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Abstract 

 Phytoplankton spatial heterogeneity, a ubiquitous feature in both oceans and 

lakes, has been studied for decades as the patterns observed often gives insights into the 

underlying controlling mechanisms. Constraints in the advancement of this research 

subject, due to the lack of spatial coverage using conventional in-situ point sampling 

methods, have been overcome in recent years with the development of remote sensing 

technology. The theme of this thesis is to investigate the physical and biological 

processes responsible for the spatial patterns of phytoplankton through the application of 

remote sensing information, in-situ measurements, numerical and analytical modelling, 

and geo-statistical approaches, for Lake Kinneret (Israel). The first part of this research 

examined the role of physical processes, more specifically, internal waves and wind, on 

the phytoplankton horizontal distribution during a dinoflagellate blooming season using a 

set of satellite images of chlorophyll a. It was found that phytoplankton concentration 

emerged as narrow bands in the northern region of the lake typically remained adjacent 

to the shoreline at the start of the bloom, but progressively propagated away from the 

shoreline towards the centre of the lake as the bloom proceeded. The application of a 

three-dimensional (3D) hydrodynamic numerical model and an analytical model for flat-

bottomed elliptical basins together attributed the observed phenomenon to the change in 

structure of internal waves as well as wind. The second part of this research investigated 

the role of phytoplankton vertical migration controls on the horizontal distribution using 

an extensive set of satellite images of chlorophyll a complimented with in-situ 

phytoplankton biomass composition and meteorological data spanning a three-year 

period. It was found, through both visual and statistical analyses of the satellite images 

phytoplankton vertical migration behaviour was an important cause of small-scale 

variances (<7.0 km). At larger scales, physical processes were inferred as the dominant 

driver. The third part of this research was a sequel to the second part, in which a 3D 

hydrodynamic-ecological coupled model was applied to examine the role of 

hydrodynamics, net growth and vertical migration on patchiness and further demonstrate 

the important link between vertical migration behaviour and horizontal phytoplankton 

structure.  The findings on the relationship between processes and phytoplankton 

horizontal patterns were further confirmed by comparative analysis of their relative 

temporal and spatial scales. This study demonstrated an integrated approach for 

understanding the temporal and spatially variability of environmental variables in aquatic 

systems. 
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1 Introduction 

1.1 Background 

 Our understanding of environmental systems is fundamentally limited by our 

ability to collect appropriate data. Such a task is particular challenging for aquatic 

systems compared to terrestrial environments, not only because they are generally more 

dynamic but also because of the variation of variables in an additional dimension (i.e. 

vertically) in both oceans and inland water bodies. Conventional in-situ point sampling 

approaches commonly suffer from the lack of both temporal and spatial coverage, 

especially for study sites of relatively large domains and highly dynamic conditions 

(Rantajarvi et al. 1998; Kutser 2004). The advent of remote sensing technology, the 

capability to capture snapshots of the horizontal distribution of the variable of interest, 

provides unique solutions to this problem (Kahru 1997; Tyler et al. 2006). Most 

investigations of physical and biological processes based on satellite images of 

chlorophyll have been limited to oceanic regions because of the optical interference from 

high concentrations of suspended inorganic particles and/or dissolved organic matter in 

more productive waters (Mueller and Austin 1995; Gitelson et al. 2000). However, recent 

advancement in remote sensing algorithms and spatial resolution opens up new 

opportunities for application to inland waters (Dall’Olmo 2005).  

 Phytoplankton spatial heterogeneity has been a research topic of great interest in 

the past decades because of the many implications that follow from it, including 

biodiversity (Levin 2000), ecosystem stability (Steele 1974), and regional productivity 

(Martin and Srokosz 2002; Pasquero et al. 2005). Phytoplankton patchiness may vary in 

structure (horizontally and vertically) and scale, and the manifested spatial distribution 

provides insights into the underlying governing processes. Many processes, both physical 

and biological, have been attributed to the formation of phytoplankton patchiness 

although most studies suggest that physical processes predominate (Denman et al. 1977; 

Martin 2003). The physical causes identified include turbulent stirring (Martin 2003; 

Abraham 1998; Tzella and Haynes 2007), tidal mechanisms (Dustan and Pinckney 1989; 
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Seuront 2005), and advection (Bracco et al. 2009), while plausible biological factors 

include predator-prey interaction and vertical migration (Alexander and Imberger 2009; 

Folt and Burns 1999; Moren-Osto et al. 2008). The interplay of these mechanisms of 

diverse temporal and spatial scales, ranging from minutes to months, and meters to 

kilometres, determines the evolution of often complex spatial patterns. 

 Given the multitude of mechanisms which may contribute to phytoplankton 

heterogeneity, a critical consideration is the quantification of the scales and linking these 

scales with those of governing processes (Wiens 1989). Spatial scale may be defined as 

the degree in which a variable of interest fluctuates over distance (Powell 1989).  The 

earliest attempts to quantify spatial scales for variables in aquatic environment were 

through the application of Fourier spectral analysis for simultaneous measurements of 

temperature, phytoplankton, and zooplankton (Mackas and Boyd 1979; Weber et al. 

1986). It was found that variance of zooplankton is generally greater than variance of 

both temperature and phytoplankton at fine-scales, resulting in a flatter slope of the 

spectra. Biological factors including ability to swim (Mackas and Boyd 1979) and 

predator-prey interactions (Steele 1974; Weber et al. 1986) were suggested as reasons for 

the difference. More recent studies showed similar results for temperature, but variability 

was found for phytoplankton and zooplankton, in some instances greater patchiness for 

phytoplankton than for zooplankton (Piontkovski et al. 1997; Martin and Srokosz 2002). 

Other numerical modelling studies identified a relationship between reaction times 

(which may be translated to net growth rates) and patchiness, pointing out that growth in 

zooplankton and phytoplankton is an important factor in the maintenance of biological 

concentrations and thus introduction of fine-scale patchiness (Srokosz et al. 2003; 

Mahadevan and Campbell 2002; Bracco et al. 2009). 

1.2 Overview 

 This aim of this study is to investigate the physical and biological controls 

underlying the manifested phytoplankton spatial distributions, through the application of 

multi-faceted approaches – specifically, remote sensing information and in-situ 

measurement for observation and identification of phytoplankton spatial distribution 

patterns, analytical and numerical modelling for elucidation of driving processes and 

testing of hypotheses, and geo-statistical and scale analysis for quantification of both 

observed and predicted patterns. This thesis uses Lake Kinneret, Israel, as the study site. 

Lake Kinneret has been extensively studied and knowledge on many aspects of the 

physical, chemical, and biological processes is available. A notable feature of Lake 
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Kinneret is a typical annual spring bloom of the large, thecae dinoflagellate Peridinium 

gatunense, but this stable pattern has been interrupted from 1994 onwards, now being 

replaced with either a complete absence of bloom or blooms of unprecedented magnitude 

(Berman et al. 1995; Zohary, 2004). The main body of this thesis is presented as a 

compilation of three self-contained papers, intended for publication in international 

journals.   

 In Chapter 2, a set of satellite images of chlorophyll taken during a Peridinium 

bloom period were used to characterise the evolution of spatial patterns, and an analytical 

model for a flat-bottomed elliptical basin, and three-dimensional (3D) hydrodynamic 

model were applied to investigate the physical processes responsible for the observed 

phenomenon. 

 In Chapter 3, a set of satellite images of chlorophyll spanning a three-year period 

together with simultaneous in-situ ambient physical conditions and phytoplankton 

community composition measurement were acquired to examine the role of 

phytoplankton vertical migration, in driving features of different length scales in 

horizontal distribution. A method following Mahadevan and Campbell (2002) was used 

for quantification of spatial scales in observed patterns, and statistical analysis was 

further applied for justification of a critical length scale below which patchiness is 

governed by phytoplankton vertical migration. 

 While Chapter 3 took on an inductive approach (i.e. a “bottom up” approach in 

which theory is hypothesized from observation), Chapter 4 justified findings from 

Chapter 3 using a deductive approach (i.e. a “top down” approach in which hypothesis is 

a test for a confirmation of the original theories).  A 3D hydrodynamic-ecological 

coupled model was applied to carry out a series of simulation scenarios to examine the 

roles of hydrodynamics, phytoplankton vertical migration, and net growth, in affecting 

phytoplankton horizontal distribution. The predicted horizontal distributions were also 

evaluated using the same spatial scale analysis and statistical approaches as Chapter 4, to 

allow for consistent comparison of results. 

1.3 References 
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2 Physical controls on the spatial 
evolution of a dinoflagellate 
bloom in a large lake 

2.1 Abstract 

 A set of satellite images of chlorophyll a concentration for Lake Kinneret (Israel) 

from the period February to April 2007 captured the temporal evolution of horizontal 

patchiness that developed during the typical spring bloom of the dinoflagellate 

Peridinium gatunense. Narrow bands of high concentration located adjacent to the 

shoreline at the start of the bloom were followed by progressive propagation of this high 

concentration region from the shoreline towards the centre of the lake as the bloom 

proceeded. A three-dimensional (3D) hydrodynamic numerical model and an analytical 

model for a flat-bottomed elliptical basin together explained the observed phenomenon. 

The spatial structure of Kelvin waves, which were demonstrated to most likely be present 

in February and April due to resonance, produced regions of high velocity gradient 

contributing to horizontal dispersion close to the shoreline. This region of high dispersion 

was narrow and close to the shoreline at the start of the bloom when the Burger number 

was relatively small, but widened over the course of the season as the Burger number 

increased due to increasing stratification. In addition, an increase in the dispersion rate 

with time in the lake interior was inferred from numerical simulation due to increasing 

wind speeds and a thinner surface layer. Physical processes, in this case horizontal 

dispersion as a result of both Kelvin waves and wind, can play an important role in 

governing the dynamics and spatial evolution of dinoflagellate blooms in lakes.  

2.2 Introduction 
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 Spatial heterogeneity of phytoplankton is a ubiquitous occurrence in lakes, 

coastal waters and the open ocean.  Phytoplankton patchiness can be defined by 

localized, abruptly elevated concentrations.  Phytoplankton patches may occur at a broad 

range of spatial scales, and such formation has been attributed to the combined effects of 

physical and biological processes, although most studies suggest that physical causes 

predominate (Denman et al. 1977; Martin 2003). Physical mechanisms, such as transport, 

upwelling, and localized turbulent mixing determine the distribution of light, nutrients, 

and temperature that phytoplankton are exposed to and this subsequently affects their 

growth and trophic interactions (Rhee and Gotham 1981). 

 In lakes, internal waves have been attributed as an important factor in 

influencing the phytoplankton distribution (Serra et al. 2007). The effect of wind has also 

been recognized as an important cause of heterogeneity in lakes (Small 1963; George and 

Edwards 1976). Blukacz et al. (2009) found that the prevalence of small-scale variability 

for zooplankton increases with the magnitude and duration of winds. A number of 

studies suggested that the influence of biotic factors is small relative to the applied 

external forcing, and is generally overwhelmed when wind velocities are sufficiently 

high (~4 m s-1 according to George and Edwards 1976, see also Cao et al. 2006; Rinke et 

al. 2009). It has also been suggested that whereas physical forcing acts on a large range 

of spatial scales, biological factors shapes distributions on a more local scale (Rinke et al. 

2009). The degree of heterogeneity was further found to be augmented when wind acts 

under the presence of zooplankton and motile phytoplankton species (Blukacz et al. 

2009; George and Heaney, 1978). As these biological and physical processes often act 

together in environmental systems, the observed patterns are a combined result of both 

classes of processes. The relative rates of change of the driving processes are thus critical 

in determining the ultimate patterns.  

 An investigation into the underlying causes of phytoplankton spatial variation 

generally begins with a synoptic observation. This can be difficult to attain adequately 

using a conventional in-situ point-scale sampling approach, particularly for study 

domains of large size (Rantajarvi et al. 1998; Kutser 2004). Strategic planning of 

sampling intervals based on some prior spatial realizations of the system is an important 

consideration for successful measurement and characterization of horizontal variability. 

Remote sensing technology provides an alternative solution to this problem (Kutser 

2004; Tyler et al. 2006). Phytoplankton biomass may be estimated from satellite imagery 

by identifying the relationship between chlorophyll a concentration and spectral 

reflectance at specific wavelengths, which is dependent on the scattering and absorption 

of phytoplankton cells and pigments (Gordon and Morel 1983). Validation of algorithms 
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is conventionally carried out by direct comparison of concurrent in-situ point sampling 

and imagery data (Chavula et al. 2009; Le et al. 2009). While such applications are 

established for oceanic regions, its use for coastal and inland waters is still relatively 

under-utilized due to the difficulty in attaining accuracy in systems high in 

concentrations of suspended inorganic particles and/or coloured dissolved organic matter 

(Mueller and Austin 1995; Gitelson et al. 2000). Nevertheless this challenge has been 

tackled through improvement of spectral resolution and algorithms, in particular the 

inclusion of the near infra-red signal (Dall’Olmo et al. 2005). 

 There are, however, relatively few studies that use remote sensing to investigate 

the processes controlling the spatial distribution of phytoplankton in lakes.  Hedger et al. 

(2002) and Hunter et al. (2008) exploited remote sensing information to examine the 

spatial dynamics of small lakes in the United Kingdom using airborne rather than 

satellite data. The study by Hedger et al. (2002) combined numerical modelling with 

remote sensing data and demonstrated the utility of this coupled approach in extending 

the analysis to temporal and spatial (i.e. vertical) domains not captured by the images. 

The study by Hunter el al. (2008) demonstrated the capability of remote sensing images 

in capturing diurnal variation of a cyanobacteria bloom in a eutrophic shallow lake. The 

spatial distribution of chlorophyll a broadly followed the prevailing wind direction 

during high wind conditions. It was also found that cyanobacteria colonies tended to 

accumulate in localized nonturbulent regions typically close to the shoreline, and during 

low mixing periods when wind speeds were less than 4 m s-1. 

 In this study, we investigate the spatial evolution of a phytoplankton bloom in a 

lacustrine system using Medium Resolution Imaging Spectrometer Full Resolution 

(MERIS FR) satellite images of chlorophyll a (Chl a). Lake Kinneret (Israel), a water 

body in which the physical processes are well-documented, is used for this investigation. 

Characteristic features of phytoplankton patches were first identified based on a set of 

satellite images acquired for the period February - April 2007, during the occurrence of a 

bloom of Peridinium gatunense, a dinoflagellate that typically blooms in Lake Kinneret 

in spring. This time period also covers the transition of the lake from being well-mixed to 

fully-stratified. We then describe the general time-varying attributes of the bloom 

derived using statistical methods as well as the evolution of spatial patterns. A three-

dimensional (3D) hydrodynamic numerical model and an analytical model for a flat-

bottomed elliptical basin are then applied, to elucidate the role of physical processes in 

more detail, in particular changes in the horizontal mixing due to wind and stratification, 

in generating the observed patterns.  The analytical model considers the effect of internal 

waves in contributing to the physical dynamics of the system and subsequently 
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influencing the spatial distribution of phytoplankton concentrations.  While Peridinium 

possess a vertical migration capability, we restrict the discussion herein to physical 

controls and vertical migration is reserved for future investigation. 

2.3 Methods 

2.3.1 Study site 

  Lake Kinneret (32.5oN, 35.4oE) is a warm monomictic, meso-eutrophic 

freshwater lake located in Israel, in the northern part of Syrian-African Rift Valley. It has 

a total area of 168 km2, and a maximum and mean depth of 43 m and 26 m, respectively. 

The lake is roughly oval-shaped, 14 km wide by 22 km long (Fig. 2.1). During the 

months of April to December the lake is typically subjected to an afternoon westerly 

breeze, which lasts for 5 - 8 h and may reach up to a speed of 15 m s-1 at 10 m above 

water surface. The water column is thermally stratified between April and December, 

and vertically mixed from December or January to March. The primary inflow, via the 

Jordan River, peaks in late winter and attenuates in the summer. Additional inflows are 

from several smaller freshwater streams, mostly in the northern part of the lake. There 

are also some submersed thermohaline springs located mostly along the western shore of 

the lake. The lake’s major outflow is from sub-surface withdrawal to Israel’s National 

Water Carrier and evaporation. Effective water quality management is crucial for Lake 

Kinneret as it provides approximately 30-50% of Israel’s freshwater for both domestic 

and agricultural use. 
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Figure 2.1: Bathymetric map of Lake Kinneret (Station A represents the location of the Remote 

Underwater Sampling Station (RUSS) station; positions 1, 2, and 3 represents the locations in 

which hydrodynamic results are extracted from the simulation. 

 The seasonal evolution of phytoplankton in Lake Kinneret had long been 

considered to be remarkably consistent, with an annual spring bloom of the dominant 

dinoflagellate Peridinium gatunense (hereafter, Peridinium) (Berman and Pollingher 

1974; Berman et al. 1995). However, from 1994 onwards, this stable pattern has been 

interrupted and the phytoplankton dynamics have become much less predictable. In some 

years there is a complete absence of a spring bloom of Peridinium and in others the 

spring blooms of Peridinium reach unprecedented magnitudes (Zohary 2004). The cause 

of this change is still a subject of debate. This study is based on satellite images acquired 

between February and April of 2007 during which a Peridinium bloom is documented to 

have occurred. As Peridinium constitutes more than 90% of the total phytoplankton 

biomass during bloom times (Pollingher and Hickel 1991), it was assumed that the 

observed Chl a patches are constituted by only this single species. This was confirmed by 

ground-truthing in the current study against microscopic determinations. 

2.3.2 Satellite data acquisition and analysis  
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 A set of 9 Medium Resolution Imaging Spectrometer Full Resolution (MERIS 

FR) images representing normalized Chl a concentrations with pixel size of 300 m by 

300 m capturing a full episode of the 2007 Peridinium bloom event was acquired for this 

study through the Satellite-based Information System on Coastal Areas and Lakes 

(SISCAL) service. The Chl a information in which the MERIS FR images were 

generated from, were collected on the Envisat platform by the European Space Agency 

(ESA). The algorithm (referred to as ED1) for the derivation of these MERIS FR images 

is based on the Aquatic Vegetation Index (AVI) using 3 channels in the red and near-

infrared wavelength bands, and the derived images range in values from 0 to 1. The 

advantage of algorithms based on red and near-infrared wavelength bands, as opposed to 

blue and green pigments, is that it eliminates any errors associated with the absorption of 

coloured, dissolved organic matter (CDOM) as well as bottom reflectance close to the 

shoreline (F. Fell, unpubl.). Also note that the algorithm distinguishes pixels as land and 

water based on two land-sea masks, one based on geolocation and the other based on 

pixel-based spectral information, which eliminate the possibility of mixed pixel. The 

algorithm eliminates the adjacent effect near the shoreline by not treating pixels closer 

than normally 1-3 pixels to the shoreline.  The influence of optical properties near the 

river mouth would be negligible given the river is relatively small (in the order of 

magnitude ~20-30 m3s-1) and the surface area of the lake is 170 km2. It is also known that 

the Jordan River water may underflow into the lake, further lessening this effect on the 

satellite images (Serruya, 1974). 

 We calibrated these normalized Chl a information derived from MERIS FR 

images to in-situ Chl a concentrations from 0, 1, and 2 m depth collected at 09:00 h local 

time on a bi-weekly basis at Station A  (see Fig. 2.1). Chlorophyll analyses (fluorometric 

determinations) were conducted as described by Yacobi (2006). Note that each of the 

images was taken around 10:00 h local time, however there is little variation in the 

vertical distribution of Peridinium between 9:00 and 10:00 given that the phytoplankton 

migration behaviour is diurnal (Berman and Rodhe 1971). Remote sensing of chlorophyll 

generally captures near surface pigments up to one optical depth (that is, the depth at 

which surface irradiance is attenuated to 37% of its maximum intensity at the surface) 

(Joint and Groom 2000). Values of the extinction coefficient derived experimentally by 

Yacobi (2006) for Lake Kinneret range from 0.203 to 1.954 m-1, equivalent to an optical 

depth of 0.5 to 4.8 m. For calibration of the satellite images, a depth-integrated the Chl a 

concentration taken from the surface 2 m was used. Nine in-situ data points were 

interpolated to coincide with the timing of the MERIS FR images and a linear 

relationship was obtained as follows:   
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   In-situ Chl a values = 164.5xED1 + 13.9   (2.1) 

where ED1 is the AVI, ranging from 0 to 1 (Fig. 2.2a). Note that, due to derived linear 

relationship between in-situ Chl a and ED1, there is an upper detection limit of 178 µg 

Chl L-1 to the satellite derived values, and thus concentrations of above this are limited to 

this ceiling value.  

 The ability to detect Peridinium in Lake Kinneret compared to other productive 

waters by satellite remote sensing is helped by the fact that Peridinium blooms in Lake 

Kinneret are characterized by low concentrations of non-organic suspended matter 

(Gitelson et al. 2000; Yacobi 2006). As a further check, following the calibration we 

compared Chl a values from the images at Station A with the in-situ Chl a measurement 

data (used for the calibration) as well as chlorophyll estimates derived from in-situ 

Peridinium biomass data based on microscopic cell counts and size measurements 

assuming fixed cellular chlorophyll content (pers. comm.) (Fig 2.2b). This fixed cellular 

chlorophyll content ratio is derived based on a strong linear relationship between wet 

weigh biomass and Chl a concentration (R2 = 0.9885). These measurements were 

collected from Lake Kinneret only during period dominated by Peridinium and at various 

times throughout the day, thus the possibility of the dependence of that cellular 

chlorophyll content on light history and species is eliminated. Water samples were 

collected routinely every one or two weeks at Station A as part of the Kinneret 

monitoring program, and phytoplankton biomass determinations were conducted as 

described by Zohary (2004). The collection time was typically in early morning around 

09:00 h, and the depths sampled were the same as for Chl a.  Similar to the in-situ Chl a 

data, the average of the surface 2 m for the phytoplankton biomass data was used. 

Peridinium wet weight biomass (in g wet wt m-3) was converted to Chl a concentration 

(in µg L-1) based on a strong linear relation  (2R =0.989) derived from field data 

collected during the spring 2007 Peridinium bloom by T. Zohary and Y.Z. Yacobi 

(unpubl.). Fig. 2.2b shows that the overall magnitude of satellite-derived Chl a 

concentrations matched well with the Chl a concentrations derived from the routine 

monitoring as well as the Chl a estimates based on the in-situ Peridinium biomass data. 

All the Chl a time series began with relatively low concentration in February, peaked in 

early March, and subsequently declined.   
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Figure 2.2: Validation of satellite-derived chlorophyll a values: (a) regression model of satellite-

derived chlorophyll a values against Aquatic Vegetation Index (AVI) shown with correlation 

coefficient (R
2
), root mean square error (RMSE), mean absolute error (MAE), and p-value (b) 

comparison with in-situ chlorophyll a measurement and chlorophyll a concentration 

determination from phytoplankton microscope cell count data (averaged for the surface 2 m) 

assuming a fixed cellular chlorophyll content, both from Station A. 

2.3.3 Radial transects of Chl a corresponding to 

phytoplankton patches  

 To aid visual inspection of the satellite images, radial transects of Chl a were 

extracted from each image to determine how far into the lake interior patches may be 

found.  For each image, transects of Chl a from the centroid of the lake to the shoreline 

were extracted at one degree increments around the lake.  Only those radial transects 
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with concentrations greater than 150 µg L-1 (defined as part of a patch) were selected, 

and an envelope was fitted to those transects. This envelope was plotted for each image, 

and contoured as a function of time and distance (see Results section). The selection of 

the 150 µg L-1 cut-off was based on the dominant features visible in the images. 

2.3.4 General statistics  

 For each image, basic statistical properties of the Chl a distribution including the 

lower quartile, median, upper quartile, mean, standard deviation, skewness as well as 

kurtosis were calculated to examine their overall temporal evolution.  

2.3.5 3D hydrodynamic numerical model  

 A three-dimensional model Estuary, Lake and Coastal Ocean Model (ELCOM) 

(Hodges et al. 2000) was used to simulate the hydrodynamics of Lake Kinneret from 07 

February to 28 April 2007, the period over which the satellite images were taken. The 

main purpose of applying ELCOM was to examine the role of the physical processes 

causing patch dispersion. ELCOM has previously been successfully applied to model the 

hydrodynamics of Lake Kinneret (Laval et al. 2003; Marti and Imberger 2006; Hillmer et 

al. 2008). ELCOM uses a z-coordinate rectangular grid structure and solves the unsteady 

Reynolds-averaged Navier-Stokes and scalar transport equations using the Boussinesq 

approximation and neglects the non-hydrostatic pressure terms. The basic numerical 

scheme is based on the Arakawa-C grid stencil adopted from the Tidal, Residual, 

Intertidal Mudflat (TRIM) approach (Casulli and Cheng 1992), with modifications for 

vertical turbulence closure. Scalar transport equations are solved with the Universal 

Limiter for Transient Interpolation Modelling of the Advective Transport Equations and 

Quadratic Upstream Interpolation for Convective Kinematics with Estimated Streaming 

Terms (ULTIMATE-QUICKEST) numerical scheme. The vertical mixing scheme 

involves modelling the vertical Reynolds stress terms (and thus the turbulent fluxes) in 

moment and transport equations with a 3D mixed-layer approaches derived from mixing 

energy budgets developed for 1D modelling (Imberger and Patterson 1981; Spigel et al. 

1986; Imberger and Patterson 1990). Heat exchange through the water’s surface is 

governed by standard bulk transfer models (Imberger and Patterson 1990).   
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 For the simulation in this study, a horizontal grid of 300 m x 300 m was 

employed, with a varying vertical grid ranging from 0.1 m at the 0-2 m depth to 0.5 m at 

about 10 m depth, and to 1 m below 22 m depth. The resolution of the horizontal grid 

was chosen to match the spatial resolution of the satellite images. The simulation time 

step was 10 minutes in order to satisfy the Courant-Friedrichs-Lewy (CFL) stability 

condition. Meteorological data of shortwave and longwave radiation, wind speed and 

direction, air temperature, and relative humidity  from the Tabgha station (see Fig. 2.1) 

were applied at hourly resolution as forcing input for the simulation (Fig. 2.3).  Inputs of 

wind and heat fluxes were uniform in space over the surface and varied only with time. A 

set of temperature profiles, obtained from a water column profiling unit (Remote 

Underwater Sampling Station, RUSS, Apprise Technologies) located at Station A, was 

used for initialization as well as validation of the model.  A temperature profile (varying 

only in the vertical direction) was applied uniformly in the horizontal domain for model 

initialization. The sampling frequency of the RUSS was typically around 4 hours with 

sampling depth from 3 m to 35 m below the surface at increments varying between 1.6 

and 2.3 m. Initial velocities were set to zero and initial temperature was assumed to be 

uniform in the horizontal. A constant extinction coefficient of 1.2 m-1 was assumed. This 

value falls within the range obtained experimentally for the years 1990 to 2003 by 

Yacobi (2006). The horizontal diffusion coefficient was set by applying the empirical 

law proposed by Lawrence et al. (1995):  

    2.3=aK  x 1.1410 l
−     (2.2) 

for a length scale of 600 m (=2 × model grid size) which represents the horizontal scale 

of the smallest flow features that can be resolved by the model, aK  = 0.364 m2 s-1. Thus 

the apparent horizontal dispersion coefficient determined from tracers released in 

ELCOM contains both the small-scale processes assumed to be considered by the 

empirical law from Lawrence et al. (1995), and the larger scale shear dispersion 

simulated by the model. This is a similar approach to that adopted by Rueda and 

MacIntyre (2009). The ability of ELCOM to simulate tracer clouds has been 

demonstrated previously by Morillo et al. (2006) and Morillo et al. (2009). 
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Figure 2.3: Meteorological conditions: (a) wind speed, (b) air temperature (temp), from 05 

February to 28 April 2007. All meteorological data are from Tabgha station at hourly time 

interval, courtesy of Alon Rimmer, Kinneret Limnological Laboratory. Vertical lines mark the 

times at which satellite images were taken. 

2.3.6 Horizontal dispersion  

 The horizontal spreading of a patch is governed by two distinct mechanisms. 

One is turbulent diffusion due to the random scattering of a scalar caused by fine-scale 

fluctuations in velocity; whereas the other is shear dispersion resulting from large-scale 

gradients in the mean horizontal flow field (Fischer et al. 1979). The apparent horizontal 

dispersion coefficient measured in a field experiment, typically by the application of a 

tracer and measurement of the change in its area, is a lumped effect of these two 

mechanisms (Okubo 1971; Lawrence et al. 1995; Peeters et al. 1996). Horizontal 

dispersion in the surface layer of Lake Kinneret has previously been studied through a 

series of drifter experiments (Stocker and Imberger 2003), and the results showed 

substantial variation in the apparent horizontal dispersion coefficient, from less than -50 

m2 s-1 up to 150 m2 s-1 with a mean value of 17.1 m2 s-1. Negative and positive horizontal 
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dispersion coefficients correspond to convergent and divergent events, respectively, as a 

consequence of internal waves present in the lake. 

In this study, we examine the relation between the observed Chl a pattern and 

horizontal dispersion particularly in a spatial context, where regions of relatively high 

dispersion may affect the spreading of patches. Two approaches were applied for 

calculating horizontal dispersion. The first was by carrying out tracer simulations using 

ELCOM with horizontal dispersion computed following Taylor (1954), Okubo (1971), 

and Lawrence et al. (1995), using:  
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∂
=

2

2

1 σ
           (2.3) 

 )( 222
yxxy σσσ +=                    (2.4) 

where xyK  is the apparent horizontal dispersion coefficient; 2
xσ  and 2
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reference scale (i.e. variance) for dispersion in the x  and y -direction, respectively; t  is 

time. The variance in both directions was calculated based on the moments of the 

distribution:  
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where 0M , 0M , and 0M are the zeroth, first, and second moment, respectively; ),( txC  

is the concentration at location x  and time t .  

 The second approach we used for calculating horizontal dispersion was by 

applying divergence as an indicator. The divergence is one of the fundamental driving 

mechanisms behind the spreading of a tracer, and this approach has shown to be adequate 

following the observation of sufficient correlation between divergence and horizontal 

dispersion demonstrated in Lake Kinneret by Stocker and Imberger (2003). The use of 

divergence as a measure of horizontal dispersion, as opposed to the use of tracers, 

overcomes the interpretation of negative values which becomes meaningless in respect to 
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contribution to horizontal dispersion. Negative values of horizontal dispersion is a 

resulting effect of the oscillatory nature of the internal waves, as has been demonstrated 

in the field in Lake Kinneret (Stocker and Imberger 2003). Divergence δ  was defined as 

a differential kinematic property following Stocker and Imberger (2003) as: 

  yvxu ∂∂+∂∂= //δ     (2.9) 

where u  and v  are the velocities in the x  and y  direction, respectively, and is 

calculated from the simulation results at the scale of the numerical grid using centred 

differences. 

2.3.7 Internal wave dynamics 

 We assume a simple model of the lake, following Antenucci and Imberger 

(2001), where the lake is represented by a flat-bottomed elliptical basin of aspect ratio 

2:3. As shown by Antenucci and Imberger (2003), this captures the essential features of 

seasonal resonance of the dominant basin-scale waves with the wind forcing. The 

existence of Kelvin waves during the study period is examined by matching the natural 

frequency of the Kelvin wave derived from the elliptical basin solution with the 

frequency content of the depth-integrated potential energy (Antenucci et al. 2000). The 

computation of the Burger number (a non-dimensional measure of the effect of earth’s 

rotation on a water body) given as ( ) 1−fRc  where c is the celerity of the internal wave, f 

is the Coriolis parameter and R is the characteristic radius of the basin. The natural 

period of the basin-scale internal waves are computed based on field data, while ELCOM 

results are used to derive the power spectrum of depth-integrated potential energy. 

Ideally internal wave spectra would be determined from field measurements during the 

period of the satellite images; however this was not possible due to substantial gaps in 

the RUSS data giving unreasonably large confidence intervals in the internal wave 

spectra. Given the extent to which the basin-scale internal waves in this lake have been 

previously studied (Antenucci and Imberger 2001; Boegman et al. 2003; Shimizu and 

Imberger 2008), and the level to which ELCOM has been validated for those waves in 

this lake (Laval et al. 2003; Gomez-Giraldo et al. 2006; Hillmer et al. 2008), use of the 

simulated basin-scale internal wave spectra from the ELCOM model is considered to be 

an accurate surrogate.  
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2.4 Results  

2.4.1 Evolution of the physical forcing and 

stratification  

 Wind speeds increased during the period February – April 2007, with the strong 

diurnal sea breeze pattern evident by late February and early March, and the strongest 

winds occurring in April (Fig. 2.3a). Air temperature showed a strong diurnal trend of up 

to 10°C, with the daily mean temperature increasing from approximately 15°C in early 

February to 20°C in late April (Fig. 2.3b). Water column vertical stratification was 

virtually absent at the beginning of February (Fig. 2.4a) and increased to be strongly 

stratified by the end of April with a top-bottom temperature difference of approximately 

7°C and a thermocline depth of 15 m. A significant cooling event is apparent around 15 

March 2007 (Fig. 2.4a), associated with high winds and cooler air temperatures (Fig. 

2.3b). 
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Figure 2.4: Vertical temperature structure (
o
C) at Station A, comparing (a) field data from 3 to 35 

m, (b) ELCOM simulation (plotted in 4 hours increment to match the measurement interval of 

field data) from 05 February to 28 April 2007, and (c) model skill estimates.  

2.4.2 General statistics of Peridinium satellite images  

 The general features of the late winter-early spring blooms of Peridinium of 

Lake Kinneret are well captured by a statistical summary of all pixels in the satellite 

images (Fig. 2.5). The average Chl a concentration is approximately symmetric in time 

about the bloom peak in mid-March (Fig. 2.5a). The start of the bloom was marked by 

Chl a concentrations of ~60 µg L-1 or less, and the associated spatial statistical 

distribution was highly skewed with most pixels in the lake at low concentration. 

Towards the peak of the bloom the average concentration reached above 100 µg L-1 (Fig. 

2.5b), and the spatial distribution became more uniform as both the skewness and 

kurtosis dropped to their minimum during the bloom period (Fig. 2.5c). Skewness and 
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kurtosis at the end of the bloom did not return to their initial values at the start of the 

bloom, but remain relatively low despite the decrease in overall chlorophyll 

concentrations.   

 The rate of increase (i.e. net growth rate) in average Chl a concentration from 

February to the peak of the bloom in mid-March based on statistics from the images was 

0.018 day-1, and the rate of decline from bloom peak to late April was 0.007 day-1. The 

magnitude of these derived rates is similar to the ranges recorded by in-situ 

measurement: growth rates of 0.017-0.040 day-1 for the years 1969-1974 (Pollingher and 

Serruya 1976), growth rates of 0.025-0.060 day-1 and net decline rate of 0.030-0.080 day-

1 for the years 1990-1994 (Zohary et al. 1998), and growth rates of 0.04 day-1 in 1994 and 

0.08 day-1 in 1995 and net decline rates of 0.04 day-1 in both 1994 and 1995 (Viner-

Mozzini et al. 2003). The lower value for the rate of decline from the satellite 

measurements is due to the set of satellite images not capturing the complete degradation 

of the bloom, which occurred by the end of the first week in May based on microscopic 

cell counts but for which quality satellite images were not available. 
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Figure 2.5: Statistical description of chlorophyll a concentration (µg L
-1

) derived from the satellite 

images for the period from 09 February to 27 April 2007: (a) boxplot (box indicates the lower 

quartile, median, and upper quartile values, the whiskers show the extent of 1.5 units the 

interquartile range and the red crosses are outlying data with values beyond the ends of the 

whiskers), (b) mean and standard deviation, (c) skewness and kurtosis. 

2.4.3 Spatial distribution of Peridinium observed in 

satellite images 

 Examination of all satellite images (Fig. 2.6) reveals a high level of spatial and 

temporal complexity. No single ‘patch’ is evident, with numerous regions of high Chl a 

present in any given image. An obvious feature is that Peridinium patches generally 

reside close to the shoreline, and in most cases in the northern region, the region where 

the Jordan River and most other inflows enter the lake. The temporal development of the 
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spatial patterns shows that the bands of patches along the shoreline are relatively narrow 

at the start of the bloom and generally increase in width (perpendicular to the shoreline) 

until the peak of the bloom, with the trend reversed towards the end of the bloom with 

decreasing bloom width. For example, high Chl a regions in the first three images (Fig. 

2.6a-c) are rarely more than 1 km from the shoreline, whereas images on 10 March 2007 

and 29 March 2007 show the high Chl a regions extending up to 7 km from the boundary 

(Fig. 2.6g,h). The final image in the sequence (27 April 2007) does not show patches of 

such broad regions.  

 These observations are summarized in radial transects (from the centre to the 

boundary) of the high Chl a patches (defined with concentration of greater than 150 µg 

L-1) extracted from the satellite images (Fig. 2.7). Note that Chl a concentrations in the 

radial transect from 12 February 2007 did not reach more than 150 µg L-1, and thus data 

from this transect are not included in the contour plot.  For each time instant 

corresponding to a satellite image, the radial transects of the patches are overlaid, and the 

maximum of all transects are displayed. The maximum concentrations occurring at any 

given radius were then contoured, to depict the innermost position at which a 

concentration is present at a particular point in time. The general observation from this 

summary is the same as from the complete images, in that in the earliest stage of the 

bloom, the highest concentration of the bloom only occurred at the shoreline. As time 

progressed towards the peak of the bloom in March, a portion of the radial transects 

show progressive propagation of the peaks inwards to the lake centre. The locations of 

the peaks of some of the radial transects reached up to a distance of 7 km away from 

shoreline on 10 March 2007, the same time as the peak of the bloom. After 10 March 

2007, the pattern of inward movement of patches was reversed as the bloom subsided in 

April.  
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Figure 2.6: A time series of MERIS FR satellite images showing the spatial distribution of 

chlorophyll a in Lake Kinneret surface water that was mapped with Aquatic Vegetation Index 

(AVI) algorithm calibrated to Lake Kinneret, from 09 February to 27 April 2007. Distance scales in 

km and chlorophyll concentration (colour scale) in µg L
-1

.
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Figure 2.7: A distance-time contour map based on the satellite images showing the distance from 

the shoreline of the maximum concentration of Chl a (in µg L
-1

) on each date.  See Methods for 

explanation of how the data were derived. D is the distance measured from the shoreline 

towards the lake centroid. 

 Using these observations, the dominant timescales in the system were calculated 

following Hillmer and Imberger (2007). Using a growth rate µ of 0.018 day-1 (from Fig. 

2.5), a horizontal diffusivity K of 17 m2 s-1 (Stocker and Imberger 2003), a patch length 

scale L of 2-4 km (estimated from the images) and a surface layer velocity U of 

approximately 0.05 m s-1 (Antenucci et al. 2000; Shilo et al. 2007) yields an advection 

timescale (TA = L/U) of 0.5-0.9 days, a diffusion timescale (TD=L2/K) of 2.7-10.9 days 

and a reaction timescale (TR =1/µ) of 55.6 days. The smaller timescales of the transport 

processes, both advection and diffusion, indicate that these processes will dominate the 

distribution of Chl a over reaction (i.e. growth). Our study is thus confined to the 

discussion of physical features affecting bloom evolution. 
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2.4.4 Simulation of the temperature structure 

 A comparison between the vertical temperature profiles from the RUSS field 

data and the numerical simulation is shown in Fig. 2.4a,b. Model skill estimates,S , 

following Wilmott (1981) are shown in Fig. 2.4c.  
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where X is the variable being compared with a mean X , the subscript obs refers to the 

observation and the subscript model refers to the model prediction The value of S is 

bounded between 0 and 1, with 1 indicating perfect model performance. The skill values 

from Fig. 2.4c, which range mostly between 0.8 and 1, indicate a good match between 

model results and field data. In early February, the temperature was relatively uniform at 

approximately 14°C. Over the subsequent two months, surface heating resulted in a 

steady increase in the surface layer temperature up to 22°C and eventual deepening of the 

thermocline down to a depth of approximately 12 m, with both features captured by the 

simulation. Note that the considerable surface cooling observed between 15 and 20 

March 2007 was captured by the simulation.  

2.4.5 Seasonal evolution of basin-scale internal waves 

 The temporal evolution of the stratification causes a change in character of the 

dominant basin-scale waves, as described by Antenucci and Imberger (2003). For 2007, 

the Burger number steadily increased from less than 0.1 in early February to more than 

0.6 in late April (Fig. 2.8a). Associated with this change is a decrease in the natural 

period of the Kelvin wave, from greater than 150 h in early February to approximately 20 

h in late April (Fig. 2.8b). Similarly the natural period of Poincare wave decreased from 

20 h in early February to approximately 10 h in late April (Fig. 2.8c). The steady increase 

in the Burger number implies that rotational effects were strongest at the start of the 

period, with any Kelvin wave motion primarily confined to the boundary (note that a 

Burger number of 0.1 is equivalent to an internal Rossby radius of 750 m, and 0.6 to an 

internal Rossby radius of 4500 m). As the season progressed, the Kelvin wave structure 

should have moved progressively away from the boundary, becoming less exponential in 

shape offshore as the Rossby radius increased. To demonstrate this, for the analytical 

solution presented by Antenucci and Imberger (2001) for a flat-bottomed elliptical lake, 
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the divergence of the velocity field due to the Kelvin wave at different stages during the 

seasonal evolution of the stratification as a function of distance from the boundary were 

computed (Fig. 2.9). This demonstrates that for early in the bloom (February), the 

distance from the boundary at which the divergence associated with the Kelvin wave 

motion drops to 10% of the maximum is just 1.5 km, whereas in April it is greater than 5 

km from the boundary. It is thus expected that the Kelvin wave influence on processes 

leading to horizontal dispersion to increase into the interior of the lake as the season 

progresses.  

 

 

Figure 2.8: (a) Burger number, (b) theoretical Kelvin wave period, and (c) theoretical Poincare 

wave period for 12 February to 28 April 2007 (derived from RUSS temperature data). Vertical 

lines mark the times at which each satellite images were taken. 



2 Physical controls on the spatial evolution of a dinoflagellate bloom in a large 

lake 

 

29 

 

Figure 2.9: Radial structure of normalized divergence for cyclonic radial mode one as a function 

of Burger number. Distance (D) is measured from the shoreline towards the centre of lake. 

Arrow indicates the date of the satellite images of the corresponding Burger number (DDMmm). 

Vertical dashed lines correspond to locations marked as position 1, 2, and 3 in Fig. 2.1. 

 Power spectra of the potential energy response at Station A are shown in Fig. 

2.10. Previous investigations (Antenucci and Imberger 2003) demonstrated the seasonal 

evolution of resonance of wind forcing with basin-scale internal waves. The response at 

Station A in February shows two broad peaks situated around 20 h and 70 h (1.4 × 10-5 

and 4 × 10-6 Hz, respectively) . The response in March shows a single broad peak around 

20 h (1.4 × 10-5 Hz), whereas the response in April shows two sharp peaks at 

approximately 14 h and 26 h (2.0 × 10-5 and 1.0 × 10-5 Hz, respectively). These last two 

peaks are the well-known Poincare and Kelvin modes, respectively. The inertial period is 

22 h, and so the peaks at approximately 20 h observed in February and March are likely 

to be Poincare modes at the inertial frequency (Antenucci and Imberger 2001). The peak 

at 70 h in February corresponds to the approximate natural period of the Kelvin wave 

towards the end of the month (Fig. 2.8b), and coincides with when the wind speeds 

become strong towards the end of the month (Fig. 2.3a). It is therefore expected that the 

Kelvin wave to be present in a resonant condition in late February and April, with little 

Kelvin wave motion during March.  
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Figure 2.10: Power spectra of depth-integrated potential energy for each month. Spectra have 

been smoothed in the frequency domain to improve confidence, with confidence at the 95% 

level shown by the dashed line. March is vertically offset by one order of magnitude while April is 

vertically offset by two orders of magnitude for clarity. 

2.4.6 Temporal and spatial variation of horizontal 

dispersion 

 The spatial-temporal variation of horizontal dispersion is examined in an attempt 

to explain the observed phytoplankton patterns. One prominent feature observed is the 

tendency of the high concentration regions to reside close to the lake boundary. 

Divergence derived from ELCOM simulations at three different distances from the 

boundary, are shown in Fig. 2.11a (refer to Fig. 2.1 for the geographic position of the 

three locations). The divergence values show similar order of magnitude as those found 

experimentally using drifters by Stocker and Imberger (2003). The divergence values 

were highest for the location situated adjacent to the lake boundary. In contrast, 

divergence at position 2 (1.95 km from shoreline) showed a smaller range, and were 
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lowest at the location near the lake centre (4.05 km from shoreline). The divergence 

values in the location closest to the shoreline are 2-3 times greater than the offshore 

location. Also shown in Fig. 2.11a is a general increase in the absolute magnitude of 

divergence with time at any particular location, implying a generally greater horizontal 

mixing with time, particularly from the start of March. The monthly-averaged values of 

the divergence can reach up to 2 times greater in March compared to February, and more 

than 3 times greater in April compared to February, presumably due to the increased 

wind strength (Fig. 2.3a). 

 The temporal and spatial evolution of these patterns is made more evident by the 

cumulative sum of divergence (Fig. 2.11b). The gradient of the cumulative distribution 

increases with each month. Importantly, the cumulative sums for positions 2 and 3 from 

the shoreline begin to diverge in mid-March, indicating that divergence increased at a 

faster rate at 2 km from the shore than at 4 km from the shore. This change coincides 

with the change in character of divergence in the theoretical model of the lake (Fig. 2.9). 

In February, the shape of the Kelvin wave is strongly exponential offshore, also resulting 

in divergence having a similar shape. As the lake warms and the Burger number 

decreases, the offshore shape changes in such a way that the largest change in character 

is observed at approximately 2 km offshore. It is thus expected that the divergence 

resulting in dispersion to increase at this location at a faster rate relative to further 

offshore (4 km), as noted from the simulation results (Fig. 2.11b).  
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Figure 2.11: (a) Divergence at three different positions (pos) derived from the ELCOM 

simulations. Refer to Fig. 2.1 for positions on map. Position 2 and 3 are vertically offset by 0.001 

and 0.002 s
-1

, respectively. Vertical lines mark the times at which each satellite images were 

taken, and (b) Cumulative sum of absolute divergence. 
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Figure 2.12: Variance of patch and dispersion coefficient (Kxy) derived from tracer simulations 

initialized at three different positions for three dates (a,d) 09 February 2007 (b,e) 29 March 

2007, and (c,f) 24 April 20. 

 The finding of the general increase in divergence, as an indicator for dispersion, 

with time is also demonstrated in the change in variance of patches initialized at different 

times:  08 February 2007, 28 March 2007, and 23 April 2007 (Fig. 2.12).  The rates of 

increase in variance, which can be translated as dispersion coefficient (Eq. 2.3), are 

larger in March and April than in February. The dispersion coefficient, varying between 

0 and 40 m s-1, shows noticeable oscillation with values similar to those deduced in the 

field experiment by Stocker and Imberger (2003), and thus oscillations were attributed to 

convergence and divergence events due to internal waves. In respect to the spatial 

variation of dispersion coefficient, the highest rate of dispersion, in most cases, is shown 

to be at the innermost position (i.e., position 3) rather than that close to the shoreline (i.e., 

position 1). This finding apparently contradicts that from the divergence results, however 

note that the divergence was calculated at the scale of the computational grid (300 m), 

whereas the tracer simulation integrates velocity fields over a much larger area and 

horizontal dispersion estimates are scale dependent (Lawrence et al. 1995). Therefore, 

while the energy available to cause horizontal spreading at the smaller scale is high close 

to the boundary as demonstrated by the divergence results, the ability for tracers to 

spread in this area is low as they are constrained by the lake boundary. 

2.5 Discussion 



2 Physical controls on the spatial evolution of a dinoflagellate bloom in a large lake 

   

 

34 

 The objective of this study was to investigate how the evolution of a large 

dinoflagellate bloom might be tied to physical forcing factors in a lake. Lake Kinneret is 

an intensively studied system, with a substantial amount of knowledge available on 

physical, chemical and biological processes in the lake. In recent times, blooms of the 

dominant dinoflagellate Peridinium gatunense have become both less predictable and 

higher in peak concentration. While this study does not address bloom initiation, it 

begins to address potential physical effects on peak concentration. 

 Basin-scale internal waves are a significant feature of the internal dynamics of 

Lake Kinneret (Serruya 1978; Antenucci et al. 2000). Previous work on the seasonal 

evolution of those waves demonstrated a decreasing period (increasing frequency) 

associated with increasing stratification (Antenucci and Imberger 2003), whereas 

theoretical considerations indicate that the spatial structure must also change as the 

internal Rossby radius increases, with both the kinetic and potential energy signal of the 

dominant Kelvin wave propagating offshore as the lake heats (Antenucci and Imberger 

2001).  

 Satellite images of the 2007 Peridinium bloom indicate that high concentration 

patches of Peridinium also propagate offshore as the stratification increases, before 

retreating to the shore as the bloom declines (shown simultaneously in Fig. 2.6, 2.7). For 

example, high Chl a concentrations were present only at locations less than 1 km from 

the shoreline in the three images from 09 February 2007 to 19 February 2007.  Between 

22 February 2007 and 29 March 2007, high Chl a concentrations were spread up to 7 km 

offshore.  The image from 27 April 2007 shows the reoccurrence of high Chl a 

concentrations very close to the shoreline.  Comparison of the timescales of the system 

indicates that differential growth is unlikely to be the cause of this movement, and that it 

is more likely to be due to advective and diffusive processes. Field measurements by 

Stocker and Imberger (2003) demonstrate that dispersion in the surface layer was tied to 

internal wave dynamics, and so it is likely that the dynamics of the bloom are also tied to 

the internal waves. 

 Although differential growth is identified as a negligible factor in the movement 

of patches offshore, this process may play an important role during the early stage of the 

bloom.  Factors that may attribute to differential growth may include the input of 

nutrients from Jordan River as well as upwelling of nutrient from hypolimnion as a result 

of internal seiching (Ostrovsky et al. 1996). The is nevertheless is likely to be most 

possible during the early in the season when the dispersion region is confined tightly 

close to the shoreline, such that the source of concentration generated by growth would 
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not be overwhelmed by dispersion. The relative effects of growth are addressed in 

Chapter 4.  

 Circulation in the surface layer is driven both directly by the wind and also by 

the basin-scale internal wave dynamics (Stocker and Imberger 2003; Shilo et al. 2007). 

Our simulation results (Fig. 2.11, 2.12) suggest that the processes leading to horizontal 

dispersion increase over time. We attempt a conceptual explanation of the bloom 

evolution based on the balance of diffusion and growth according to the Kierstead and 

Slobodkin (KISS) model (Kierstead and Slobodkin 1953). While more complex models 

are available (see Martin 2003 for a review), a simple model where diffusion balances 

growth is sufficient for discussion purposes. In this model, patches must be greater than a 

critical size Lc to grow. At the initiation of the bloom, the growth rate is high and the 

winds are relatively low, such that the critical patch size,

2/1

4.2 






=
µ
K

L c , is 

relatively small. As the wind increases through March, it causes an increase in the 

processes leading to horizontal diffusivity, the critical patch size increases and the actual 

patch size must also increase to maintain its existence. At some point, the combination of 

increasing wind speed causing increasing horizontal diffusivity and a declining growth 

rate resulting from nutrient depletion (Gal et al. 2009) results in a maximum critical 

patch size for the bloom, and thus the peak concentration of the bloom is likely to decline 

if it does not exceed this scale. An additive effect is that horizontal dispersion increases 

with Burger number (or stratification) for a given Wedderburn number (Stocker and 

Imberger 2002), due to the inwards progression of the velocity fields. The bloom decline 

in the 2007 data began around the end of March, and so it is around this time of year that 

this process of horizontal dispersion would be expected to overwhelm growth. 

 It should be noted that the average wind speed (and standard deviation) was 

2.4±1.9 m s-1, 2.8±2.0 m s-1 and 2.8±2.2 m s-1 for the months of February, March, and 

April, respectively. The wind pattern in March and April was very similar, with a strong 

diurnal signal (Fig. 2.3a). Consideration of the internal wave spectra from the model 

(Fig. 2.10) and past observations (Antenucci and Imberger 2003) indicate that the basin-

scale waves were in resonance with the wind in April, but not in March. This has a clear 

effect on the cumulative distribution of divergence leading to dispersion (Fig. 2.11), 

indicating that resonance of the wind and the internal wave field are likely to play a role 

in the bloom evolution. The overall long-term increase in horizontal dispersion is a 

consequence of the combined effect of the internal wave field and an increase in direct 

wind driven motion in the surface layer. In addition the onset of stratification causes 
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currents of greater velocity in the surface layer as the stratification evolves (Serruya 

1975). The magnitude of the relative importance of each of these two features is a topic 

for further investigation.  

 The typical spring Peridinium bloom has been losing its predictability since 

1995, with the absence of blooms in most years but with massive blooms observed in 

some years (Zohary 2004). Since the mid-1990s, intense Peridinium blooms occurred 

only in years of higher than average inflow volumes and as a result higher nutrient 

loading (Zohary 2010). On the other hand, the explanations for absence of bloom include 

the epidemic infection of chytrid fungi (Alster and Zohary 2007) as well as higher long-

term rise in temperature which gives a competitive advantage to green algae, with faster 

growth rate (Roelke et al. 2007). The findings from this study suggest that lake 

circulation effects also need to be considered, particularly the timing of stratification, 

wind forcing and resonance. Further, the suggested importance of mixing in dispersing 

phytoplankton patches corresponds well with an experimental study by Berman and 

Shteinman (1998) who showed that the absence of the Peridinium bloom is correlated 

with extremely high dissipation rates of turbulent kinetic energy, and vice versa.  

 This study demonstrates the importance of physical drivers on the spatial 

distribution of Chl a and how satellite images can be applied to study the relationships 

between those lake ecosystem components. It should be noted that the use of satellite 

images is not a panacea for the study of spatial patterns, and clearly there are errors and 

uncertainty as with any other measurement technique. The primary result of this work 

that the bloom evolution into the centre of the lake was controlled by physical processes, 

could be equally derived from normalized (uncalibrated) images as the relative 

concentrations returned from within an image are generally consistent. The seasonal 

evolution of wind and internal wave fields has been documented in many lakes (Lorke et 

al. 2006; Mortimer 2006; Vidal et al. 2007), hence the processes leading to bloom 

evolution as demonstrated in this study are potentially similar in many systems. This new 

understanding of the underlying physical processes demonstrates the potential in 

predicting the dynamics of horizontal distribution of phytoplankton or other variables. 

While spatial heterogeneity has been well suggested to be fundamentally important to 

many ecological processes such as population dynamics, community organization and 

stability, these subsequent effects are to be investigated. Future work may also focus on 

the role of algal species in determining spatial patterns, in particular how the vertical 

migration capability of some species affects spatial variability (e.g. Hunter et al. 2008).  
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3  The influence of phytoplankton 
vertical migration on the 
horizontal distribution of 
chlorophyll a in a large lake 

3.1 Abstract 

 The influence of phytoplankton vertical migration on their horizontal distribution 

was investigated using an extensive set of Medium Resolution Imaging Spectrometer 

Full Resolution (MERIS FR) images of Chlorophyll a in Lake Kinneret (Israel). Eighteen 

images spanning 2005-2007 were normalized and analysed in conjunction with 

simultaneous in-situ data of ambient physical conditions and phytoplankton community 

composition. Both visual and statistical analyses confirmed that larger variance at small 

horizontal scales (< 7.0 km) occurred when the phytoplankton community was 

dominated by the bloom-forming dinoflagellate Peridinium gatunense. The 

dinoflagellates exhibit strong active vertical migration capability not found in the other 

phytoplankton taxa present in Lake Kinneret, and we hypothesize that this migration is 

the primary reason for the differences observed at small scales. At larger scales (>7.0 

km), variance in the spatial structure of phytoplankton communities was similar, and we 

thus conclude that at these scales physical processes controlled the distribution. 

3.2 Introduction 

 Spatial patterns of phytoplankton in oceans, coastal regions, and lakes is the 

manifestation of both physical and biological processes, and thus is a window to 
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understanding the characteristics of the underlying ecosystem. Spatial heterogeneity, a 

critical feature of phytoplankton distribution, can significantly affect biodiversity (Levin 

2000), ecosystem stability (Steele 1974), as well as regional productivity (Martin and 

Srokosz 2002; Pasquero et al. 2005). The causes of spatial heterogeneity in 

phytoplankton biomass is generally attributed to physical processes such as turbulent 

stirring (Abraham 1998; Martin 2003; Tzella and Haynes 2007) and advection (Bracco et 

al. 2009), and sometimes also to biological processes such as predator-prey interaction 

and vertical migration (Folt and Burns 1999; Moreno-Ostos et al. 2008; Alexander and 

Imberger 2009). These processes operate on diverse time scales (Levin 1992). For 

example, vertical mixing may occur over a time scale of hours while turbulent diffusive 

time scales are weeks to months (Denman and Gargett 1983). On the other hand, the time 

scale of phytoplankton biological growth is in the order of days to weeks (Harris 1980) 

while phytoplankton vertical migration is typically diurnal (Reynolds 2006). The 

interplay of these processes across these different time scales results in often complex 

spatial patterns.  

 The study of spatial structure in aquatic ecosystems has long been limited by an 

inability to sample large geographic domains within timeframes shorter than those of the 

processes responsible for changing distributions. This difficulty has, to some extent, been 

overcome in recent decades with the advent of remote sensing technology (Kahru 1997; 

Kutser 2004; Tyler et al. 2006). Remote sensing measurements are often complemented 

with in-situ observations, and can provide a snapshot of water surface variables, such as 

temperature and chlorophyll. Such applications for chlorophyll have been prevalent for 

Case I waters (i.e. typically oceanic regions) but are less frequent for Case II waters (i.e. 

coastal and inland waters) because of the optical interference from high concentrations of 

suspended inorganic particles and/or dissolved organic matter in these more productive 

systems (Mueller and Austin 1995;  Gitelson et al. 2000). An application of remote 

sensing information demonstrated the capability of this technology in capturing spatial 

heterogeneity associated with buoyancy-regulating cyanobacteria in a eutrophic shallow 

lake (Hunter et al. 2008). Such applications show the potential of the use of remote 

sensing information for lakes, and to overcome accuracy issues, substantial efforts have 

been made to tackle this problem through improvement of spectral resolution and 

associated algorithms (Dall’Olmo et al. 2005; Kratzer et al. 2008).  

 Description of spatial patterns, in essence, is the description of the variance of 

the variable of interest over some distance. A fundamental notion to describe spatial 

variation is scales, which can be rendered as the degree to which a variable fluctuates 

over space (Powell 1989). A number of techniques have been developed to identify 
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spatial scales and the relative magnitude of patterns across different scales; and applied 

to examine marine ecological variables, such as temperature, phytoplankton, and 

zooplankton concentrations. The earliest studies involved the use of Fourier spectral 

analysis to compare spatial variability among simultaneous measurements of 

temperature, phytoplankton, and zooplankton (Mackas and Boyd 1979; Weber et al. 

1986). Results from these studies found that the variance of zooplankton was greater than 

that of both temperature and phytoplankton at all scales, but was shown to be particularly 

so for finer scales. Differences in the slopes of the spectra were observed - zooplankton 

had a flatter slope than phytoplankton, whereas the temperature distribution had the 

steepest slope. It is therefore generally argued that this indicates that zooplankton 

distributions are much patchier at small scales, implying that the patterns emerged are 

due to more than just large-scale physical water movements. Biological factors are 

usually quoted as the reason for the difference, including the ability to swim (Mackas and 

Boyd 1979), and predator-prey interactions (Steele 1978; Weber et al. 1986).  While this 

trend has been often observed, it is not a general rule, since in some cases steeper slopes 

have been found for phytoplankton compared to zooplankton (Piontkovski et al. 1997; 

Martin and Srokosz 2002). 

 A more recent study by Mahadevan and Campbell (2002) extracted the 

magnitude of variance at different horizontal scales using satellite images of sea surface 

temperature (SST) and chlorophyll, and affirmed SST distribution is indeed less patchy 

than the chlorophyll distribution. Using results derived from a three-dimensional 

primitive equation hydrodynamic model, these authors concluded that tracers with longer 

reaction times (temperature in their study) generate less patchy distributions than those 

with shorter reaction times (phytoplankton in their study) as they have more time to 

homogenize through diffusive processes. Growth was considered the key process 

controlling the reaction time for phytoplankton. 

 While there have been many studies that recognize the differences in the scale of 

spatial variation among temperature, phytoplankton, and zooplankton, none have so far 

specifically considered the spatial scale dependency among phytoplankton species, and 

in particular the difference between those with and without vertical migration ability – 

though it is thought this is an important process shaping distributions. It is well-

documented from observational studies that dinoflagellates migrate upward towards the 

surface during the day and descend to deeper water at night (Eppley et al. 1968; 

Townsend et al. 2005). The proposed explanations for such migration behaviour include 

access to optimal light intensity (Ault 2000; Whittington et al. 2000; Regel et al. 2004), 

access to nutrients in the hypolimnion (Heaney and Eppley 1981; Cullen 1985; 
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MacIntyre et al. 1997), and to avoid energetic turbulence (Smayda 1997; Sullivan et al. 

2003). Previous studies also found that positively buoyant and migrating phytoplankton 

and zooplankton combined with the effect of wind caused heterogeneity in both vertical 

and horizontal distributions (Heaney 1976; George and Edwards 1976).  

 In this paper, we analyse a series of satellite images of normalized Chlorophyll a 

(Chl a) to identify the spatial signatures of phytoplankton distribution in a large lake, and 

to determine whether community dominated by motile phytoplankton leads to different 

spatial patterns to that characterized mainly by non-motile species. The study site is Lake 

Kinneret (Israel), a meso-eutrophic freshwater system that exhibits large inter-seasonal 

and inter-annual variations in the composition of phytoplankton assemblages. More than 

30 phytoplankton species can be present concurrently in Lake Kinneret during certain 

periods, while single species can dominate during others. The set of satellite images 

acquired, from the year 2005 to 2007, encompasses blooms of three distinct species, 

namely the unicellular, large-celled dinoflagellate Peridinium gatunense, the filamentous 

zygnematalean chlorophyte Mougeotia gracillima, and the filamentous cyanobacterium 

Cylindrospermopsis raciborskii, as well as periods in which diverse phytoplankton 

assemblages exist. In attempt to unravel the significance of vertical migration on 

phytoplankton horizontal distribution, phytoplankton assemblages are classified based on 

the relative abundance of motile species, and a combination of statistical parameters 

describing spatial variance are used to quantify the degree of patchiness observed in the 

satellite images. 

3.3 Methods 

3.3.1 Study site  

 Lake Kinneret (32.5oN, 35.4oE) is a warm monomictic, meso-eutrophic 

freshwater lake located in the northern part of Syrian-African Rift Valley in Israel (Fig. 

3.1). It has a total area of 168 km2, and a maximum and mean depth of 43 m and 26 m, 

respectively. During the months of March to October the lake is typically subjected to an 

afternoon westerly breeze, which lasts for ~5 hours in the spring and fall, and ~8 h during 

the summer (Rimmer et al. 2009). At its peak season, during July-August, wind speed 

may reach up to 15 ms-1 at 10 m above water surface. The water column is thermally 

stratified between April and December, and vertically mixed from December or January 

to March. The primary inflow, via the Jordan River, usually peaks in late winter and 
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attenuates in the summer. Additional inflows are from several smaller freshwater 

streams, most of them in the north-east part of the lake, some of which flow only during 

the winter.  Other inflows are from submersed thermohaline springs located mostly along 

the western shore of the lake. The Lake’s major outflow is from sub-surface withdrawal 

to the Israel’s National Water Carrier on the north-west lake shore. Effective water 

quality management is crucial for Lake Kinneret as it provides approximately 30% of 

Israel’s water for both domestic and agricultural use.  

 

Figure 3.1: Bathymetric map of Lake Kinneret. 

 The phytoplankton of Lake Kinneret has long been characterized by remarkably 

consistent seasonal patterns of abundance, distribution, and composition (Pollingher, 

1986). Until the mid-1990s, the most notable feature was a spring bloom of the large, 

thecate dinoflagellate Peridinium gatunense (referred to hereafter as Peridinium) which 

would often reach depth-integrated monthly mean biomass > 250 g wet weight m-2 

(Zohary, 2004). The summer and fall seasons were characterized by low-biomass (20-40 

g m-2) but high species diversity assemblages of nanoplanktonic species, including 

chlorophytes, cyanobacteria, and diatoms.  Since the mid-1990s this stable pattern was 

lost, and Peridinium spring blooms have developed only in high-rainfall years.  In other 

years, other taxa formed spring peaks, in particular the filamentous chlorophyte 
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Mougeotia gracillima (formerly reported as Debarya sp.), or other species of 

dinoflagellates, such as Peridiniopsis cunningtonii and Peridiniopsis elpatiewskyi. Those 

peaks never reached biomass magnitudes close to those of the Peridinium blooms 

(Zohary 2004).  In 1994 N2-fixing cyanobacteria bloomed for the first time in Lake 

Kinneret, and since then they tend to dominate the summer assemblages. The most 

abundant, bloom-forming species are Aphanizomenon ovalisporum and 

Cylindrospermopsis raciborskii (previously referred to as C. cuspis (Berman 2001; 

Hadas et al. 1999, Zohary and Shlichter 2009).  The dinoflagellates of Lake Kinneret are 

known for their daily vertical migration in response to light and nutrients (Pollingher 

1987; Usvyatsov and Zohary 2006). In contrast, the other bloom-forming species do not 

migrate vertically: during their blooms, the vertical distribution of their biomass is more 

or less even throughout the epilimnion (Pollingher et al. 1998; Zohary and Shlichter 

2009).  This holds true also for the cyanobacteria (Aphanizomenon, Cylindrospermopsis) 

which in theory could regulate their buoyancy and their vertical location in the water 

column as has been reported for other cyanobacteria.  

3.3.2 Satellite data acquisition and normalization 

 A total of 18 Medium Resolution Imaging Spectrometer Fine Resolution 

(MERIS FR) images of Chl a with pixel size of 300 m by 300 m was acquired for this 

study through the Satellite-based Information System on Coastal Areas and Lakes 

(SISCAL) service (Fig. 3.2 – refer to Table 3.1 for date referencing). The spectral 

information in which the MERIS FR images were generated from, were collected on the 

Envisat platform by the European Space Agency (ESA). The image set, of which 3 are 

from the year 2005, 3 from the year 2006, and 12 from the year 2007, covers separate 

blooms of three distinct species, namely Peridinium gatunense (March-April 2007), 

Mougeotia gracillima (February-July 2005), and Cylindrospermopsis raciborskii 

(August 2005), as well as periods in which diverse phytoplankton assemblages existed.  

Each of the images was taken around 10:00 h local time. The overall magnitude of Chl a 

concentrations varies significantly among the images due to the presence of different 

species biomass at different times.  To allow for consistent comparison of spatial 

heterogeneity among the images, for the spatial analysis we normalized each image by its 

0.5 and 99.5 percentiles: 

5.05.99

5.0

CC

CC
Cnorm −

−=            (3.1) 
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where C  is the original concentration, 5.99C  is 99.5 percentile, and 5.0C  is 0.5 

percentile. A slightly less inclusive range (i.e. 99.5 and 0.5 percentile as opposed to 

maximum and minimum) was chosen to avoid taking values at erroneous pixels due to 

image algorithm as the upper and lower limits for normalization; and the 99.5 and 0.5 

percentiles were found to be adequate for this purpose. 

 The acquired images were generated using the EH1 algorithm, which is based on 

3 spectral bands in the red and infrared range, providing robust results even in productive 

water (F. Fell et al. unpubl.). As the analysis in this study was based entirely on the 

normalized images, calibration of the images with in-situ Chl a data was not required. 

Also note that the algorithm distinguishes pixels as land and water based on two land-sea 

masks, one based on geolocation and the other based on pixel-based spectral information, 

which eliminate the possibility of mixed pixels. The algorithm eliminates the adjacent 

effect near the shoreline by not treating pixels closer than normally 1-3 pixels to the 

shoreline.  The influence of optical properties near the river mouth would be negligible 

given the inflow rate is relatively small (in order of magnitude ~20-30 m3s-1) and the 

surface area of the lake is 170 km2. It is also known that the Jordan River water may 

underflow into the lake, further lessening this effect on the satellite images (Serruya, 

1974). 
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Figure 3.2: MERIS FR satellite images showing the spatial distribution of normalized chlorophyll 

in Lake Kinneret surface water from 2005-2007 (normalized by the range between 99.5 

percentile and 0.05 percentile of each image). Refer to Table 3.1 for the date in which each 

image was taken. Text in the lower left corner marks the migration classification. Distance scales 

in km and normalized chlorophyll a concentration (colour scale). 

3.3.3 Background physical conditions  

 Meteorological data of wind speed (MA-05106 wind monitor, RM Young 

Products), air temperature (temperature probe model 43372C, RM Young Products), and 

short-wave radiation (CM11 shortwave radiometer Kipp & Zonen) taken at the Tabgha 

station over the three years 2005, 2006, and 2007 are shown in Fig. 3.3. The sampling 

interval for the data was 10 minutes, but has been averaged to daily resolution for 

plotting. The overall trends of wind speed, air temperature, and short-wave radiation are 

similar among the three years. During the colder seasons (October-March), the wind 

speed is typically below 3 m s-1, air temperature in the range 15-20°C, and daily-

averaged short-wave radiation in the range 130-280 W m-2. During warmer seasons 
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(April-September), the wind speed is often above 3 m s-1, air temperature varies between 

20-30°C, and short-wave radiation may reach up to about 330 W m-2. As with the 

meteorological forcing, the water column temperature response was similar across all 

three years (Fig. 3.4). During January-February, the water column was well-mixed with 

uniform temperatures of 16-17 °C.  Stratification began at the end of March and persisted 

until end of December. During the most strongly stratified periods in July-August, the 

surface and bottom temperature were about 30 °C and 16 °C, respectively, and the 

thermocline reached a depth of about 17 m. As solar radiation input was reduced after 

October, convective cooling caused a deepening of the thermocline until December-

January, when the water column became fully mixed. 

 The wind condition prior to the time of measurement of the horizontal 

distribution can also be a critical factor in determining phytoplankton patchiness. As 

suggested in studies by Heaney (1976), George and Edwards (1976), and Moreno-Ostos 

et al. (2009), horizontal patchiness should only exist in relatively calm conditions. When 

phytoplankton spatial distribution is subjected to high wind speeds, diffusion 

overwhelms heterogeneity. A strong diurnal wind pattern is frequently observed (Fig. 

3.5B, C, D, E, F, N, O, and Q) while relatively calm conditions also occur (Fig. 3.5 G, I, 

J, and K) for 48 hours prior to the time when the MERIS FR images were taken. 
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Figure 3.3: Meteorological conditions:  (a) wind speed, (b) air temperature, and (c) short-wave 

radiation. All meteorological data are from Tabgha station taken at 10 mins interval (averaged to 

daily interval for this figure). 
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Figure 3.4: Vertical temperature structure (
o
C) at station A for year (a) 2006, and (b) 2007. 

Profiles were taken at 1 mins interval (averaged to 4-hour interval for this figure). 
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Figure 3.5: Wind speed 48 hours prior to each MERIS FR satellite images.  Letter in the upper left 

corner marks image referencing (see Table 3.1).  Text in the upper right corner marks the 

migration classification. 

3.3.4 Chl a concentration, phytoplankton species 

composition and image classification  

 Chl a, phytoplankton counts and biomass estimates, recorded at weekly or 2-

week intervals at Station A as part of the Kinneret monitoring program using methods 

reported by Zohary (2004), were used to describe the temporal variation of 

phytoplankton concentration and species composition. The collection time of water 

samples for both Chl a and for phytoplankton species composition determinations was 

typically around 09:00 h, approximately the same time the satellite passes, and the depths 

sampled were 0, 1, 2, 3, 5, and 7 m. Chl a analyses (fluorometric determinations) were 

conducted as described by Yacobi (2006). Remote sensors generally capture near surface 
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pigments up to one optical depth (that is, the depth at which surface irradiance is 

attenuated to 37% of its maximum intensity at the surface) (Joint and Groom 2000). 

Values of the extinction coefficient derived experimentally by Yacobi (2006) for Lake 

Kinneret range from 0.203 to 1.954 m-1, equivalent to an optical depth of 0.5 to 4.8 m. 

Fig. 3.6 shows a time series of the routine monitoring Chl a concentrations (averaged for 

the surface 2 m). The acquired images were generally taken at time of relatively higher 

Chl a concentrations. All three years showed a springtime bloom, however the 

magnitude of the peaks varied with around 80 µg L-1 in 2005, less than 50 µg L-1 in 2006, 

and more than 100 µg L-1 in 2007.  

 

Figure 3.6: Routine monitoring chlorophyll a concentrations (averaged for the surface 2m) at 

station A. Vertical lines mark the times in which satellite images were taken. 

 There are a total of 7 phylum groups, namely, cyanobacteria, diatoms, 

chlorophytes, dinoflagellates, crytophytes, euglenophytes, and chrysophytes, which 

typically exist in Lake Kinneret. Euglenophytes and chrysophytes were not considered as 

they contributed less than 2% of the total phytoplankton biomass at any particular time. 

There was significant variation in the phytoplankton biomass composition throughout the 

three year study period (Fig. 3.7a and Table 3.1). Considering the percentage 

contribution to biomass, the seasonal succession of phytoplankton was reasonably similar 

across the three years (Fig. 3.7a). In the start of the year, the lake was composed of a 

mixed community of diatoms, dinoflagellates, cryptophytes, and chlorophytes, which 

subsequently became dominated by diatoms.  The winter diatom blooms later gave way 

to a spring dinoflagellate peak, followed by late summer cyanobacteria dominance. 

Chlorophytes were generally present during spring and autumn. Consideration of the 
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biomass, however, reveals strong inter-annual variability (Fig. 3.7b). During 2005, a 

bloom of the chlorophyte M. gracillima (~170 g m-2) was observed during the spring-

summer period, and was followed by a late summer bloom of the cyanobacterium C. 

raciborskii (Fig. 3.7b).  In 2006, the spring bloom contained almost equal components of 

dinoflagellates (several species of Peridiniopsis) and chlorophytes (M. gracillima). In 

2007, an early spring bloom of the diatom Aulacoseira granulata was replaced by a 

major bloom of the dinoflagellate P. gatunense, reaching almost 500 g m-2.   

 The images were classified broadly into 2 assemblages, based on the 

contribution of dinoflagellates to total phytoplankton biomass during the time when the 

image was taken. The 2 assemblages were categorized as motile (M) when 

dinoflagellates (with Peridinium dominant) contributed at least 30% of the 

phytoplankton biomass, and non-motile (NM) when dinoflagellates contributed less than 

30% of the total phytoplankton biomass (Table 3.1). Note that the definition of motile 

species in this study was confined to species that exhibit active, directed, swimming 

behaviour. For example, C. raciborskii is a positively-buoyant species, and thus was not 

considered to be motile for the purposes of this categorization. Nevertheless, C. 

raciborskii was only dominant (>80% biomass) during two short intervals: 10 July to 10 

September 2005 and 2 July to 21 August 2006 (and no satellite images were acquired 

during this time period), and was evenly distributed with depth over the entire epilimnion 

during this period.  
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Figure 3.7: Phytoplankton by major taxonomic groups in Lake Kinneret, 2005-2007 (depth-

averaged) presented as (a) percentage composition, and (b) depth-integrated wet-weight 

biomass. Vertical lines mark the times in which satellite images were taken.  
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Table 3.1. Image classification.  

Satellite image ref 
and date 

Classifi-
cation* 

Phytoplankton Contributions (percentage) 

Cyano- 
bacteria 

Diatoms 
Chloro-
phytes 

Dino-
flagellate

s 

Cryto-
phytes 

A 26 Feb 05 NM 1.9 6.7 73.5 13.4 4.4 
B 24 Mar 05 M 0.7 1.3 56.8 35.4 4.3 
C 14 May 05 NM 0.4 0.9 79.5 18.2 0.8 
D 26 Apr 06 M 0.8 0.2 50.3 47.0 1.7 
E 15 May 06 M 0.5 0.2 52.4 45.2 1.6 
F 28  May 06 M 1.0 0.1 35.9 61.5 1.4 
G 18 Jan 07 NM 1.3 27.3 32.3 26.9 11.9 
H 24 Jan 07 M 0.8 29.2 25.1 35.1 9.7 
I 27 Jan 07 M 0.6 30.1 21.5 39.2 8.6 
J 09 Feb 07 NM 0.4 53.0 16.3 23.8 6.5 
K 12 Feb 07 NM 0.4 53.2 15.9 24.8 5.7 
L 19 Feb 07 M 0.4 38.8 16.8 40.7 3.0 
M 22 Feb 07 M 0.4 32.6 17.2 47.5 1.9 
N 03 Mar 07 M 0.4 17.5 11.5 69.7 0.6 
O 04 Mar 07 M 0.3 15.9 10.5 72.3 0.6 
P 10 Mar 07 M 0.3 6.8 4.9 87.6 0.3 
Q 29 Mar 07 M 0.2 2.5 3.0 93.9 0.1 
R 27 Apr 07 M 0.1 0.1 3.1 96.6 0.1 
 
*NM when biomass of dinoflagellates is less than 30% of the total 
  M when biomass of dinoflagellates is greater than 30% of the total  

3.3.5 Quantification of spatial scales 

 Early work on the analysis of spatial scales focused on Fourier spectra (Mackas 

and Boyd 1979), however there are a number of problems recognized in the use of 

Fourier spectra to determine processes responsible for plankton patchiness (Franks 

2005). Spatial autocorrelation methods, such as Moran’s I and Geary’s C, are limited to 

one-dimensional analysis (Legendre and Fortin 1989). Other methods such as the Mantel 

correlogram identify the ‘zone of influence’, that is, the region within certain proximity 

of the sample point such that similarity is retained (Legendre and Fortin 1989). Our aim 

was very specific - to identify dominant length-scales in a two-dimensional, regularly 

spaced, distribution. We thus quantified the spatial scales in each of the satellite images 

following the approach by Mahadevan and Campbell (2002). The method characterizes 

the spatial variance  V  with respect to the characteristic length scaleL . The procedure 

first defines a continuum of square area of dimensions 1L , 2L , …, nL , and the variance 

iV corresponding to each square area of particular dimension iL  is computed using the 

average of all variances with square area regions with dimension iL . The result is a plot 

of variance V against length scale L. This approach is analogous to the conventional 

variogram except that a variogram computes variances over a distance rather than an 
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area. The advantage of this method over the variogram is that it avoids the problem of 

having length scales that exist only at certain orientations because of the regular data 

grid, and thus is convenient for the regular grid data matrix supplied by the satellite 

measurements. In the context of this study, some of the square area regions were partially 

cut off due to the presence of the lake boundary, and we therefore excluded regions that 

have more than 50% land area from the calculations. 

3.4 Results   

3.4.1 Spatial Patterns Observed in Satellite Images  

 The normalized satellite images (Fig. 3.2 refer to Table 3.1 for the date 

referencing) demonstrates that higher concentrations were generally observed close to 

the shoreline, and in most cases in the northern region. This is attributed to the primary 

inflow, which brings in nutrients from the Jordan River in the north, promoting 

phytoplankton growth.  

Visual comparison of the images revealed that differences between the two 

assemblages in the scales of horizontal patterns. Assemblage NM shows in most cases 

only large scale features with high concentrations close to the shoreline and extremely 

low concentrations in the centre, with a transition region consistently located 1-3 km 

offshore. Assemblage M shows some large-scale features but also a large degree of fine-

scale features - regions of high and low concentration are more interspersed compared to 

assemblage NM. Another notable point is that the contrast of concentrations within the 

fine-scale features appears to be more prominent during the spring bloom of 2007 (Fig. 

3.2 P, Q, R) than that of 2006 (Fig. 3.2 D, E, F). 

3.4.2 Scale analysis 

 The spatial variance of the normalized images at three length scales, 0.6 km, 3 

km, and 9 km, were calculated to quantify the relative contribution of patterns across a 

range of relevant spatial scales. These scales were chosen to represent the degree of fine, 

medium, and course-scale patterns, with the low value based on two-pixel resolution of 

the satellite images, and the large value based on the lake-scale. Results show that at 

length scales of 0.6 km and 3km, the mean variance for the motile assemblages (M) is 
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more between 40-50% higher than that for the non-motile assemblages (NM) (Fig. 3.8). 

This difference becomes less prominent at the length scale of 9.0 km, in which the 

difference is less than 40%. The standard deviation of the mean variance was shown to 

be smaller for both length scales of 0.6 and 3 km compared to that of 9.0 km. This 

analysis broadly confirms the same conclusions drawn from visual inspection of the 

images: motile assemblages have more fine-scale horizontal variance than non-motile 

assemblages. 

 

Figure 3.8: Comparison of variance for motile and non-motile group at three length scale: (a) 0.6 

km, (b) 3 km, and (c) 9 km. Mean values are shown by the open circle, with the vertical bars 

indicating one standard deviation from the mean. 

 Variance-length scale relationships for non-motile and motile group show that 

the variance for the M group is always greater than that for the NM group, regardless of 

the length scale (Fig. 3.9). The variance-length scale plots for sea surface Chl from 

Mahadevan and Campbell (2002) show that variance varies somewhat linearly with 

length scale between 4 and 256 km in the log-log space, indicating a power law 

relationship of the form: PL~V  where P  ~ 0.1. The variance-length scale plots in this 

study show slope ~ 0.94-1.0 for length scale less than ~ 2 km, and ~ 0.3-0.4 for length 

scale above ~ 2 km. Note that the slope for this study is incomparable to that for ocean 

from work done by Mahadevan and Campbell (2002) as their variance was derived based 

on actual Chl concentration rather than normalized values used in this study. 
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Figure 3.9:  Variance-length scale relationships for motile and non-motile group. 

 A one-tailed z-test was performed to determine if the observations were 

statistically significant. The populations, M and NM, were compared to investigate the 

influence of species motility on spatial distribution. A z-value was derived from the 

mean, standard deviation, and sample sizes of variance of each length scale. To justify 

the hypothesis that variance for M is greater than that for NM at 95% confidence level, 

the z-value needed to be larger than the value obtained from the student t distribution as 

shown (Fig. 3.10). The analysis shows that this corresponds to only smaller length scales 

of 7.0 km or less with the exception of around 0.5-1.5 km. This narrow range, 

nevertheless, met the 90% confidence level. The results demonstrate that the motile 

assemblage generated horizontal distribution containing significantly greater variance at 

small rather than large length scales. 
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Figure 3.10: z-value derived based on a one-tailed z-test against length scale plot for comparison 

of variance for motile group against non-motile group Dashed line indicates the z-value 

requirements for 95% and 90% confidence level. 

3.5 Discussion 

 The spatial distribution of phytoplankton is a manifestation of the underlying 

physical and biological processes. A major constraint in investigating phytoplankton 

spatial structures lies in the lack of adequate spatial coverage using conventional point 

sampling methods, but this has been overcome in the recent decades with the advent of 

remote sensing technology (Kahru 1997; Kutser 2004; Tyler et al. 2006). While this 

provides enhanced spatial coverage, it suffers from requiring in-situ calibration and 

appropriate atmospheric conditions. Focusing our investigation on spatial structure 

removed the need for local calibration as normalized images could be used.  

 Our results indicated that phytoplankton motility had little influence on large-

scale (>7.0 km) features of the phytoplankton spatial distribution. Several of the acquired 

images were taken at similar times of the year (spring time), implying that they were 

subjected to similar background physical conditions (Fig. 3.3, 3.4). While differences at 

small length scales were found to be dependent on the dominance of motile 

phytoplankton species, the absence of relationship at large scales indicates physical 

processes are most likely responsible for these larger scales. The importance of physical 
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processes in determining the basin-scale spatial structure can be inferred from the large-

scale curved patterns and sharp boundaries separating extreme high and low 

concentrations observed in some of the images (e.g. Fig. 3.2 E, M). These patterns 

appear to be associated with large-scale physical processes such as gyres, counter-

clockwise-rotating Kelvin waves and inner clockwise-rotating Poincare waves observed 

in this lake (Gomez-Giraldo et al. 2006; Shilo et al. 2007; Shimizu and Imberger 2008). 

The dominance of physical processes in governing the large-scale patterns of 

zooplankton has been well-supported in previous field studies (Blukacz et al. 2009; 

Rinke et al. 2009), the current work indicates this also applies to phytoplankton. 

 We argue that from visual examination of the satellite images in Fig. 3.2 and 

further quantification of variance across spatial scales, the presence of strong-swimming 

dinoflagellates was the primary predictor of fine-scale patterns of phytoplankton spatial 

distribution. Alternatively, it could be argued that higher phytoplankton growth (such as 

the massive bloom observed in 2007) could be responsible for introducing fine-scale 

variations into the distribution. Previous numerical studies by Bracco et al. (2009) and 

Mahadevan and Campbell (2002) tested the response of tracers with different reaction 

times (which directly translates into the inverse of the net growth rate). We can 

demonstrate the influence of growth was relatively minor compared to migration by 

calculating their relevant time scales, where the smaller the timescale the more important 

the process. Using a typical growth rate µ of 0.025 day-1 (Pollingher and Serruya 1976; 

Zohary et al. 1998), a thermocline depth H of 12 m, and migration rate vM of 0.6 m hr-1 

(for Peridinium gatunense by Hill and Hader (1997)), yields a reaction timescale (TR 

=1/µ) of 40 days, and a migration time scale (TVM =H/vM) of 0.83 days. Even at the upper 

limit of net growth rate of 0.75 day-1 for any freshwater phytoplankton species 

(Istvanovics et al. 2005), the reaction timescale is 1.33 days, almost double the migration 

timescale.  Such high values of the growth rate, though may exist theoretically, are not 

likely to persist for a long period of time for freshwater phytoplankton. Comparison of 

these timescales therefore suggests that migration plays a more important role than 

growth in producing fine-scale features in the horizontal distribution.  

 This conforms well with results from early studies in the use of spectrum 

analysis to quantify spatial scales for different water variables, which showed that 

zooplankton distribution generally possesses more fine-scale variation than both 

temperature and phytoplankton distribution because of the ability of zooplankton to swim 

(Mackas and Boyd 1979; Denman et al. 1977; Weber et al. 1986). A recent in-situ 

experiment study by Moreno-Ostos et al. (2008) demonstrated a similar finding for 

phytoplankton; however, they attribute the difference to positive buoyancy of 
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cyanobacteria, not active vertical migration. Studies by Heaney (1976) and George and 

Edwards (1976) found that it is the combination of migration and wind forcing that 

causes heterogeneity in distribution. While the association of migration with fine-scale 

variation has been recognized in previous studies, we believe the current study clearly 

indicates a spatial scale below which vertical migration processes affects the horizontal 

distribution.  

 While the present study identified the correlation between phytoplankton 

migration and horizontal patchiness, the wind condition prior to time when the satellite 

images were taken may also be an important factor. Horizontal patchiness could only be 

present when the wind condition is relatively calm such that diffusion would not 

overwhelm heterogeneity (Heaney, 1976; George and Edwards, 1976; and Moreno-Ostos 

et al., 2009). For the 13 MERIS FR images in the M assemblage, most were subjected to 

some high wind conditions within 48 hours period prior to the images. For the NM 

assemblage, 3 of the 5 MERIS FR images were under very calm conditions (Fig. 3.5). 

This is more a function of the time of year than any other factor, with calm winds in the 

earlier parts of the year. Despite the relatively strong daily sea breezes that blow during 

spring, the spatial variability was high, indicating that processes leading to heterogeneity 

(i.e. vertical migration) still play a role under strong forcing conditions. This is addressed 

in more detail in the following chapter. 

 The use of satellite images is not a panacea for the study of spatial patterns. 

Clearly there are errors and uncertainty as with any other measurement technique.  While 

more images would always be preferable, atmospheric interference means that images 

are frequently unsuitable or unavailable. We have attempted to minimize the errors 

associated by using normalized images, thus removing any errors associated with local 

calibration. Relative concentrations returned from within an image are known to be 

consistent, which increases our confidence in the results calculated following the 

normalization.  

 Further work is required in the acquisition of more images over a wider range of 

conditions and phytoplankton assemblages. In a subsequent study we are also conducting 

numerical studies to investigate the relative role of the processes discussed herein, to 

further determine the relative importance of vertical migration on horizontal structure of 

phytoplankton distributions.  
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4 The role of hydrodynamics, net 
growth, and vertical migration 
on phytoplankton patchiness in 
a large lake 

4.1 Abstract 

 In a companion study we found using a set of satellite images that the 

chlorophyll a distribution exhibited more variance at small horizontal scales (<7 km) in a 

large lake (170 km2) when the phytoplankton assemblage was dominated by motile 

dinoflagellates compared to when it was dominated by non-motile phytoplankton 

species. The current study used a three-dimensional coupled hydrodynamic-biological 

model to test under what range of phytoplankton migration speeds, net growth rates and 

hydrodynamic conditions these observations were reproduced. We demonstrated that for 

realistic vertical migration rates of 0.4 m h-1 and 0.6 m h-1, variance increases for small 

horizontal length scales (1.1-7.4 km depending on the simulation periods) relative to 

non-motile species. On the other hand, scenarios considering net growth only (with no 

vertical migration), with realistic rates of up to 0.25 d-1, exhibited no such pattern. 

Without migration, horizontal variance of the magnitude seen in the observed data only 

emerged when the net growth rate was sustained at an extreme rate of 0.75 d-1, and then 

only towards the second half of the 10-day simulation periods.  Furthermore, the study 

identified that the variability in length scale at which the variance diverged may be 

attributed to different hydrodynamic conditions during the period of simulation. This 

study demonstrates an important link between vertical migration behaviour and 

horizontal phytoplankton structure, and indicated that one cannot be studied without 

reference to the other.   
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4.2 Introduction 

 Phytoplankton distributions in aquatic systems often exhibit complex spatial 

patterns and heterogeneity over a range of scales (termed ‘patchiness’), reflecting the 

multitude of underlying controls. Most studies emphasize the dominance of physical 

processes in determining the resultant phytoplankton distribution (Denman et al. 1977; 

Martin 2003). For example, diffusive motion tends to reduce variability and homogenize 

distributions (Bracco et al. 2009), while stirring mechanisms increase patchiness through 

introduction of filament-like patterns (Abraham 1998). On the other hand, the 

contribution of biological processes relative to physical processes in shaping the 

emergence of patchy conditions is still a subject of debate. Differential growth due to 

upwelling of nutrient-rich waters may cause heterogeneity, but only on relatively large 

spatial scales (Ryan et al. 2009). Further, predator-prey interactions has been 

hypothesized as a plausible cause, but was demonstrated to have negligible effect in a 

numerical study (Powell and Okubo 1994). It is clear that the migration behaviour of 

phytoplankton, by buoyancy regulation or through direct motility, plays an important role 

in generating vertical heterogeneity, typically at the surface or in subsurface thin layers 

(Reynolds and Callow 1987; Klausmeier and Litchman 2001; Alexander and Imberger 

2009), but its influence on horizontal distribution has rarely been examined. A modelling 

study by Hedger et al. (2004) found distinct differences in the horizontal distribution 

when phytoplankton was modelled as either actively motile or passively buoyant. 

Dinoflagellates were found to accumulate in the upwind region, while buoyant 

cyanobacteria were found in the downwind region. It has long been suggested that 

migration is a cause of the greater small-scale variability in zooplankton horizontal 

distributions compared to that in temperature and phytoplankton (Weber et al. 1986). All 

of these processes operate on distinctive temporal and spatial scales, and their 

interactions lead to emergent complexity in the observed distributions.  

 As the spatial distribution of aquatic variables is a manifestation of the 

underlying governing processes, understanding this cause and effect relationship begins 

with a precise description of the spatial distribution itself. This requires two distinct 

procedures; first acquisition of a comprehensive synoptic measurement of the spatial 

distribution, and second, quantification of variability over a continuum of length scales. 

Conventional point-to-point in-situ sampling methods suffer the inability to capture 

synoptic measurements, and are limited to one horizontal dimension. Remote sensing has 

been demonstrated as an efficient solution, in particular for sea surface temperature and 

chlorophyll a (Chl a) (Kutser 2004; Tyler et al. 2006; S.M.Y. Ng et al. unpubl.). The 
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earliest studies employed power (or variance) spectra to quantify the simultaneous 

distribution of temperature, phytoplankton and zooplankton, and it was generally found 

that zooplankton had a flatter slope (about -1.2) than phytoplankton (ranges from -1.5 to 

-1.7) and temperature (~-2) suggesting a greater degree of patchiness in small length 

scales as biological complexity increases (Denman 1976; Mackas and Boyd 1979; Weber 

et al. 1986). More recent studies showed similar results for temperature, but more 

variability for phytoplankton and zooplankton, and in some cases steeper spectral slopes 

were found for phytoplankton compared to zooplankton (Piontkovski et al. 1997; Martin 

and Srokosz 2002).   

 The relative importance of physical and biological factors in controlling spatial 

distributions has been examined in a number of numerical modelling studies but only for 

the marine environment. These studies have typically found steeper variance spectra for 

tracers with longer reaction times (equivalent to relatively lower net growth rates) 

(Mahadevan and Campbell 2002, Bracco et al. 2009), concluding that distributions of 

zooplankton and phytoplankton show greater patchiness due to this effect. Srokosz et al. 

(2003) explicitly investigated growth rates, and found using field data and modelling 

results that the growth rate plays an important role in maintaining the magnitude of 

biological concentrations such that patchiness may persist with time.  

 In a companion study (S.M.Y. Ng et al. unpubl.), we demonstrated that the 

phytoplankton patchiness in a large lake (170 km2) exhibited greater variance in small 

length scales (<7 km) when the phytoplankton community was dominated by motile 

dinoflagellates than when it was dominated by non-motile phytoplankton species. This 

suggests a link between vertical swimming capability and horizontal distribution of 

phytoplankton in lakes that has hitherto not been investigated. Franks (1992) investigated 

how various migration characteristics (e.g. sinking, floating, active migration towards a 

target depth, cyclic upward and downward migration) affect plankton distributions in an 

oceanic frontal region. It was found that the ambient physical processes dominate in 

large-scale patch structure, creating along-pynocline accumulation for convergent fronts, 

and across-pynocline accumulation for divergent fronts. Further, the migration strengths 

and behaviours affect the details of the variability as weak swimmers are overwhelmed 

by ambient vertical velocity structure, and strong swimmers are related to the horizontal 

gradient of the horizontal velocity.  

This study aims to complement the aforementioned analysis of the observed data 

using a three-dimensional (3D) process-based model of hydrodynamic-biological 

interactions to unravel the mechanisms that govern the spatial distribution. 
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Hydrodynamics, phytoplankton net growth, and vertical migration of motile species were 

identified as the major mechanisms for consideration in the current modelling study. The 

objective was to determine whether realistic rates of growth and migration can be used to 

explain the observed level of spatial heterogeneity, and to ultimately provide guidance 

when deciding the necessary level of ecological complexity required to simulate primary 

production in inland waters. 

4.3 Methods 

4.3.1 Study site  

 Lake Kinneret (32.5oN, 35.4oE) was chosen as the study site due to extensive 

prior work and knowledge available on the physical, chemical and biological processes 

in the lake. The lake is a warm monomictic, meso-eutrophic freshwater lake located in 

the northern part of the Syrian-African Rift Valley in Israel. It has a shape of an inverted 

pear with a width and length of 14 km and 22 km, respectively, and a total area of 168 

km2.  The maximum and mean depth is 43 m and 26 m, respectively (Fig. 4.1).  The 

water column is strongly stratified during the warm seasons (March-April to December) 

and vertically mixed in the rest of the year. During the months of March to October the 

lake is typically subjected to an afternoon westerly breeze, which lasts for ~5 hours in the 

spring and fall, and ~8 h during the summer (Rimmer et al. 2009). At its peak season, 

during July-August, wind speeds reach up to 15 ms-1 at 10 m above water surface. The 

primary inflow, via the Jordan River, usually peaks in late winter and attenuates in the 

summer. Other sources of inflow are smaller freshwater tributaries, mostly in the north-

eastern part of the lake as well as some submersed thermal and saline springs along the 

western shore of the lake. The major water losses are from sub-surface withdrawal to 

Israel’s National Water Carrier on the north-west lake shore and evaporation. Effective 

water quality management is crucial for Lake Kinneret as it provides approximately 30% 

of Israel’s water for both domestic and agricultural use. 



4 The role of hydrodynamics, net growth, and vertical migration on phytoplankton 

patchiness in a large lake 

  

 

75 

 

Figure 4.1: Bathymetric map of Lake Kinneret. Station A, marked by a triangle, represents the 

location of the Remote Underwater Sampling Station (RUSS); Station V, marked by a square, 

represents the location in which vertical profiles are extracted from Estuary, Lake and Coastal 

Ocean Model (ELCOM) – Computational Aquatic Ecosystem Dynamics Model (CAEDYM) 

simulation; the shaded area represents the region where the simulated patch was initialized. 

 One distinct feature of the phytoplankton community in Lake Kinneret used to 

be an early-spring bloom of the large-celled, motile dinoflagellate Peridinium gatunense 

(hereafter, Peridinium) with Chl a concentrations reaching up to more than 500 µg L-1 

(Pollingher 1987; Berman et al. 1995). However, from 1994 onwards, this stable pattern 

has become less predictable, replaced with either a complete absence of a Peridinium 

bloom and dominance of other species in spring, or with spring blooms of unprecedented 

magnitude (Zohary 2004). The time period of this study coincides with the same months 

in which the Peridinium bloom typically occurs. This study considered phytoplankton of 

both motile and non-motile species, and of different net growth rates.  

4.3.2 Numerical modelling  
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 To address the objectives of the study, we conducted a set of 3D coupled 

hydrodynamic-biological modelling simulations. The simulation platform used was a 

three-dimensional hydrodynamic model Estuary, Lake and Coastal Ocean Model 

(ELCOM) coupled with a reduced version of the ecological model Computational 

Aquatic Ecosystem Dynamics Model (CAEDYM). Both ELCOM (Laval et al. 2003; 

Marti and Imberger 2006; Hillmer et al. 2008) and CAEDYM (Bruce et al. 2006; Gal et 

al. 2009) have previously been applied extensively to Lake Kinneret. The simulation 

matrix (Table 4.1) was constructed with six configurations run for three different time 

periods, resulting in a set of eighteen simulations. The three time periods begin at 09:00 h 

on the 10th of each month (February, March, and April) for year 2007 and last for 10 

days. Preliminary simulations showed that this length of simulation period was chosen to 

allow sufficient time for the patch to disperse, ending with an overall spatially uniform 

distribution. The six configurations include hydrodynamics, hydrodynamics with net 

growth at three different rates, and hydrodynamics with vertical migration at two 

different rates.  

Table 4.2: Simulation Matrix. 

 Month 

Model 
configuration 

H / February H / March H / April 

G1 / February G1 / March G1 / April 

G2 / February G2 / March G2 / April 

G3 / February G3 / March G3 / April 

V1 / February V1 / March V1 / April 

V2 / February V2 / March V2 / April 

Notes:   

H – only hydrodynamics was considered  with both net growth rate and migration rate set to zero 

G1 – net growth rate = 0.025 d-1, G2 – net growth rate = 0.25 d-1, G3 – net growth rate = 0.75 d-1 

V1 – migration rate = 0.4 m h -1, V2 – migration rate = 0.6 m h -1 

For G1, G2, and G3, hydrodynamics was considered and migration rate was set to zero. 

For V1, and V2, hydrodynamics was considered and growth rate was set to zero 

 A horizontal grid of 300 m x 300 m was employed, matching the spatial 

resolution of the satellite images which motivated the study (see Chapter 3), with a 

varying vertical grid ranging from 0.1 m within the surface 2 m, increasing to 0.5 m at 10 

m depth, and up to 1 m below 22 m depth. Previous modelling studies using ELCOM 

applied horizontal grid of similar resolution and proved such configuration to be 

adequate (Marti and Imberger 2006; Hillmer et al. 2008). The simulation time step was 4 

minutes to satisfy Courant-Friedrichs-Lewy (CFL) numerical stability requirements 

(CFL<0.7). Hourly averages of shortwave and longwave radiation (CM11 shortwave 
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radiometer Kipp & Zonen), air temperature (temperature probe model 43372C, RM 

Young Products), wind speed and direction (MA-05106 wind monitor, RM Young 

Products), and relative humidity from Tabgha station (year 2007) were applied as forcing 

input for the simulation (Fig. 4.2). Inputs of wind and heat fluxes are assumed to be 

uniform in space over the surface and vary only with time. Initialization of temperature 

was carried out by using a constant profile (varying only in the vertical direction) 

obtained from in-situ measurement and applying for the entire horizontal domain. A 

single inflow of constant rate of 24 m3 s-1 from Jordan River was used, assuming all other 

inflows were of minor importance. A constant light extinction coefficient of 1.2 m-1 was 

assumed, within the range obtained experimentally for the years 1990 to 2003 by Yacobi 

(2006). A horizontal diffusion coefficient of 0.364 m2 s-1 was set by applying the 

empirical law proposed by Lawrence et al. (1995):  

    2.3=aK  x 1.1410 l
−     (4.1) 

for length scale of 600 m (=2 × model grid size) which represents the horizontal scale of 

the smallest flow features that can be resolved by the model, a similar approach to that 

adopted by Rueda and MacIntyre (2009). A narrow patch of approximately 1.0 km in 

width and 17 km in length was initialized in the northern region of Lake Kinneret (refer 

to map in Fig. 4.1 for location) with a constant Chl a concentration of 200 µg L-1 for the 

surface 2.5 m. Observation from satellite images of Chl a showed that this region is 

where phytoplankton patches are typically initiated, likely as a result of nutrient loading 

from the Jordan River. The initial Chl a concentration falls in the high end of the value 

range typically observed during a Peridinium bloom.  
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Figure 4.2:  Meteorological conditions: wind speed (a-c), air temperature (d-f), and short wave 

radiation (g-i) for the time period of simulations: 10-21 February 2007, 10-21 March 2007, and 

10-21 April 2007. All meteorological data are from Tabgha Station at hourly time interval, 

courtesy of Alon Rimmer, Kinneret Limnological Laboratory. 

 While complex CAEDYM ecological models have been applied in Lake 

Kinneret previously (Gal et al. 2009), here a reduced version of CAEDYM was adopted 

to focus explicitly on the role of net growth and vertical migration on plankton 

patchiness, with phytoplankton nutrient uptake and grazing by higher trophic levels 

ignored. As such, net growth was set to a constant rate during daylight hours (modified 

only by light limitation with depth), to avoid complications of temperature or nutrient 

limitation impacting net growth rates. Previous studies have measured net in-situ growth 

rates during Peridinium blooms of 0.017-0.06 d-1 (Pollingher and Serruya 1976; Zohary 

et al. 1998; Viner-Mozzini et al., 2003). Preliminary simulations demonstrated that a net 

growth rate of 0.025 d-1 had minimal influence on the phytoplankton patchiness, so 

higher growth rates corresponding to 10 and 30 times this base value were included. 

Daily (24 hour) average net growth rates were therefore set at 0.025, 0.25, and 0.75 d-1.  

The highest net growth rate of 0.75 d-1 represents the upper limit of net-growth for some 

freshwater phytoplankton species, such as the cyanophyte Cylindrospermopsis 

(Istvanovics et al. 2005) although such high net growth rate generally does not persist for 

many days in real situations. 
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 A simplified vertical migration model was developed for this study. It is well-

known that dinoflagellates migrate vertically, typically towards the surface during the 

day and descending to deeper water at night (Fauchot et al. 2005; Townsend et al. 2005). 

There are many proposed explanations for this behaviour, including access to nutrients in 

the hypolimnion (Heaney and Eppley 1981; Cullen 1985; MacIntyre et al. 1997), to 

situate themselves at optimal irradiance levels (Heaney and Eppley 1981; Anderson and 

Stolzenbach 1985; Ault 2000), as well as to avoid energetic turbulence (Smayda 1997; 

Sullivan et al. 2003). The objective of our vertical migration model development is not to 

investigate the mechanistic factors influencing migration rates but to produce realistic 

rates and behaviour such that the impact of this process on phytoplankton patchiness 

could be investigated.  

 The vertical migration model was developed based on the literature as well as 

observations from a set of 409 profiles of temperature and Chl a obtained from a water 

column profiling unit (Remote Underwater Sampling Station, RUSS, Apprise 

Technologies) located at Station A in Lake Kinneret between 11 March 2003 and 31 

May 2003, during an intense Peridinium bloom and also during the spring period 

corresponding to this study. The sampling frequency of the RUSS was typically 4 hours; 

sampling from 3 m to 35 m below the surface at increments varying between 1.6 and 2.3 

m. The dominant pattern was that Chl a accumulated in the water surface (above the 

RUSS detection depth at 3 m) at midday, and was more uniformly distributed along the 

water column at midnight (Fig. 4.3). This general pattern conforms well to measurements 

reported by Berman and Rohde (1971) and Pollingher (1987). Another noticeable 

observation was that the vertical Chl a distribution became relatively uniform when wind 

speeds increased. Data from a calm day (Fig. 4.3a) show a prominent diurnal pattern with 

the peak concentration at the upper RUSS location (3 m depth) observed at 

approximately 6am and 6pm, while the thermocline remained stable at about 10 m depth. 

Data from a windy day shows a relatively uniform variation of Chl a, synchronized with 

that of temperature distribution (Fig. 4.3b). Based on these and similar observations from 

elsewhere for phytoplankton (Galat et al. 1990; Moreno-Ostos et al. 2009) and 

zooplankton (Blukacz et al. 2009; Rinke et al. 2009), we assumed that under some level 

of surface layer turbulence the dinoflagellates would lose their ability to migrate and 

therefore become a passive tracer of temperature and thus vertical mixing. Moreno-Ostos 

et al. (2009) found experimentally that the response of the vertical distribution of motile 

species to wind stress occurs at relatively short timescale of minutes. Under calm 

conditions, when wind speed is low, we would expect the correlation between Chl a and 

temperature to be low as migration will play a more significant role governing the Chl a 
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vertical distribution. Analysis of the complete data set of temperature and Chl a profiles 

and concomitant wind speed measurements indicates that at a wind speed of 

approximately 4 ms-1, sufficient turbulent mixing occurs in the surface layer such that the 

Chl a behaves as a tracer for temperature and thus migration does not occur (Fig. 4.4). 

This critical wind speed of 4 m s-1 matches with the value found by George and Edwards 

(1976) above which vertical distribution of blue-green algae become homogeneously 

distributed throughout the water column. 

 

Figure 4.3: Comparison of in-situ and simulated Chl a (µg L
-1

) and temperature (
o
C) profile 

structure with corresponding wind speed variation: in-situ data at Station A for a calm day (a) 18 

March 2003 and a windy day (b) 18 April 2003, simulated data at Station V for a calm day (c) 12 

February 2007 and a windy day (d) 12 April 2007. Colour contour maps are for Chl a with 

temperature isopleths overlaid as lines. Chl a contours are produced using 5 µg L
-1

 increment for 

(a) and (b), and 20 µg L
-1

 increment for (c) and (d). Simulated data are produced based on 

configuration V2 (refer to Table 4.1). Grey dashed line marks the critical wind speed of 4 m s
-1

. 
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Figure 4.4:  Plot of R
2
 between Chl a and temperature derived from profiles taken at Station A 

from 13 March 2003 to 31 May 2003 as a function of wind speed. Dot marker indicates R
2
 from 

original data and error bar shows the mean and standard deviation at each 1 m/s wind speed 

increment. 

 Based on these observations, we implemented a migration model as follows. 

Migration was upward at a mean rate from 00:00 h to 12:00 h, downward at the same 

mean rate from 12:00 h to 18:00 h, and zero from 18:00 h to 24:00 h when wind speed 

was below 4 m s-1. Migration was suspended when wind speed was above 4 m s-1. 

 smig vw +=  if >t 0:00 h and <t 12:00 h; <sw 4 m s-1  (4.2)

 smig vw −= if >t 12:00 h and <t 18:00 h ; <sw 4 m s-1  (4.3) 

  =migw 0 if >t 18:00 h and <t 24:00 h ; <sw 4 m s-1  (4.4) 

    0=migw  if >sw 4 ms-1    (4.5) 

where sv is the defined migration rate, t is time, and sw is the wind speed.  

Results from laboratory experiment of Peridinium (Jesica Simler, unpublished data) 

indicated that migration rate vs can vary from 0 to 0.9 m h-1, but with more than 65% 

occurring in the range 0.36 - 0.72 m h-1 (pers. comm.). Trajectory measurements of 

Peridinium gatunense by Hill and Hader (1997) derived a similar range of mean 

swimming speeds, 0.26-0.50 m h-1. Preliminary simulations indicated that a mean 

migration rate of 0.6 m h-1 already had a significant influence on the phytoplankton 
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spatial distribution, so simulations of a lower mean migration rate were chosen for other 

configurations. Mean migration rates vs were thus set at 0.4, and 0.6 m h-1.  Given that 

the vertical migration speed, from observation, varied in a range of values, we applied a 

normal distribution for the input of the migration rate with a standard deviation set to 

50% of the mean (i.e. the input of migration speed was drawn randomly from this normal 

distribution at each time step and grid point).  

 To ensure that the temporal behaviour of our model did not significantly impact 

our results, we also ran a parallel set of simulations where the migration rate was 

similarly set to zero when wind speed went above 4 m s-1, but positive during the 12 hour 

from midnight to midday, and negative from midday to midnight when wind speed was 

below 4m s-1. From hereafter, the first setup in which migration was suspended between 

18:00 h and 00:00 h is denoted as the migration model 1, and the second setup with the 

full 12 hour cycle of up and down migration is denoted as migration model 2. 

 The effect of vertical migration velocity is calculated in CAEDYM by splitting 

the vertical migration term from the scalar transport equation solved by ELCOM, which 

solves the 3D inertial, horizontal and vertical diffusion terms and boundary forcing terms 

(not shown here), according to: 

    
dz

dC
tw

dt

dC
mig  )(=     (4.6) 

where C is the concentration of phytoplankton, t is time, z is the vertical coordinate, and 

migw is the phytoplankton vertical migration speed, which varies as a function of time 

according to Eqs. 4.2-5. Within each time step, Eq. 4.6 is solved following the 

hydrodynamic computation of advection, mixing and boundary forcing using a first order 

finite difference (Euler’s method), which was deemed appropriate considering the 

vertical resolution and short time-step. 

4.3.3 Quantification of phytoplankton horizontal 

distribution  

 For each simulation, the Chl a distribution was analysed from the upper 1m of 

the water column, to correspond with satellite measurements. Quantification of spatial 

scales followed the approach proposed by Mahadevan and Campbell (2002). This 

method calculates the spatial variance V as a function of the characteristic length 
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scaleL , and is analogous to the conventional variogram except that a variogram 

computes variances over a distance rather than an area. In the context of this study, some 

of the square area regions were partially cut off due to the presence of the lake boundary 

and we therefore conducted the averaging for variances only from the regions that cover 

greater than 50% of the complete square area. The method of Mahadevan and Campbell 

(2002) was chosen over the variogram as it eliminates the problem of having length 

scales that exist only at certain orientations because of the regular data grid, and is also 

more convenient for the two dimensional data matrices supplied by satellite 

measurements and numerical models. A well-known approach for quantification of 

spatial scales is Fourier spectra (Mackas and Boyd 1979) but is not applied in the current 

study due to a number of recognized problems for application of plankton patchiness as 

outlined by Franks (2005). Spatial autocorrelation methods, such as Moran’s I and 

Geary’s C, are not applicable due to their limitation to one-dimensional analysis 

(Legendre and Fortin 1999) Another spatial analysis technique, Mantel’s correlogram, 

which identifies the ‘zone of influence’, that is, the region within a certain proximity of 

the sample point such that similarity is retained, does not match our current objective to 

identify dominant length-scales in a two-dimensional, regularly spaced, distribution 

(Legendre and Fortin 1989). 

 The degree of patchiness in a spatial distribution can be inferred by comparing 

the variance at a large length scale relative to that at small length scale, or simply based 

on the slope of the variance-length scale plot. Mahadevan and Campbell (2002) noted 

that V varies almost linearly with L in log-log space, and defined this slope as the 

‘patchiness index’. A downside in the use of the patchiness index is that it does not give 

any indication of whether a difference in the value of patchiness index is due to change 

in variance in large or small scales.  For example, an increase in patchiness index (i.e. 

decrease in patchiness of distribution) may be caused by an increase in variance at large 

length scale or a decrease in variance at small length scale. We alternatively chose to 

present results by displaying the variances at three distinct length scales, 0.6, 3.0, and 9.0 

km, representing small, medium, and large scales, respectively. To allow for consistent 

comparison of the variance among (and within) each simulation, the concentrations were 

normalized between the 0.5 and 99.5 percentiles for all images. The treatment of the 

model results thus reflects the treatment of the satellite images that motivate this study 

(S.M.Y. Ng et al. unpubl.).  

4.4 Results   
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4.4.1 Physical conditions and stratification  

  Large variations were observed in the wind speed and air temperature for the 

three simulation periods (February, March, and April 2007) (Fig. 4.2). In February, wind 

speeds were generally low (average of ~2.5 m s-1) except for two occasions, one on the 

15th and the other 18th, in which it exceeded 4 m s-1. The typical summer sea breeze 

pattern commenced in early March, however late March was characterized by low winds.  

During April, the entire simulation period showed strong diurnal fluctuation of wind 

speed to very high magnitude of more than 8 m s-1. Air temperature showed a strong 

diurnal variation of up to 10°C.  Shortwave radiation showed an overall increase from 

600 Wm-2 in early February to greater than 900 Wm-2 in late April. A comparison 

between the vertical temperature from the RUSS field data and numerical simulation at 

Station A is shown in Fig. 4.5. Model skill estimates following Willmott (1981) are 

shown in Fig. 4.5g-i. Model skill of one implies perfect agreement between model results 

and observations. The estimated skill value ranges mostly between 0.8 and 1.0, 

indicating a good match between model results and field data, except for February during 

which it dropped down to 0.6 in a few instances. Water column vertical stratification was 

almost absent in February (Fig. 4.5a,d); the thermocline was located at around 12 m 

depth in March (Fig. 4.5b,f); and strong stratification occurred in April with a top-bottom 

temperature difference of approximately 7°C and thermocline depth of 15 m (Fig. 

4.5c,g). Note that there was a significant cooling event at around 15 March 2007 

corresponding to a drop in air temperature (Fig. 4.5f). 

 During the simulation periods, the hydrodynamics of the lake is dominated by a 

diurnal anti-clockwise circulation. This conforms well to those found for typical 

conditions from previous studies, and has been attributed to curl of the wind stress (Laval 

et al. 2003; Pan et al. 2002). The magnitude of horizontal velocities derived in this 

simulation study may each up to 0.23 ms-1 in February, and increase to more than 0.34 

ms-1 in March and April. 
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Figure 4.5: Vertical temperature structure (
o
C) at Station A, for the time period of simulations: 

10-21 February 2007, 10-21 March 2007, and 10-21 April 2007, comparing (a-c) field data from 3 

to 35 m, (d-f) ELCOM-CAEDYM simulation (plotted in 4 hours increment to match the 

measurement interval of field data), and (g-i) model skill estimates for the same time periods  

4.4.2 Vertical profiles of phytoplankton concentration  

  The simulated vertical profiles of Chl a concentration and temperature at Station 

V (refer to Fig. 4.1 for location on map) for a calm and a windy day (12 February 2007 

and 12 April 2007, respectively) are shown for comparison with the typical Chl a profiles 

from the 2003 RUSS data set of similar representative wind conditions (18 March 2003 

and 18 April 2003), giving an indication of the performance of the migration model. 

Station V (instead of Station A) was chosen to show the results of the simulated vertical 

profiles of Chl a because, with the patch initialized in the northern region of the lake, a 

sufficiently close location was needed to capture the variation of vertical distribution of 

Chl a. By the time the patch was dispersed to Station A, much of the concentration was 

diluted. Note that the comparison of the profile structures from the same date was not 

possible due to the lack of availability of in-situ data for the year 2007. 
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 The vertical profile of Chl a for 12 February 2007 (Fig. 4.3c) shows the diurnal 

variation when the wind speed is relatively low.  A high Chl a concentration patch was 

situated at depth of about 4 m at mid-night, steadily moving upward to the surface 1 m 

layer at mid-day, with this trend reversed from mid-day to mid-afternoon. The vertical 

distribution of Chl a is distinct from that of temperature. On 12 April 2007 (Fig. 4.3d), 

the strong afternoon sea breeze caused significant vertical mixing, resulting in almost 

uniform vertical distribution of both temperature and Chl a. The variation of the vertical 

distributions of Chl a and temperature are synchronized with one another, indicating that 

both variables are controlled predominantly by physical processes under windy 

conditions and similar to the measurements (Fig 4.3b). 

4.4.3 Surface distributions  

 Surface Chl a distributions at 9am (the same time as the satellite measurements 

that motivated the study) for every second day from the simulations based on four 

configurations (H, G1, G3, and V2; see Table 4.1) for February are shown on Fig. 4.6. 

Results from March and April do not show any important differences to those from 

February and thus are not shown. The scenarios selected included one considering only 

hydrodynamics, one with realistic net growth rates (0.025 d-1), one with extreme net 

growth rates (0.75 d-1), and one with a realistic migration rate (0.6 m h-1). Simulation 

results of all configurations show a general trend of the initial patch spreading gradually 

towards the centre of the lake. Similar patterns were observed for March and April for 

the same configuration, except that the primary patch moved inward at a much faster rate 

due to the higher winds.  For the pure hydrodynamic configuration, the time it took the 

primary patch to reach Station A in the lake interior was 5.2, 1.8, and 1.5 days, for 

February, March, and April, respectively. The same rates were found for all 

configurations considering growth, irrespective of the growth rate, including the extreme 

value of 0.75 d-1. Similar rates were also found for the migration configuration with the 

travel time of 5.4, 1.7, and 1.2, for February, March, and April, respectively, for V2. This 

is only marginally different than for the growth-enabled cases, suggesting that the large 

scale transport of the patch is predominantly a function of the hydrodynamics. This is 

analysed in greater detail subsequently. 
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Figure 4.6: Simulation results of average surface 1 m phytoplankton concentration distribution 

(µg L
-1

 Chl a) for 11, 13, 15, 17, 19 February 2007 at 9:00 h comparing configurations: H, G1, G3, 

and V2 (Refer to Table 4.1). Note that the colour scales are different for the different 

configurations/time to suit concentration limits for each surface. Images were normalized by the 

0.5 and 99.5 percentile prior to computing the variance. 

 Although results among all configurations are similar in terms of large scale 

transport, there are variations in the development in the scales of patterns. Configuration 

H and G1 shows negligible difference between them. For configuration G3, variance in 

both fine and large-scale became visually apparent starting on 15 February and became 

more prominent on 19 February. For the configuration V2, the emergence of only smaller 

scale variance was found, as shown on 17 February and 19 February. The variance at 

small, medium, and large scale were quantified and discussed further in the following 

sections. Note that the colour scales applied are different among the configurations/time 

and were set to suit the concentration limits of each particular surface plot. 

4.4.4 Large scale features  

 Fig. 4.7 shows the variance for length scales of 9 km against time for the 10 day 

simulation period. For all three months, the variance dropped slightly in the first 12 hours 

followed by an overall increase with time, indicating a general increase in dominance of 

large-scale features. Configurations G1 and G2 show minor differences compared to the 
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base configuration of H, with the absolute mean of both time series (i.e. the mean of the 

absolute value of the entire time series) no more than 11% different. Configuration G3, 

on the other hand, showed larger deviation from the base hydrodynamic case, in 

particular for the April simulation with an absolute mean of time series of 37% and 

positive maximum up to 180%. Configurations considering migration, V1 and V2, also 

show large differences from the base configuration, fluctuating in both positive and 

negative values with an absolute mean of time series of 28-38%. Although configurations 

G3, V1, and V2 all indicate overall difference from the base configuration of H, the 

configurations considering migration show differences throughout the entire time series, 

while an extreme net growth rate of 0.75 d-1 shows large differences only in the second 

half of simulation. 

 

Figure 4.7: Time series of variance at length scale of 9 km for base configuration H (a-c), and 

percentage difference of configurations: G1, G2, G3, V1, and V2, compared to base configuration 

H (d-f), for the time period of simulations: 10-21 February 2007, 10-21 March 2007, and 10-21 

April 2007. Refer to Table 4.1 for configuration codes. Inversed triangle markers correspond to 

the time of the surface plot in Fig. 4.6. Note that results for G2, G3, V1, and V2 are offset at 250, 

500, 750, and 1000%, respectively, for clarity.  
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4.4.5 Medium scale features  

 The same figure, but for variance of length scale of 3 km is shown in Fig. 4.8. 

For the base configuration H, variance started at 0.034, with no overall change with time 

for February, slight decrease in March, and more notable decrease in April especially 

during the first 24 hours. The results in the comparison of different configurations 

considering different growth and migration rates to the base hydrodynamic configuration 

are similar to those found for large scale features. For the G1 and G2 configurations, 

there is only a minor difference with the greatest absolute mean of percentage difference 

time series of no more than 17% found for the March simulation for configuration G2. 

The configuration G3 shows some substantial differences to configuration H particularly 

in the second half of the simulation period with the absolute mean of the time series 

ranging 30-33% and maximum values up to 310% for the February simulation. The 

configurations with migration V1 and V2 also show notable difference compared to the 

configuration H with absolute mean of the time series ranging 22-42%, but with no major 

net overall fluctuation for the entire time series.  

 

Figure 4.8: Same as Fig. 4.7 but for length scale of 3 km for base configuration H  
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4.4.6 Small scale features  

 For a variance length scale of 0.6 km for all three simulation periods (Fig. 4.9), it 

is notable for the base configuration H that there was an overall decrease in variance with 

time, in particular during the first 3 days of simulation period. This finding matches with 

the long-term anticipated outcome, as an initial patch of relatively fine-scale gets 

dispersed and spatial distribution becomes uniform, reaching down to the theoretical 

limit of 0. The general finding that the absolute percentage differences compared to the 

base configuration H for configurations G3, V1, and V2 are higher those that for G1 and 

G2 shown for large and medium scale features was also found for small scale features, 

with the exception that these high percentage differences are further magnified and there 

are apparent overall net positive fluctuations. The absolute mean of the percentage 

difference time series is no more than 5% for the G1 configurations and 17% for G2 

configurations. The absolute mean of the time series ranges from 38%-98% for the 

configuration G3, and 44-58% for the configurations with migration (both V1 and V2). 

Configurations G3, V1, and V2 all show the largest increase during the second half of 

February simulations, with maximum values of 1128%, 305%, and 284%, respectively.  

 

Figure 4.9: Same as Fig. 4.7 but for length scale of 0.6 km for base configuration H  
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4.4.7 Overall comparison of influence of migration and 

growth  

 Comparison of the results from Figs. 4.7-9 shows that the contribution of net 

growth rates of 0.025-1 and 0.25 d-1 to patchiness is small. Realistic migration rates, 

however, resulted in large differences in the variance relative to the hydrodynamics 

during all simulation periods for small scales, and extreme growth rates of 0.75 d-1 

impacted variance only towards the end of the simulations once concentrations have had 

sufficient time to develop.  

 The time series average of the net percentage difference of variance for the 

different configurations, length scales, and month, is shown in Fig. 4.10. This 

demonstrates for the migration cases considered, the percentage difference tends to be 

positive for small length scale, but both negative and positive for medium and large 

length scales (Fig. 4.10). Configurations G1 and G2 show small percentage differences, 

ranging from -4 to 11 %. For the extreme growth configuration G3, the percentage 

difference is generally positive for all length scales.  
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Figure 4.10:  Net average of variance time series at length scale (a-c) 0.6 km (d-f) 3 km, and (g-i) 9 

km for the time period of simulations: 10-21 February 2007, 10-21 March 2007, and 10-21 April 

2007. Circle markers correspond to results from original migration model, while square markers 

from migration model 2 with full 12-hour cycles of upward and downward migration. 
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4.4.8 Comparison of migration models  

 Fig. 4.10 also shows the results using migration model 2 in which the migration 

rate is set to negative for the complete 12 hour cycle from midday to midnight as 

opposed to just from midday to 6pm. Results from the migration model 2 show only 

minor differences compared to migration model 1, with no more than 10% difference in 

most cases, except for February where the variance at small and large length scales are 

up to 16% and 22%, respectively. This is as expected given the relative importance of 

migration compared to hydrodynamics is more significant in February compared to 

March and April, as wind conditions in February are generally calm. It is generally 

apparent, however, that the details of the migration behaviour between the two models 

used are not sufficiently different to result in different horizontal expressions of the 

variance of Chl a. 

4.4.9 Identification of critical length scale for 

patchiness  

 The general observation thus far from the numerical experiments is that net 

growth rates within a typical range of 0.025 d-1 to 0.25 d-1 has only a minor influence on 

variance at all length scales, unrealistically high net growth rates of 0.75 d-1 increases 

variance at all length scales, while realistic migration rates increase variance only at 

small to medium length scales. A one-tailed z-test was carried out for each of the 

configurations considering growth or migration compared with the base case of 

hydrodynamics only. The analysis is used to justify the hypothesis that variance at a 

particular length scale generated using configurations G1, G2, G3, V1, or V2, is greater 

than that from configuration H. We used hourly results and thus a population size of 241 

for the 10-day simulation period and determine significance at the 95% confidence level, 

which corresponds to a z-value of 1.64 or larger. Conversely, if the z-value is less than -

1.64, the variance at a particular length scale generated using configurations G1, G2, G3, 

V1, or V2, is less than that from configuration H.  

 Configurations with reasonable growth rates (G1, G2) do not show any 

significant difference with the base configuration H for all length scales and simulation 

periods (Fig. 4.11). Thus net growth rates less than or equal to 0.25 d-1 are insufficient to 

result in patchiness over and above that induced by hydrodynamic processes at all scales 
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larger than 0.6 km. The results from the extreme growth rate case (G3) are less consistent 

among the simulation periods, with variance greater than the base configuration H at all 

length scales for February, and at length scales less than 2.0 km for March, and at length 

scales less than 2.8 km for April. It should be noted that this is an extreme case, however. 

The results from the migration configurations (V1, V2) both indicate that the variance is 

always greater than the base configuration H when the length scale is less than several 

kilometres (for example, 0.8 km for February and 2.6 km for April for configuration V1). 

Interestingly, this analysis demonstrates that for the larger migration rate (V2), the 

variance is less than the base configuration H when length scale is greater than 2.9 km 

for February and 4.9 km for April, as the z-values move into negative values. This 

indicates that for stronger migration, variance is preserved at small scales and is 

prevented from being diffused to large scales.  



4 The role of hydrodynamics, net growth, and vertical migration on phytoplankton 

patchiness in a large lake 

  

 

95 

 

Figure 4.11: Z-value derived based on a one-tailed z-test against length scale plot for comparison 

of variance of configurations: G1, G2, G3, V1, and V2 to base configuration H for (a) February, (b) 

March, and (c) April. Shaded area marks the interval between z-values of 1.64 and -1.64, 

corresponding to the requirement for 95% confidence level. Refer to Table 4.1 for configuration 

codes. 

4.5 Discussion 

4.5.1 Roles of hydrodynamics, phytoplankton growth, 

and migration.  

 In this modelling study, we examined the role of three distinct processes, 

namely, hydrodynamics, phytoplankton growth, and vertical migration, in determining 
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the fate of a strip of tracer, nominally representing Chl a, of about 1 km in width 

initialized in the northern region of Lake Kinneret. While the “multiple driving forces 

hypothesis” by Pinel-Alloul (1995) stated that both biotic and abiotic factors are 

responsible in explaining spatial heterogeneity for zooplankton, most studies have 

emphasized the predominance of physical processes in determining patchiness for 

phytoplankton (Denman et al. 1977; Martin 2003), with the roles of biological processes, 

in particular migration, less examined.  

 The present analysis found that hydrodynamics is important in determining 

large-scale transport of patches. The time it takes for a patch to reach the centre of the 

lake was found to be independent of any biological factor, but is controlled by the 

ambient hydrodynamics which is determined predominantly by the wind conditions. The 

patch took 5.2 days to reach the centre of the lake in February under low wind condition 

with speed mostly less than 4 m s-1, while no more than 2 days were required for March 

and April, when wind speed is significantly higher up to 10 m s-1 at times. The time 

series of variance for the three different length scales for the configuration H 

demonstrated also that large-scale heterogeneity may increase due to physical processes 

as concentration was bulkily transported to one side of the lake, and decrease fine-scale 

features by diffusion process. The control of large-scale patterns by physical processes 

was also supported by findings from previous field studies of zooplankton spatial 

distribution (Blukacz et al. 2009; Rinke et al., 2009). 

 The impact of net growth rate on the phytoplankton distribution was found to 

have a minor effect unless the net growth rate maintained persistently at the extreme 

upper limit for freshwater species (i.e. 0.75 d-1), and wind speed was kept low. The 

influence of net growth was minor when the net growth rate was configured to be up to 

0.25 d-1 for all simulation time periods, as diffusion processes overwhelmed growth even 

under low wind conditions. Increasing and maintaining the net growth rate at 0.75 d-1 for 

at least 5 days gave opportunities for small, medium, as well as large scale heterogeneity 

to emerge. This was shown prominently under calm wind conditions as was the case 

during February.  Whether net growth would increase or decrease heterogeneity at the 

various length scales was less consistent for the March and April simulations. 

Configuration G3 shows that variance was increased compared to base configuration H, 

when length scale was less than 2.3 km for March, and at length scales less than 3.1 km 

and more than 9.5 km for April. Nevertheless, it should be noted that such high net 

growth rate does not generally persist for such long time period in real situations. Our 

results showing an increase in variances with net growth rate conforms well with the 

finding that an increase in patchiness occurs with a decrease in the reaction time scale 
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(which may be translated as the inverse of the net growth rate) from numerical studies by 

Bracco et al. (2009) and Mahadevan and Campbell (2002), although their studies only 

employed a minimum reaction time scale of 2.5 day (corresponding to a net growth rate 

of 0.4 d-1). 

 The influence of vertical migration was far more significant compared to net 

growth, when rates were defined within a realistic context. Migration introduces 

heterogeneity generally only in small length scales, as demonstrated by the higher 

variance in configuration V1 and V2, compared to the base configuration H, at length 

scales smaller than a specific threshold shown consistently for simulations of all three 

months. This threshold was found to be the smallest at less than 1.6 km under calm 

conditions (February), and greater (between 2.6 to 7.4 km) for the March and April 

simulations. This suggests that hydrodynamics may play a role in transferring 

heterogeneity in the smallest length scales to larger length scales. Another notable 

difference in the manner in which migration and growth introduce heterogeneity into the 

distribution, was that the change in variance, be it an increase or decrease, happened 

through the entire simulation for migration, but was shown most notably during the later 

half of the simulation for growth. The finding that migration introduces patchiness into 

horizontal distributions conforms well with observational studies on zooplankton that 

have demonstrated they exhibit higher variance at small scales compared to other 

properties (e.g., non-motile phytoplankton and temperature); the explanation was the 

vertical migration behaviour of the zooplankton (Mackas and Boyd, 1979; Mackas et al., 

1985; Levin et al., 1998). Similar observations that small-scale patchiness of zooplankton 

was introduced by migration behaviour were found by Ludovisi et al. (2008). A recent 

field study by Moreno-Ostos (2008) also found that heterogeneity in phytoplankton 

distribution for a Mediterranean reservoir was most significant during summer when 

positively buoyant cyanobacteria dominated. 

 The findings of this study demonstrate that net growth and vertical migration, 

although being distinct biological processes, are similar in the sense that they both have 

the capability to increase patchiness in horizontal distribution, provided that rates are 

adequate. This is explained by the ability of these processes to accumulate concentrations 

more rapidly than it can disperse. While net growth accumulates concentration in a bulk 

manner, vertical migration does so by converging concentration to a thin surface layer. 

Franks (2002) also found in a two-dimensional modelling study of steady cross-frontal 

flow that motile phytoplankton can accumulate at a front at rates of the same order of 

magnitude as their maximal growth rates, with stronger swimmers more likely to create 

such accumulation zones. Referring back to the classic KISS model of Skellam (1951), 
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whether a patch may persist depends on the balance of “growth” and “diffusion”, we here 

clarify that this “growth” should not only refer to biological growth, but any sort of 

accumulation of concentration, whether it is due to actual biological growth, migration, 

or some hydrodynamic processes.  

 While sufficiently high rates of concentration accumulation (capable of 

overcoming diffusive processes) is a pre-requisite for developing high levels of spatial 

heterogeneity, physical processes such as non-diffusive advective motions of stirring are 

important indirectly by smearing the concentrated patch into finer features of filaments 

(Abraham 1998; Tzella and Haynes 2007). This cascade of filaments from large to small 

scales is thus highly dependent on the ambient hydrodynamic conditions, which may 

explain the differences in results in simulations of the three simulated months. Matching 

of the wind speed with the variance plot for small, medium, and large length scales for 

each simulation (Fig. 4.12), indicates that the variance was generally in the opposite 

phase of the wind, most notably for small length scales. When wind speed is at a 

maximum, variance is at a minimum as diffusive processes homogenize the distribution. 

This was shown notably for the instances on 15 February, 12 and 14 March, 11, 14, 15, 

18 and 19 April. On the contrary, variance was at its maximum following a decline from 

a maximum in the wind speed, and the peak in variance was particularly prominent when 

the preceding peak in wind speed is high. High wind conditions may increase or decrease 

patchiness depending on the timing. Sustained high wind speed would diminish all 

patchiness by diffusion. If a high wind condition is followed by a calm period, the wind 

energy inputted into the system (producing fine-scale whirling horizontal motions) 

allows the concentrations to evolve into patchiness. This explains the greater patchiness 

in February compared to March and April. In February, there were only two main pulses 

of high wind speed followed by calm periods while in March and April, high wind 

conditions happened on a frequent basis such that diffusion generally overwhelmed. 

These findings show that the interplay between physical conditions and biological 

dynamics also play an important role in influencing phytoplankton patchiness.  

 The findings in this study demonstrate two distinct pathways in which patchiness 

may emerge. Patchiness may originate from the fine-scale vertical heterogeneity as a 

result of vertical advection due to phytoplankton migration behaviour. This is analogous 

to the numerical study by Mahadevan and Campbell (2002) which demonstrated that 

species with short reaction time shows more variance in small scales, and for species 

with longer reaction time, the variance is transferred to larger scales. On the other hand, 

horizontal advection generates large-scale current circulation patterns, which stirs down 
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into smaller eddies, producing whirls of fine-scale gradients. This conforms to satellite 

observations of patchiness by Abraham (1998). 

 

Figure 4.12: Comparison of time series of (a-c) wind speed and variance at length scale of (d-f) 

0.6 km, (g-i) 3 km, and (j-l) 9 km.  

4.5.2 Balance of process time scale  

 We calculate the dominant timescales in the system following Hillmer and 

Imberger (2007) with the addition of vertical migration using realistic values for Lake 

Kinneret. Using a typical growth rate µ of 0.025 d-1 ( Pollingher and Serruya 1976; 

Zohary et al. 1998), and migration rate vM of 0.6 m h-1 (pers. comm.), a horizontal 

diffusivity of K of 17 m2 s-1 (Stocker and Imberger 2003), a patch length scale L of 3.9-

12 km (possible dominant length scale), a thermocline depth H of 12 m, and a surface 

layer velocity U of approximately 0.05 m s-1 (Antenucci et al. 2000; Shilo et al. 2007) 
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yields an advection timescale (TA = L/U) of 0.9-2.8 days, a dispersion timescale 

(TD=L2/K) of 10.4-98.0 days, a reaction timescale (TR =1/µ) of 40 days, and a migration 

time scale (TVM =H/vM) of 0.83 days. Comparison of these timescales justifies our 

findings in this study since the influence of growth is minimal and operates over a 

relatively long timescale. Dispersion plays a more important role only when the patch is 

small and wind speed is high (K can get as high as 150 m2 s-1 from Stocker and Imberger, 

2003); in that case TD can get to as low as 1.2 days. Advection and vertical migration are 

the key processes as they both possess short timescales of comparable magnitude. 

Migration becomes less significant as thermocline depth increases from February to 

April.  

4.5.3 Comparison with findings from satellite images 

of Chl a  

 The finding in the current study that migration processes dominate in producing 

fine-scale features in phytoplankton spatial distribution corroborates our companion 

study in which we found from a set of satellite images of Chl a concentration that 

patchiness at small scales is prevalent when the phytoplankton community is dominated 

by motile species. It was found that for images taken during time periods dominated by 

motile species, the average normalized variance values were 0.0059, 0.020, and 0.027 

respectively for small, medium and large scales. The variance derived in the present 

study for configuration V2 has an average of 0.0020, 0.013, and 0.027 respectively for 

small, medium and large scales. For images taken during dominance of non-motile 

species, the normalized variance values were found to be 0.0042, 0.013, and 0.020, 

respectively for small, medium, and large scales.  Comparing this with the configuration 

G1, the variances are 0.0017, 0.012, and 0.027 respectively. For both motile and non-

motile cases, variances at medium and large scales match very well with a difference of 

0-35%. However, the variance at small scales found in the current study was more than 

half of those found in the previous study. The critical length scale below which variance 

is greater for motile species was found to be 7.0 km in the previous study.  This value 

was derived based on analysis of satellite images spanning three years while the current 

study focused on three different months. This critical length scale showed a range of 

values: 0.85 km, 7.1 km, and 2.6 km, respectively, for February, March, and April. 

4.5.4 Significance to aquatic environments 
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 This study has identified the key role vertical migration plays on horizontal 

distribution of phytoplankton, and by extension, on primary productivity. Similar results 

would be expected in the ocean, as the timescale analysis presented above is similar, 

though the deeper thermoclines may on occasion reduce the effects of vertical migration. 

Sensitivity analysis of a complex ecological model applied in Lake Kinneret (Makler-

Pick et al. 2011) identified the dinoflagellate behaviour as a key factor in shaping 

ecosystem trophic structure. While the identification of the essential components for an 

ecological model entails consideration of the underlying research questions, our finding 

suggests that ecological models, at the minimum, need to include vertical migration 

behaviour for relevant species of interest in order to be able to capture the phytoplankton 

spatial heterogeneity, which in turn may play a role in governing the primary 

productivity rate of the system. 
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5 Conclusions 

 An integrated approach, using a combination of in-situ and remote sensing 

information, a three-dimensional hydrodynamic-ecological coupled model, and geo-

statistics and scale analysis techniques, was used to investigate the physical and 

biological processes controlling the dynamics of the spatial distribution of phytoplankton 

in Lake Kinneret. 

 The first part of this thesis (Chapter 2) contributed to the understanding of 

physical processes in influencing phytoplankton spatial distribution covering the time 

period of a spring bloom of the dinoflagellate alga Peridinium gatunense.  A series of 

satellite images of chlorophyll a was acquired to characterise the evolution of 

phytoplankton spatial patterns, and a hydrodynamic numerical model and an analytical 

model for a flat-bottomed elliptical basin were applied to explain the observed 

phenomenon. The main feature observed was narrow bands of high concentration located 

adjacent to the shoreline at the start of the bloom, followed by progressive propagation of 

this high concentration region from the shoreline towards the centre of the lake as the 

bloom proceeded. This is attributed to the change in the spatial structure of Kelvin wave 

with time, widening the high divergent regions adjacent to the shorelines as the season 

progressed and thus allowing patches to diffuse towards the centre of the lake. 

 The second part of this thesis (Chapter 3) contributed to the understanding of the 

influence of migration in controlling the phytoplankton spatial distribution over an 

extended time period of three years through visual observations and subsequent geo-

statistical analysis of satellite images of chlorophyll a. If was found that phytoplankton 

vertical migration dominant in determining small-scale patterns (< 7km).  

 The third part of this thesis (Chapter 4) further justified the association between 

phytoplankton vertical migration and small-scale variance found in Chapter 3 by running 

a series of simulation scenarios under a range of phytoplankton migration speeds, net 
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growth rates, and hydrodynamic conditions. The results showed that for variance for 

small horizontal length scales (0.8 – 7.1 km depending on the simulation periods) 

increased when vertical migration rate was set to realistic values of 0.4 m h-1 and 0.6 m h-

1, but showed negligible difference when the net growth was set to realistic rates of up to 

0.25 day-1. 

 In all three studies, analyses of the temporal scales associated with processes and 

the spatial scales in the manifested spatial distribution justified the same findings. That 

is, the time scales of phytoplankton vertical migration is much greater than both net 

growth and the dominant physical processes, and thus dominated in the generation of 

fine-scale variability. This demonstrates the significance of the interplay of space and 

time and thus the essentiality to consider scales in ecological studies.   

 This current study leads in the applications of remote sensing spatial information 

for investigation of ecological processes in inland water systems. Novel approaches for 

statistically comparisons of spatial distributions have been developed for justification of 

hypotheses. Complimented with conventional in-situ measurement and well-established 

numerical modelling, this study demonstrates how the exploitation of multiple 

approaches can maximise our understanding of phenomena in aquatic ecosystem. 

  


