO half saturation constant for
denitrification (mg DO L−1)
DO 1/2 saturation constant for PON
mineralization (mg DO L−1)

Diatoms (D), green algae (G), cyanobacteria (C)
YO:C
YC:Chl a
kP

µmax D,G,C

2.67

Photosynthetic stoichiometry ratio of
DO to C (mg DO (mg C)−1)

40

Ratio C to Chl a(mg C (mg Chl a)−1)

0.014

Fraction of algal DO lost to
photosynthetic respiration

1.3, 0.8,
Maximum growth rates of algae (day-1)
1.1
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Table 2.2: (Continued)
Parameter
kr D,G,C
KP D,G,C
KN D,G,C
IK D,G,C
v D,G,C
TST D,G,C
TOT D,G,C
TMT D,G,C
k D,G,C
a D,G,C
b D,G,C

τ D,G,C
α D,G,C
Kmass D,G,C

Value
Description
0.14, 0.09, Algal respiration, mortality and excretion
0.07
(day-1)
0.007, 0.005, P half saturation constant for algal uptake
0.008
(mg P L−1)
0.06, 0.06, N half saturation constant for algal uptake
0.03
(mg N L−1)
Light half saturation constant for algal
60, 100, 130
limitation (µE m−2 s−1)
−0.05,
Algal settling velocities (m day-1)
−0.02, −0.01
Standard temperature for algal growth
16, 20, 20
(◦C)
Optimum temperature for algal growth
20, 28, 30
(◦C)
Maximum temperature for algal growth
29, 35, 39
(◦C)
Exponent parameter 1 for algal
2.4, 3.2, 2.2
temperature function
24.7, 30.2, Exponent parameter 2 for algal
30.1
temperature function
0.20, 0.08, Offset parameter for algal temperature
0.18
function
Critical shear stress for algal resuspension
0.001
(N m−2)
Resuspension rate of algae (g Chl a m−2
0.000008 −1
s )
Half saturation constant of available
0.00001 phytoplankton mass on sediments for
algal resuspension (g Chl a m−2)

2.4 Results
2.4.1 Inflow events
The three inflow events studied in this paper were the consequence of high
rainfall events widespread through the catchment area, which commonly occur during
winter. In all of them, the Wollondilly River was responsible for the majority of the
inflow volume (Figure 2.4).
The 1991 event can be divided in two moderate-sized inflows. The first one
occurred between 10 and 24 June and had an estimated volume of 317,174 × 106 L with
a peak daily flow of 90,657 × 106 L (12 June), while the second one took place between
11 July and 30 July, with a total volume of 178,999 × 106 L and peak daily flow of
41,585 × 106 L on 13 July (SCA 2008). Both inflows together made the lake water level
increase approximately 5.57 m. The event experienced in 1998 was the second largest
inflow during the past 20 years (SCA 2008) and caused the water level to rise about
12.13 m. It occurred between 23 July and 17 September and may be described as a
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large-sized inflow, with an estimated volume of 1,113,029 × 106 L and two peak daily
flows of 311,028 × 106 L on 08 August and 90,030 × 106 L on 18 August (SCA 2008).
The 2007 rainfall event resulted in a total estimated moderate-sized inflow of 489,500 ×
106 L over a period of 42 days (09 June to 20 July), with peak daily inflows estimated at
57,877 × 106 L on 17 June, 31,510 × 106 L on 20 June, and 22,300 × 106 L on 28 June
(SCA 2008). The water level rose ca. 8.61 m after the event.
Table 2.3 presents the main characteristics of the events described above,
together with the storage level prior to the inflows. Figure 2.3 shows the effect each
inflow had on the lake’s water level and storage volume, based on the hypsometric
relationship described in previous sections.

Table 2.3: Summary of the characteristics of the simulated inflow events (source: SCA
2008).
Event

Cycle

Total flow (106 L)

Peak daily (106 L)

Water level
before
event (m)

10 Jun - 24
Jun 1991

cooling

317,174

90,657

111.27

Water
level rise
(m)

5.57
11 Jul -30 Jul
1991

cooling

178,999

41,585

116.09

23 Jul -17
Sep 1998

cooling

1,113,029

311,028

104.56

12.13

09 Jun -20
Jul 2007

cooling

489,462

57,877

92.82

8.61
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Figure 2.4: Individual daily peaks of the simulated flood events for the seven key catchment inflows in:
(a) 1991; (b) 1998; (c) 2007.

2.4.2 Model results
2007 event - In 2007, by the time of the inflow event, Warragamba Dam was
thermally stratified, with an epilimnetic temperature of 17°C and a hypolimnetic
temperature of 13°C. The thermocline was located at a depth of around 32-33 meters.
Due to a significant cooler temperature (10-11°C), the inflow waters entered the lake as
an underflow, taking about 4-5 days to reach the dam wall.
Figure 2.5b,c shows the modelled and measured water temperature for the
simulation period at station DWA02 (Figure 2.2). The thermal structure was well
reproduced by ELCOM. From these results, it is possible to observe that as the
underflow migrated along the bottom of the reservoir towards the dam wall, it lifted the
existing hypolimnetic water and also mixed with it. There was a period of weak winds
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between 25 and 30 June (Figure 2.5a) that allowed the underflow to intrude without
disturbance, establishing a new hypolimnion that reached a height of nearly 75 m, while
the new epilimnion was reduced to a thin layer of about 15-18 m. After that, the wind
strengthened for about 20 days, mixing the surface water down about 10 m and the
hypolimnetic water into the surface water.
From 10 September onwards, heating induced a strengthening of the diurnal
thermocline, with the temperatures in the surface layer rising to 20°C or more. This had
an effect of shutting down the mixing in the surface layer, isolating the surface waters.
The behaviour of the underflow is also confirmed in Figure 2.5d-h. Figure 2.5d,e
represents the simulated and measured DO concentrations and both data show how the
oxygen-saturated underflow went below the old hypolimnetic water lifting it as the
underflow passed underneath. The old hypolimnetic water was represented by the thin
blue line in Figure 2.5d,e at about 70 m, extending from 20 to 30 June, approximately.
Both field and model results clearly show the entrainment of the hypolimnetic and
metalimnetic waters into the surface layer. By 30 June, the ‘old’ water had been mixed
into the surface waters.
From Figure 2.5f,g it is possible to notice that the underflow carried with it
elevated suspended solids, that also carried with them elevated levels of nutrients such
as nitrate, as shown in Figure 2.5h. The fact that the suspended sediment dropped out
over a period of 20 to 30 days is field evidence of the calm nature of the water in the
hypolimnion.
Figure 2.5h shows the underflow waters were rich in nitrate. At the start of the
event, the lake water was relatively low in nitrate. When the inflow arrived as an
underflow, it filled the hypolimnion with nitrate rich water, that was progressively
entrained into the surface, leading to increasing levels until about 30 August. After this,
the levels decreased again to pre-event concentrations, as the stratification shut off the
supply into the surface layer. Clearly visible in the simulation results is the increased
near surface thermal stratification starting around the beginning of August and
continuing to the end of the simulation period; thus by the end of August the surface
waters contained nitrate to a level of around 0.08 mg L-1, had reached a temperature of
around 20ºC and were strongly stratified making a perfect niche for the observed algae
bloom.
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Figure 2.5: Time series of meteorological data and simulated and field profiles at station DWA02 in
2007: (a) wind speed; (b) simulated temperature; (c) field temperature; (d) simulated DO; (e) field DO; (f)
simulated suspended solids; (g) field suspended solids; (h) simulated NO3; (i) simulated cyanobacteria.
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1998 event - At the time of the 1998 event (late July), Lake Burragorang was
thermally mixed near the dam wall, with a relatively uniform temperature of ca. 13°C.
The average temperature of the inflow was 8.5°C, so it entered the storage as an
underflow that required about 7 days to go from Wollondilly River to Warragamba
Dam.
Temperature, turbidity, and nitrate plots (Figure 2.6b,d,e) show the floodwaters
displaced the lake water upwards, causing the lake to re-stratify. The old waters formed
a new epilimnion about 25 m thick that may be distinguished from the underflow waters
by the 12°C isotherm. The inflow was rich in nutrients such as nitrate and suspended
solids, but there was only limited mixing with the lake waters as the depth of the
uplifted water was still too large. The temperature, turbidity and nutrient concentration
of the new hypolimnetic mass formed by the underflow waters may be clearly
distinguished from the overlying lake water (Figure 2.6b,d,e).
When the underflow arrived, the storage presented uniform concentrations of
DO near the dam wall (Figure 2.6c). It was not possible, therefore, to discriminate the
inflow waters from the lake waters based on this parameter.
Figure 2.6f shows the 1998 event did not produce a cyanobacteria bloom at
Warragamba Dam, confirmed by a lack of any documentation of a bloom by SCA.
1991 event - Before the first significant inflow event in 1991, the water column
at Warragamba Dam was thermally stratified with the thermocline placed around 20-25
meters below the surface. The epilimnion temperature was about 15.5°C, while the
hypolimnetic temperature was 12.5°C. The inflow entered with an average temperature
of 13°C that made it enter the lake as an interflow that did not reach the dam wall. On
the second event, however, while the temperature in the hypolimnion was still close to
12.5°C, the inflow temperature was approximately 9°C. As a result, the river waters
moved through the storage as a stable underflow, taking about 7 days to travel from
Wollondilly River all the way to the dam wall.
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Figure 2.6: Time series of meteorological data and simulated profiles at DWA02 in 1998: (a) wind speed;
(b) simulated temperature; (c) simulated DO; (d) simulated suspended solids; (e) simulated NO3; (f)
simulated cyanobacteria.

Figure 2.7 shows the results of the numerical simulation. It is possible to notice
that the underflow reached the dam wall around 15 July and uplifted the old
hypolimnion waters, increasing stratification and creating a new epilimnion
approximately 35 m thick. The underflow waters were highly turbid and carried a
considerable amount of nitrate, as shown in Figure 2.7d,e.
Differently from 2007 (Figure 2.5), the inflow waters did not mix with the preflood lake waters, leading to little or no effect on the water quality of the surface layer,
which is confirmed in Figure 2.7. Figure 2.7c clearly shows the anoxic hypolimnion
was displaced upwards by the underflow and did not mix with it. Figure 2.7e confirms
that although the inflow filled the hypolimnion with nutrients, these could not entrain
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into the surface waters. Therefore, the events were incapable of providing nutrients to
the surface and cause an algal bloom (Figure 2.7f).

Figure 2.7: Time series of meteorological data and simulated profiles at DWA02 in 1991: (a) wind speed;
(b) simulated temperature; (c) simulated DO; (d) simulated suspended solids; (e) simulated NO3; (f)
simulated cyanobacteria.

Finally, from Figure 2.5i and Figure 2.8, it is possible to see that ELCOMCAEDYM was capable of reproducing the cyanobacteria bloom that occurred in 2007.
The model predicted a bloom starting around 08 August, which was close to what was
observed in the field (02 August). The model predicted the bloom remained, but
weakened until about 20 October, again in agreement with field observations.
Conversely, in 1998 and 1991 the model predicted low and relatively constant
concentrations of cyanobacteria at the surface of Lake Burragorang close to
Warragamba Dam (Figure 2.6f, 2.7f, 2.8). The high variability in the concentrations of
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cyanobacteria at the dam wall may be related to localized wind characteristics (SCA
2008).

Figure 2.8: Simulated concentrations of cyanobacteria in 2007, 1998, and 1991.

2.5 Discussion
Climate change will bring several implications for the physical and chemical
environment of aquatic organisms. The way lakes respond to climate change depends on
a vast array of interactions the effects of global warming will have on temperature,
hydrology and in-lake processes (Schindler et al. 1996).
Hydrology is particularly important as far as nutrient sources are concerned
(Magnuson et al. 1997), as the concentration of nutrients in the surface layer has a major
role in the formation of algal blooms and inflow waters are frequently the most
significant supply of nutrients to lakes (Imteaz et al. 2003). As a consequence of climate
change, extreme events are becoming more frequent (Carpenter et al. 1992). Low
latitudes are experiencing more severe rain events (Arnell et al. 1996; IPCC 2007) and
the increased frequency of these events will result in higher nutrient inputs during
floods (Magnuson et al. 1997). Moreover, water levels will decline as a consequence of
prolonged drought periods (Schindler 1997). Therefore, nutrients and other chemicals
coming with inflows are changing with climate change, as are the relative magnitudes
of lake volume to inflow volume.
The fate of incoming nutrients from streams depends on the dynamics of the
inflow. Depending on the lake water level, when an underflow occurs, the transported
materials may either pass through the reservoir at a level that will not affect the surface
waters, or reach the surface through a series of hydrodynamic mechanisms (Ford and
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Johnson 1983; Baines 2001). Circulation currents generated by shear may create a
mixing zone where the detrainment of the inflow waters can take place.
A deep underflow causes the pre-inflow waters to be uplifted into a new
epilimnion layer (Ferris and Tyler 1992; Romero and Imberger 2003). The vertical
entrainment of the inflow constituents into the surface waters will depend on the ratio
between the volume of the lake and the inflow volume and on the hypsographic curve,
which will determine how close to the surface the inflow will be.
The volume (V) of most lakes may be described by a hypsometric relationship
given by:

V ⎛ z ⎞
⎟
= ⎜
V0 ⎜⎝ H 0 ⎟⎠

β

(2.1)

where z is the elevation of the water surface, V0 is the volume at full supply, H0 is the
water level at full supply, and β is a constant that depends on the shape of the lake.
The hypsographic curve for Lake Burragorang is described well by H0 = 105 m
and β = 4.87 (Figure 2.3). Then, if an inflow of 2.11 × 106 m3 enters the lake at an
insertion depth of, say, 20 m, the top of the insertion would be 30 m and the surface
would rise negligibly of the lake level were either 100 m or 80 m. Even for a lake level
of 50 m the level would only rise to 50.6 m. It is therefore seen, simply by geometry, a
particular inflow will reach much closer to the surface when the initial lake level is low.
It is possible to observe from Figure 2.3 that if the storage to inflow ratio is low,
the surface rise will be insignificant, even when the initial water level is low. However,
in case this ratio is high, the level of the intrusion is strongly dependant on the initial
water level. In 2007, there was a major effect, once both factors were combined together
(Figure 2.3a). In 1998, however, although the ratio between the lake and inflow
volumes was high, as the water level was also high, the inflow waters did not
compromise the quality of the surface waters (Figure 2.3b), since the distance between
the top of the inflow and the top of the surface layer after the inflow was considerably
higher than in 2007. In 1991 the situation was the opposite of 2007, with a high water
level and low storage to inflow ratio (Figure 2.3c) and, consequently, a higher distance
between the intrusion level and the post-inflow surface layer. Hence, if the ratio
between the storage volume and the inflow volume is high, and the water level is low,
an effect on the water quality on the surface layer is expected.
Furthermore, when the initial water level is low, the new surface layer formed
after the underflow uplifts the pre-inflow lake waters will be substantially thin, such as
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in 2007. If the surface layer is thin, it will allow the nutrient rich waters to come closer
to the surface than it would be the case with a thicker layer. Besides, when wind
penetrates a thin surface layer, it easily allows the entrainment of the new hypolimnetic
water formed by the underflow into the new epilimnion. As shown in Figures 2.5-2.7,
although periods of high winds were also present in 1991 and 1998, they were incapable
of causing mixing between the hypolimnetic and epilimnetic layers, as in both occasions
the post-inflow epilimnion was considerably thicker than in 2007 due to the higher
initial water levels.
The smaller storage volume in 2007 compared to the other two events also
affects the concentration of nutrients within the lake (Schindler 2001). As there was less
water to dilute the nutrients brought by the inflows, they reached a higher concentration
compared to the events entering the lake at a higher water level and, thus, higher
volume (Figure 2.9).

Figure 2.9: Concentration of nutrients at the bottom of the lake at station DWA02 for the three simulated
events. (a) NO3; (b) PO4.

Based on the three events explored in this study and using as a reference the
typical winter inflow pattern, obtained by averaging all events between 1962 and 2006
(SCA 2008), it is possible to establish indicators which, combined, could result in an
algal bloom (Table 2.4). To begin with, higher water level leads to higher
hydrodynamic resistance against the inflow, i.e., the drag forces acting opposite to the
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movement of the inflow are increased due to the larger amount of water present in the
reservoir. This decreases the underflow velocity and, consequently, the energy available
to generate upward circulation. Second, if the surface layer after the inflow is relatively
thick, such as in 1991 and 1998, the thermocline becomes less susceptible to weakening
by cooling and wind forces, shutting down the entrainment of nutrients into the surface
waters, as previously observed by Romero and Imberger (2003). Moreover, the larger
volume of the lake waters gives rise to greater dilution of nutrients that enter the
reservoir, in agreement with Schindler (2001).
Table 2.4: Analysis of indicators triggering algal blooms for the 3 inflow events
compared to the typical winter inflow pattern (average of events between 1962 and
2006).
Indicator

Average

2007

1998

1991

Initial storage
volume (106 L)

1,801,000

682,665

1,224,741

1,638,774

Inflow volume (106
L)

429,000

489,462

1,113,029

496,173

Ratio
inflow:storage

0.24

0.72

0.91

0.30

Hydrodynamic
resistance

high

low

high

high

Travel time from
Wollondilly to
Warragamba Dam

6-7 days

4-5 days

7 days

7 days

Surface layer
thickness post
inflow

34 m

15-18 m

25 m

35 m

Dilution of surface
layer post inflow

high

low

high

high

The reasons for the 2007 cyanobacteria bloom in Lake Burragorang may, thus,
be summarized as follows. The moderate-sized underflow brought in water with
elevated levels of nutrients to a level within the reach of surface wind mixing, due to the
low initial water level. Winds and critical timing mixed these nutrients progressively
into the surface layer. The surface layer waters were then first warmed and then
stratified by elevated levels of solar radiation. The strengthened stratification associated
with this warming shut down the turbulence and limited the transport between the two
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layers. As a result, around 10 August, the water had sufficient nutrients, was warming
rapidly and was stratified, creating the perfect scenario for a blue green algae bloom.
The tendency to global warming will increase the mean inflow temperatures
and, consequently, the intrusion level will be closer to the surface. Changes in rainfall
patterns will cause initial water levels to be lower, and this, combined with more
frequent high rainfall events and, consequently, higher inflow volumes, will decrease
the distance between the intrusion level and the surface layer. Although stratification
stability is expected to increase due to higher air temperatures (Schindler et al. 1996;
Schindler 1997), an inflow event during autumn or winter is associated to a period of
weakening of the thermocline, allowing advective transport into the epilimnion.
Furthermore, the strengthened re-stratification as a result of surface warming by the end
of the winter will have an effect of isolating the surface waters, which will present a
high concentration of nutrients detrained from the inflow. Therefore, the differences in
the hydrodynamic behaviour of inflow events based on the intrusion and storage levels
imply that the probability of nutrients being entrained into the surface layer will become
notably bigger with climate change, as will be the probability of major algal blooms.
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Chapter 3 Climate change, estuarine hydrology and harmful algal
blooms: Swan-Canning Estuary, Australia‡
3.1 Abstract
The influence of estuarine hydrology on phytoplankton succession and its links
to extreme events due to climate change was investigated in the Swan-Canning Estuary,
Australia, using field campaigns, historical data analysis and three-dimensional
hydrodynamic and ecological modelling. It was found that the normal phytoplankton
succession pattern is highly controlled by typical seasonal variations of freshwater
inputs into the system, mainly through the effects exerted on residence time, water
column stratification and salinity regimes, rather than effects on nutrient concentrations
within the estuary. On the other hand, atypical rainfall events and associated increased
streamflow during summer and autumn, combined with favourable resident nutrient,
temperature and light conditions, gave rise to major cyanobacteria and dinoflagellate
algal blooms. The results provide new insight into proper management strategies that
need to be adapted in the face of a changing climate. Mitigating the impacts of shifting
rainfall patterns with simple solutions such as reforestation projects should be the target
of management agencies instead of the traditional focus on nutrient reduction
programmes, as nutrients remain abundant in the sediment store.
3.2 Introduction
The dynamics of phytoplankton blooms and community succession depends on
the combination of favourable physical, chemical, and biotic conditions. Although high
algal biomass has traditionally been attributed to increases in anthropogenic sources of
nutrients (Heisler et al. 2008), it’s the interaction between hydrodynamic processes and
nutrient dynamics that controls phytoplankton growth and biomass accumulation
(Kimmerer 2002, Moore et al. 2006).
Ecosystems located at continental margins, such as estuaries, are believed to
have experienced an increase in the frequency of algal blooms in recent years (Cloern
2001, Sellner et al. 2003), related both to natural and anthropogenic environmental
changes. Estuaries are transition zones at the sea-land interface and, as such, are
influenced both by exchanges with the costal ocean and by inputs from the land surface
‡
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via river inflows (Cloern 1996). The seasonal and interannual variability in freshwater
inflows defines the dynamics of river-influenced estuaries (Skreslet 1986, Cloern 1996,
Kimmerer 2002) and freshwater inflows are known to influence the physics and
biogeochemistry of estuaries through a number of pathways (Skreslet 1986, Chan and
Hamilton 2001, Thompson 2001), either preventing or promoting algal blooms (Moore
et al. 2006).
River inflows influence the light climate, residence time, and turbulent mixing
(Cloern 1984) within an estuary, creating conditions under which phytoplankton
productivity may be altered. Residence time determines whether an algal group is
susceptible to form a bloom and where the bloom will be located (Lucas et al. 1999).
Turbulent mixing, in its turn, is a key variable determining vertical fluxes of heat, salt,
nutrients, and plankton (Cloern 1996) and is highly controlled by riverine inputs, since
freshwater inflows act as a source of buoyancy that enhances vertical density gradients
resulting in a stable water column due to salinity stratification (Cloern 1996, Moore et
al. 2006). Stratification reduces the effective mixing depth of the water column,
allowing an accumulation of algal biomass in the upper layer where conditions are more
conducive to growth (Koseff et al. 1993). Moreover, vertical mixing and stratification
directly impact the upward flux of nutrients into the surface layer (Livingstone 2003), as
well as cell sedimentation and turbulent diffusion, which are the main mechanisms of
vertical displacement of non-motile phytoplankton groups (Livingstone 2003, Huisman
et al. 2006). Consequently, under stratified conditions a competitive advantage is given
to either smaller non-motile algal groups that sink slowly, groups presenting buoyancy
control mechanisms (Huisman et al. 2004, Strecker et al. 2004), and groups that are
better competitors for nutrients (Falkowski and Oliver 2007).
Inflows are known to be important sources of nutrients for algal blooms (Cloern
1996). However, the fate of nutrients derived from the catchment area is not simply
correlated to river flow, and depends on complex interactions between physical and
biological processes that determine either their retention or export (Ocampo et al. 2006,
Robson et al. 2008). As a general rule, estuaries act as sinks for nutrients and are
commonly known as nutrient traps, but the ultimate fate of nutrients entering an estuary
with river inflows, as well as their spatial and temporal distribution, is highly affected
by hydrobiogeochemical processes within the estuary (Cloern 1996, Hamilton et al.
2006). Internal nutrient cycling in estuaries is strongly influenced by the development of
anoxic areas due to salinity stratification (Elliott and de Jonge 2002).
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3.2.1 Climate change and the hydrology of estuaries
The stratification in an estuary is mainly a function of the inflow discharge and
the estuary bathymetry. Riverine discharges are highly dependent on rainfall and
therefore rainfall patterns strongly influence the hydrodynamics of estuaries, with many
ecological consequences. Observational records indicate the global distribution of
rainfall has shifted over the past three decades, with mid-latitudes generally
experiencing an increase in periods of severe drought and in the frequency of extreme
rainfall events and (IPCC 2007). Changes in precipitation patterns and associated
hydrological changes can alter the water residence time, nutrient delivery and dilution,
and vertical stratification, which, in turn, influence the growth patterns of phytoplankton
(Scavia et al. 2002). Furthermore, altered freshwater inflow patterns can change the
salinity regimes within the estuary, modifying the phytoplankton community
composition due to specific physiological adaptations to salinity.
Studies in the South West region of Western Australia (WA) point to a trend of
decreasing winter rainfall and increasing number of dry days during winter,
accompanied by an increase in total and heavy rainfall between the months of
November and April (Smith et al. 2000, Pitman et al. 2004). In addition to a 50-mm
reduction due to natural variations (Cullen and Grierson 2009), a further 100 to 150-mm
decline in rainfall has been observed over the last 50 years due to land clearing for
agriculture (Pitman et al. 2004).
On 22 January 2000, records from the Australian Bureau of Meteorology
(BOM) for the city of Perth, capital of WA, at Perth Metro station (see Figure 3.1b for
location), showed an abnormally high rainfall event of over 100 mm on a single day
(Figure 3.2b), exceeding all historical observations recorded by BOM to date. April
2003 had an atypical rainfall event of ~50 mm over three days, compared to an average
of 37 mm for the whole month, while May 2003 was characterized by a rainfall event of
~90 mm registered over a week (Figure 3.2c), when the typical monthly average is 85
mm. Associated to that, two noteworthy events occurred in the highly urbanised SwanCanning Estuary that meanders through the city of Perth: first, the only recorded bloom
of the cyanobacteria Microcystis aeruginosa (M. aeruginosa) was observed in JanuaryFebruary 2000, resulting in fish kills and closure of the upper estuary for ten days
(Robson and Hamilton 2003, 2004); and second, in April-June 2003 the first ever
dinoflagellate Karlodinium veneficum (K. veneficum) bloom was recorded in the estuary
(Hallegraeff et al. 2011), again resulting in extensive fish kills. Addressing the control
exerted by estuarine hydrology over the typical phytoplankton community succession
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and how extreme events due to climate change and associated hydrological changes
influenced the formation of harmful algal blooms in the Swan-Canning Estuary are the
objectives of this study. The Swan-Canning estuary is representative of many shallow
coastal ecosystems that are influenced by natural and anthropogenic impacts and can be
considered a useful case study to illustrate the mechanisms leading to phytoplankton
blooms in salt-wedge estuaries.
The investigation was centred in the comparison of three different years of
variable physical forcing into the system that had remarkably different responses at the
community composition level: a typical year (2011-2012) and two abnormal years,
characterised by sudden harmful algal blooms following unseasonal rainfall events
(2000 and 2003). In order to elucidate how the physical environment modulates
spatiotemporal changes in the dynamics of phytoplankton populations, an integrated
approach was adopted using field experiments, historical data analysis and threedimensional (3D) hydrodynamic and ecological numerical modelling.
3.3 Methods
3.3.1 Study site
The Swan-Canning Estuary is a salt-wedge estuary, located on the Swan Coastal
Plain in the South West of WA (Figure 3.1), with a surface area of ca. 53 km2 and mean
depth of 6 m. It is fed by a large catchment area of more than 120,000 km2, with the
highest flow contribution from the Avon River sub-catchment (Thompson et al. 2001,
Robson et al. 2008). The estuary presents a highly seasonal behaviour and can be
classified as a low-energy micro-tidal system, due to low tidal amplitude (1 m spring
tide at the river mouth in Fremantle and 10 cm within the estuary), and uneven and
changing distribution of rainfall and river flow throughout the year (Chan and Hamilton
2001, Robson and Hamilton 2004, Robson et al. 2008). Around two-thirds of the annual
rainfall, that varies greatly within the domain (ca. 800 mm in Perth and less than 300
mm in the furthest inland region), occurs during winter, between June and September
(Robson et al. 2008). Streamflow from the Avon River and Ellen Brook, that represent
the largest freshwater inputs into the Swan-Canning Estuary, is extremely low or
completely ceases during the dry season every year (Peters and Donohue 2001), with
important consequences to residence times in the upper reaches of the estuary (Chan
and Hamilton 2001).
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The Swan-Canning Estuary has experienced increasing anthropogenic impact
over the past century (Thompson 2001, Hamilton et al. 2006). Several alterations in the
natural functioning of the system occurred post European settlement. First, and most
importantly, dredging of the estuary entrance has changed the estuary from a mostly
closed freshwater system, with a mixed water column and only weak thermal
stratification, to an open estuary, with a very strongly salt stratified water column
(Stephens and Imberger 1996). Second, the construction of an upstream dam and weir,
together with 30% reduction of rainfall in the last 40 years (Petrone et al. 2010) has all
but eliminated the historically recorded complete winter flushing of the estuary. Third,
clearing of native vegetation in the catchment together with the decrease in river
discharge has led to a noticeable increase in the clarity of the water column making
more light available for algal growth. Fourth, agricultural activity in the catchment has
increased the nutrient loading which is further supplemented with urban sources from
the city of Perth and its ca. 1.5 million inhabitants (Thompson 2001, Robson and
Hamilton 2004). Fifth, the warming climate over the catchment has led to increased
water temperatures, further assisting algal growth.
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Figure 3.1: Instrumentation, monitoring stations and details of the numerical model configuration: (a)
bathymetry of simulated domain and boundary conditions (open boundaries, inflows and urban drains);
(b) available field data. Depth in metres Australian Height Datum (AHD).

3.3.2 Field measurements
The estuary thermal and salinity structure has been continuously recorded since
September 2007 with a Lake Diagnostic System (LDS; Global Water Monitoring,
Australia) (Figure 3.1b) equipped with a submerged thermistor chain with sixteen fast
response thermistors spaced at 0.5 to 1.0 m intervals, two conductivity sensors at 0.5
and 8.0 m depth and a pressure (depth) sensor located at 0.5 m above the bottom. The
LDS is also equipped with a full meteorological station measuring wind speed and
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direction, short wave radiation, net total radiation, air temperature and relative humidity
at 2 m above the water surface. The sampling interval is 30 s.
Extensive field experiments have also been performed by the Centre for Water
Research (CWR) in the estuary during spring and summer of 2011-2012 and are
referred, hereafter, as CWR profiling programme. The measurements were taken with a
fine-scale profiler (F-Probe) (Imberger and Head 1994), equipped with depth,
temperature, conductivity, dissolved oxygen (DO), pH, and photosynthetically active
radiation (PAR) sensors. The F-Probe was deployed in free fall mode with a fall
velocity of about 15 cm s-1 and the variables were sampled at 50 Hz yielding a vertical
resolution of approximately 5 mm. The signals were enhanced and sharpened so as to
match the different sensor response times as described by Fozdar et al. (1985). In
addition, a FluoroProbe (bbe Moldaenke GmbH, Kiel-Kronshagen, Germany) (Beutler
et al. 2002) was also deployed. This fluorescence profiler measures chlorophyll and
various other pigments associated with green algae, cyanobacteria, brown algae (i.e., a
combination between diatoms and dinoflagellates), cryptophytes, and dissolved organic
carbon (Alexander et al. 2012). The FluoroProbe variables were also sampled at 1 Hz.
All profiling was conducted over a series of two longitudinal transects along the
thalweg of the estuary, starting at the river mouth and finishing at the head of estuary in
the Canning (data not presented in this study) and Swan rivers, respectively (see Figure
3.1). Water samples for ammonium (NH4), nitrate + nitrite (NO3 + NO2), filterable
reactive phosphorus (PO4), silicate (SiO2), total chlorophyll a, and phytoplankton cell
counts were taken at different locations dependent on the data collected by the F-Probe
and FluoroProbe. In addition, 3D hydrodynamic and ecological numerical simulations
described in the next section were used, in real-time, during the field experiments to
optimize the sampling regime. Total chlorophyll a was analysed in the laboratory using
traditional spectrophotometric methods and nutrients followed the usual protocols
(APHA 2012).
For the summer 2000 and autumn 2003 time periods of analysis, historical
regular monitoring data, collected by the Swan River Trust (SRT) and the Department
of Water of Western Australia (DOW), was used. These data consisted of weekly
profiles of water temperature, salinity, and DO, surface water total chlorophyll a, NH4,
NO3 and PO4 concentrations and fortnightly depth-integrated cell counts collected at the
following stations: Blackwall Reach (BLA), Armstrong Spit (ARM), Narrows Bridge
(NAR), Nile Street (NIL), Maylands Swimming Pool (MAY), Ron Courtney Island
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(RON), Kingsley Drive (KIN), Success Hill (SUC) and Nicholson Road Bridge (NIC)
(Figure 3.1b) during the periods of interest (see above).
A summary of the field data used in this study is given in Table 3.1 and Figure
3.1.
Table 3.1: Details of available instrumentation and monitoring stations.
Instrument /
station
LDS

Institution

Station
name

CWR
T2
T4
T6
T7

Sampling period
3 Sep 2007 - current
4 Apr 2008 - current
2 Dec 2010 - current
22 Apr 2010 - current
13 May 2010 - current

River logger

CWR

F-Probe

CWR

8, 29 Sep, 13, 25 Oct, 8,
15 Nov, 2, 15 Dec 2011

FluoroProbe

CWR

8, 29 Sep, 13, 25 Oct, 8,
15 Nov, 2, 15 Dec 2011

Meteorological
station

BOM

Tide gauge

DOT

Flow gauge

DOW

Water quality
station

DOW /
SRT

Perth
Airport
Perth Metro
Swanbourne
FRE
BAR
SWN4
SWN3
SWS12
SWS7
SWN10
BLA
ARM
NAR
NIL
MAY
RON
KIN
SUC
NIC

Sampling
interval
30s
300s

01 Jan 1944 - current
5 Feb 1993 - current
13 Nov 1985 - current
1 Jan 1995 - current
1 Apr 1970 - current
3 Oct 1959 - current
1 Apr 1974 - current
1 Jan 1990 - current
15 Jun 1987 - current
6 Oct 1994 - current
19 Oct 1994 - current
6 Oct 1994 - current
13 Oct 1994 - current
3 May 1994 - current
3 May 1994 - current
3 May 1994 - current
3 May 1994 - current
1 Jan 1980 - current

60s
300s
900s

Daily

Weekly

3.3.3 Numerical modelling
The numerical simulations in this study were carried out using the 3D
hydrodynamic Estuary, Lake and Coastal Ocean Model (ELCOM), described in detail
in Hodges et al. (2000), coupled with the ecological Computational Aquatic Ecosystem
Dynamics Model (CAEDYM), that has been successfully applied in estuaries, including
the Swan-Canning (e.g., Robson and Hamilton 2004). The reader is referred to Robson
and Hamilton (2004) for details of CAEDYM.
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ELCOM setup – The appropriate algorithms in ELCOM were activated to
include atmospheric exchange, inflow dynamics, tidal forcing (Okely et al. 2010),
turbulent mixing dynamics, bottom drag, baroclinic effects, Coriolis forcing, residence
time (Alosairi et al. 2011) and scalar transport.
CAEDYM setup – CAEDYM was configured to simulate the five phytoplankton
groups observed in the Swan-Canning Estuary in the study years (i.e., chlorophytes,
marine diatoms, freshwater diatoms, and dinoflagellates, as well as M. aeruginosa).
Algal biomass was modelled as chlorophyll a, with a constant carbon to chlorophyll a
ratio. A simple static sediment model was chosen, but as the sediment composition is
highly variable within the estuary, the simulations were set up with a spatially variable
sediment oxygen demand based on the results of Smith et al. (2007). Nutrient limitation
considered dynamic phosphorus and nitrogen intracellular stores for all groups, but light
limitation in the form of photoinhibition was only considered for freshwater diatoms.
Although grazing was not modelled explicitly, it was parameterized indirectly with the
phytoplankton loss term. M. aeruginosa was modelled with the ability to move
vertically through the water column, using a model where cells move as a function of
light availability as described by Kromkramp and Walsby (1990). Active vertical
migration was also considered for dinoflagellates and chlorophytes and the movement
was controlled by the availability of both light and nitrogen, but without considering
photoinhibition. Marine and freshwater diatoms were assigned a constant settling
velocity based on their average size and specific gravity.
The growth rate parameters in the ecological model were the same for the three
simulation periods and were derived first from the literature (e.g., Robson and Hamilton
2003, 2004) then fine tuned using the 2011-2012 data set. The main parameters are
shown in Appendix I.
3.3.4 Model configuration
The time periods for the 3D hydrodynamic and ecological simulations were
chosen in order to cover the phenomena of interest to this study, that is, the M.
aeruginosa bloom in 2000, the K. veneficum bloom in 2003 and the “normal”
succession pattern in spring and summer of 2011-2012. Therefore, the 2000 simulation
was carried out for a period of 45 days starting on 20 January 2000, the 2003 simulation
was performed for a 90-day period starting on 1 April 2003, and lastly, the 2011-2012
simulation was started on 8 September 2011 and continued for 120 days. Moreover, a
hydrodynamic-only simulation was performed for a period of 1 year starting on 8
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September 2011 in order to establish the typical annual dynamics and water residence
times in the estuary.
Bathymetry - Detailed digital bathymetric and floodplain digital elevation model
data were available from the Department of Transport of Western Australia (DOT) and
from DOW, respectively. The Swan-Canning Estuary domain was discretised using a
plaid grid, with a horizontally uniform 50 m x 50 m grid covering the whole area of the
estuary, and a non-uniform vertical grid varying from 0.5 m over the floodplain cells
and the first 3 m of depth, to 10 m at the bottom at the deeper areas. In order to
overcome known circulation issues generated by the presence of open boundaries (see
e.g., Marsaleix et al. 2006), the domain was extended ca. 15 km to the West, ca. 30 km
to the North and ca. 7.5 km to the South of the river mouth in Fremantle to include the
coastal ocean (Figure1a). The horizontal grid size progressively increased to 400 m x
2,000 m away from the estuary area. The time step was set to 50 s for ELCOM and 30
min for CAEDYM, giving a ratio of computation time to real time of about 5.
Wind, rainfall and atmospheric forcing - The 2000 and 2003 simulations were
driven with air temperature, relative humidity and cloud cover data obtained from BOM
at Perth Metro station. Due to unavailability of data, short wave radiation for 2000 and
2003 was calculated according to Tennessee Valley Authority report (TVA 1972). For
the 2011-2012 simulation, data from the LDS, including short wave radiation and net
total radiation, was used (Figure 3.1b). A 2D wind field was assembled dividing the
domain into a section over the costal ocean (S1), where wind data was obtained from
Swanbourne BOM station, and seven sections over the estuary (S2-8) (Figure 3.1a) with
different correction factors applied to the wind speed based on in-situ wind
measurements. The wind used over S2-8 was that measured at Perth Metro BOM station
for the 2000 and 2003 simulations, and at the LDS for the 2011-2012 simulation. The
following correction factors were applied: 0.25 at S2, 0.375 at S3, 0.5 at S4, 0.4375 at
S5, 0.375 at S6, 0.3125 at S7, and 0.25 at S8. Due to the high spatial variability, rainfall
was modelled using BOM data available at Swanbourne over S1-3, Perth Metro over
S4-7, and Perth Airport over S8 (see Figure 3.1b).
Inflows and open boundary conditions - Freshwater inputs into the system
considered three main inflows: Upper Swan (combined Avon River and Ellen Brook),
Lower Canning (combined Canning River and Southern River), and Helena River
(Figure 3.1a). Discharge volumes, water temperature, salinity, DO, nutrients (NH4,
NO3, and PO4) and dissolved organic matter were available from SRT and DOW at the
following stations: Avon River (SWN4), Ellen Brook (SWN3), Helena River (SWN10),
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Canning River (SWS12) and Southern River (SWS7) (Figure 3.1b). Phytoplankton cell
counts were obtained from measurements at SUC, KIN and NIC (Figure 3.1b) for the
Upper Swan, Lower Canning and Helena River boundaries, respectively, and SiO2
concentrations were considered to be the seasonal average among the years of 2008 and
2011 at the stations above as no data was available before 2008. For the 2011-2012
simulation, water temperature and salinity data were obtained from the T2 and T6 CWR
river loggers deployed during the course of this study (Figure 3.1b). The values used to
convert phytoplankton cell counts to µg L-1 chlorophyll a were taken from Robson and
Hamilton (2004) for cyanobacteria and from Reynolds (2006) for the other algae
groups. The high uncertainty of this conversion should be noted, since the chlorophyll a
content of an algal cell can vary considerably even between individuals in the same
assemblage of algae. It should suffice, however, as a first order approximation. The
simulation also considered the presence of 49 urban drains; the flow rate was calculated
using rainfall, catchment area and runoff coefficient, the water temperature was
considered to be equal to the Upper Swan flow temperature, salinity was set to zero,
water quality variables (DO, NH4, NO3, PO4, SiO2) were based on the Beach Health
Program (DOW 2007), and seasonal dissolved and particulate organic matter data were
based on measurements by Petrone (2009) at urban drains within the study area. The
three open boundaries in the costal ocean area were forced with tidal data measured at
Fremantle (FRE) by DOT, water temperature from the T4 CWR logger, salinity from
the T7 CWR logger (see Figure 3.1b), and seasonal water quality data (i.e., DO, NH4,
NO3, PO4, SiO2, total chlorophyll a assumed as marine diatoms) derived from the Perth
Long-term Ocean Outlet Monitoring Programme (PLOOM) by the Water Corporation
of Western Australia. Due to unavailability of water temperature and salinity data, the
open boundaries for the 2000 and 2003 simulations were forced with measurements
from 2011 at the T4 and T7 CWR loggers, respectively.
Initial conditions - The simulations were initialized with horizontally and
vertically heterogeneous conditions for water temperature, salinity, DO, NH4, NO3,
PO4, SiO2, algae groups, dissolved and particulate organic matter. The DOW database
was the source for determining the initial vertical distribution of all variables in 2000
and 2003, and for nutrients (NH4, NO3, PO4, SiO2) and dissolved and particulate organic
matter in 2011-2012. The rest of the variables, used to initialize the 2011-2012
simulation (i.e., water temperature, salinity, DO, and algae groups), were derived from
the CWR profiling programme (see description above).
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Physical forcing data for the three simulations is shown in Figure 3.2a-r.
Additionally, water level data was available at the LDS for 2011-2012 and at the DOT
tidal gauge at Barrack Street (BAR) for 2000 and 2003 (Figure 3.2t-v; see Figure 3.1b
for locations). Table 3.1 and Figure 3.1b show the sources of all forcing and validation
data; Figure 3.1a shows the modelled domain and the locations of all boundary
conditions.
3.3.5 Limitation functions
The limitation functions for nitrogen (f(N)), phosphorus (f(P)), salinity (f(S)),
and temperature (f(T)) were obtained for the surface waters at different stations within
the estuary using both measured and modelled data based on the algorithms of
CAEDYM (Robson et al. 2004 provides a detailed description). Phytoplankton growth
in CAEDYM takes the following form:

dC ⎧
V ⎫
= ⎨µ max [MIN[ f ( N ), f ( P), f ( Si ), f ( I )] f (T )] − Rf ( S ) − M ±
⎬C
dt ⎩
Δx3 ⎭

(3.1)

where C is the phytoplankton concentration at a given time step; f(N), f(P), and f(Si) are
nutrient limitation functions calculated from Michaelis-Menten equations and ranging
from zero to 1; f(I) is the light limitation function (also ranging from zero to 1); f(T) is
the temperature limitation function that considers the maximum productivity to occur at
an optimum temperature above which productivity decreases until it reaches zero when
the temperature is higher than the maximum allowed for a certain algal group; R is the
respiration term that is multiplied by the salinity limitation function f(S); M are losses
due to grazing; and V/Δx3 is the term related to vertical migration and settling. Note f(S)
is optimal when it is equal to 1 (its minimum value) and higher values indicate growth
limitation. The maximum value for f(S) is Bep that varies for each algal group (see
Appendix I).
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Figure 3.2: Physical forcing for 2011-2012, 2000, and 2003: (a-c) Rainfall at Perth Metro BOM station
in 2011-2012, 2000, and 2003; (d-f) Combined Avon River and Ellen Brook flow rates in 2011-2012,
2000, and 2003; (g-i) Tide at Fremantle in 2011-2012, 2000, and 2003; (j) Air temperature at the LDS in
2011-2012; (k-l) Air temperature at Perth Metro BOM station in 2000 and 2003; (m) Wind speed at the
LDS in 2011-2012; (n-o) Wind speed at Perth Metro BOM station in 2000 and 2003; (p) Wind direction
at the LDS in 2011-2012; (q-r) Wind direction at Perth Metro BOM station in 2000 and 2003; (s)
Measured (black line) vs. simulated (red line) water level at the LDS in 2011-2012; (t-u) Measured (black
line) vs. simulated (red line) water level at Barrack St. in 2000 and 2003. Vertical dashed lines show the
dates when field data is available from the CWR profile programme (2011-2012) and SRT-DOW regular
monitoring (2000 and 2003).
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3.4 Results
3.4.1 Annual dynamics
The model results from the 1-year hydrodynamic-only simulation allowed a
characterization of the annual dynamics of the Swan-Canning Estuary and showed a
well-defined seasonality in the movement of the salt wedge associated with the seasonal
variability in freshwater inflows, as previously observed by Stephens and Imberger
(1996). Water residence times determined from the simulation are shown in Table 3.2.
In order to calculate the water residence time, ELCOM assumes that every cell in the
domain contains water with a residence time of zero at the start of the simulation and so
does any new water entering the domain (Alosairi et al. 2011). The water is then
transported as any valid transportable scalar and the age of each cell is adjusted at every
time step based on the mixing ratio between adjacent grid cells Residence times are
used, here, as the time scale for horizontal transport and dispersion and to assess
whether stagnation or high flushing zones exist and where they are located.
The results revealed that the Swan-Canning Estuary may be divided into three
areas of different hydrodynamic regimes: lower estuary, defined as the deep basin
downstream of NAR; middle estuary, the region between NAR and NIL; and upper
estuary, defined as the area upstream of NIL (see Figure 3.1b for locations). The upper
estuary is strongly influenced by the upstream freshwater inflows and typically has the
shortest residence times, of ca. 10 days, in the winter and spring periods when river
flows reach their maximum. The residence times then have been shown to increase to
several months as freshwater inflows recede during summer, reaching 150 days by end
of autumn. By contrast, the dynamics of the lower estuary is mainly controlled by the
constrictions imposed at Point Walter and Perth Water (see Figure 3.1b for locations).
During the winter and spring months, water originated from the tributaries upstream
flows into the lower estuary until it gets trapped at Point Walter, which is hypothesised
to be a hydraulic control, while over summer and autumn the tide that brings marine
water into the lower estuary is attenuated as it progresses upstream, finding a strong
hydraulic control at Perth Water (Stephens and Imberger 1996). This leads to the
development of a zone where water tends to recirculate vertically, with the surface
water moving downstream and a reverse bottom movement, yielding a relatively
constant residence time of ca. 100 days throughout the whole year (Table 3.2). The
middle estuary, on the other hand, can be defined as a shallow, intermediate region,
developing long residence times of 100-140 days during summer and autumn, with
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values comparable to the upper estuary. As the inflows overflow the upper region and
spill into the middle region the residence time there gradually decreases, reaching 80
days by end of August 2012 (Table 3.2).
Table 3.2: Water residence times predicted by the 3D hydrodynamic-only simulation as
a function of days since simulation started on 8 September 2011.
Days
since
start

End of
month
2011
September
October
November
December
2012
January
February
March
April
May
June
July
August

Residence time (d)
Lower
Middle
Upper
Estuary
Estuary
Estuary

22
53
83
114

20
45
60
65

15
40
55
70

10
10
20
30

145
174
205
235
266
296
327
358

70
100
100
110
130
120
100
90

90
105
120
120
140
115
90
80

40
60
90
130
150
10
20
15

In the period from January to March, the time when algal blooms are observed,
the residence times in the lower and middle regions were about equal to 100 days and
the upper region was susceptible to the direct influence of summer inflows; the three
regions are essentially decoupled in the summer season. For an algal bloom to succeed,
doubling times must be shorter than the residence time. Diatoms have a doubling time
of a less than a day and, thus, are able to bloom before being mixed even in the upper
region. Chlorophytes typically have doubling times of about 2 days, and hence can also
grow before they are dispersed in all three zones. Dinoflagellates and cyanobacteria
have the lowest doubling times and need longer residence times, typically of the order
of several days, to reach bloom levels. The residence times detailed in Table 3.2 thus
suggest that for all algae groups doubling times are larger than dispersion due to
horizontal transport, allowing any group to flourish given all other conditions are
conducive for growth. Under typical conditions, diatoms seem to have an advantage
both in the upper and lower region simply due to their higher growth rates compared to
other groups.
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3.4.2 Spring and summer 2011-2012
Spring 2011 was marked by higher than average rainfall, with 109.2 mm
recorded for the month of September (Figure 3.2a) compared to an average of 87.4 mm,
that led to increased, but still moderate, streamflow (Figure 3.2d). The first field
experiment, conducted on 8 September 2011, showed strong salinity stratification,
characterized by a vertically uniform upper region (ca. 4 psu), and a two layer water
column in the middle estuary and lower estuary (Figure 3.3a). In the middle region the
isohalines were practically horizontal converging towards the surface at the Fremantle
sill, indicating that the low-salinity discharge had sufficient buoyancy to allow it to
overflow the incoming saline ocean water to the hydraulic control at Point Walter
(labelled as PW in Figure 3.3a-d). The salt wedge was observed to have moved
upstream again by 13 October 2011 (Figure 3.3b), forming a longitudinal stratification
across the length of the lower and middle estuary and beginning to under flow into the
upper estuary. The third and fourth transects (Figure 3.3c-d) showed the salt wedge
progressively advancing upstream with a well-defined longitudinal salinity gradient
extending across the middle and upper regions. Salinity stratification was absent in most
of the lower estuary in the transect taken on 8 November (Figure 3.3c); a high rainfall
event on 13 December was responsible for the slightly lower surface salinity observed
on 15 December (Figure 3.3d).
Water temperature profiles showed weak vertical temperature stratification in
the first transect (Figure 3.3i), with temperature differences between surface and bottom
waters of around 2oC. As summer progressed (see Figure 3.2j), there was an overall
increase in the water temperature and the upper estuary became thermally stratified,
with almost 5oC difference between surface and bottom, as seen on the temperature
contours for 15 December (Figure 3.3l). A horizontal temperature gradient was clearly
visible starting on 13 October (Figure 3.3j), and became most pronounced by 15
December (Figure 3.3l), when the surface waters of the shallow areas in the upper
estuary were ca. 5-6oC warmer compared to the lower estuary.
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Figure 3.3: Longitudinal transect (Fremantle-Upper estuary) showing the measured and simulated
salinity (3.0 psu intervals), water temperature (0.5oC intervals), dissolved oxygen (1.0 mg L-1 intervals)
and total chlorophyll a (5.0 µg L-1 intervals) on 8 Sep, 13 Oct, 8 Nov and 15 Dec 2011: (a-d) Measured
salinity; (e-h) Simulated salinity; (i-l) Measured water temperature; (m-p) Simulated water temperature;
(q-t) Measured dissolved oxygen; (u-x) Simulated dissolved oxygen; (y-ab) Measured total chlorophyll a;
(ac-af) Simulated total chlorophyll a; (ag-aj) Plan view of F-Probe and FluoroProbe profile locations. The
first transect represents the model initial conditions. Dashed lines on panels (a-af) indicate F-Probe and
FluoroProbe profile locations.

The anoxic conditions, at the bottom of the middle and upper estuary (Figure
3.3q-t), observed on both 8 September and 13 October 2011 (see Figure 3.2d,g) were
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the result of the salinity and thermal stratification during that time as discussed above.
However, the lack of correspondence between the iso-oxygen lines and the isohalines
indicates that, even though the stratification sealed the stagnant bottom waters (see also
Stephens and Imberger 1996), the oxygen concentrations was determined by the
complex interaction between oxygen uptake and photosynthetic production; the
stratification having shut down any vertical mixing as verified (not shown) by the
microstructure temperature measurements. With the return of spring tides and reduced
river inflows, a greater volume of saline water was able to enter from the ocean into the
estuary, allowing a progressive increase in oxygen content starting at the lower estuary,
as observed on Figure 3.3s, followed by the middle estuary, which showed increased
oxygen content by 15 December (Figure 3.3t). The upper estuary presented hypoxic to
anoxic waters overlayed by well oxygenated to supersaturated waters during the whole
period, that can be related to increasing algal biomass (Figure 3.3y-ab) and the delicate
balance between oxygen production through photosynthesis and consumption through
decomposition of organic matter. The water column was highly oxygenated around the
35-km mark on 15 December (Figure 3.3t) as the SRT oxygenation plants were in
operation during the profiling, with a localised effect on oxygen concentrations in the
proximities of the plants.
Concentrations of chlorophyll a (Figure 3.3y), during the first transect
performed on 8 September showed a slight elevation of between 10 and 15 µg L-1 in the
surface layer in the lower and middle regions, but were generally low (< 10 µg L-1) in
the upper region due to high flushing rates, low temperatures (Figure 3.3i) and low
clarity from organic matter brought by the river inflows as shown by the elevated
turbidity values (not shown, see also Petrone 2009). On 13 October values increased to
ca. 20 µg L-1 (Figure 3.3z), reaching up to ca. 50 µg L-1 in the onset of summer (15
December). The data collected with the FluoroProbe showed the environment was
dominated by the brown algae group throughout the 2011-2012 study period (Figure
3.4a-d), with a pronounced growth of green algae during spring in the middle and upper
estuary (Figure 3.4e-h), and cyanobacteria increasing during summer in the upper
estuary (Figure 3.4i-l). Laboratory results for water samples collected during the CWR
profiling programme are shown in Table 3.3 and confirm the values for total
chlorophyll a agree with the measurements by the FluoroProbe (r2 ~ 0.9530). Table 3.3
also shows nutrient concentrations were normally higher in samples taken at depth
compared to surface samples, as clearly observed on 15 November, for instance, in the
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middle estuary. Values of 0.088, 0.026, and 0.028 mg L-1 were recorded at the bottom
for NH4, NO3, and PO4, respectively, while surface samples showed 0.003, 0.005, and
<0.002 mg L-1. In this particular case algae production, as measured by the
concentration of total chlorophyll a, was low both in the surface (3 µg L-1) and bottom
layer (0.9 µg L-1) (Table 3.3), suggesting nutrient uptake by phytoplankton was low.
The higher bottom nutrient concentrations relative to surface concentrations may thus
be explained by the fact that low oxygen waters below the halocline can cause nutrients
to be released from the sediment. This is an important nutrient source in low energy
systems such as the Swan-Canning Estuary (Fredericks et al. 2002).
The model results were subsampled to the same locations and times at which
field measurements were taken, and then compared. As seen in Figure 3.3, the model
captured the general structure of the isohalines, but tended to over predict mixing in the
deeper basin, leading to lower simulated salinities overall and influencing the
propagation of the salt wedge (Figure 3.3 e-h). The larger than observed mixing was
also evident in the simulated DO dynamics as the model results showed higher
concentrations at the bottom and lower concentrations at the surface compared to the
field data (Figure 3.3u-x). Water temperatures were slightly under predicted by the
model due to the use of neutral surface heat transfer coefficients that had to be
optimized in order for the simulations to yield reasonable results independent of the
time of the year. The overall thermal structure was reasonably well represented (Figure
3.3m-p), but again the model results showed too much vertical mixing. Simulated phase
and amplitude of water levels at the LDS agreed well with the measured data (Figure
3.2s). Figure 3.5 shows the modelled and simulated water temperature and salinity at
the LDS location. The thermal structure over time was well represented by the model
(Figure 3.5a-b), including mixing events due to high winds (see Figure 3.2m-p); salinity
was generally over predicted at the surface (Figure 3.5c-d).
Despite the issues faced due to obvious limitations in modelling such a dynamic
and complex system, total chlorophyll a concentrations and patchiness were
qualitatively well reproduced, as shown in Figure 3.3ac-af. The succession patterns
simulated by the model are shown in Figure 3.6, and were consistent with the field data
collected for this study (Figure 3.4 and Table 3.3) and data reported in previous studies
(Twomey and John 2001, Chan and Hamilton 2001). Marine diatoms dominated the
assemblage in the lower estuary throughout the whole period (Figure 3.6a-c) due to high
salinity concentrations in this area and their concentration increased upstream with the
salt wedge (Figure 3.6c); they were absent at the lower salinity waters in the upper
47

Climate change, hydrology and algal blooms: Swan-Canning Estuary, Australia
reaches (Figure 3.6a-c). The seasonal succession in the middle and upper estuary was
characterized by a fresh water diatom bloom in early spring (Figure 3.6d), that rapidly
dissipated (Figure 3.6e-f), giving rise to freshwater chlorophytes. This algae group
showed low concentrations during the freshwater diatom bloom (Figure 3.6g), but
dominated the assemblage in the upper reaches by 20 December (Figure 3.6i).
Dinoflagellates showed low concentrations overall (Figure 3.6j-l), but growth could be
noted in the onset of summer in the middle estuary (Figure 3.6l). Cyanobacteria showed
increasing concentrations during summer in the middle and upper estuary (Figure 3.6no) compared to the beginning of spring (Figure 3.6m).

Figure 3.4: FluoroProbe measurements in µg chla L-1 on 29 Sep, 13 Oct, 8 Nov and 2 Dec 2011: (a-d)
brown algae (2.0 µg chla L-1 intervals); (e-h) green algae (0.5 µg chla L-1 intervals); (i-l) cyanobacteria
(0.1 µg chla L-1 intervals); (m-p) Plan view of FluoroProbe profile locations. Dashed lines on panels (a-l)
indicate FluoroProbe profile locations.
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Figure 3.5: Model validation for water temperature and salinity at the LDS location in 2011-2012: (a)
Measured water temperature; (b) Simulated water temperature; (c) Measured salinity; (d) Simulated
salinity.

3.4.3 Summer 2000
Following the extreme rainfall event on 22 January (Figure 3.2b), daily inflows
from the two major tributaries, Avon River and Ellen Brook, reached ca. 300 m3 s-1
(Figure 3.2e), in contrast with the typical pattern of negligible flow for this time of the
year. The inflow completely flushed any saline water from the upper estuary (Figure
3.7m-o) and created low salinity conditions (ca. 5-10 psu) of ca. 5 m depth in the middle
and lower estuary (Figure 3.7a-c,e-g,i-k). By mid-February the cessation of rainfall led
to a substantial decrease in river flow (Figure 3.2b,e). This, combined with spring tides
(Figure 3.2h), allowed the re-entry of saline water into the estuary, increasing the
overall salinity (Figure 3.7d,h,l,p).
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Figure 3.6: Spatial distribution of the simulated phytoplankton community succession on 1 Oct, 15 Nov
and 20 Dec 2011 at 0.5 m below the surface: (a-c) marine diatoms (µg chl a L-1); (d-f) freshwater diatoms
(µg chl a L-1); (g-i) chlorophytes (µg chl a L-1); (j-l) dinoflagellates (µg chl a L-1); (m-o) cyanobacteria
(µg chl a L-1).
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!

2-Dec-11

15-Nov-11

13-Oct-11

Date

9:55
12:10
13:36
11:15
11:20
12:00
12:05
15:10
11:05
11:10
13:00
13:05

Time

Northing

386.8609
391.8048
397.2337
388.5652
388.5652
391.1754
391.1754
395.6570
387.0505
387.0505
391.1978
391.1978

6458.2291
6455.5211
6464.3985
6458.6492
6458.6492
6458.9257
6458.9257
6465.3338
6458.3332
6458.3332
6458.8650
6458.8650

(10-3 km)

Easting

readings for total chlorophyll a.

5.0
2.9
0.5
10.0
0.5
4.5
0.5
0.5
11.0
3.0
3.5
0.5

(m)

Depth

10.09
17.96
29.29
1.53
4.28
6.76
7.15
14.86
4.42
6.28
11.26
3.83

7.3
25
40
0.9
3
3.9
6.2
12
2.6
4.1
11
3.1

(µg chla L-1)

Total chl a
FluoroProbe Laboratory
1
2
3
1
2
2
2
2
<2
<2
<2
<2

(mg Si L-1)

SiO2

NO2 + NO3

<0.003
0.004
0.013
0.088
0.003
0.062
0.004
0.011
<0.003
0.008
<0.003
0.006

<0.002
<0.002
0.006
0.028
<0.002
0.015
<0.002
0.009
<0.002
0.006
<0.002
<0.002

(mg N L-1)

NH4

0.003
0.047
0.008
0.026
0.005
0.027
0.007
0.016
<0.002
0.006
0.005
0.005

(mg P L-1)

PO4

Table 3.3: Laboratory results for total chlorophyll a and nutrient samples taken during the CWR profiling programme and corresponding FluoroProbe
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The salinity simulated by the model agreed well with field data in the lower
estuary (Figure 3.7a-h), but tended to be too low in the middle and upper estuary
(Figure 3.7i-p). The water temperature also showed good agreement with field
measurements, both in terms of structure and magnitude. However, the simulated
temperature was ca. 2.5oC warmer than that observed in the end of summer in the upper
estuary (Figure 3.7o-p). The DO dynamics was accurately reproduced in the lower
estuary (Figure 3.7a-h), but concentrations were generally under predicted in the middle
and upper estuary (Figure 3.7i-p). Simulated NO3, NH4, and PO4 were generally within
the right order of magnitude (Figure 3.8b-d, f-h, j-l) and patterns were well represented,
with a tendency to over estimate NH4 and PO4 by up to 0.15 mg L-1 (Figure 3.8e,i) and
under estimate NO3 by up to 0.1 mg L-1 (Figure 3.8a) in the lower estuary, probably
related to a lack of reliable high temporal resolution ecological data to force the model
boundaries at the coastal ocean. The simulated water level at Barrack St. (Figure 3.2t)
corresponded well with measured data, both in terms of phase and magnitude.
Before the 22 January rainfall event (Figure 3.2b), cyanobacteria cell counts in
the lower and middle estuary were zero (Figure 3.9a-b), and over 1,000 cells mL-1 in the
upper estuary (Figure 3.9c-d). The salinity limitation function (Figure 3.9m-p) shows
the growth of cyanobacteria was strongly inhibited by salinity (f(S) = 3.5). Immediately
after the major rainfall/inflow event (Figure 3.2b,e), cell counts decreased to 0 cell mL-1
recorded at RON (Figure 3.9d) and ca. 200 cell mL-1 measured at MAY (Figure 3.9c)
on 31 January. Generally calm wind conditions (Figure 3.2n,q) prevailed after the
inflow leading to tranquil waters and allowing a near surface stratification to form with
low-salinity water near the surface (Figure 3.7.g). The freshwater intrusion created
optimal salinity conditions throughout the estuary (f(S) = 1) (Figure 3.9m-p). This,
combined with the warming trends (Figure 3.2k) that gave cyanobacteria a competitive
advantage over the other algal groups, as seen by the temperature limitation function
(Figure 3.9q-t), led to a high growth of the cyanobacteria M. aeruginosa (Figures 3.9a-d
and 3.10). An algal bloom was established in all regions of the estuary (Figure 3.10b),
starting upstream (Figures 3.9c-d, 3.10a) and moving downstream (Figure 3.9a-b) with
the freshwater surface overflow. The highest concentrations, around 4,500 cell mL-1,
were measured in the middle estuary around Perth Water (Figures 3.9b, 3.10b). The
gradual re-intrusion of saline waters (Figure 3.7 d,h) combined with flushing losses to
the ocean led to a decline in the bloom, first in the lower estuary (Figures 3.9a, 3.10b),
followed by the middle estuary (Figure 3.9b) and then further upstream (Figure 3.9c), as
growth limitation by salinity increased (Figure 3.9m-p). Surface NO3 concentrations
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increased immediately after the passage of the inflow (Figure 3.8a-d), especially at the
most upstream station (Figure 3.8d), but rapidly decreased due to flushing and
dispersion (Robson and Hamilton 2003). NH4 only slightly increased (ca. 0.1 mg L-1) in
the upper and middle estuary (Figure 3.8f-h) but no effect was observed in the lower
estuary (Figure 3.8e) and PO4 concentrations were not at all affected by the inflow
(Figure 3.8i-l). Nitrogen and phosphorus limitation functions (Figure 3.9e-l) show
surface nutrient conditions were near optimal for most of the time but became limiting
after ~10 February. However, buoyancy control mechanisms allow M. aeruginosa to
uptake nutrients in deeper layers (Reynolds 2006), so limiting surface concentrations
did not inhibit the algal bloom (Figure 3.9). The limitation functions (Figure 3.9e-t)
clearly show that M. aeruginosa was advantaged over the other algal groups based
mainly on salinity and temperature conditions at the different regions of the estuary.
The model outputs for M. aeruginosa 0.5 m below the surface were converted to
cell counts for a better comparison with field measurements and are shown in Figure
3.9. The model showed a delay in the peak of the bloom, as observed in Figure 3.9b-d,
but the general features were well captured, such as a steady increase followed by a
decline after the peak. The higher concentrations predicted in the lower estuary during
the decline of the bloom (Figure 3.9a) can be related to cells being flushed from
upstream which were not captured by the discrete field samples. The spatiotemporal
distribution simulated by the model (Figure 3.10) confirmed the bloom initially started
in the upper estuary through seeding from the main tributaries (Figure 3.10a) and, then,
expanded to cover the entire estuary (Figure 3.10b), until the start of the decline due to
flushing and entrainment of saline water from the ocean (Figure 3.10c). The high spatial
patchiness observed in the model results with the highest concentrations along the shore
areas, as reported by Robson and Hamilton (2003, 2004), was well captured (Figure
3.10b).
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Figure 3.7: Measured (symbols) vs. simulated (solid lines) values for water temperature (WT) (oC),
salinity (S) (psu), and DO (mg L-1) in 2000: (a-d) Blackwall Reach (BLA); (e-h) Armstrong Spit (ARM);
(i-l) Narrows Bridge (NAR); (m-p) Maylands (MAY).
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Figure 3.8: Measured (F) (symbols) vs. simulated (M) (lines) values for NO3, NH4, and PO4 in 2000 at
surface and bottom waters: (a-d) NO3 (mg L-1) at Blackwall Reach (BLA), Narrows Bridge (NAR), Nile
St. (NIL) and Success Hill (SUC); (e-h) NH4 (mg L-1) at BLA, NAR, NIL and SUC; (i-l) PO4 (mg L-1) at
BLA, NAR, NIL and SUC.

3.4.4 Autumn 2003
Atypical rainfall events during autumn in 2003 (Figure 3.2c) resulted in
moderate runoff from the main tributaries into the Swan-Canning Estuary (Figure 3.2f)
during a period of prolonged calm (Figure 3.2o,r) and warm weather (Figure 3.2l). The
inflow established a near surface salinity stratification in the upper reaches of the
estuary extending downstream to NAR (Figure 3.11i,m). This, combined with warm
water temperatures of ca. 20oC (Figure 3.11a,e,i,m) and resident high nutrient
concentrations (Figure 3.12), led to a rapid multiplication of dinoflagellates, that had
relatively low concentrations (i.e., < 1,000 cell mL-1) (Figure 3.13) throughout the
estuary prior to the first inflow event, in April (Figure 3.2f). Values were observed to
increase starting upstream where the concentration of dinoflagellates increased to ca.
24,000 cell mL-1 on 7 April (Figure 3.13d), and then further downstream, reaching ca.
5,000 and 4,000 cell
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Figure 3.9: Measured (F; symbols) vs. simulated (M; solid lines) values for cyanobacteria in 2000 and
limitation functions for nitrogen, phosphorus, salinity, and temperature integrated from 0 to 2.5 m below
the surface: (a-d) cyanobacteria cell counts at Armstrong Spit (ARM), Nile St. (NIL), Maylands (MAY),
and Ron Courtney Island (RON); (e-h) nitrogen limitation function at ARM, NIL, MAY, and RON; (i-l)
phosphorus limitation function at ARM, NIL, MAY, and RON; (m-p) salinity limitation function at
ARM, NIL, MAY, and RON; (q-t) temperature limitation function at ARM, NIL, MAY, and RON.
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Figure 3.10: Evolution of the cyanobacteria bloom in 2000: (a) seeding; (b) peak; (c) flushing.

mL-1 on 23 April at NIL (Figure 3.13c) and ARM (Figure 3.13b), respectively, and
exceeding 30,000 cell mL-1 at NIL on 28 April (Figure 3.13c). By end of April, reduced
river flows (Figure 3.2f) combined with higher tides relative to the tides observed
during the period of the April inflow event (Figure 3.2i) led to an overall salinity
increase (Figure 3.11b,f,j,n), that had the effect of temporarily inhibiting the algal
bloom (Figure 3.13b-d). However, rain events in May (Figure 3.2c) with the associated
increase in streamflow (Figure 3.2f) re-created stratified conditions within the middle
and upper estuary (Figure 3.11k,l,o,p), resuming the phytoplankton growth, with ca.
35,000 cell mL-1 recorded at RON on 12 and 19 May (Figure 3.13d) and ca. 40,000 cell
mL-1 recorded at NIL on 19 May (Figure 3.13c). The bloom extended throughout the
upper and middle estuary all the way to immediately downstream of NAR, with the
highest concentrations being observed in the middle estuary (Figure 3.13c). As
evidenced by salinity profiles shown in Figure 3.11a-d, the streamflow was not strong
enough to allow the low-salinity water to reach the lower estuary; consequently, the
dinoflagellate concentrations remained less than 1,000 cell mL-1 in the lower estuary for
the whole period (Figure 3.13a). With the onset of winter rains (Figure 3.2c) and
increased freshwater inflows (Figure 3.2f) by mid-June the bloom started to decay, as
shown in Figure 3.13, due to higher flushing rates and decreased residence time.
Overall patterns of temperature, salinity, and DO were relatively well
represented by the model (Figure 3.11), especially in the lower estuary (Figure 3.11a-h),
with a general tendency, however, to under predict DO concentrations due to higher
mixing rates simulated by the model. Salinity was generally under predicted in the
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middle and upper estuary (Figure 3.11m-p) also because of higher mixing rates. Water
levels showed good agreement with field measurements (Figure 3.2u). Simulated NO3
and NH4 showed reasonable values and patterns (Figure 3.12a-h), but peaks were not
captured at the station further upstream (Figure 3.12d,h). PO4 was over predicted by the
model overall (Figure 3.12i-k), but showed reasonable values upstream (Figure 3.12l),
suggesting the higher than observed values predicted by the model were related to the
open boundaries being forced with coarse ecological data based on few spot
measurements.
The limitation functions for nutrients, salinity and temperature (Figure 3.13e-t)
show surface conditions were conducive to the growth of marine diatoms. However, the
stratified conditions created within the estuary (Figure 3.11i,k-m,o-p), combined with
surface salinity concentrations (Figure 3.13m-p) and ambient water temperature (Figure
3.13q-t) provided dinoflagellates with an advantage (Huisman et al. 2004). The nitrogen
limitation function (Figure 3.13e-h) shows surface nitrogen conditions were generally
limiting throughout the estuary for all algal groups, while phosphorus concentrations
were mostly near optimal (Figure 3.13i-l), but could potentially contribute to growth
limitation in the lower estuary in mid-June, when f(P) ~ 0.5 (Figure 3.13i-j). K.
veneficum may have been advantaged under low nitrogen conditions due to its
preference for direct organic nitrogen sources or ingestion of bacteria or cryptophytes
(Li 2011).
Simulated dinoflagellates agreed well with field data, with the highest
concentrations being predicted in the middle estuary (Figure 3.13c), followed by the
upper (Figure 3.13d) and lower estuary (Figure 3.13a-b), the lowest values being
observed at the most downstream station (Figure 3.13a). Two distinct growth and
decline phases can be observed in Figure 3.13b-c. The first peak of ca. 4,000 cell mL-1
on 23 April at ARM was under estimated by the model and there was a delay of ca. 1
week on the establishment of the second decline phase in June (Figure 3.13b). The
highest peak of ca. 110,000 cell mL-1 on 4 June at NIL was not captured by the
simulation (Figure 3.13c). The fact that the bloom did not persist in the upper estuary
(Figure 3.13d) is probably related to the lower values of salinity compared to field
measurements (Figure 3.11m-p) and to higher turbulent mixing rates due to the coarse
wind field; the first peak was almost perfectly captured, though. Figure 3.14 provides a
surface sheet representation of the evolution of the algal bloom as predicted by the
numerical modelling.
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Figure 3.11: Measured (symbols) vs. simulated (solid lines) values for water temperature (WT) (oC),
salinity (S) (psu), and DO (mg L-1) in 2003: (a-d) Blackwall Reach (BLA); (e-h) Armstrong Spit (ARM);
(i-l) Narrows Bridge (NAR); (m-p) Maylands (MAY).
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Figure 3.12: Measured (F) (symbols) vs. simulated (M) (lines) values for NO3, NH4, and PO4 in 2003
at surface and bottom waters: (a-d) NO3 (mg L-1) at Blackwall Reach (BLA), Narrows Bridge (NAR),
Nile St. (NIL) and Success Hill (SUC); (e-h) NH4 (mg L-1) at BLA, NAR, NIL and SUC; (i-l) PO4 (mg
L-1) at BLA, NAR, NIL and SUC.

3.4.5 Effects of estuarine hydrology on phytoplankton dynamics
The three very different data sets, presented above, have revealed that the following
factors and their chronology determine the succession of algal populations. First, the
horizontal dispersion, as characterised by the residence time in shallow systems such as
the Swan-Canning Estuary, determines the timescale TH for the dilution of a growing
algal population. When this is short compared to the algal growth time scale TG, referred
in Table 3.4 as e-folding time, then a growing algal patch will be diluted faster than it
can grow (Imberger et al. 1983, Lucas et al. 1999). In the present cases, TH was about
100 days for the lower and middle regions during the summer potential algal growth
periods (Table 3.2). The upper region was seen to have equal values of TH, except when
a summer rainfall event was sufficient to bring in new runoff, as was the case in January
2000 (Table 3.4). Thus, under normal conditions all groups of algae known to habitat
the estuary have doubling times higher than horizontal dispersion rates, but for periods
where the upper region is responding to a summer inflow event only freshwater diatoms
can flourish, as observed, for instance, on 31 January 2000 right after the inflow passage
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while turbulent mixing was still considerable (Table 3.4). All other groups grow too
slowly to overwhelm the dispersion/flushing. During spring, both the upper and middle
estuary have decreased residence times due to the effects of seasonal freshwater
inflows, providing diatoms a competitive advantage, as seen in 8 September 2011
(Table 3.4).

Figure 3.13: Measured (F) (symbols) vs. simulated (M) (solid lines) values for dinoflagellates in 2003
and limitation functions for nitrogen, phosphorus, salinity, and temperature integrated from 0 to 2.5 m
below the surface: (a-d) dinoflagellate cell counts at Blackwall Reach (BLA), Armstrong Spit (ARM),
Nile St. (NIL), and Ron Courtney Island (RON); (e-h) nitrogen limitation function at BLA, ARM, NIL,
and RON; (i-l) phosphorus limitation function at BLA, ARM, NIL, and RON; (m-p) salinity limitation
function at BLA, ARM, NIL, and RON; (q-t) temperature limitation function at BLA, ARM, NIL, and
RON.
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Figure 3.14: Evolution of the dinoflagellate bloom in 2003: (a) seeding; (b) peak; (c) flushing).

Second, the vertical salinity stratification, imposed by the inflow chronology,
determines the time and vertical scale for vertical mixing (P. Yeates, A. Gómez-Giraldo
and J. Imberger unpubl.). This is important as an essential requirement for the survival
of a phytoplankton population is to maximise the opportunities for suspension in order
to enter or remain in the euphotic layer (Reynolds 2006). Algae such as diatoms are
considerably heavier than water and have no mechanism to remain afloat in the water
column, quickly settling to the bottom, out of the light zones, when the water column
becomes quiescent. Energy from the wind acting on the water surface and energy
introduced at the base of the benthic boundary layer from tidal currents act to mix the
water column and the potential energy inherent in the stratification inhibits mixing
(Imberger 2012). Suppose we let TV be the timescale for vertical mixing and TF the time
scale algae cells take to fall or rise through the water column. In a homogeneous water
column TV may be estimated from that documented in a river (Fischer et al 1979) and is
given by

TV ~

h
u*

(3.2)

where h is the depth over which mixing takes place and u* is a turbulent velocity scale,
conveniently scaled with the surface or bottom shear velocity (Imberger 2012). For a
typical surface or bottom shear velocity of, say, 5 ×	
 10-3 ms-1 and a water column depth
of 5 m, the vertical mixing time TV in a homogeneous water column is about 103 s or
0.01 day. When TV < TF then vertical mixing overwhelms the physiological control
mechanisms and the fast growing negatively-buoyant diatoms are no longer
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disadvantaged and thus succeed to dominate purely as they grow the fastest (Table 3.4).
This type of condition prevails in the lower estuary throughout different years and
seasons (Table 3.4) and the biological response is a community dominated by diatoms.
On the other hand, from P. Yeates, A. Gómez-Giraldo and J. Imberger (unpubl.) we see
that the density stratification has the effect of closing down the vertical turbulent mixing
so between wind events TV is about 20 days (Table 3.4). Certain algae, such as
cyanobacteria, have buoyancy control mechanisms and yet other groups, such as
dinoflagellates, have flagella; these represent effective mechanisms to control or recover
the vertical position in the water column, providing a competitive advantage to these
organisms under stratified conditions. Such was the case in summer 2000, when
stratification was established throughout the entire estuary giving rise to a cyanobacteria
bloom, as observed on 21 February 2000 (Table 3.4); stratification was also observed in
the middle estuary in autumn 2003 (Table 3.4) and that led to a dinoflagellate bloom.
Third, the physiological responses to variations in salinity and water
temperatures to which cells are exposed determine which group is mostly advantaged
within the niches determined by the time scales defined above. The high values of
salinity that characterise the lower estuary bring advantages to marine groups (Table
3.4). A deviation from this pattern occurred in summer of 2000, when a low salinity
layer at the surface of the lower estuary stimulated a cyanobacteria bloom (Table 3.4).
Salinity in the middle and upper estuary is strongly correlated to the intensity of
freshwater inflows; marine and estuarine groups (i.e., marine diatoms and
dinoflagellates) dominate during low flow conditions, such as end of summer and
beginning of autumn (Table 3.4), while low salinity concentrations associated to
residual winter flows establish the ideal environment for freshwater diatoms and
chlorophytes.
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13-Oct-11

8-Sep-11

30-Jun-03

9-Jun-03

26-May-03

14-Apr-03

28-Feb-00

0
2.5
0
4
0
4.5
0
4
0
5
0
2
0
4
2.5

26.38
24.75
19.59
21.36
17.88
18.28
14.80
17.52
13.43
13.19
17.16
17.03
21.70
21.13
22.19

24.68

4

5.67
5.67
7.59
25.50
12.15
27.10
9.65
24.69
4.16
4.23
3.50
3.55
6.24
6.27
8.54

4.97

4.98

26.56

0

21-Feb-00

6.80
6.75
3.76
3.76

21.20
21.22
27.01
26.98

Salinity

(psu)

Temperature

(oC)

Depth

(m)
a) Upper estuary
0
24-Jan-00
4
0
31-Jan-00
4

Date

1

1

0.94
1.38
4.06
17.19
7.88
19.17
6.55
17.50
2.54
2.63
1.43
1.49
2.56
2.72
4.18

0.87

0.37

3.10
3.06
-0.67
-0.66

(kgm-3)

Density

1

8.23
6.66
3.97
0.13
5.90
0.04
8.36
0.34
8.15
7.77
8.29
8.29
8.86
7.07
6.55

5.36

8.09

4.29
4.21
4.91
4.86

(mgL-1)

DO

1

10

10

0.5

5

3

1

3.5

0.01

0.01

0.01

20

20

20

0.01

0.01

0.01

0.5
1.5

0.01

(d)

TV

0.2

TH

2

0.5

14

14

0.25

0.25

0.1

0.5

0.1

14

14

TF

2,3

0.006

0.037
0.034
0.76
0.009
0
0.008
0.11
0.005
0.47
0.44

0.005

0.006

1.4
1.6
0.94
0.93

NO3

1

0.013

0.03
0.03
0.28
0.3
0.12
0.27
0.021
0.084
0.021
0.027

0.034

0.014

0.11
0.1
0.12
0.12

(mgL-1)

NH4

1

Table 3.4: Biological response to diverse environmental conditions in the Swan-Canning Estuary.

0.008

0
0.004
0.016
0.18
0.033
0.25
0.009
0.14
0.006
0

0

0

0.01
0.012
0.018
0.017

PO4

1

7.30
1.90
1.30
7.35
8.20
24.57
20.83
10.62

8.60

7.00
8.00
3.20
3.50

16.00

13.00

23.00
22.00
4.10
1.90

(µgL-1)

Total
chlorophyll
a1

Chlorophytes

Freshwater
diatoms

Marine
diatoms

Dinoflagellates
(non-toxic)4

Dinoflagellates
(non-toxic)4

Cyanobacteria
(non-toxic)4

Chlorophytes

Cyanobacteria
(M.
aeruginosa)

Freshwater
diatoms

Marine
diatoms

Dominant
group1

2
2
0.83
0.83
3.33
3.33
3.33
3.33
0.5
0.5
0.625
0.625
2
2
2

0.83

0.83

0.5
0.5
0.625
0.625

efolding
time
(max)2

(d)

2.0000
2.0000
0.9257
0.9850
5.3019
4.5596
7.6279
4.8786
1.2327
1.2450
0.8039
0.8064
2.0000
2.0871
2.2812

0.8333

0.8333

0.6908
0.6920
3.2669
3.1461

e-folding
time (with
T and S
limitation)2
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17.96

24.10

25.85
24.47
20.22
19.45
17.87
18.66
14.84
17.21
13.67
15.66
17.68
17.41
20.96
20.88

0
2.6
0
2.5
0
2.5
0
2.5
0
3
0
2
0
2

13-Oct-11

8-Sep-11

30-Jun-03

9-Jun-03

26-May-03

14-Apr-03

8.53
17.38
18.37
32.35
17.35
30.96
16.31
29.71
6.19
25.21
7.95
13.50
17.77
19.07

8.01
26.17
3.98
3.97
5.71

23.23
22.84
27.24
26.66
24.75

28-Feb-00

7.98
8.54
5.52
5.56

22.32
22.19
25.77
25.66

Salinity

(psu)

Temperature

(oC)

Depth

(m)
a) Upper estuary
0
8-Nov-11
2.5
0
15-Dec-11
3
b) Middle estuary
0
24-Jan-00
2.5
0
31-Jan-00
3
0
21-Feb-00
2.5

Date

1

1

3.22
10.23
12.07
22.88
11.84
22.02
11.65
21.41
4.07
18.31
4.73
9.00
11.44
12.44

10.77

3.52
17.30
-0.57
-0.41
1.41

3.73
4.18
0.99
1.05

(kgm-3)

Density

1

10.57
1.64
9.85
5.57
7.34
2.09
10.15
4.45
6.71
1.49
9.90
7.57
6.77
6.71

1.87

5.56
2.65
4.34
4.12
8.06

7.08
6.55
7.61
6.24

(mgL-1)

DO

1

20

10

65

40

40

50

45

11.5

0.01

20

20

20

20

20

20

0.01

1.5

20

20

0.01

30

3.5

0.01

(d)

TV

20

TH

2

14

14

14

0.25

0.25

0.25

0.25

0.1

14

0.5

14

0.5

TF

2,3

0.032
0.023
0.026
0.011
0.037
0.005
0.01
0
0.3
0.12

0.033

0.35
0.01
1
1
0.029

NO3

1

0.032
0.021
0.042
0.041
0.041
0.057
0.023
0.006
0.085
0.26

0.012

0.22
0.16
0.12
0.091
0.016

(mgL-1)

NH4

1

0.018
0.037
0.03
0.025
0.031
0.02
0
0
0.017
0.053

0.025

0.029
0.04
0.02
0.007
0.014

PO4

1

7.00
0.50
0.50
5.30
5.84
9.32
8.05

40.00
8.70
7.20
6.60
60.00
23.00

6.80

23.00
3.40
22.00
3.30
38.00

14.36
10.62
5.15
6.01

(µgL-1)

Total
chlorophyll
a1

Marine
diatoms

Freshwater
diatoms

Marine
diatoms

Dinoflagellates
(K. veneficum)

Dinoflagellates
(K. veneficum)

Dinoflagellates
(K. veneficum)

Freshwater
diatoms
Cyanobacteria
(M.
aeruginosa)
Dinoflagellates
(non-toxic)

Chlorophytes

Marine
diatoms

Chlorophytes

Dominant
group1

3.33
3.33
3.33
3.33
3.33
3.33
3.33
3.33
0.5
0.5
0.625
0.625
0.5
0.5

0.83

2
2
0.625
0.625
0.83

2
2
0.5
0.5

efolding
time
(max)2

2.0561
2.2812
0.7045
0.6988

3.3333
3.3333
3.9148
4.2279
4.9142
4.4934
6.6403
5.0984
1.0800
0.7057
0.8408
1.0543
0.5245
0.5234

0.8333

2.0000
16.7437
4.7513
2.2998
0.8333

(d)

e-folding
time (with
T and S
limitation)2
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22.45

23.78
23.65
23.74
19.90
19.87
17.98
18.15
14.68
17.10
14.00
15.27
17.00
17.38

0

5
0
5
0
5
0
6
0
5
0
6
0
5

8-Sep-11

30-Jun-03

9-Jun-03

26-May-03

14-Apr-03

28-Feb-00

32.91
20.40
34.57
36.73
36.74
31.91
34.27
30.55
33.55
27.86
32.62
14.21
30.85

17.38

32.41
33.21
8.34
32.86

22.36
22.89
26.52
22.79

21-Feb-00

18.47
18.51
20.43
26.46

20.42
20.43
26.24
24.17

Salinity

(psu)

Temperature

(oC)

Depth

(m)
b) Middle estuary
0
8-Nov-11
2
0
15-Dec-11
2
c) Lower estuary
0
24-Jan-00
5
0
31-Jan-00
6

Date

1

1

22.13
12.73
23.39
26.11
26.13
22.91
24.68
22.61
24.38
20.68
24.08
9.63
22.24

10.77

22.15
22.61
2.89
22.37

12.10
12.13
12.01
17.14

(kgm-3)

Density

1

1.33
7.18
1.60
6.78
6.52
8.61
5.72
7.79
5.96
7.67
6.82
9.74
2.04

7.79

6.56
5.87
6.39
3.81

7.48
7.51
9.51
4.73

(mgL-1)

DO

1

90

70

60

50

13

30

20

0.01

0.01

0.01

0.01

20

20

20

5
25

0.01

0.01

95

4

0.01

(d)

TV

80

TH

2

14

14

14

14

14

14

0.1

14

14

14

14

TF

2,3

0.14
0
0.13
0.005
0.011
0
0.013
0
0.032
0.03
0.016

0.011

0
0
1.8
0.034

0.009

NO3

1

0.034
0.01
0.056
0.025
0.032
0.091
0.057
0.047
0.008
0.06
0.025

0.007

0
0.029
0.018
0.22

0.011

(mgL-1)

NH4

1

0.031
0.019
0.026
0.022
0.026
0.008
0.015
0
0.004
0.022
0.015

0.006

0.003
0.025
0
0.06

0.016

PO4

1

0.90
0.50
0.50
9.23
1.33

0.00
3.70
0.00
1.10
0.70
4.20
6.80

7.00

2.90
0.70
1.10
1.30

5.26
5.56
8.60
42.45

(µgL-1)

Total
chlorophyll
a1

Marine
diatoms

Codominance
marine groups5

Codominance
marine groups5

Codominance
marine groups5

Codominance
marine groups5

Marine
diatoms
Cyanobacteria
(M.
aeruginosa)
Marine
diatoms

Marine
diatoms

Marine
diatoms

Marine
diatoms

Dominant
group1

0.83
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5

0.83

0.5
0.5
0.5
0.5

0.5
0.5
0.5
0.5

efolding
time
(max)2

0.8333
0.5000
0.5000
0.5504
0.5513
0.6136
0.6076
0.7498
0.6466
0.7823
0.7229
0.6824
0.6360

0.8333

0.5000
0.5000
0.6023
0.5000

0.5371
0.5368
0.5000
0.5000

e-folding
time (with
T and S
limitation)2
(d)
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Depth

(psu)

22.68
31.30
31.10
31.20
30.30
32.70

19.73
18.46
20.02
19.92
22.87
22.31

Salinity

(oC)

Temperature

1

15.46
22.33
21.79
21.89
20.41
22.39

(kgm-3)

Density

1

8.03
3.64
6.90
6.90
7.59
6.68

(mgL-1)

DO

1

2

Field data
Based on ELCOM-CAEDYM
3
Time scale for vertical movement based on a 5-m deep water column
4
Groups had the highest cell counts, but there was no real dominance
5
Assumed as marine diatoms

1

(m)
c) Lower estuary
0
13-Oct-11
5
0
8-Nov-11
5
0
15-Dec-11
5

Date

1

20
0.01
0.01

130
135

(d)

TV

115

TH

2

14

14

14

TF

2,3

0
0
0.028
0.006
0

NO3

1

0
0.003
0.088
0.008
0

(mgL-1)

NH4

1

0.003
0.005
0.026
0.006
0

PO4

1

3.67
22.01
2.55
3.20
3.48
3.80

(µgL-1)

Total
chlorophyll
a1

Marine
diatoms

Marine
diatoms

Marine
diatoms

Dominant
group1

0.5
0.5
0.5
0.5
0.5
0.5

efolding
time
(max)2

0.5554
0.5968
0.5468
0.5497
0.5000
0.5000

e-folding
time (with
T and S
limitation)2
(d)

Chapter 3
Water temperature also plays an important role on the phytoplankton
assemblage, since different algal groups grow optimally at different temperature ranges
(Reynolds 2006). The influence of temperature and salinity is captured quantitatively by
evaluating the actual e-folding time, given in the last column of Table 3.4.
3.5 Discussion
Algal blooms are particularly important in seasonal aquatic environments and
are impacted by climate change, which is manifested as shifts in seasonal dynamics,
species composition, and total biomass (Winder and Sommer 2012). It has been shown
that in the Swan-Canning Estuary the magnitude of freshwater inflows, through its
influence on residence time, water column stratification and salinity concentrations, is
the best predictor for phytoplankton community dynamics (see also Chan and Hamilton
2001, Thompson 2001). Stratification governs the performance of phytoplankton groups
as it affects the position of the phytoplankton in the water column. Intensified vertical
mixing favours the growth of r-strategists, such as diatoms, while weak mixing favours
K-strategists, such as dinoflagellates and cyanobacteria (Margalef 1978, Lindenschmidt
and Chorus 1998). When turbulent mixing is too low to resuspend the cells of algal
groups characterized by bigger cell sizes, the influence of stratification on sinking
velocities provides an advantage to smaller species (Bopp et al. 2005), as well as to
groups that are able to actively move through the water column and select an
appropriate light and nutrient environment (Huisman et al. 2004, Strecker at al. 2004).
The timing of inflow events is also of critical importance due to the preferences
of different algal groups for different ranges of water temperatures. Cyanobacteria have
higher growth rates at temperatures >23oC when compared to other algal groups
(Reynolds 2006), which gives them a competitive advantage at higher temperatures
(Paerl and Huisman 2008, O’Neil et al. 2012).
In the Swan-Canning Estuary, unseasonal rainfall events during summer and
autumn created stratified conditions within the estuary that combined with low surface
salinity concentrations and hot to warm temperatures gave rise to cyanobacteria and
dinoflagellate blooms, respectively, making it clear there is a connection between
extreme events and sudden algal blooms. Dry conditions during winter due to climate
change would lead to longer residence times compared to the typical pattern for this
time of the year (Table 3.2) as reduced inflows would decrease the flushing rates
throughout the estuary. This can potentially lead to dinoflagellate blooms in the middle
and upper estuary. In contrast, higher rainfall during spring should have the effect of
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minimizing the seasonal blooms that are beneficial to the system, due to higher flushing
rates and, therefore, shorter residence times.
With shifting rainfall patterns and higher probability of extreme events (Smith et
al. 2000, Pitman et al. 2004, IPCC 2007), there is a higher risk harmful algal blooms
may occur, representing a posed threat to the functional health of the ecosystem
(Kristiana et al. 2012). As a matter of illustration, in 2012, BOM recorded higher than
average rainfall in autumn and an exceptionally dry winter, which once again led to
salinity stratification and the formation of a massive fish-killing K. veneficum bloom
that

started

in

the

end

of

May

and

persisted

until

August

(see

http://www.swanrivertrust.wa.gov.au/the-river-system/evaluation-andreporting/environmental-warnings-and-alerts/past-warnings-and-alerts). The bloom was
reproduced by the model used in this study running in real-time under the Real Time
Management System Online (RMSO) (http://www.rmso.com.au).
Nutrient reduction programmes have traditionally been the strategic focus of
management agencies in an attempt to reduce the magnitude and frequency of algal
blooms (O’Neil et al. 2012). This is also true for the Swan-Canning Estuary (Hamilton
and Turner 2001, Robson et al. 2008), where nutrient loads have been significantly
reduced in most of the main tributaries in recent years (Robson et al. 2008). Current
management plans aim for even further reductions, although many of the tributaries
already meet the targets defined by the Australian and New Zealand Environment and
Conservation Council guidelines. However, the estuary has been shown to act as a
nutrient sink (Robson et al. 2008) and, as such, the amount of nutrients retained within
the bottom sediments could sustain algal blooms for many years.
Predicting the responses of estuarine ecosystems to natural and anthropogenic
perturbations that alter the timing and magnitude of fresh water delivery and developing
remediation strategies is still a challenge for managing agencies. In the specific case
studied here, closing the river mouth in Fremantle would likely have an impact on the
occurrence of algal blooms, as salinity stratification would be avoided, preventing the
re-mineralization of bottom nutrients and the creation of a physical environment that is
ideal for harmful algal groups to grow. More generally, typical rainfall patterns can
potentially be restored by increasing forest cover over the region through reforestation
projects (Sheil and Murdiyarso 2009). Given the potential increase in the frequency of
algal blooms associated to climate change and extreme events, strategies to mitigate the
system’s response to climate change such as the ones described above should be further
explored.
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Parameter Description
(a) General
K d!
Light extinction coefficient of pure water
Fraction of incoming solar radiation which is
KPAR!
photosynthetically active
KeDOC!
Specific light attenuation coefficient due to the action of DOC
KePOC!
Specific light attenuation coefficient due to the action of POC
rSOs!
Maximum sediment oxygen demand (SOD) at 20oC
KSos!
Half saturation constant for DO effect on SOD
θSOD
Temperature multiplier for SOD
Stoichiometric ratio of DO to C during photosynthesis and
YOC!
respiration
YNH!
Stoichiometric ratio of DO to N during nitrification
POC1max! Maximum rate of POC decomposition to DOC at 20oC
POP1max
Maximum rate of POP decomposition to DOP at 20oC
PON1max Maximum rate of PON decomposition to DON at 20oC
koN2!
Maximum denitrification rate under anoxia at 20oC
θN2!
Temperature multiplier for denitrification
Half saturation constant for denitrification dependence on
KN2!
oxygen
koNH!
Maximum nitrification rate under anoxia at 20oC
θON!
Temperature multiplier for nitrification
KON!
Half saturation constant for nitrification dependence on oxygen
θS
Temperature multiplier for sediment nutrient fluxes
SFRP!
Maximum release rate of PO4 from sediments at 20oC
Half saturation constant for sediment PO4 release dependence
KDO-FRP!
on DO
SNH4!
Maximum release rate of NH4 from sediments at 20oC
KDO-NH4!
Half sat. constant for sed. NH4 release dependence on DO
SNO3!
Maximum release rate of NO3 from sediments at 20oC
KDO-NO3!
Half sat. constant for sed. NO3 release dependence on DO
0.25
0.45
0.01
0.047
0.5/3.0/6.0
5
1.08
2.66667
3.42857
0.1
0.05
0.05
0.4
1.08
0.3
0.2
1.08
4
1.08
0.004
1
0.02
1
0.01
1

mg L-1 m-1
mg L-1 m-1
g m-2 d-1
mg O2 L-1
mg C (mg O2)-1
mg N (mg O2)-1
d-1
d-1
d-1
d-1
mg L-1
d-1
mg L-1
g m-2 d-1
g O2 m-3
g m-2 d-1
g O2 m-3
g m-2 d-1
g O2 m-3

Assigned value

m-1

Units

3.6 Appendix I. Parameters used in the ecological model CAEDYM.

1.0G
0.02G
1.0G
0.02E
1.0G

0.3G
0.2G
1.08G
4.0G
1.08G
0.004G

Stoichiometric relationshipA
Stoichiometric relationshipA
0.07E
0.007-0.1F
0.007-0.03F
0.4G
1.08G

0.45A
0.01A
0.047A
0.5-6.0B
2.0-15.0C
1.02-1.14D

0.25A

Literature ranges and values
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Description

Κ

(b) Phytoplankton
Maximum
potential
µmax
growth rate
Irradiance
parameter for
nonΙ
photoinhibited
phytoplankton
growth
Photoinhibited
I S!
saturation
irradiance
Specific
KeA!
attenuation
coefficient
Half saturation
constant for
K P!
phosphorus
uptake
Half saturation
constant for
KN!
nitrogen
uptake
Minimum
IPMIN!
internal P ratio
Maximum
IPMAX!
internal P ratio
Maximum rate
UPMAX!
of P uptake
Minimum
INMIN!
internal N ratio

Parameter

0.2!
2.5!

4.5!

0.03!

0.06!

0.052!

mg N L-1!

0.006!

0.8!

0.005!

mg P L-1!

0.08!

0.6!

0.05!

µg chl a!
L-1m-1

-!

0.4!

-!

µEm-2s-1

500!

1.2!

4!

0.4!

1.24!

0.2!

0.03!

0.012!

0.02!

-!

450!

0.5!

5!

0.3!

0.6!

0.2!

0.015!

0.003!

0.01!

-!

380!

1.6!

Assigned values
Marine
Cyano.!
Chlor.!
diatoms!

0.27!

180!

µE m-2 s-1

mg P (mg
chl a)-1!
mg P(mg chl
a)-1!
mg P(mg chl
a)-1d-1!
mg N(mg
chl a)-1!

0.7!

Dinof.!

d-1!

Units

5.6!

0.2!

1.0!

0.25!

0.04!

0.01!

0.02!

150!

-!

2!

Freshw.
diatoms!

0.4G!
0.8G!
0.2G!
2.5G!

0.6G!
0.06G!
4.5G!

0.03G,H!

0.0130.077H!
0.27G!

0.006G,H!

0.01-0.03I!

0.005G!

0.01-0.03I!

-!

500G!

180G!

-!

1.2G!

0.3-0.7H!

Dinof.!

4 G!

0.4G!

1.24G!

0.2G!

0.0010.15H!

1.2G!

0.01-0.03I!

-!

200E!

0.5-3.8H!

5 G!

0.3G!

0.6G!

0.2G!

0.0060.03H!

0.003G!

0.01-0.03I!

-!

380G!

0.4-5.0H!

Literature ranges and values
Marine
Cyano.!
Chlor.!
diatoms!

5.6G!

0.2G!

1.0G!

0.25G!

0.0150.923H!

0.01G!

0.01-0.03I!

120E!

-!

0.4-5.0H!

Freshw.
diatoms!
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Description

SMAX!

fDOM!

fres!

θr

Temperature
multiplier for
metabolic loss
Fraction of
respiration
relative to total
metabolic loss
Fraction of
metabolic loss
rate that goes
to DOM
Maximum
potential
salinity

(b) Phytoplankton
Maximum
INMAX!
internal N ratio
Maximum rate
UNMAX!
of N uptake
Temperature
multiplier for
θg
growth
Standard
TSTD!
temperature
Optimum
TOPT!
temperature
Maximum
TMAX!
temperature
Metabolic loss
k r!
rate coefficient

Parameter

C!

o

psu

-!

-!

29!

0.1!

0.6!

1.06!

0.05!

d-1!

-!

34!

29!

22!

25!

0.7!

0.5!

1.08!

0.08!

35!

30!

20!

1.08!

1.5!

1.5!
1.1!

5!

12!

0.2!

0.2!

1.03!

0.07!

31!

27!

18!

1.14!

4!

10.5!

18!

0.4!

0.3!

1.07!

0.15!

32!

26!

19!

1.07!

12!

12!

Assigned values
Marine
Cyano.
Chlor.
diatoms

9.3!

Dinof.

C!

o

C!

o

-!

mg N(mg
chl a)-1!
mg N(mg
chl a)-1d-1

Units

18!

0.4!

0.3!

1.05!

0.1!

28!

20!

15!

1.05!

15!

7.5!

Freshw.
diatoms

1.02-1.14I!

1.02-1.14I!

1.08G!

0.5G!

0.7G!

25G!

0.6G!

0.1G!

29G,H!

0.0010.171I!

0.0010.171I!
1.06G!

35H!

30H!

34-39H,J!

29H!

20H!

1.5G!

1.5G!

22H!

5 G!

9.3G!

Dinof.

12G,H!

0.2G!

0.2G!

1.03G!

0.0010.171I!

27-31H,J!

27H!

18-20H,J!

1.02-1.14I!

4 G!

10.5G!

18G,H!

0.4G!

0.3G!

1.07G!

0.0010.171I!

32H,J!

26H!

19H!

1.02-1.14I!

12G!

12G!

Literature ranges and values
Marine
Cyano.
Chlor.
diatoms

18G,H!

0.4G!

0.3G!

1.05G!

0.001-!
0.171I!

28H!

20H!

15H!

1.02-1.14I!

15G!

7.5G!

Freshw.
diatoms
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Description

(b) Phytoplankton
Minimum
bound of
SOPT!
salinity
tolerance
Salinity
limitation
Bep!
value at S=0
and S=Smax
Rate
coefficient for
c1!
density
increase
Minimum rate
of density
c3!
increase with
time
Maximum
migration
velocity
c4!
towards depth
of optimum
light
Maximum
migration
c5!
velocity
towards depth
of optimum N
Half saturation
constant for
IKm!
density
increase

Parameter

0.396!

0.198!

-!

m s-1!

m s-1!

µE m-2 s-1

-!

kg m-3 min-1

-!

3!

-!

kg m-3 min-1!

25!

Dinof.

psu

Units

278!

-!

-!

0.05!

0.2!

3.5!

4!

-!

0.3!

0.3!

-!

-!

8!

9!

-!

-!

-!

-!

-!

8!

20!

Assigned values
Marine
Cyano.
Chlor.
diatoms

-!

-!

-!

-!

-!

8!

3!

Freshw.
diatoms

-!

0.198J!

0.396J!

-!

0.3J!

-!

278L!

0.3J!

-!

-!

8 G!

9G,H!

-!

-!

0.05K!

0.2K!

3.5G!

3 G!

-!

4 G!

25 G,H!

Dinof.

-!

-!

-!

-!

-!

8 G!

20G,H!

Literature ranges and values
Marine
Cyano.
Chlor.
diatoms

-!

-!

-!

-!

-!

8 G!

3G,H!

Freshw.
diatoms
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m d-1

Units

-!

Dinof.

-!

-!

0.35!

Assigned values
Marine
Cyano.
Chlor.
diatoms

0.35!

Freshw.
diatoms

-!

Dinof.

-!

-!

0.35G!

Literature ranges and values
Marine
Cyano.
Chlor.
diatoms

0.35G!

Freshw.
diatoms

B

CAEDYM default.
Robson, B. J., and D. P. Hamilton. 2004. Three-dimensional modelling of a Microcystis bloom event in the Swan River Estuary, Western Australia. Ecological Modelling 174:
203-222, doi:10.1016/j.ecolmodel.2004.01.006 gives a value of 6.0 g m-2d-1. Smith, C. S., E. J. Murray, C. Hepplewhite, and R. R. Haese. 2007. Sediment water interactions in the
Swan River Estuary: Findings and management implications from benthic nutrient flux surveys, 2000-2006. Record 2007/13. Geoscience Australia establishes three areas of
different sediment fluxes: muddy basins, river channels, and sandy margins, where values of 6.0, 3.0, and 0.5 g m-2d-1 were applied, respectively.
C
Robson and Hamilton (2004) gives 2.0 mg O2 L-1, while Okely, P., P. S. Yeates, J. P. Antenucci, J. Imberger, and M. R. Hipsey. 2006. Modelling the impact of the Perth Seawater
Desalination Plant discharge on dissolved oxygen in Cockburn Sound. Final Report. Centre for Water Research Technical Report WP2136PO. Cockburn Sound Modelling Project.
Water Corporation gives values of up to 15.0 mg O2 L-1. The value of 5.0 mg O2 L-1 used here resulted from calibration.
D
Wanninkhof, R. 1992. Relationship between wind-speed and gas-exchange over the ocean. Journal of Geophysical Research-Oceans 97: 7373-7382, doi:10.1029/92jc00188
E
Robson and Hamilton (2004) gives 0.07 d-1 for maximum rate of POC decomposition to DOC, 0.02 gm-2d-1 for maximum rate of NO3 release from sediments, and 200 and 150
µEm-2d-1 for irradiance parameter for chlorophytes and freshwater diatoms, respectively. Values of 0.1 d-1, 0.02 gm-2d-1, 450 and 120 µEm-2d-1 used here are result of calibration.
F
Jorgensen, S. E., and G. Bendoricchio. 2001. Fundamentals of ecological modelling. Elsevier; Robson and Hamilton (2004).
G
Robson and Hamilton (2004).
H
Robson, B. J., and D. P. Hamilton. 2003. Summer flow event induces a cyanobacterial bloom in a seasonal Western Australian estuary. Marine and Freshwater Research 54: 139151, doi:10.1071/mf02090
I
Hamilton, D. P., and S. G. Schladow. 1997. Prediction of water quality in lakes and reservoirs -1. Model description. Ecological Modelling 96: 91-110, doi:10.1016/s03043800(96)00062-2
J
Griffin, S. L., M. Herzfeld, and D. P. Hamilton. 2001. Modelling the impact of zooplankton grazing on phytoplankton biomass during a dinoflagellate bloom in the Swan River
Estuary, Western Australia. Ecological Engineering 16: 373-394, doi:10.1016/s0925-8574(00)00122-1
K
Wallace, B. B., and D. P. Hamilton. 1999. The effect of variations in irradiance on buoyancy regulation in Microcystis aeruginosa. Limnology and Oceanography 44: 273-281.
L
Visser, P. M., J. Passarge, and L. R. Mur. 1997. Modelling vertical migration of the cyanobacterium Microcystis. Hydrobiologia 349: 99-109, doi:10.1023/a:1003001713560

A

Description

(b) Phytoplankton
Constant
ws!
settling
velocity

Parameter
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Chapter 4 The importance of nonlinear internal waves in a deep subalpine lake: Lake Iseo, Italy§
4.1 Abstract
The energy transfer from basin-scale internal waves to internal nonlinear waves
was investigated in a large, deep sub-alpine lake through a combination of field data and
three-dimensional hydrostatic and non-hydrostatic modelling. The response of the
internal wave field induced by two storm events, with distinct characteristics, showed
that, for the whole lake, around 15% of the total potential energy contained in the basinscale internal waves was transferred to nonlinear internal waves in response to moderate
forcing, the large transfer being the direct result of the small surface layer thickness
compared to the depth of the lake. Locally, the energy transfer to nonlinear waves was
up to 30% for the more severe forcing. The results showed that, in order to model such
energy transfers, a non-hydrostatic three-dimensional hydrodynamic model was
required; this implies the inclusion of non-hydrostatic effects is essential for accurate
modelling of ecological processes in deep large lakes, which is a challenge considering
currently available computational resources.
4.2 Introduction
The wind stress at the free surface of a stratified lake excites a large spectrum of
low-frequency, basin-scale internal waves that receive about 20% of the wind imparted
energy (Gómez-Giraldo et al. 2006) and, in turn, distribute this throughout the lake
basin (Imberger 2012). When the Earth’s rotation cannot be neglected, the primary
response to wind stress is the generation of Kelvin and Poincaré waves that have a
discrete spectrum of wavelengths according to the dispersion relationship. However,
field experiments, utilizing high-resolution sampling (Saggio and Imberger 1998;
Antenucci and Imberger 2001), indicate that internal waves have a continuous energy
spectrum ranging from low-frequency basin-scale internal waves, through to waves with
frequencies approaching the buoyancy frequency; the nonlinear induced distortions,
when examined via linear spectral methods, broaden the spectral peaks. Furthermore,
the decay times of basin-scale internal waves, recorded by field observations, is
observed to be much faster than can be explained by internal dissipation (Imberger
§
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1994), suggesting there are mechanisms that transfer energy from larger to smaller
scales waves, that ultimately break, dissipating their energy at the lake boundary
(Boegman et al 2003). The mechanisms responsible for energy transfer to higher wave
numbers include: nonlinear steepening, shear instabilities, shoaling and reflection at
sloping boundaries and interaction with topography (Horn et al. 2001; Boegman et al.
2003).
Investigations by Mortimer (1955) and Thorpe (1971) in Loch Ness have clearly
shown the presence of internal waves that were asymmetrical in character, with sharp
crests and broad troughs. In the absence of rotation, an ensemble of internal waves may
be described as a combination of linear and or weakly nonlinear basin-scale internal
waves, nonlinear surges containing both weakly and fully nonlinear waves and
dispersive, high-frequency, solitary wave packets (Boegman et al. 2005a,b). The
steepening of a propagating finite amplitude wave with subsequent generation of a train
of solitary waves is well documented (Farmer 1978; Horn et al. 2001). The importance
of nonlinear steepening in the transfer of energy within the internal wave field has also
been recognized in recent years (Hüttemann and Hutter 2001; Vlasenko and Hutter
2001; Sakai and Redekopp 2010).
Boundary interaction, leading to wave shoaling, is also an important
contribution to the formation of nonlinear waves and decay of large-scale waves. Field
observations show basin-scale internal waves can interact with sloping topography
where they shoal, reflect and possibly break into a number of smaller-scale waves as
they adjust to the new environment (Helfrich and Melville 2006; Filatov et al. 2012).
Whether internal waves will shoal and break nearshore depends on the ratio of the
boundary slope to wave slope, known as the internal Iribarren number ξ (Boegman et al.
2005b; Aghsaee et al. 2010; Nakayama and Imberger 2010). The magnitude of the
internal Iribarren number is useful in the prediction of energy loss and mixing efficiency
during breaking. Boegman et al. (2005b) demonstrated that, unless the lake bottom
slope was extreme, high-frequency internal waves tended to break as they propagated
over the slope and lost most of their energy (up to 95%) to dissipation and mixing; the
remaining energy was reflected (see also Michallet and Ivey 1999; Vlasenko and Hutter
2002). The mixing associated with the breaking over the sloping bottom created a
mixed volume that subsequently collapsed and intruded into the lake along the neutral
buoyancy isotherm (Ivey et al. 2000). Such intrusions set up an updraft in the benthic
boundary layer immediately below the level of the intrusion. This intensifies the benthic
boundary layer updraft (Imberger and Ivey 1993) that plays a central role in the
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transport of nutrients and biological material from the hypolimnion to the euphotic zone
(Marti and Imberger 2006; Bruce et al. 2008). Moreover, the intrusion transports
dissolved and resuspended material from the boundary to the centre of the lake (Marti
and Imberger 2006, 2008; Nakayama and Imberger 2010; Nakayama et al. 2012).
Thus, internal waves act as a sort of energy store over many days between wind
events and their energy is used in the lake to sustain the turbulence in the benthic
boundary layer and associated mass flux pathways (Marti and Imberger 2006), as well
as the intermittent shear generated turbulence in the metalimnion and hypolimnion
(Saggio and Imberger 2001). In this way energy is available in all parts of the lake, to
varying degrees, to support the biogeochemistry and bioproductivity (MacIntyre et al.
1999; Nishri et al. 2000; Eckert et al. 2002).
The degeneration of weakly nonlinear, basin-scale, Kelvin and Poincaré waves
has recently been investigated by de la Fuente et al. (2008, 2010) using a weakly nonhydrostatic model. These authors found Kelvin waves steepened, shedding solitary-type
waves similarly to nonrotating case, while Poincaré waves lost their symmetry
reversibly as nonlinearities increased, exchanging energy with sub-modes. Similar
results were obtained by Sakai and Redekopp (2010), who explored nonlinear effects in
a circular basin using a weakly nonlinear dispersive model. Aghsaee et al. (2010)
numerically modelled the two-dimensional (2D) formation and breaking of free solitary
internal waves under fully nonlinear and non-hydrostatic conditions at laboratory scales.
At field scales, Vlasenko and Hutter (2002) and Zhang et al. (2011) showed the solitary
waves were prone to develop span wise instabilities making the wave motion threedimensional (3D) (see also Vlasenko and Stashchuck 2007; Boegman and Dorostkar
2012). A grid-switching technique to facilitate 3D non-hydrostatic simulations of the
generation and propagation of nonlinear internal waves was developed by Botelho and
Imberger (2007) and Botelho et al. (2009) and applied to a small oval shaped lake and
to laboratory scales, respectively. No field study appears to have been conducted that
describes the evolution of internal waves under fully nonlinear, non-hydrostatic
conditions with rapid rate of steepening (Horn et al. 2001; Wadzuk and Hodges 2009) in
a large stratified lake basin with complicated bathymetric features. This is the focus of
the present contribution.
4.2.1 Theoretical background
Horn et al. (2000, 2001) investigated the degeneration of nonrotating basin-scale
interfacial waves with a two layer stratification, initiated from an initial interface slope
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and identified five different regimes depending on the degree of nonlinearity as
determined by the ratio of the depth of the surface layer relative to the total basin depth
(h1/H) and the forcing amplitude, parameterized by the inverse Wedderburn number

W −1 = η 0 h1 , where η0 represents the maximum interface displacement. For weak
initial disturbances (W-1 < 0.3) the generated standing seiche was in the form of linear
internal waves. For moderate forcing (0.3 < W-1 < 1.0), however, the amplitude of the
internal seiche is such that nonlinear effects become significant (Farmer 1978), resulting
in the development of a nonlinear surge (Horn et al. 2001; Vlasenko and Hutter 2002).
The rate of steepening was shown to be strongly dependent on the nonlinear
coefficient in the Korteweg-de Vries (KdV) equation (Horn et al. 2001; Boegman et al.
2005a,b), defined as α = (3 2)c0 (h1 − h2 ) /(h1h2 ) , where c0 is the linear shallow water
phase speed, and h2 is the thickness of the bottom layer such that h1 + h2 = H. These
results imply that when the interface is at mid-depth (h1 = h2), the nonlinear coefficient

α vanishes and nonlinear steepening is not expected to occur. For the general case with
a thinner surface layer overlying a deeper bottom layer, Horn at al. (2001) showed that
nonlinear steepening will occur over a steepening timescale Ts = L αη 0 . These authors
further showed that as the wave steepens, its horizontal length scale decreases until nonhydrostatic effects become significant, leading to wave dispersion, which occurs as

t → Ts ; the formation of solitary waves is controlled by the balance between nonlinear
steepening and non-hydrostatic dispersion (Horn et al. 2001; de la Fuente et al. 2008;
Botelho et al. 2009).
The present study uses field data and 3D hydrodynamic hydrostatic and nonhydrostatic numerical simulations to document the generation and evolution of basinscale internal waves under fully nonlinear conditions in Lake Iseo, Italy. At the time of
the field experiment the stratification was strong and the surface layer thickness was 11
m in a ~250 m deep lake.
The paper is organized as follows. First, a brief description of the main
characteristics of Lake Iseo is presented, followed by the field data and modelling
approach. The field data are then shown and used to validate the 3D numerical
simulations. The model results are used to quantify the energy loss due to nonlinear
steepening and basin-scale internal wave shoaling. Finally, the results are summarized
and discussed.
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4.3 Methods
4.3.1 Study site
Lake Iseo (Figure 4.1) is the fourth largest lake in Lombardy and the seventh
largest in Italy. It is located at the boundary between the provinces of Bergamo and
Brescia in central-eastern Lombardy, at the end of the sub-alpine valley Val Camonica.
It has a surface area of 61.8 km2, a volume of 7.6 km3, a maximum depth of 256 m, a
mean depth of 123 m, and a theoretical water residence time of ca. 4 years (Garibaldi et
al. 2003). The Oglio River is the main inflow and outflow. An interesting feature is the
presence of the island of Monte Isola at the centre of the lake, which is the largest (4
km2) and highest (414 m above lake surface) lacustrine island in Europe (Garibaldi et al.
2003). The lake’s complex bathymetry allows the domain to be divided into five distinct
areas (Bini et al. 2007): the Oglio prodelta in the northern end of the lake, with an
irregular slope dipping southwards; a large, deep (240-256 m) central basin with a
regular flat floor; the Monte Isola submerged escarpment, at the west side of Monte
Isola; the shallower Sale Marasino plateau, at the east side of Monte Isola, with a
maximum depth of 100 m; and the southern Sarnico basin, characterised by a gradually
sloping bottom rising westwards. These basins are reflected in the structure of the
natural internal waves (Valerio et al 2012).
The wind field presents high spatial variability influenced by the surrounding
topography, bringing important consequences to the basin-scale internal wave field
(Valerio et al. 2012). Under normal conditions, the wind has a daily periodicity with the
nightly northerly wind ‘Vet’ and the afternoon southerly wind ‘Ora’ (Valerio et al.
2012), the latter being typically more intense. The narrow channel on the east side of
Monte Isola and the irregularly shaped southern basin are sheltered from the prevailing
winds and several differences on wind speed were observed when comparing boundary
and on-lake stations. Valerio et al (2012) showed that the basin-scale internal wave field
is characterised by a dominant 24.5 h fundamental mode V1H1 Kelvin wave rotating
cyclonically around the basin; higher vertical modes (V2H1) and locally higher
horizontal modes (V1H5 - a Poincaré-like wave trapped by Monte Isola) were also
excited during the time of the field experiment, influenced by the duration and spatial
distribution of the wind, respectively.

81

Nonlinear internal waves in a deep lake: Lake Iseo, Italy

Figure 4.1: Bathymetry of Lake Iseo with location of measurement stations. Depth contours are spaced
every 10 m.

4.3.2 Field equipment
All data used in this study were collected during a field campaign conducted in
Lake Iseo between 13 and 28 July 2010. A Lake Diagnostic System (LDS) was installed
in the lake in December 2009, providing records of wind speed and direction, air
temperature, relative humidity, short wave radiation, and net total radiation 2 m above
the water surface. The LDS was also equipped with a 50-m long submerged thermistor
chain with 21 fast response thermistors at different depths from 0.25 m to 49.75 m.
Another thermistor chain (TC), consisting of a series of 18 fast response thermistors
vertically spaced at 0.25 to 5 m intervals down to 33 m of depth, was installed in the
southern basin and provided water column temperature data during the experiment
period. River loggers, labelled RL1-3, were installed at the two main inflows (Oglio
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River and Canale Italsider) and at the lake outlet (Oglio River), providing measurements
of water temperature, conductivity (except for RL2), and surface level (Hogg et al.
2013). In addition, four on-lake wind stations (WS1-4) were installed at different
locations. The data were telemetered to a shore station and displayed on the web in realtime. Wind data were complemented with data from three wind stations located around
the lake: Sale Marasino (WS5), Costa Volpino (WS6), and Corte Franca (WS7). The
location of all equipment is shown in Figure 4.1 and details of the instrument
deployments are given in Table 4.1.
Table 4.1: Details of instrument deployments
Instrument
LDS
Thermistor chain
River logger

Wind station

Station
name
LDS
TC
RL1
RL2
RL3
WS1
WS2
WS3
WS4
WS5
WS6
WS7

Sampling interval
(s)
10
20
300
120
60
30
3600

4.3.3 Numerical model
The simulations presented in this paper were carried out using both the
hydrostatic and non-hydrostatic versions of the 3D hydrodynamic Estuary, Lake and
Coastal Ocean Model (ELCOM). Although hydrodynamic models that use the
hydrostatic approximation have been used successfully to simulate a large range of
flows, nonlinearly steepening waves are intrinsically non-hydrostatic; hence, numerical
models that neglect non-hydrostatic pressure and vertical accelerations do not capture
the flow of energy from basin scale waves to high-frequency waves, rather the
steepening is balanced by numerical diffusion.
The governing equations and numerical schemes of hydrostatic ELCOM are
described in detail in Hodges et al. (2000) and Laval et al. (2003) and the model has
been previously applied in several studies of internal waves (Appt et al. 2004; GomezGiraldo et al. 2006). A description of the non-hydrostatic version of ELCOM can be
found in Wadzuk and Hodges (2004, 2009) and the model has been applied in both field
(Botelho and Imberger 2007) and laboratory scales (Botelho et al. 2009). ELCOM is the
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most widely used and cited hydrodynamic model worldwide (Trolle et al. 2012) and the
non-hydrostatic solver was extensively verified and validated by Wadzuk and Hodges
(2004), who verified the code by comparison with an analytical solution, validated the
convergence of the numerical algorithm with a test case for an unsteady internal wave,
and validated the model results against the regime theory and laboratory experiment of
Horn et al. (2001). Model validation by comparison with Horn et al. (2001) was also
performed in Botelho et al. (2009) and Wadzuk and Hodges (2009).
4.3.4 Model setup
The bathymetry of Lake Iseo was discretised with a non-uniform grid both in the
horizontal and vertical direction. The horizontal grid size started with 80 × 80 m in the
northern part of the lake and progressively decreased to 20 × 20 m in the southern basin
where high-frequency internal waves are expected to shoal and break at the sloping
bottom. The vertical grid started with 0.5 m resolution over the first 20 m of depth and
progressively decreased to 25 m resolution over the last 100 m. The time step was set to
20 s in order to satisfy the Couránt-Friederich-Levy (CFL) stability condition and no
instabilities were observed during the course of the simulations.
A simulation using the hydrostatic version of ELCOM was performed for a
period of 16 days, starting on 12 July 2010 00:00 h, so the entire field campaign could
be covered. As numerical simulations using the fully non-hydrostatic model required a
much more refined grid in the southern geographic location where steepening was
found to be most pronounced, two simulations were performed with the non-hydrostatic
version of ELCOM for a period of 4 and 5.5 days, starting on 15 Jul 2010 12:00 h and
21 Jul 2010 00:00 h, respectively. The time periods were chosen to cover the wave
evolution induced by the two strong wind events. All simulations were initialized by
interpolating the temperature measured at the LDS and TC, both vertically and
horizontally, onto the numerical grid at the time of maximum slope, thus approximating
the initial thermocline tilt. To investigate the effect of the ratio of surface layer depth to
total depth, a simulation was performed with the non-hydrostatic model for the same
time period starting on 15 Jul 2010 12:00 h, but where the domain was initialized with a
mixed surface layer, 50-m deep.
The simulations were forced with data collected from the instruments described
above. Meteorological data (air temperature, relative humidity, short wave radiation,
and net radiation) were obtained from the LDS. Inflows from Oglio River and Canale
Italsider and the Oglio River outflow were considered in the simulation; flow rate and
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water temperature data were obtained from the river loggers RL1-3 installed for the
experiment. The Oglio River inflow rates were estimated by applying the weir rating
curve to the measured water level and the Canale Italsider inflow rates were taken from
the hydropower plant that controls the flow to the Canale (Hogg et al. 2013). The Oglio
River outflow rates were obtained from Consorzio dell'Oglio. The same values of
salinity were imposed at the Oglio River and Canale Italsider inflows and were obtained
from the river logger RL1. As the wind field was observed to be highly spatially
variable (see above), the domain of Lake Iseo was forced with a two-dimensional
interpolated wind field constructed from the data at the eight wind stations available
during the experiment (LDS, WS1-7). The bilinear interpolation method that was used
to build the wind field is described in Laval et al. (2003). A more detailed explanation
of the wind field construction can be found in Valerio et al. (2012).
4.3.5 A test case for validation of the non-hydrostatic model
As discussed above, the non-hydrostatic ELCOM has been shown to correctly
simulate the nonlinear transfer processes provided the grid resolution is adjusted to
match the smallest wavelength (Wadzuk and Hodges 2004, 2009; Botelho et al. 2009).
We verified this conclusion with a numerical simulation, based on the laboratory
experiments of Boegman et al. (2005b), of an energy cascade in a rectangular tank 6.0
m long, 0.29 m deep, and 0.30 m wide, as previously performed by Maderich et al.
(2012) with a modified version of the Princeton Ocean Model (POM). The domain of
the tank was discretised by constructing a uniform grid with 0.03 m resolution in the
horizontal and 0.005 m in the vertical direction. The time step was set to 1 s and the
simulations were performed for a 1 h period. A three-layer hyperbolic tangent
temperature profile based on data from Lake Iseo was used to establish the initial
density profile and the simulations were initialized with a cosine wave in order to mimic
the effects of the tilted tank in Boegman et al. (2005b). The chosen scenario
corresponded to Boegman’s run 2 (see Table 4.2 for details).
Table 4.2: Summary of the test case run and corresponding experiment of Boegman et
al. (2005b).
Run
Slope
h1/HB
W-1 C
Δρ (kg m3)A
This study
3/20
~3
~0.2
0.86
Boegman
et al.
3/20
20
0.18
0.86
(2005b)
A
Δρ is the density difference between the bottom and surface layers.
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B

h1 is the surface layer thickness and H is the total height.

C

W-1 = η0/h1 is the inverse Wedderburn number.

D

Ti is the period of the basin-scale seiche.

E

Ts = L/αη0 is the steepening time scale, where L = 6 m is the basin length.

The model results for the validation test case were compared qualitatively to the
results of Boegman et al. (2005b). The wave evolution was very similar in both cases.
For convenience, Figure 5g-l from Boegman et al. (2005b) is included in Figure 4.2h-m
for ease of comparison. From the initial condition of upwelling at the slope (Figure
4.2a,h), an internal surge developed followed by a high-frequency wave packet, moving
initially from left to right (Figure 4.2b,i). After reflecting from the vertical end wall, the
waves progressed left towards the slope, where shoaling and breaking dissipated most
of the energy (Figure 4.2c,j). The remaining energy was reflected in the form of a long
wave moving from left to right, as shown in Figure 4.2d,k. This wave was again
reflected on reaching the vertical end wall at the right side of the tank, leading to a
secondary breaking event as it encountered the slope at the left side (Figure 4.2e,l). The
second shoaling and steepening eliminated most of the remaining energy with little
motion remaining (Figure 4.2f,m). The frequency content was analysed for a profile
located at the centre of the tank, corresponding to a nodal location for the initial seiche,
using continuous wavelet transforms of the 15oC isotherm. A transfer of energy to
shorter periods was noticeable during the passage of high frequency waves that rapidly
lost energy due to breaking and were eventually dissipated (Figure 4.2g).
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Figure 4.2: Internal wave evolution for the validation test case: (a-f) evolution of the 15oC isotherm from
the initial condition at Ti/2 time intervals; (g) wavelet power spectrum of the 15oC isotherm for a nodal
station at the centre of the tank. Black line and right y-axis show the 15oC isotherm displacements (6 s
data); (h-m) schematic wave evolution based on laboratory experiments from the initial condition of
upwelling at the slope (redrawn from Boegman et al. 2005b Figure 5g-l).

4.4 Results
4.4.1 Observed internal wave activity
The temperature records for the two thermistor chains (see Figure 4.1 for
locations) during the entire experiment period are shown in Figure 4.3 (15 min average).
The whole period is characterized by strong, relatively constant, thermal stratification,
with a warm surface mixed layer approximately 10 m deep and with a temperature of
around 26oC, separated from the cold hypolimnion, at ca. 6.5oC, by a sharp metalimnion
~10 m thick. The high degree of nonlinearity of the system is evidenced by the presence
of broad crests and sharp troughs in the internal wave signature shown in Figure 4.3.
This is to be expected because of the extremely small aspect ratio h1/H of ca. 0.05, as
shown in Figure 4.3 and detailed in Table 4.3.
During the experiment period Lake Iseo experienced the typical, regular wind
pattern, with northerly winds, along the thalweg, during the night and southerly winds
during the afternoon (Figure 4.4a-b,e-f). The sheltering effect introduced by the
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topography on the southern basin is evidenced from the comparison of the wind
measured at the LDS (Figure 4.4a) and at WS2 (Figure 4.4e). Considerable spatial
variability was also present as may be observed by comparing the on-lake and onshore
stations, shown in Figure 4.4a-b for the LDS and WS6 and in Figure 4.4e-f for WS2 and
WS7. Two noteworthy events interrupted the normal daily wind pattern; first, an intense
storm, with wind speeds of up to ca. 14 m s-1 (15 min average), was recorded at the LDS
and WS2 (shaded area A in Figure 4.4a,e), around midnight on 18 July, and second, a
continuous, northerly, long-lasting wind of ca. 10 m s-1 at the LDS (shaded area B in
Figure 4.4a) and ca. 5 m s-1 at WS2 (shaded area B in Figure 4.4e) was recorded for
about a day between 23 and 24 July. The main parameters characterizing the system
during the two storms are given in Table 4.3. The value of W-1, between 0.45 and 0.91
(see Table 4.3), was such that the theory of Shintani et al. (2010) suggests upwelling
and that of Horn et al. (2001) implies that both wind event responses fall into Regime 2
with the basin-scale waves degenerating into solitary waves by nonlinear steepening.
Table 4.3: Physical characteristics governing the system during the two storm events of
particular relevance.
Case

h 1A

h 2B
(m)

h1/H

18 Jul
storm
23-24 Jul

11

243

η 0C

Wind speed
-1

W-1 (D)

α (E)

T wF

T sG
(h)

ξH

(ms )

(m)

14

10

0.91

-0.0740

3.5

6.76

0.017

10

5

0.45

-0.0677

24

14.77

0.025

14

2

0.04

-0.0252

3.5

99.21

-

0.05

storm
18 Jul
storm (50
m

50

204

0.25

interface)
A

h1 is the upper layer thickness.

B

h2 is the bottom layer thickness.

C

η0 is the initial basin-scale interfacial displacement.

D

W-1 = η0/h1 is the inverse Wedderburn number.

E

α = (3/2)c0(h1-h2)/(h1h2) is the nonlinear coefficient in the KdV equation, where c0 is the wave celerity.

F

Tw is the time scale of the surface wind stress.

G

Ts = L/αη0 is the steepening time scale, where L = 18,000 m is the basin length.

H

ξ is the internal Iribarren number, obtained from the ratio of beach slope (S = 1:50) to wave slope

(calculated as (αη0/c0)1/2).
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Figure 4.3: Records of 15 min average water column temperature measured at the two thermistor chains:
(a) LDS and (b) TC.

Isotherm displacements recorded at the LDS (Figures 4.3a, 4.4c) clearly
revealed the dominant response to wind forcing to be a 24.5 h basin-scale internal wave
that corresponds to a mode V1H1 Kelvin wave (Valerio et al. 2012). The isotherm
displacements recorded at the southern station, TC, were phase shifted by 180º relative
to the LDS, as shown in Figures 4.3, 4.4c,g. The first major wind event (shaded area A
in Figure 4.4a-b,e-f) induced a large deepening of the interface, with a displacement of
about 15 m, at TC around 05:00 h on 18 July (Figures 4.3b, 4.4g, 4.5e,h).
Concomitantly, significant upwelling was observed at the LDS, followed by a ca. 7.5-m
downdraft (Figures 4.3a, 4.4c, 4.5a,d). The long-lasting wind event on 24 July (shaded
area B in Figure 4.4a-b,e-f) induced a V2H1 basin-scale motion (Valerio et al. 2012)
evidenced by a general closing of the metalimnion on 25 July followed by opening on
26 July at TC (Figures 4.3b, 4.4g, 4.6e,h), with the opposite occurring at the LDS
(Figures 4.3a, 4.4c, 4.6a,d). In Figures 4.4c,g, 4.5a,d,e,h, 4.6a,d,e,h a series of smallerscale vertical compressions and expansions of the metalimnion are visible during the
whole period of the two storm events; these manifest themselves as hash on the time
scale used in Figure 4.4. In Figure 7 I present an expanded view of the isotherm
behaviour for a three-hour period on 18 July and for a two-hour period on 24 July for
the waves at both the LDS (Figure 4.7a,c) and station TC (Figure 4.7b,d). Clearly
visible are high frequency excursions with a period of around 5 minutes, most
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pronouncedly at station TC. The maximum buoyancy frequency squared was 4.7 × 10-3
and 1.7 × 10-4 rad2 s-2 respectively at the LDS and TC during the 18 July storm, and 1.3
× 10-3 and 3.6 × 10-4 rad2 s-2 during the 23-24 July storm at the LDS and TC,
respectively. In order to document the time variability of these high-frequency waves a
wavelet transform was calculated for the 15ºC isotherm displacement over the entire
experiment period (Figure 4.4d,h) using a Morlet mother wavelet (Torrence and Compo
1998). This isotherm was chosen as it is located in the middle of the metalimnion, being
representative of the average interface displacement. Figure 4.4d,h shows the results for
the LDS and TC, respectively, confirming the principal energy maximum at ~24.5-h
that corresponds to the V1H1 Kelvin wave mentioned above (Valerio et al. 2012). An
increase in power at periods shorter than 6 hours is evident during the two storms
(shaded areas A and B in Fig. 4a,e). Figure 4.8a,d,g,j shows a magnified view of the
system’s response to the two different storm events, for periods shorter than 6 hours
after filtering the 15oC isotherm with a high-pass second order Butterworth filter.
Increased power at periods shorter than 2 hours is visible at around 06:00 h on 18 July
at TC (Figure 4.8g) and ca. 12 h later at the LDS (Figure 4.8a). The increased amplitude
of the nonlinear waves at the LDS suggests further steepening of the leading basin-scale
internal wave while travelling between stations (Horn et al. 2000). During the 23-24
July storm power increases within periods shorter than 2 hours were less obvious
(Figure 4.8d,j) but could still be identified, mainly at around 5:00 h on 24 July and
midnight on 25 July at TC, and around 22:00 h on 24 July at the LDS, associated with
internal nonlinear waves.
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Figure 4.4: Observations of wind speed and direction and isotherm displacements during a portion of the
field experiment. (a) 15 min average wind speed at the LDS (black line) and WS6 (red line); (b) 15 min
average wind direction at the LDS (black dots) and WS6 (red dots); (c) isotherms at 4oC intervals
calculated through linear interpolation of thermistor data at the LDS (20 s data); (d) wavelet power
spectrum of the 15oC isotherm at the LDS; (e) 15 min average wind speed at WS2 (black line) and WS7
(red line); (f) 15 min average wind direction at WS2 (black dots) and WS7 (red dots); (g) isotherms at 4oC
intervals calculated through linear interpolation of thermistor data at TC (20 s data); (h) wavelet power
spectrum of the 15oC isotherm at TC. The bottom isotherm in (c) and (g) is 8oC. (a-c, e-g) Gray-shaded
areas mark the internal wave response corresponding to two wind events of particular relevance. A, 18
July; B, 23-24 July.
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Figure 4.5: Measured and simulated thermal structure and isotherm displacements for the 18 July storm
event: (a-c) thermal structure at the LDS for field, non-hydrostatic, and hydrostatic models (2oC interval,
20 s data); (d) isotherm displacements at the LDS (5oC interval, 20 s data); (e-g) thermal structure at TC
for field, non-hydrostatic, and hydrostatic models (2oC interval, 20 s data); (h) isotherm displacements at
TC (5oC interval, 20 s data). The bottom isotherm in (d) and (h) is 10oC.
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Figure 4.6: Measured and simulated thermal structure and isotherm displacements for the 23-24 July
storm event: (a-c) thermal structure at the LDS for field, non-hydrostatic, and hydrostatic models (2oC
interval, 20 s data); (d) isotherm displacements at the LDS (5oC interval, 20 s data); (e-g) thermal
structure at TC for field, non-hydrostatic, and hydrostatic models (2oC interval, 20 s data); (h) isotherm
displacements at TC (5oC interval, 20 s data). The bottom isotherm in (d) and (h) is 10oC.
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Figure 4.7: Magnified view of isotherm displacements (1oC interval) calculated through linear
interpolation of thermistor data at the LDS and TC. (a-b) 3 hour period (05:00 h – 08:00 h) on 18 July
2010; (c-d) 2 hour period (15:30 h – 17:30 h) on 24 July 2010. Bottom isotherm is 12oC.

4.4.2 Modelled internal wave evolution - hydrostatic vs. non-hydrostatic model
In order for numerical relative to physical dispersion to be negligible in a fully
non-hydrostatic numerical simulation, the grid leptic ratio Δx/h1, where Δx is the
horizontal grid spacing and h1 is the interface depth, has to be of the order of 1
(Vitousek and Fringer 2011). This is crucial, as excessive numerical dispersion combats
the wave steepening, eliminating the flow of energy to physically realistic highfrequency waves. Here I achieved 2 < Δx/h1 < 8, which is comparable to previous work
by Vlasenko and Stashchuck (2007) and Boegman and Dorostkar (2012) and about half
the leptic ratio achieved in Zhang et al. (2011), who have performed the highestresolution simulations of nonlinear internal waves to date. Moreover, Wadzuk and
Hodges (2004) showed that to accurately reproduce the pressure contribution due to the
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vertical acceleration, i.e., the non-hydrostatic pressure, it is necessary that the grid
aspect ratio Δz/Δx, where Δz is the vertical grid spacing, is greater than 0.01. For the
present case, at the depth of the interface the grid ratio Δz/Δx ranged between 0.0125
and 0.05.
The results from both the hydrostatic and non-hydrostatic simulations were
compared to the temperature records from the LDS and TC and are shown in Figures
4.5, 4.6 for the storm events on 18 July and 23-24 July, respectively. For both cases the
overall thermal structure was better represented by the non-hydrostatic simulations
(Figures 4.5b,f, 4.6b,f) when compared to the hydrostatic simulation (Figures 4.5c,g,
4.6c,g). The hydrostatic model was able to accurately reproduce the basin-scale internal
waves, including the 24.5 h Kelvin wave (Figures 4.5c, 4.6c), and both models behaved
equally well for comparisons with the LDS data streams (Figures 4.5b-d, 4.6b-d), where
the grid resolution was less refined. At station TC, however, the superior performance
of the non-hydrostatic model is remarkable (Figures 4.5f-h, 4.6f-h). The formation of a
steepened front at around 01:45 h on 18 July at this station was simulated by the nonhydrostatic model with a 1 h delay and much lower amplitude, but was not at all
captured by the hydrostatic model (Figure 4.5e-h). The alternate expansions and
contractions of the metalimnion during the 23-24 July storm were also clearly better
reproduced by the non-hydrostatic simulation at TC (Figure 4.5e-h). The wavelet power
spectrum of the 15oC isotherm during the two storms after high-pass filtering with a
second order Butterworth filter is shown in Figure 4.8b,e,h,k for the hydrostatic model,
and in Figure 4.8c,f,i,l for the non-hydrostatic model. Although none of the models
were able to fully reproduce the high-frequency signals seen in the field data, implying
that the spatial scales of the waves were smaller than the grid resolution (Wadzuk and
Hodges 2004; Botelho and Imberger 2007), the patterns obtained from the nonhydrostatic simulation capture, as seen by comparing Figure 4.8e,k with Figure 4.8f,l,
much more of the high-frequency content seen in the LDS and TC data than that
achieved with the hydrostatic code. As previously observed by Botelho et al. (2009), the
hydrostatic model showed a broader range of frequencies and a pine-tree-like repetitive
pattern that can be related to the absence of physical wave dispersion.
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Figure 4.8: Wavelet power spectrum of the 15oC isotherm displacements for the two storm events: (a-c)
results for field, non-hydrostatic and hydrostatic models for the 18 July storm at the LDS; (d-f) results for
field, non-hydrostatic and hydrostatic models for the 23-24 July storm at the LDS; (g-i) results for field,
non-hydrostatic and hydrostatic models for the 18 July storm at TC; (j-l) results for field, non-hydrostatic
and hydrostatic models for the 23-24 July storm at TC. (a,d,g,j) Black lines and right y-axis show the
15oC isotherm displacements (20 s data).
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Figure 4.9: Magnified view of the measured and simulated basin-scale and high-frequency signals of the
15oC isotherm displacements for the two storm events obtained through differential filtering: (a,e)
isotherm displacements due to basin-scale waves for the 18 July storm at the LDS and TC, respectively;
(b,f) isotherm displacements due to high-frequency waves for the 18 July storm at the LDS and TC,
respectively; (c,g) isotherm displacements due to basin-scale waves for the 23-24 July storm at the LDS
and TC, respectively; (d,h) isotherm displacements due to high-frequency waves for the 23-24 July storm
at the LDS and TC, respectively.

A detailed time period during each storm separately for the basin-scale and highfrequency signals which were obtained through differential filtering of the 15oC
isotherm (see Boegman et al. 2005a) is shown in Figure 4.9. While both models
reproduce the basin-scale content with similar accuracy (Figure 4.9a,c,e,g), the nonhydrostatic model was more capable of detailing higher-frequency content and
subtleties on the wave profiles during the two storms at both stations, as evidenced in
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Figure 4.9b,d,f,h. Both models, however, underestimated the deepening of the
thermocline in the southern basin after the 18 July event, which can be related to the
need for higher horizontal grid resolution (Wadzuk and Hodges 2004), to the wind field
not having been fully resolved, and to the model being initialized too close to the storm
event in the case of the non-hydrostatic simulations.
Figure 4.10 shows the temperature contours for a longitudinal transect passing
throughout the southern basin (see Figure 4.10e for location) for both the nonhydrostatic and hydrostatic simulations, allowing a visualization of the shoaling
behaviour of the waves as they approached the sloping bottom following the 18 July
storm. The hydrostatic model tended to develop numerical oscillations after the
steepened front (Figure 4.10c-d), confirming the findings of Hodges et al. (2006) and
Wadzuk and Hodges (2009), while the non-hydrostatic simulation better qualitatively
reproduced wave steepening (Figure 4.10a) and the development of waves with higher
wave numbers (Figure 4.10b) as a result of physical rather than numerical dispersion.
The 3D spatial details of the internal wave field for the non-hydrostatic model, given by
the 15oC isotherm displacements at 07:15 h on 18 July, are presented in Figure 4.11,
together with the interpolated wind field that was used to force the model at the same
time of the day. After the relaxation of the wind stress (Figure 4.11a), as t → Ts (see
Table 4.3) a packet of nonlinear waves was evident in the shallows of the southern basin
(Figure 4.11b).
4.4.3 Nonlinear internal wave energetics
In order to quantify the downscale energy flux through the internal wave field, a
time series of the depth-integrated potential energy (PE) was obtained for the average
interfacial displacement at the LDS and TC for both the field data and the numerical
simulations with the non-hydrostatic and hydrostatic versions of ELCOM, calculated as
x3

PE =

∫ Δρgx dx
3

(4.1)

3

x30

where Δρ = ρ − ρ 0 , ρ is the water density, ρ is a reference density (=1000 kg
0

m-3), g is the acceleration due to gravity and x3 is the vertical coordinate increasing
upwards (Antenucci et al. 2000). The reference point was considered to be the most
bottom thermistor (i.e., 50 and 35 m below the water surface for the LDS and TC,
respectively). Following Boegman et al. (2005a,b), the signals associated with lowfrequency basin-scale motions and higher-frequency nonlinear motions were separated
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through selective filtering of the interface displacement time series. The basin-scale
internal wave signal was obtained by low-pass filtering the raw time series using a
second order Butterworth filter, while the nonlinear wave signal was isolated using a
high-pass filter. The depth-integrated potential energy was then calculated for the two
separate components and the energy contained in the nonlinear waves was normalized
as a percentage of the total initial energy. The sum of the energy evaluated separately
for the linear and nonlinear components of the internal wave field was equal to the total
wave energy from the raw signal.

Figure 4.10: Contour of isotherms (1oC interval) in the vertical plane passing throughout the southern
basin: (a-b) non-hydrostatic model at 03:30 h and 08:00 h on 18 July; (c-d) hydrostatic model at 03:30 h
and 08:00 h on 18 July; (e) transect location. White lines represent isotherms spaced at 2oC (bottom
isotherm is 10oC).
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Figure 4.11: Two-dimensional wind distribution over the domain and three-dimensional view of the nonhydrostatic simulated 15oC isotherm surface on 18 July 07:15 h. The 3D view was rotated 98o counterclockwise.

A comparison between the measured and simulated depth-integrated potential
energy for the two thermistor chains is shown in Figure 4.12. The overall results for
both models agreed well with field data, with a slightly better performance by the nonhydrostatic model. Before the storm on 18 July, the energy contained in the nonlinear
motions was less than 5% the total energy (Figure 4.12a-f), increasing to up to 20%
(Figure 4.12c) at the LDS and ~27% at TC (Figure 4.12f) after the formation of a
steepened wave front as described in previous sections. A second peak ~30% at around
20:00 h on 18 July at TC (Figure 4.12f) is probably related to basin-scale wave shoaling
at the southern basin. Figure 4.12g-l depicts the energy partitioning for the period of the
storm on 23-24 July. Initially, ca. 10% of the total energy was associated with nonlinear
waves. During the storm, a periodic increase and decrease in potential energy could be
observed that can be related to the formation of an internal surge with a period of 6
hours. Peaks of ca. 25% and 30% of the total energy were observed to be lost to
nonlinear waves at the LDS and TC, respectively. The energy drain by nonlinear
processes was observed to be generally higher at TC, which can be explained due to the
effects of topography that lead to shoaling of both large and small-scale internal waves.
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Finally, the energy transfer to nonlinear waves was quantified for the entire
basin for the period of the 18 July storm using the same principle detailed above based
on the model results predicted by the non-hydrostatic and hydrostatic simulations and
for the case where a non-hydrostatic simulation was initialized with a 50 m deep
interface (Figure 4.13). The depth-integrated potential energy was established for each
water column in the model with the reference point being the lake’s centre of volume
and then integrated over the whole lake volume for every point in time so a time series
could be obtained. The results showed a ~15% transfer of energy to nonlinear motions
associated first with the formation of a nonlinear surge due to steepening as an effect of
the high winds to which the system was exposed and then to the formation of nonlinear
waves as t → Ts (Figure 4.13b,d). The results predicted by the non-hydrostatic (Figure
4.13a-b) and hydrostatic (Figure 4.13c-d) simulations were similar in character, except
the energy transfer simulated by the hydrostatic model was slightly higher due to the
absence of a dispersive term to counterbalance nonlinear steepening. The 50 m interface
scenario falls into Regime 1 as defined by Horn et al. (2001), with h1/H = 0.25 and W-1
= 0.04 (Table 4.3), meaning viscous damping is expected to suppress nonlinear
steepening and therefore the amplitude of the initial basin-scale wave will be damped
before it can steepen. As expected, in this case the transfer of energy to nonlinear waves
was negligible, as shown in Figure 4.13e-f.
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Figure 4.12: Measured and simulated energy flux through the internal wave field: (a) total potential
energy at the LDS during the 18 July storm; (b) potential energy lost to nonlinear waves at the LDS
during the 18 July storm; (c) percentage of potential energy lost to nonlinear waves at the LDS during the
18 July storm; (d) total potential energy at TC2 during the 18 July storm; (e) potential energy lost to
nonlinear waves at TC2 during the 18 July storm; (f) percentage of potential energy lost to nonlinear
waves at TC2 during the 18 July storm; (g) total potential energy at the LDS during the 23-24 July storm;
(h) potential energy lost to nonlinear waves at the LDS during the 23-24 July storm; (i) percentage of
potential energy lost to nonlinear waves at the LDS during the 23-24 July storm; (j) total potential energy
at TC2 during the 23-24 July storm; (k) potential energy lost to nonlinear waves at TC2 during the 23-24
July storm; (l) percentage of potential energy lost to nonlinear waves at TC2 during the 23-24 July storm.
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Figure 4.13: Simulated volume-integrated potential energy for the raw and differentially filtered average
interfacial displacements and percentage of energy drained by nonlinear waves during the 18 July storm:
(a-b) non-hydrostatic model; (c-d) hydrostatic model; (e-f) non-hydrostatic model initialized with a 50 m
deep interface.

4.5 Discussion
It is widely acknowledged that non-hydrostatic processes are important in the
generation and propagation of internal waves (Venayagamoorthy and Fringer 2005).
The non-hydrostatic model applied in this study was capable of reproducing the
isotherm displacements observed both in field and laboratory scales, with relatively
similar amplitude, wavelength and frequency ranges, as in Botelho and Imberger
(2007), Botelho et al. (2009) and Wadzuk and Hodges (2004, 2009). The hydrostatic
model was shown to satisfactorily reproduce the basin scale waves and their steepening,
but did not reproduce well the events after steepening as then wave dispersion is
important and this is neglected in the hydrostatic code (Hodges et al. 2006). Both
models underestimated the downwelling in the southern basin following the storm event
on 18 July, which was attributed to the high complexity of the wind field that could not
be fully resolved based on the available data and by the need for an even higherresolution horizontal grid (Wadzuk and Hodges 2004; Hodges et al. 2006). Moreover,
the fact that the non-hydrostatic simulations were initialized close to the storm events is
likely to have affected the results predicted by the non-hydrostatic model. A longer
simulation using a finer grid would certainly improve the results produced by the non103
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hydrostatic model; however, computational power constraints are still a big limitation in
fully non-hydrostatic simulations.
Nonlinear internal waves have been observed in several lakes worldwide (see
Filatov et al. 2012 for a review), as well as in fjord-like systems and in the ocean (see
detailed review by Helfrich and Melville 2006). It is clear from the results that in Lake
Iseo, where the surface layer depth is small compared to the overall depth of the lake,
and where basin-scale internal waves have large amplitudes, nonlinear effects become
important and a considerable part of the energy contained in an initial finite-amplitude
wave is transferred to nonlinear internal waves. Similarly to Mortimer (2006) and
Stashchuck et al. (2005), I have shown that after a strong wind event nonlinear internal
waves were generated through nonlinear steepening of an initial basin-scale wave
(Farmer 1978), as expected in basins falling within regime 2 (Horn et al. 2001) where
nonlinear steepening should predominate.
As the nonlinear waves were much shorter in length than the basin-scale
oscillations (see also Vlasenko and Hutter 2002), their generation results in an energy
transfer from larger to smaller scales (Imberger 1998; Stashchuck et al. 2005). This
energy flux is a representation of the amount of energy readily available for mixing or
transport elsewhere (Scotti et al. 2006). In the present study I have extended the work of
Boegman et al. (2005a,b) for a system that is periodically forced and subject to high
pulses of wind, and similarly, found that up to 15% of the total energy in the lake (or up
to 30% locally) may be found in the nonlinear internal waves, both as a result of
nonlinear steepening following a storm event or basin-scale internal wave shoaling at
the gradual slope in the southern basin. To the best of my knowledge, this is the first
time the transfer of energy through the internal wave field was investigated for a large
lake where rotation cannot be neglected and under real forcing conditions using both
field data and high-resolution three-dimensional non-hydrostatic simulations.
Shoaling and breaking of high-frequency internal waves occurs along sloping
boundaries (Boegman et al. 2005b), enhancing dissipation and mixing across the
pycnoclyne (Michallet and Ivey 1999; Boegman et al. 2003; MacIntyre et al. 2009) and
leading to sediment resuspension (Bonnin et al. 2006) and augmented mass fluxes due
to internal wave induced interfacial set up (Nakayama and Imberger 2010; Nakayma et
al. 2012). In this work, the possibility of wave breaking was inferred by calculating the
internal Iribarren number ξ (Boegman et al. 2005b; Aghsaee et al. 2010). Due to the
mild beach slope (i.e., 1:50) and high wave steepness a very small value was obtained
for ξ (Table 3), indicating spilling breakers are expected to form as the waves shoal
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having a small amount of energy converted to diapycnal mixing, with a mixing
efficiency of less than 15% (Michallet and Ivey 1999; Boegman et al. 2005b). Wave
breaking in deep water is clearly not exclusive of ocean conditions and has been
observed in other lakes, such as Lake Constance (Preusse et al. 2012).
Such internal wave breaking and the associated intrusions have also been shown
to enhance boundary mixing and the lateral exchange within a lake, with enormous
importance for the vertical transport of dissolved materials (Goudsmit et al. 1997),
nutrient cycling (Nishri et al. 2000; Bruce et al. 2008) and the associated succession of
phytoplankton that is strongly controlled by the boundary nutrient flux (MacIntyre et al.
1999; Eckert et al. 2002). Density overturns in the thermocline have been observed due
to the passage of nonlinear waves (Preusse et al. 2010), also leading to enhanced
nutrient fluxes and affecting primary production. Furthermore, nonlinear internal waves
may directly influence phytoplankton patchiness (Stastna et al. 2011), as phytoplankton
cells tend to get accumulated above wave troughs and below wave crests (Lennert-Cody
and Franks 1999) and oscillate vertically at the same frequency as the internal waves
(Lai et al. 2010). This brings important consequences to the light climate to which the
cells are exposed and, hence, to photosynthetic production (Evans et al. 2008; Lai et al.
2010). Zooplankton patchiness is also strongly affected as a consequence of the
mechanisms underlined above (Ianson et al. 2011; Stastna et al. 2012).
In order to predict ecological responses in deep and strongly stratified water
bodies such as Lake Iseo, where the thermal and chemical stratification can persist for
years (Ambrosetti and Barbanti 2005), it is, therefore, fundamental to consider
nonlinear and non-hydrostatic processes. Under such conditions, the breaking of highfrequency internal waves and the resulting boundary mixing and lateral exchange may
be the most significant mechanism for controlling primary production and the health of
the ecosystem. As the application of non-hydrostatic models for routine modelling of
large-scale systems is still impracticable, effort should be made to parameterize
boundary mixing and flux paths in a one-dimensional model such as the Dynamic
Reservoir Simulation Model (DYRESM; Imberger et al. 1978) making it suitable for
coupling with ecological models.
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Chapter 5 Conclusions
5.1 Summary
Phytoplankton are surrounded by an environment that can frequently be unstable
and biological activity reflects the response to environmental perturbations that occur at
different time scales. The physical environment, determined by hydrodynamic processes
within water bodies, controls the distribution, abundance and variability of
phytoplankton communities, as well as which groups are expected to dominate a given
assemblage based on specific biologic characteristics such as the presence of buoyancy
control or active migration mechanisms.
This thesis identified several important mechanisms of hydrodynamic controls
of primary productivity at diverse aquatic environments that had the common feature of
being highly impacted by natural and anthropogenic changes: a drinking water reservoir
(Chapter 2), a shallow costal ecosystem (Chapter 3), and a large deep lake (Chapter 4).
This study has clearly shown that the dynamics of physical processes largely determines
the temporal and spatial variability of niches where specific phytoplankton groups can
thrive (Chapters 2 and 3). Moreover, hydrodynamic processes affect the flux and
distribution of resources that are essential to phytoplankton growth (Chapter 4).
Climate change has the potential to modify the environmental factors that are
responsible for the structure of phytoplankton communities, their seasonal dynamics,
and the community composition. Climate warming affects the physical environment by
changing water column stratification, as in Lake Iseo where water column stability has
become so strong the lake is now meromictic (Chapter 4), while extreme events related
to climate change affect the deliver of nutrients to aquatic systems and the ratio between
initial lake volume and inflow volume (Chapter 2) and also alter the hydrology of
coastal ecosystems affecting horizontal transport and stratification regimes (Chapter 3).
These modifications impact on several phytoplankton processes and bring shifts to the
dynamics of phytoplankton populations that can have extensive consequences for
ecosystem functioning.
Hence, it is clear from this study that physical and biological processes strongly
interact within aquatic ecosystems, although it is impossible to describe and synthesise
such a complex topic completely. The three-dimensional modelling approach used
together with field observations provides a powerful tool for studying the spatial and
temporal interaction between hydrodynamic and ecological processes in large systems.
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This thesis has brought an improved understanding of links between climate change,
hydrodynamic modifications and phytoplankton dynamics. However, there is certainly
still much to be explored, including processes that have not been considered.
5.2 Recommendations for future work
A list of recommendations that arose during this study is presented below:
- Understand and quantify mixing in highly dynamic environments, such as
coastal shallow water systems, which can be achieved through extensive field
campaigns utilizing recently developed high-resolution measuring equipment such as
the CWR Portable Flux Profiler (PFP).
- Improve meteorological inputs, particularly the wind field, for more accurate
hydrodynamic modelling, with a better understanding and use of numerical models such
as the Weather Research and Forecasting (WRF) Model to generate meteorological
forcing data.
- Establish the locations of different niches within aquatic environments based
on knowledge of nutrient and light availability, temperature and salinity conditions,
horizontal and vertical dispersion, and turbulent rate of strain, which, again, can be
achieved with field monitoring and the application of new technologies.
- Quantify the flux of nutrients due to nonlinear internal wave breaking in deep
lakes by running numerical simulations with a full non-hydrostatic model coupled to an
ecological model such as CAEDYM.
- Parameterise flux paths in a one-dimensional model such as DYRESM so it is
a suitable tool to assess small-scale processes in large domains.
- Predict how changes in phytoplankton communities propagate to higher
trophic levels.
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