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Abstract

:

The land–sea breeze (LSB) system, driven by the thermal contrast between the land and the adjacent ocean is a widely known atmospheric phenomenon, which occurs in coastal regions globally. South-west Australia experiences a persistent and one of the strongest LSB systems globally with maximum wind speeds associated with the LSB system often exceeding 15 ms−1. In this paper, using field measurements and numerical simulations, we examine: (1) the local winds associated with the land–sea breeze with an emphasis on the ocean; and, (2) the response of the surface currents to the diurnal wind forcing. The measurements indicated that the wind speeds decreased between midnight and 0400 and increased rapidly after 1100, reaching maxima >10 ms−1 around 1800) associated with the sea breeze and decreased to midnight. Wind directions were such that they were blowing from south-east (120°) in the morning and changed to almost southerly (~200°) in the afternoon. Decomposition of the wind record to the diurnal and synoptic components indicated that the diurnal component of winds (i.e., LSB) was oriented along the south-west to north-east axis. However, the stronger synoptic winds were from the south-east to south quadrant and in combination with the LSB, the winds consisted of a strong southerly component. We examined the evolution, horizontal extent, and propagation properties of sea breeze fronts for characteristic LSB cycles and the sea breeze cell propagating offshore and inland. The results indicated that the sea breeze cell was initiated in the morning in a small area, close to 33° S, 115.5° E, with a width of ~25 km and expanded onshore, offshore and alongshore. The sea breeze cell expanded faster (30 kmh−1) and farther (120 km) in the offshore direction than in the onshore direction (10 kmh−1 and 30–40 km). Winds during the LSB cycle followed a counterclockwise rotation that was also reflected in the surface currents. The winds and surface currents rotated anticlockwise with the surface currents responding almost instantaneously to changes in wind forcing but were modified by topography. The diurnal surface currents were enhanced due to the resonance between the LSB forcing and the inertial response.
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1. Introduction


The land–sea breeze (LSB) is a phenomenon that occurs along approximately two-thirds of the global coastline [1]. They have been described from the period of Greek philosophers [2] to early explorers such as William Dampier [3] to scientific accounts by Davis et al. [4] and extending to the present [5,6]. The descriptions by Dampier are somewhat relevant to this paper as he most likely experienced the strong sea breezes whilst exploring Western Australia and, in particular, Shark Bay (which was named by Dampier) and northern Western Australia that experience strong sea breezes [7]. Dampier [8] as quoted in Simpson [5] described the sea breeze as:



“These sea breezes do commonly rise in the Morning about Nine-a-Clock, sometimes sooner, sometimes later: they first approach the Shore so gently, as they were afraid to come near it, and oft-times they make some faint Breathings, and as if not willing to offend, they make a halt, and seem ready to retire. I have waited many a time both Ashore to receive the Pleasure, and at Sea to take the Benefit of it.



It comes in a fine, small, black Curl upon the Water, when, as all the Sea between it and the Shore not yet reached by it, is as smooth and even as Glass in comparison; in half an Hours’s time after it has reached the Shore it fans pretty briskly, and so increaseth gradually till Twelve a-Clock, then it is commonly strongest, and lasts so till Two or Three a very brisk Gale; about Twelve at Noon it also veers off to Sea Two or Three points, or more in very fine Weather …”.



This description from Dampier accurately describes the land–sea breeze (LSB) system including veering of the winds with time [5]. It can affect the local waves, coastal circulation and mixing, sediment transport, and beach morphology [7,9,10,11,12]. The sea breeze can trigger thunderstorms, provide relief from oppressive hot weather, provide moisture for fog, and improve or reduce air quality near the coast. For example, the local sea breeze in south-west Australia is named the ‘Fremantle doctor’, as it provides relief from the hot weather in summer (‘Ashore to receive the Pleasure’: as described by Dampier above).



Although the LSB provides a diurnal modulation in wind speed and direction, and ocean currents respond to this variation in forcing, the relationship between the surface wind stress and the current response is nonlinear and the land boundary also influences the current response. Studies have shown that only ~50% of the diurnal current variance is related to the diurnal wind stress through linear correlation [12]. Other processes, including the action of eddies and upwelling and downwelling response to the alongshore wind stress also drive the coastal circulation [13]. Diurnal forcing also causes diurnal variability in the upwelling and downwelling processes [14]. These physical processes are important for transport of buoyant material [15], nutrient distribution [16], pollution transfer [17], and water exchange [18] in the coastal zone. The redistribution of nutrients affects primary production, which is important for maintaining marine biodiversity and fisheries. A study of the LSB and its effect on coastal currents would enhance the knowledge required for better management and sustainable development of the coastal ecosystem.



The temperature difference between the land and the ocean drives the LSB system [6,9,19]. The incoming solar radiation during the day causes differential heating of the land because the specific heat capacity of the land is lower than that of the adjacent ocean. This differential heating causes warm air to rise over the land, which creates a low-pressure region (Figure 1a). In general, the ocean temperature is lower than the land temperature; thus, a high-pressure zone exists over the ocean. This pressure gradient between the land and the ocean results in the sea breeze, which transports cooler air from the ocean onshore (Figure 1a). During the night, the land loses heat, so it is cooler than the ocean; the pressure gradient is reversed, and the land breeze transports air from the land to the ocean. Hence, it is the pressure gradient between the land and the ocean that controls the formation, direction, and intensity of the sea breeze [5].



Theoretical and observational studies of sea breeze circulations have been undertaken many regions globally: south-eastern Australia [9]; Indonesia [20]; Brunei Darussalam [21]; Japan [22]; California [23,24]; Florida’s Atlantic and Gulf coasts [25,26]; New Jersey coast [14]; Chile [27]; Columbia [28]; Sardinia [29]; southern Spain [30], southern France [31]; Adriatic Sea [32]; the Persian Gulf [33]; the Red Sea [34]; and, the southern North Sea [35]. Gille et al. [36] examined global winds measured using scatterometers and indicated that sea breezes are prevalent in tropical and sub-tropical coastlines globally. Based on these studies, the LSB circulation can be summarised as follows: (1) a pressure gradient force, which is directed from sea to land, pushes a shallow layer of marine air inland (Figure 1a); (2) a convective sea breeze cell is initiated close to the coast and expands both onshore and offshore (Figure 1b). The cell closest to the shore has shoreward flow at the surface, rising air currents inland, and sinking air offshore. An area of divergence is present on the ocean surface (Figure 1b) and expands offshore [37]; (3) the sea breeze front typically [34] occurs on land dependent on synoptic flow. When the terrestrial and ocean air converge it is often associated with sharp changes in the moisture, temperature, and wind speed and direction. The front behaves like a density current [5]; and (4) the synoptic-scale circulation can affect the LSB circulation.



Bowers [38] carried out simulations of the LSB circulation off the New Jersey coast, USA, and found that wind speeds decreased from the coast to ~50 km offshore (i.e., to the divergence region; (Figure 1b) and then increased farther offshore between 70 and 100 km. The spatial extent of the sea breeze’s offshore component exceeded the inland component by a factor of two or more. Wind speeds also decreased from the coast to the sea breeze front [39]. The propagation speed of the sea breeze front was rapid as it approached the coast, but decreased over the land due to friction; however, a relatively higher temperature difference near the sea breeze front and a weaker opposing surface flow also accelerated the sea breeze front [40]. Miller et al. [11] concluded that the surface friction, Coriolis force, atmospheric stability, local topography, and land–sea temperature contrast determined the inland propagation speed and extent of the sea breeze front.



Although many studies have examined the onshore characteristics of the sea breeze, few have examined the characteristics of the LSB over the ocean [19,41,42,43]. Steele et al. [35] reported that the behaviour and characteristics of the marine component of sea breeze cells have received little attention relative to their onshore counterparts. In fact most of the literature reports only the onshore component of the sea breeze (Figure 1a) and neglect the offshore section of the sea breeze cell (Figure 1b). From the available literature, we can deduce that the sea breeze’s offshore extent varies depending on its geographical position in relation to the latitude [36,44,45,46,47]. Simpson [5] suggested that the seaward extent was comparable to the landward extent. Finkele et al. [48] found that geostrophic winds generated by the synoptic system affected the offshore extent and inland penetration speed of sea breezes in South Australia. Here, light and moderate geostrophic winds resulted in a non-uniform inland and offshore propagation with similar offshore extents, but when stronger geostrophic winds were present, the sea breeze was restricted to offshore regions. In the southern North Sea, the sea breeze’s offshore extent varied with the location and timing of the divergence zones depending on the coastline orientation relative to the prevailing wind direction [35]. Analysis of scatterometer data have indicated that the offshore extent of the sea breeze could extend >300 km from the coast [36].



As the land–ocean temperature difference drives the LSB system, processes that affect the ocean temperatures, such as coastal upwelling have an influence on the LSB system [14]. Coastal upwelling also produced an earlier sea breeze onset, and a shallower, sharper, and more intense offshore/onshore sea breeze [14]. In general, coastal upwelling intensifies LSB circulation through reduced coastal ocean temperatures; however, the simulations of the LSB circulation off the New Jersey coast showed a well-developed sea breeze that was not affected by upwelling that penetrated farther inland than a sea breeze affected by upwelling [38].



The understanding of the LSB system, in particular the spatial and temporal variation in wind speed and direction is of critical importance for the development of offshore wind farms. Similarly, participants of sailing, wind and kite surfing competitions have a great interest in the direction and speed of the flow in the lowest 10–20 m above the sea surface, as well as variability during the day within the competition area that will influence the race strategy. LSB system also influences the coastal circulation and mixing. The coastal zone is the receiving basin for input of suspended and dissolved matter that includes nutrients, biota and pollutants from the terrestrial system and thus the LSB is a major influence on their dispersal.



Study Region


The study region (Figure 2), south-west coast of Australia (SWA), experiences a Mediterranean climate and is an ideal location to examine the diurnal wind effects on the local ocean circulation because of the strong, persistent LSB system. Here, during the austral spring and summer, strong and persistent LSB system is established with winds often exceeding 15 ms−1 [10,12,49,50,51,52]. During winter months, weak sea breezes (max speeds to 7 ms−1) occur during periods between transit of fronts when high pressure systems dominate [51]. During the austral summer, the study region experiences ~20 sea breeze days per months with mean speeds 6–7 ms−1. In winter ~12 sea breeze days, occur per month with mean speeds ~5 ms−1. On average, 197 sea breeze days are experienced each year with a mean wind speed of 5.7 ms−1 [7].



The region is micro-tidal, with diurnal tides and a mean spring tidal range of ~0.6 m [52]. Semidiurnal and diurnal tidal currents at the surface represent 4–10% of the total current variance, with typical amplitudes that are ~0.02 ms−1 [53]. Continental shelf processes, which are mainly wind-driven and include mixing, circulation, and particulate resuspension is dominated by LSB activity, particularly during the summer months [10,12,49,51].



The main bathymetric features of the study region include (Figure 2): (1) an upper continental shelf having a mean depth of 40m; (2) depth increasing rapidly in the lower continental shelf between 50m and 100m isobath; (3) the shelf break located at the ~200m isobath; (5) presence of Rottnest Island that interrupts the shore parallel flow; and, (6) the Perth canyon located to the west of Rottnest Island. The major ocean current in the study region is the warmer, Leeuwin Current (LC) that flows southward along the 200 m isobath [54,55,56]. On the continental shelf the Capes Current is in water depths of <50 m and transports colder water northward in summer driven by sea breeze winds [57]. The LC exhibits strong temporal and spatial variability and, of relevance to this study, is the presence of eddies in the Perth canyon due to the interaction between the LC and the local topography that includes the presence of the canyon and also the curvature of the 200 m depth contour [53].



The local LSB system typically features weak, offshore wind speeds (~5 ms−1, direction ~90°–100°) in the morning, with wind speeds increasing by late morning/early afternoon because of the increasing temperature difference between the land and the ocean (Figure 3). The breeze reaches a maximum speed (10–15 ms−1) by late morning/early afternoon with direction ~200° and then decreases overnight (Figure 3). Occurrence and intensity of the sea breeze in Perth is strongly related to the presence and position of the West Coast trough that is a common feature in Western Australia [58]. During the summer months, the presence of a high-pressure system to the south of Australia results in easterly airflow across the continent. The heating of this air mass as it travels across the continent results in a low-pressure trough forming in a north-south direction [59]; see also Figure 3 in [7]). This pressure trough is generally located inland of the coast, but its position is subject to day-to-day variations and when the trough lies offshore the easterly winds are strong and coastal sea breezes are delayed or non-existent. However, when the trough moves onshore easterly flow at the coast weakens, leading to the development of strong and early sea breezes. With the typical passage of weather systems from east to west, the LSB system is maintained for 7–10 days and is usually followed by a summer storm where southerly winds are encountered for periods up to 5 days prior to the re-establishment of the LSB (Figure 3).



A particular feature along SWA is that the land breeze blows offshore during the night and early morning, and the afternoon breeze is obliquely-onshore i.e., south-southwesterly (Figure 3b). This is in contrast to a pure LSB system where the sea breeze blows perpendicular to the shore (onshore) in the afternoon (Figure 1). Pattiaratchi et al. [10] attributed the shore-parallel sea breeze in SWA to the interaction between the LSB system and the synoptic weather patterns. The combination of the sea breeze system (strong southwesterly airflow) and the synoptic pressure (weak northeasterly airflow) results in an obliquely-onshore (south-southwesterly) sea breezes. When the location of the west coast trough is such that the synoptic pattern induces southerly winds, the sea breeze enhances the southerly winds, resulting in very strong sea breezes with wind speeds in excess of 10 ms−1 (Figure 3a). Mihanović et al. [5] showed that over the diurnal cycle winds rotated in a counter clockwise (anti-cyclonic) direction.



The LSB’s diel anti-clockwise rotation was transferred to the coastal currents at the surface [50]. On the inner continental shelf, in the absence of tidal forcing, the depth, magnitude, and lag times of the currents’ speeds and directions varied through the water column, depending on the sea breeze intensity. For example, the correlation between the sea breeze and the currents was higher during strong sea breezes, with shorter lag times for the bottom current response [12]. The mean surface current data obtained with the HF radar revealed an almost instantaneous response of the surface currents to changes in the wind direction during sea breeze events, and a strong counter clockwise rotation, which corresponded to the wind vector’s diurnal rotation [50]. The influence of the LSB on surface currents could be identified up to 140 km offshore, exceeding the coverage of the measurement region [50,53]. Edwards [60] and Lerczak et al. [61] found that the offshore extent of the sea breeze to be up to 250 km along the east and west coasts of the United States, respectively.



Many studies have examined the impacts of the LSB system in SWA; however, the LSB’s time and space characteristics, particularly its evolution, frontal propagation, and offshore extent, are generally unknown. In this paper, we use field measurements together with atmospheric and ocean numerical models to examine the LSB system dynamics in and over the ocean and the surface current response in south-west Australia.





2. Materials and Methods


We use a combination of field measurements and numerical modelling to examine the LSB off south-west Australia. Both the atmosphere and ocean are considered. We examine the period January 2016 to December 2017. Majority of the numerical model data were from the summer of 2016–2017 (1–10 December 2016 and 1–28 February 2017).



2.1. Field Measurements


Meteorological data were collected at the Rottnest Island (Figure 2) meteorological station (32.0069° S, 115.5022° E), located ~25 km off the coast. Wind speed and direction were recorded 43.1 m above the sea surface every 30 min and data collected during the period 2016–2017 are presented here. These data were interpolated and re-sampled into one-hour intervals. Wind vectors are presented as the direction the wind is coming from following meteorological convention.



Surface currents obtained from shore-based HF Radar systems were available for the study region [53]. The measurements are part of the part of the Australian Integrated Marine Observing System (IMOS) and collected by the Ocean Radar facility based at The University of Western Australia. Coastal ocean surface current maps, using a high-frequency, phased array wave radar—the WEllen RAdar (WERA) were available at hourly intervals. The Rottnest Shelf WERA HF Radar system transmits at a frequency of 8.5125 MHz with a bandwidth of 33 kHz, and surface currents are derived by detecting the Doppler shift of the electromagnetic radiation’s Bragg scattering over a rough sea [62]. High-frequency radar systems were first used to measure surface currents more than three decades ago [63,64] and are now widely used around the world with a high level of accuracy [65]. Detailed description on the HF Radar system installed in the study region are provided by Mihanović et al. [50] and Cosoli et al. [53] with data analysis procedures given by Cosoli et al. [66]. Briefly, the surface current vectors were derived over a regular grid with a horizontal resolution of 4 × 4 km and a maximum offshore range of around 150 km.




2.2. Numerical Models


We used output from three-dimensional, mesoscale, atmospheric and ocean models (http://coastaloceanography.org/). These models were established as a forecast system for Western Australia. The main parameters we used to analyse the LSB system were the wind vectors (10 m above mean sea level) and the surface currents. The same atmospheric and ocean model combination was used by Mahjabin et al. [67] to examine dense water transport in the study region.



The atmospheric model is the National Center for Atmospheric Research’s weather research and forecasting (WRF) modelling system, WRF-ARW (Advanced Research WRF), version 3.7 [68]. The model output during typical summer conditions in 2016 and 2017 were extracted for analysis. WRF model is a mesoscale, numerical, weather prediction system designed to assist with atmospheric research and operational forecasting [68,69]. It is a fully compressible, non-hydrostatic model. Its vertical coordinate is a terrain-following, hydrostatic pressure coordinate, and its horizontal grid is an Arakawa staggered C-grid. The model uses a third-order Runge–Kutta time integration scheme [70] and second to sixth-order advection schemes for the horizontal and vertical directions.



The WRF-ARW model was configured for two domains: (1) the parent model domain, which ranged from 35° to 20° S, 107° to 117° E, with a horizontal resolution of 10 km and 45 levels in the vertical; and (2) a one-way nested child model domain for the wider Perth region, with a 2-km horizontal resolution, which ranged from 33.78° to 30.96° S, 114.31° to 116.13° E. The boundary and conditions for the parent model were Global Forecast System (GFS) model (at 0.25° resolution). Together with other meteorological parameters, the WRF-ARW model provided hourly wind speed and direction data at 10-m height from 2016. The WRF model for the higher resolution Perth regional model has been validated using field measurements from 10 coastal stations across the domain over a 2-year period [71]. For Rottnest Island the correlations coefficients (standard deviations) of 0.99 (0.78), 0.93 (2.1), 0.93 (2.1) were obtained for sea level pressure, east and north components of wind, respectively.



To simulate the oceanic currents, we used the Regional Ocean Modelling System (ROMS), which is a three-dimensional, hydrostatic, nonlinear, free surface, s-coordinate, time-splitting, finite difference, primitive equation, numerical ocean model [72,73]. A more detailed description of the model and numerical schemes can be found on the ROMS webpage (http://www.myroms.org). The ROMS follows a free surface, terrain-following, s-coordinate system, which considers the ocean depth as vertical layers in the model and thereby reduces the error due to the estimation of vertical grids at each step. The ocean modelling system set by the University of Western Australia consisted of two one-way, nested domains: (i) the parent model domain for the wider Western Australian region at ~1.5–2.5 km horizontal resolution; and (ii) an embedded child model domain for the wider Perth region at 500-m resolution. The ROMS bathymetry data for the deep region were obtained from the GEBCO database, which was further improved with the Australian Bathymetry and topography grid [74] and LIDAR data for the coastal regions. We used a linear programming approach to smooth the final bathymetry minimally [75]. The parent domain’s non-tidal boundary conditions for the free surface, temperature, salinity, and velocity were taken from the 1/12 global degree HYCOM model (http://hycom.org) and combined with nine tidal constituents for the elevation and barotropic velocities from the global barotropic tidal inverse solution, TPXO [76]. The nested child model boundaries were updated every 600s dynamically downscaling dynamics from the parent model.



We used a Flather [77] scheme for the barotropic variables in both models and a combination of Orlanski-type radiation boundary conditions with nudging for the baroclinic velocity and tracers (temperature and salinity) [78]. A multidimensional positive definite advection transport algorithm (MPDATA), which is a conservative and positive definite scheme, was used for the advection scheme in the nested model and the active tracers (temperature and salinity) and a third-order upwind scheme was used for the parent model domain [79]. We used a third-order upwind advection scheme for the baroclinic momentum in both models.



Atmospheric forcing was prescribed every hour via bulk formulation [80]. All the required variables were obtained from the locally tuned atmospheric modelling system based on the WRF-ARW model core mentioned above. The WRF-ARW model’s two domains were larger than those of the ROMS model. The WRF-ARW model also used a one-way coupled mode for boundary information exchange. Here, the WRF parent and child models were initialised daily using 3 hourly boundary conditions from global NOAA/NCEP Global Forecast System (GFS) Atmospheric Model at full horizontal (at 0.25°) and vertical resolution. Original grib2 data were pre-processed using WRF-WPS package in order to provide required WRF initial and boundary netCDF files that included vertical profiles of pressure, winds, humidity, temperature, among others. The atmosphere and ocean model outputs were saved hourly and served through an OPeNDAP THREDDS server.




2.3. Analysis Techniques


The wind components (east-west and north-south) time series from the Rottnest Island at hourly intervals were subjected to Fourier analysis to identify the dominant frequencies in the records and their variability with time. The power spectra were used to construct time frequency plots and determine the temporal variation in spectral energy distribution. A similar approach was undertaken by Pattiaratchi and Wijeratne [81] in the analysis of sea level records. Here, time series of 512 points (~20.5 days) were used to estimate power spectra using the ‘Welch’ method using the Fast Fourier Transform (FFT) method. Subsequent spectra were calculated using a 50% overlap (i.e., 256 points).



Wind component time series was subjected to a 33 h cut-off, Butterworth filter to separate the time series into high and low frequency components. This allowed for the examination of the high-frequency signal (i.e., the sea breeze) close to the diurnal band.



Complex demodulation [82] was used to obtain the clockwise and counter clockwise phases and amplitudes wind and surface currents from WRF and ROMS model outputs. Here, we used 15–35 h, band-passed-filtered winds and currents to extract the phases and amplitudes of the 24 h harmonics [83]. Two diurnal periods of 48 h were overlapped and slid in time with six-hour time steps [50,82]. The WRF and ROMS model outputs subjected to this analysis were used to estimate the diurnal ellipse characteristics [82].



Rotary energy spectra were calculated for the wind and surface current vectors for February 2017 following Gonella [84] and using the Fast Fourier Transform (FFT) method.



To identify the location and propagation of the sea breeze front (SBF) the east-west component of the wind from the WRF model was used and two different methods were tested: (1) we calculated the wind gradient for the cross-shore components over two successive time steps. The time variability of this gradient value over the daily cycle was determined for the study region. The SBF was identified by the discontinuity in the gradient. However, only the onshore propagation of the SBF could be identified following this method. The offshore propagating front was not associated with a strong horizontal gradient in wind as the spatial changes were more gradually in the offshore direction; and, (2) for each time step, the cell furthest from coastline in both onshore and offshore directions that was associated with a positive cross-shore (i.e., onshore) wind component was identified to be the location of sea breeze initiation. The contour line connecting these cells indicated the edge of sea breeze region associated with the change of wind in the onshore direction. This process was repeated to define the sea breeze fronts over time.





3. Results


3.1. Measurements: Rottnest Island Meteorological Station


Rottnest Island meteorological station, located on an island ~20 km from the land mass (Figure 2), provided an ideal data set to examine the characteristics of the sea breeze in the offshore region. The station was established in 1879 and was upgraded in 1995 as an automatic weather station. In this paper, we examine data collected over the period 2016–2017.



Time frequency diagram for the 2-year period indicated the dominance of diurnal energy, in both east and north components of wind between 1 October and 1 April (Figure 4). This period covered late austral spring, summer and early autumn periods and indicated the periods when the seabreeze is dominant (see also [50]). The higher energy contained in wind components for periods >24 h between April and September, represent the passage of winter fronts (Figure 4).



Time series of the meteorological data for January 2016 highlighted the LSB system (Figure 5). All of the parameters indicated a diurnal variability except for sea level pressure (SLP) that has a semi-diurnal variability. There was also a low frequency change of O(10) days that is related to the passage of high pressure systems across the study region. The diurnal changes in wind speed during the sea breeze cycle reflected changes in SLP. The two daily maxima in SLP corresponded to minima in wind speed in the morning and the beginning of the decrease in wind in the afternoon. (Figure 5a,e). Usually, there was a decrease in air temperature when the wind speed increased explaining the local term ‘Fremantle Doctor’, cooling afternoon sea breeze that brings respite from the usually hot weather. Note that the higher maximum temperatures were experienced when the afternoon winds were weak and/or variable in direction (e.g., 7–8 and 14–15 January).



The mean hourly time series for the period 22–30 January 2016 when consistent sea breeze cycles were experienced (Figure 3), indicated the diurnal cycle of the sea breeze (Figure 6). The wind speed decreased between midnight and 0400 and was relatively constant to 1100, increasing rapidly to a maxima of ~10 ms−1 at 1800 and decreasing to midnight (Figure 6a). The wind direction reflected the changes in wind speed with the winds blowing from south-east (120°) and shifting to almost southerly (~200°) when the winds were strongest (Figure 6b). Note that the wind direction started to change ~0900 before the wind speed increased. The hodograph of mean hourly wind speed and direction, with synoptic winds removed, indicated an orientation south-west to north-east and an anti-clockwise rotation (Figure 6c).



Decomposition of the wind time series using a 33-h, Butterworth filter to high and low frequency components revealed the LSB and the synoptic system components (Figure 7). Here, the low-passed (periods > ~40 h) and high-passed time series (periods < ~28 h) represented the synoptic and LSB system, respectively. The wind rose for the original data record (22 January to 1 February 2016) indicated a dominance of southerly winds (Figure 7a). The low-pass time series indicated winds mainly from the south and south-south-east (Figure 7b) that represent the synoptic winds associated with a high-pressure system located to the south of Australia [7,10]. The wind rose for the high-frequency component showed winds aligned to a south-west to north-east axis, oriented ~45° counter clockwise from the east and represented the LSB system.




3.2. WRF Model Output


Rottnest Island station provided meteorological data from a single point over time but did not contain any information on the spatial variability of the sea breeze within the study region. The WRF model output was used to fill in this gap to examine the spatial variability but also the output was used to determine the expansion of the sea breeze cell (Figure 1b) with time.



Time series of the spatial distribution wind vectors for the study region during two typical sea breeze cycles (on 8 December 2016 and 23 February 2017) are shown on Figure 8 and Figure 9. The time and spatial variability of the images indicated that in the morning (0800), the winds across the whole region were offshore (easterly), representing the land breeze (Figure 8a and Figure 9a). There were also east-west bands of low winds, the largest at 33.0° S where the sea breeze cell (SBC) was beginning to form. At 1000 winds on land and further offshore were easterly whilst there was a band of weaker winds with variable direction adjacent to the coast (Figure 8b and Figure 9b). The SBC had expanded onshore, offshore and alongshore. In the region between latitudes 32.5° S and 33.0° S the winds were relatively stronger (~5 ms−1) and had a southerly component, the sea breeze. By 12 noon, the winds over the ocean had a southerly component whilst inland, the winds were still easterly (Figure 8c and Figure 9c). Closer to the coast, the winds increased in speed (~8 ms−1) and were south-westerly. Inland penetration of the sea breeze started in the mid-section of the study region (Figure 8c and Figure 9c). At 1400, wind speeds continued to increase, southerly winds were present offshore, inland penetration of the sea breeze continued with winds oriented from south-west on land (Figure 8d and Figure 9d). By 1600, wind speeds over the ocean were >10 ms−1. On the ocean and to the north of Rottnest Island (Figure 2) the winds were southerly whilst to the south of Rottnest Island winds were south-westerly (Figure 8e and Figure 9e). At 1800, wind speeds reached a maximum over the ocean (Figure 8f and Figure 9f) as reflected in the Rottnest Island measurements (Figure 6a) with similar directions as at 1600.



The spatial distribution of wind vectors with time also allowed for the determination of the characteristics of the sea breeze cell (SBC) and its evolution with time (Figure 8 and Figure 9). Note that as the LSB system evolved, there were two fronts that propagated inshore and offshore, respectively (Figure 1). In the study area, the SBC was consistently initiated close to the coast at ~33° S where a region of weak and variable winds was present and the SBC could be identified from the cross-shore velocity component analysis (Figure 8a and Figure 9a). With time, the SBC was oriented parallel to the coast and propagated both offshore and inland (Figure 8b–f and Figure 9b–f). Divergence of the wind velocity vectors with time identified the location of the SBF onshore on both days but due to weaker velocity gradients in the offshore direction the SBF was not defined from this method (Figure 10). However, the divergence method identified the initial location of the SBC to be near the coast ~33° S.



The propagation speed in the offshore direction was rapid compared to its propagation speed inland mostly due to increased friction on the land surface. The evolution of the mean location of the SBC at hourly intervals, obtained by averaging ten sea breeze cycles (1–10 December 2016) reflected these observations for a typical day (Figure 11): the SBF was initiated close to the coast at ~33° S, around 0800 and propagated both offshore and onshore, and at the same expanding in an alongshore direction. The SBF reached the maximum offshore extent at 1600 and was 120–150 km from the coast. In comparison, the maximum onshore propagation was ~30–40 km but was constrained by the eastern boundary of the model (e.g., Figure 8f and Figure 9f). The mean onshore and offshore SBF propagation speeds indicated that both increased linearly, reaching maximum speeds by 1100 and then decreasing (Figure 12). However, there were large differences in the propagation speeds in each direction. The offshore propagation speed increased from 13 to 30 kmh−1 between 0700 and 1100 whilst the onshore propagation speeds increased from 5 to 9.5 kmh−1 over the same time period. The maximum offshore propagation speed was a factor 3 higher than the onshore propagation speed (Figure 13).




3.3. Surface Currents from HF Radar


The diurnal surface current ellipses calculated using the HF Radar data during February 2017 indicated circular motion in the deeper water whilst on the continental shelf region in water depths <200 m, the circulation was less circular (Figure 13). Surface currents rotated counter clockwise across the whole region. The current amplitudes were up to a factor 5 larger in the deeper regions compared to those on the continental shelf (Figure 13). These results are the same as that reported by Mihanović et al. [50] for the same region with data collected in February 2011. The strong diurnal currents are generated through a resonance mechanism resulting from the sea breeze forcing period of ~24 h being close to the local inertial period [50].




3.4. ROMS Model Output 4


Three hourly predicted surface currents from the ROMS model for 8 December 2016 indicated the typical response to sea breeze wind forcing of the currents (Figure 14). The LSB cycle on this day, used to force the ocean model, was very similar to the mean wind pattern (Figure 6) with south-easterly (120°) winds in the morning and almost southerly (200–210°) winds in the afternoon. The wind speed started to increase after 12 noon reaching a maximum of 10 ms−1 around 1800 (Figure 6). The surface current response was influenced by the local topography (Figure 2): (1) presence of Rottnest Island that imposes a barrier to the surface currents between the southern and northern regions; (2) deeper water (>100 m) to the west of Rottnest Island associated with the start of the Perth canyon; and, (3) the shallower inner continental shelf where the water depths <50 m (this is the region east of 115° E, approximately shoreward of Rottnest Island).



The mean currents over the 24 h period (Figure 14a) indicated inflow of water into the model domain, to the west of Rottnest Island, associated with the deeper water (Perth canyon; Figure 2 and Figure 13). This onshore stream of water bifurcated and flowed both to the north and south (Figure 14a). The southward stream recirculated to the north and flowed past the western tip of Rottnest Island (Figure 14a). The northward arm of the inflow, augmented by flow past the island moved north and exited the domain at 31.8° S. The mean northward currents to the south of Rottnest Island were stronger than those to the north of the Island (Figure 14a).



Over the diurnal cycle, there were no major changes in the current’s patterns over the period 0300 and 0900 with similar features to the mean (Figure 14a–d). At 0900 the currents to the north of Rottnest were flowing southward and then progressively rotated anti-clockwise to be directed to the northwest by 1500 (Figure 14d–f) and the rotation completed by 2400 with the currents flowing southward. This rotation is due to the resonance between the sea breeze and the local inertial period [50]. To the south of the Island, the strongest currents were predicted from 1500 to 2100 reflecting the wind profile (Figure 6a). The northward arm of the re-circulation of water entering the domain progressively became stronger (Figure 14d–f) and then reduced in speed by midnight (Figure 14i).



The anti-clockwise eddy, located to the north-west of Rottnest Island was present throughout the day but there were changes to the structure over the LSB cycle (Figure 14). Initially (0300), the eddy is quite well defined during the morning (Figure 14b–d) under weaker south-easterly winds (note that only part of the eddy is present in the high resolution ROMS domain; Section 2.2). With the onset of the sea breeze, current speeds within the eddy increased (Figure 14e). As the winds strengthened during the afternoon, water flow moving northwards past Rottnest Island enhanced the eddy (Figure 14f–i).



Three hourly predicted surface currents from the ROMS model for 23 February 2017 over a sea breeze cycle indicated a similar response (Figure 15). The LSB cycle on this day was very similar to the mean wind pattern shown on Figure 6 with south-easterly (120°) winds in the morning and almost southerly (200–210°) winds in the afternoon. The maximum wind speeds on this day were higher at 15 ms−1 and followed a strong sea breeze the previous day. The surface currents were affected by the local topography (see above). However, the surface currents, directed to the north, were generally stronger reflecting the stronger LSB (Figure 9). The mean currents over the 24 h period (Figure 14a) indicated inflow from south to north flowing past Rottnest Island with stronger currents to the north of the Island. Over the diurnal cycle, there were no major changes in the current’s patterns over the period 0300 and 0900 with similar features to the mean (Figure 15a–d). At 0900 the currents were flowing northward, and an anti-clockwise eddy was forming to the north-west of Rottnest Island that became progressively got stronger by 1500 (Figure 15d–f). Currents were weaker and more variable to the south of the Island with west to east flow by 1500 (Figure 15d–f). The currents across the domain were flowing to the north from 1800–2100 (Figure 15g,h) in response to the strong sea breeze and then offshore by midnight when the land breeze was established (Figure 15i).




3.5. Diurnal Ellipse Characteristics from WRF and ROMS Models


Field measurements of both wind and surface current vectors indicated anti-clockwise rotation over a diurnal cycle (Figure 6c and Figure 13) and were reproduced in both atmospheric (WRF) and hydrodynamic (ROMS) models (Figure 16). Ellipse characteristics of the wind vectors were calculated over a period of one month (February 2017) and indicated that across the whole domain the semi-major axis was oriented along the southwest to northeast axis (Figure 16a). In deeper water, offshore of 115° E, the eccentricity (ratio of semi-major to semi-minor axes) of the ellipse was smaller reflecting a more circular rotation compared to that closer to the shore where the effects of the land may have a greater influence. There were also slight changes in the orientation of the major axis of the wind ellipse that were different to the north and south of Rottnest Island: to the north the axis was rotated anti-clockwise closer to the coast whilst to the south was rotated clockwise closer to the coast (Figure 16a).



The current ellipses also indicated anticlockwise rotation; however, the major axes were oriented parallel to the coast (Figure 16b) as it acts as a barrier to cross-shelf flow. The currents were generally stronger offshore compared to those closer to the coast.



Rotary energy spectra for the diurnal band indicated higher spectral energy in the anti-clockwise component compared to the clockwise component for both wind and surface currents (Figure 17). The study region is close to the 30° S where oscillations close to the inertial period are amplified through resonance between the diurnal and inertial frequencies where diurnal winds force enhanced anti-cyclonic rotary motions that contribute to near-inertial energy [50,85] and are reflected in the results. The strongest anti-clockwise energy in the wind was at the centre of the model domain close to the origin of the sea breeze front (Figure 8 and Figure 17a). Higher clockwise energy was present over the land and to the north of Rottnest Island (Figure 17b). Anti-clockwise energy in the surface currents was enhanced in water depths > 50 m (Figure 17c), reflecting the depth influence on the inertial oscillations. The same feature is reflected in the HFR currents (Figure 13). In contrast, clockwise energy in the surface currents were weaker across the whole domain (Figure 17d).





4. Discussion


The land–sea breeze (LSB) system is one of the most intensely studied meso-scale meteorological phenomena globally over the past few centuries and as a consequence the onshore structure and physics of the LSB is well known [6,19,35,37]. A large proportion of the global population, including mega-cities are located close to the ocean and impacted by the LSB system representing a major component of the coastal wind climate. The concerns associated with air quality have resulted in many of these studies to examine issues associated with forecasting the physics and chemistry of the LSB [6,35]. In contrast, the LSB system offshore has received very little attention. Only a handful of studies have considered that there is a SBC propagating offshore. Therefore, information on frontal propagation speeds, their variation over a SB cycle and the offshore extent has not been defined. It is acknowledged that this would be site specific but with increasing interest in offshore wind farms there is renewed interest as well as for recreational use [35,86]. This study was based in south-west Australia where one of world’s strongest sea breezes systems occurs with maximum wind speeds often exceeding 15 ms−1 during the austral spring, summer, and early autumn (October–April). The entire coastline of Western Australia was identified by Gille et al. [36] as one of the global hotspots for diurnal winds (see also [7]). The study region is located at 32° S where the inertial period is close to 24 h that results in a resonance condition between sea breeze forcing and ocean response resulting in stronger diurnal currents through the water column up to 300 m water depth [50].



The local mean LSB characteristics were such that wind speeds decreased between midnight and 0400 and were relatively constant to 1100 and increased rapidly to maxima >10 ms−1 (~1800) and decreased to midnight (Figure 6a). The wind direction in the morning was from south-east (120°) changing to almost southerly (~200°) when the winds were strongest (Figure 6b). The hodograph of mean hourly wind speed and direction indicated an orientation south-west to north-east and an anti-clockwise rotation (Figure 6c). The atmospheric numerical model (WRF) output confirmed this orientation and anti-clockwise rotation and in the offshore region (Figure 16a and Figure 17a). The anti-clockwise rotation of the winds is typical for the southern hemisphere [36].



A feature of the LSB system in the study region is that it blows obliquely-onshore (i.e., south-southwesterly) in contrast to the classic sea breeze, which blows perpendicular to the shoreline [5]. In fact, so-called ‘pure’ sea breezes, i.e., sea breezes that are not interacting with geostrophic winds are virtually non-existent or much weaker if they do occur, along the Perth coastline [7]. The reason for the obliquely-onshore sea breeze system in Perth was attributed to the interaction between the sea breeze and the geostrophic winds associated with the synoptic weather patterns [7,10]. Decomposition of the wind record to the diurnal and synoptic components can be used to explain the reasons for the obliquely-onshore winds in the afternoon. The diurnal component of the winds was oriented south-west to north-east (Figure 7c and Figure 16a). However, the stronger synoptic winds were from the south-east to south (Figure 7b) and in combination the winds have a strong southerly component (Figure 7a).



Many of the previous studies, using either field measurements and/or numerical simulations, have examined the onshore propagation of the sea breeze [5,6,19,86]. Very few have examined the sea breeze cell in the offshore region (Figure 1b). This is because historically there was more interest in the onshore propagation of the sea breeze as it directly affected human populations (e.g., air quality, [6]). Additionally, measurements in the offshore regions are scarce due to high costs and difficulties in maintaining moorings and only a few studies have reported offshore sea breeze measurements [5,14,87]. In the convectional theory of the sea breeze (Figure 1b) there is onshore convergence at the sea breeze front on land, rising air, and in the offshore sinking air and divergence region that define the offshore extent (Figure 1b and [14]). The offshore divergence region may not be as clearly defined as the convergence region of the sea breeze front propagation onshore [14,35,37]. In our simulations, the sea breeze cell (SBC) was initiated ~0800 with width ~25 km straddling the ocean and the coast at 115.5° E; 33° S (Figure 8a and Figure 9a). Although results for two days are shown (8 December 2016 and 23 February 2017), this pattern was present on almost all of the simulations. The SBC progressively expanded onshore, alongshore and offshore, reaching a total (offshore to inshore) width of ~150 km after 8 h (Figure 8e and Figure 9e). This range may be higher as the SBC propagated to the edge of model domain on land. These values are very similar to that reported by the Seroka et al. [14] for the New Jersey coast where the initial SBC was ~30 km wide and symmetrically expanded both onshore and offshore to a total width of ~250 km after 7 h. In our study there was a significant asymmetry in the expansion of the SBC. The SBC propagated at maximum speed of 30 kmh−1 to 140 km offshore. In contrast, the onshore propagation speed was 10 kmh−1 and extended only 30 km inland (Figure 8, Figure 9 and Figure 10). The maximum expansion speeds of the SBC was reached around 1100 for both onshore and offshore propagation (Figure 11). SBC’s have been confirmed to have a preferred location according to the flow regime and local conditions and this study confirmed this through the numerical simulations with the initiation of the SBC at the coast at 115.5° E; 33° S in a region of low winds (Figure 8a and Figure 9a) that may be a result of the local land topography.



In a classical sea breeze system, wind ellipses are expected to be roughly perpendicular to the coastline. Due to the interaction with the synoptic or gradient winds the wind ellipses in the study area were mainly oriented south-west to north-east in the offshore region with slight changes in orientation close to the coast (Figure 16a). In contrast, the presence of land provides a barrier to the ocean currents that flow mainly shore parallel that are reflected in the current ellipses (Figure 16b).



In the study region coastal waves and currents responded to the onset of the sea breeze almost instantaneously [10,12]. The surface currents responded with an increase in velocity and change in direction whilst the depth of current response and lag time after sea breeze onset was dependent on the maximum sea breeze wind speed and duration for which it was sustained above background wind speeds [12]. On the continental shelf, surface currents responded to the LSB forcing but were modified through topography. In particular, the presence of the Perth canyon and Rottnest Island had a storing influence on the current patterns (Figure 15). In deeper water, the surface currents responded with anticlockwise rotation reflecting similar rotation in wind speed and direction [50]. These findings were confirmed in the results of this study which indicated enhanced anticlockwise spectral energy in both the wind and current fields with the latter more prominent in deeper water (Figure 17). Diurnal surface current ellipses calculated using high frequency radar (HFR) data indicated that over the range of the HFR system (~120 km) there was strong diurnal energy in the surface currents (Figure 13) and thus the offshore extent of the SBC would extend further offshore as confirmed by the WRF model. In the New Jersey coastal ocean, the diurnal wind forced motions extended as far as 100 km offshore [88].



Surface currents generated by wind stress, in combination with the Coriolis force, have a maximum response at the local inertial frequency [89,90]. When the period of wind forcing is close to the local inertial period, a resonance condition occurs. At the latitude 30° (north and south), defined as the ‘critical latitude’, the inertial period is close to 24 h which often is the period of the LSB. Thus regions close to the ‘critical latitude’ are regions where diurnal resonance is most likely to occur [85,90,91,92] (Figure 17). In the study region, the local inertial frequency (22.6 h) is close to the LSB forcing and using field measurements, the presence of near-inertial waves, generated through this diurnal–inertial resonance has been identified [50]. During periods of LSB cycles strong anticlockwise diurnal motions (amplitudes exceeding 0.3 ms−1) were identified and penetrated to water depth ~300 m with diurnal vertical isotherm fluctuations up to 60 m [50].



This study concentrated on the dynamics of the sea breeze cell in the offshore, in particular the offshore extent. Due to the presence of synoptic winds, ‘pure’ sea breeze events (i.e., onshore winds in the afternoon) were not examined. The logical step for further work to undertake such as study and examine the offshore extent and the ocean response. Similarly, we concentrated on the dynamics at the air-sea interface (surface winds and currents). This could be extended to examine the vertical structure in the atmosphere (i.e., time variability of the vertical structure of the LSB cell) and the vertical structure of the ocean currents (see also [50]).




5. Conclusions


This study examined the spatial-temporal variation of the LSB sea breeze system along the south-west Australian coast that experiences unusually strong and persistent diurnal sea breezes. The emphasis was on the evolution, frontal propagation, and offshore extent of the LSB system and the surface current response. The study was undertaken using field measurements together with atmospheric and ocean numerical models. The main conclusions were as follows:




	(a)

	
The LSB cycle was such that wind speeds decreased between midnight and 0400 and increased rapidly after 1100, reaching maxima >10 ms−1 around 1800, decreasing to midnight. Wind directions were such that there were southeasterly winds (120°) in the morning and changing to southerly (~200°) in the afternoon. Although the sea breeze winds (diurnal) were oriented south-west to north-east in combination with the south-easterly gradient winds resulted in the southerly direction.




	(b)

	
The sea breeze cell was initiated within a small area near 115.5° E; 33° S in the morning around 0800 and expanded asymmetrically offshore with maximum speed of 30 kmh−1 reaching 120 km offshore. In contrast, the onshore propagation was limited to 30 km at a maximum speed of 10 kmh−1.




	(c)

	
The wind and surface currents rotated anticlockwise with the surface currents responding almost instantaneously to changes in wind forcing but were modified by topography.
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Figure 1. (a) Schematic of the sea breeze circulation perpendicular to the coast showing the sea breeze front propagating on land and the distribution of pressure. Here, the synoptic winds blow in an offshore direction; (b) schematic of the sea breeze cell showing areas of convergence and divergence. The sea breeze cell initially forms over the ocean (dashed red line) and propagates both onshore and offshore (solid red line). 






Figure 1. (a) Schematic of the sea breeze circulation perpendicular to the coast showing the sea breeze front propagating on land and the distribution of pressure. Here, the synoptic winds blow in an offshore direction; (b) schematic of the sea breeze cell showing areas of convergence and divergence. The sea breeze cell initially forms over the ocean (dashed red line) and propagates both onshore and offshore (solid red line).



[image: Jmse 08 00931 g001]







[image: Jmse 08 00931 g002 550] 





Figure 2. (a) Location of the study region in south-west Australia. The box identified by the dashed line shows the primary area of interest. Bathymetry is in meters; (b) Extent of the model grids used in the study including parent and child model domains for the WRF-ARW (dashed lines) and ROMS ocean model (solid lines). 
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Figure 3. Time series of (a) wind speed; and (b) wind direction over the period 22 January to 1 February 2016. Data from the Rottnest Island meteorological station. The wind direction is according to the meteorological convention. 
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Figure 4. Time frequency plot of spectral energy calculated from the wind time series at Rottnest Island station for the period 2016-2017. (a) east-west component; and, (b) north-south component. Units of spectral energy are log[m2s−2/Hz]. 






Figure 4. Time frequency plot of spectral energy calculated from the wind time series at Rottnest Island station for the period 2016-2017. (a) east-west component; and, (b) north-south component. Units of spectral energy are log[m2s−2/Hz].



[image: Jmse 08 00931 g004]







[image: Jmse 08 00931 g005 550] 





Figure 5. Time series meteorological parameters and water level in January 2016 from Rottnest meteorological station: (a) mean sea level pressure; (b) water level at Hillarys boat harbour relative to Australian Height Datum (AHD); (c) dry and wet bulb temperature; (d) humidity; (e) wind speed; and, (f) wind direction. Meteorological convention is used for wind direction. 
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Figure 6. Time series of mean (a) wind speed; and, (b) wind direction for the period 22–30 January 2016. (c) hodograph plots of (a,b) with synoptic winds removed. The numbers on the hodograph represent local time in hours. Data Rottnest meteorological station. 
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Figure 7. Wind roses for (a) original time series; (b) low pass time series; and (c) high pass time series for the period 22 January to 1 February 2016. Data from the Rottnest Island meteorological station. The wind direction is according to the meteorological convention. 
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Figure 8. Time series (two-hourly intervals) of the spatial distribution wind vectors for south-west Australia during a typical sea breeze cycle predicted from the WRF model on 8 December 2016. (a) 0800; (b) 1000; (c) 1200; (d) 1400; (e) 1600; and (f) 1800. The contour outline of the sea breeze cell is shown by the yellow line. The colours represent wind speed in ms−1. 
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Figure 9. Time series (two-hourly intervals) of the spatial distribution wind vectors for south-west Australia during a typical sea breeze cycle predicted from the WRF model on 23 February 2017. (a) 0800; (b) 1000; (c) 1200; (d) 1400; (e) 1600; and (f) 1800. The contour outline of the sea breeze cell is shown by the yellow line. The colours represent wind speed in ms−1. 
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Figure 10. Divergence of the wind vector: (a) 0900; (b) 1200; and, (c) 1500 for 8 December 2016 (same as that for Figure 8); and, (d) 0900; (e) 1200; and (f) 1500 for 23 February 2017 (same as that for Figure 9). Units of divergence are s−1. Note different scales for the different days. 
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Figure 11. Time variability of sea breeze cell locations at hourly intervals from 0900 to 1600 averaged over a 10-day cycle (1–10 December 2016). 
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Figure 12. Time variability in mean propagation speeds of the sea breeze fronts onshore (blue) and offshore (red). Means were obtained over a 10-day cycle (1–10 December 2016). 
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Figure 13. Diurnal surface current ellipses calculated from data collected in February 2017. For clarity, current ellipses denote every third HF Radar observation point that had at least two-thirds of temporal coverage in February 2017. All ellipses rotated anti-clockwise. 
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Figure 14. Surface ocean currents in the study region over a diurnal cycle on 8 December 2016 from the ROMS model. (a) mean over 24 h; and (b–i) current vectors at 3 hourly intervals. Note the velocity scale for all plots are shown on (i). 
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Figure 15. Surface ocean currents in the study region over a diurnal cycle on 23 February 2017 from the ROMS model. (a) mean over 24 h; and (b–i) current vectors at 3 hourly intervals. Note the velocity scale for all plots are shown on (i). 






Figure 15. Surface ocean currents in the study region over a diurnal cycle on 23 February 2017 from the ROMS model. (a) mean over 24 h; and (b–i) current vectors at 3 hourly intervals. Note the velocity scale for all plots are shown on (i).



[image: Jmse 08 00931 g015]







[image: Jmse 08 00931 g016 550] 





Figure 16. Ellipses calculated using numerical models: (a) Wind from the WRF model; and (b) surface currents from the ROMS model. Ellipses were calculated over a one-month period in February 2017. 
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Figure 17. Diurnal energy in the anti-clockwise and clockwise components of (a), (b) wind from WRF model; and (c,d) surface currents from ROMS model. Spectra were calculated over a one-month period in February 2017. 
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