On the Structure and Propagation of Internal Solitary Waves Generated at the Mascarene Plateau in the Indian Ocean

J. C. B. da Silva†, A. L. New* and J. Magalhaes‡
†CIIMAR, Universidade do Porto, Rua dos Bragas 289, 4050-123 Porto, Portugal.
*National Oceanography Centre, Southampton; Ocean Modelling and Forecasting Group, European Way, Southampton SO14 3ZH, UK.

‡Centro de Oceanografia, Faculdade de Ciências da Universidade de Lisboa, Campo Grande, 1749-016 Lisboa, Portugal.

Abstract

The Mascarene Plateau in the Western Indian Ocean is identified as a new internal solitary wave hotspot. Satellite SAR images show that powerful internal waves radiate both to the West and East from a central sill near 12.5° S, 61° E between the Saya de Malha and Nazareth Banks. To first order, the waves appear in tidally generated packets on both sides of the sill, and those on the western side have crest-lengths in excess of 350 km, amongst the longest yet recorded anywhere in the world’s oceans. The propagation characteristics of these internal waves are well described by first mode linear waves interacting with background shear taken from the westward-flowing South Equatorial Current (SEC), a large part of which flows through the sill in question. Analysis of the timings and locations of the packets indicates that both the westward- and eastward- travelling waves are generated from the western side of the sill at the predicted time of maximum tidal flow to the West. The linear generation mechanism is therefore proposed as the splitting of a large lee wave that forms on the western side of the sill, in a similar manner to that already identified for the shelf break generation of internal waves in the northern Bay of Biscay. While lee waves should form on either side of the sill in an oscillatory tidal flow, that on the western side would be expected to be much larger than that on the eastern side because of a superposition of the tidal flow and the steady westward flow of the SEC. The existence of a large lee wave at the right time in the tidal cycle is then finally confirmed by direct observations. Our study also confirms the existence of second mode internal waves that form on the western side of the sill and travel across the sill towards the East.
1. Introduction
Internal Solitary Waves (ISWs) are thought to play an important role for global mixing in the upper layers of the ocean, and are thus relevant to the setting of the near sea-surface temperature structure (Shroyer et al., 2010), air-sea exchange processes, and the evolution of the climate system. Large baroclinic or internal tides (ITs) are well known to result from the interaction of the surface (or barotropic) tide with steep sea-floor or shelf break topography (New, 1988). Subsequently, these ITs steepen as they propagate away from the topography and shorter-period non-linear ISWs develop, usually phase locked to the IT troughs (Pingree et al., 1986; Gerkema, 1996; Shaw et al., 2009). The breaking of the ISWs may then contribute significantly to turbulent mixing in the near-surface layers, through the continual triggering of instabilities as they propagate (Moum et al., 2003). The highly turbulent character of well-developed ISWs propagating near the pycnocline has also been demonstrated by Pinkel (2000) and Klymak et al. (2006).

In particular, isolated deep ocean ridges, such as the Mascarene Plateau in the Indian Ocean and the Hawaiian Ridge in the Pacific, are important sinks for surface-tide energy through conversion to ITs and ISWs (Egbert and Ray, 2003; Lozovatsky et al. 2003) and are consequently sites of elevated mixing. For instance, Lozovatsky et al. (2003) estimate diapycnal mixing from these processes to be of the order of 1-2 x 10-4 m2 s-1 in the main pycnocline up to distances of 100 km to the East of the Mascarene Plateau, decaying to typical background values of 10-5 m2 s-1 at distances of 1000 km from the topography. 
Mixing due to internal waves also plays a significant role for the evolution of biology in the near-surface layer. Pingree et al. (1986) have shown that the increased biomass (zooplankton and phytoplankton) in the northern Bay of Biscay is related to the cooling of the sea surface through mixing caused by internal waves, where the internal tidal amplitude is at a maximum. In addition, vertical redistribution of heat, biomass, and nutrients may be caused by shear-driven mixing associated with the ISWs and their interaction with geostrophic flow, as has been speculated by Moum et al. (2008). Enhancement of primary production can also occur simply by increasing the average light intensity (through vertical uplifting) experienced by phytoplankton near the base of the mixed layer (e.g. Da Silva et al, 2002, who show that this mechanism may be operative in the central Bay of Biscay). Enhanced primary production also seems to be significantly affected by ISWs in other regions such as the West African shelf (Ostrowski et al., 2009).
Remote sensing techniques have now revealed the presence and structure of ITs on scales that cannot be realized from traditional in situ measurements. While altimetry has been extensively used to observe ITs (Ray and Mitchum, 1997) at a global scale, it is somewhat limited because of the resolution of the orbit track on the ground. Pingree and New (1995) used medium resolution satellite imaging sensors which provided a synoptic description of the internal tides in the Bay of Biscay, revealing directionality, long-crestedness (spatial coherence) and spatial extent. They detected ITs in both visible and thermal infrared imagery, relying on mechanisms such as temperature variations associated with the crests of the ITs (cooler water is uplifted to near the sea surface at the positions of the IT crests where wind mixing enhances surface cooling). 
Although this mechanism is operative in the Bay of Biscay and effectively revealed the ITs there, it is the compilations from satellite Synthetic Aperture Radar (SAR) observations that provide the best evidence for the presence of the shorter period internal solitary waves (ISWs) in the ocean (New and Da Silva, 2002; Azevedo et al., 2006; da Silva et al., 2007; da Silva and Helfrich, 2008; da Silva et al., 2009). This is due to a mechanism whereby horizontally-propagating internal waves, centered on the thermocline typically some tens of meters below the surface, can generate a signature in the surface roughness field because of the modulating effect of convergence and divergence in the near-surface currents associated with the internal waves. This modulation is most effective for short period (30 minutes or shorter) ISWs because the straining of short (Bragg) surface waves (or ripples) is strongest at these periods. It may also be possible to detect tidal period internal waves (with periods of 12.4 hours) in the presence of surface films and/or when the surface currents associated with the ITs induce alternating wind conditions relative to the surface with wind against tide exhibiting larger radar backscatter than wind with tide (Ermakov et al., 1998). Finally, SAR observations have also provided unprecedented insight into the generation mechanisms of ISWs and ITs (e.g. Brandt et al., 1997; Nash and Moum, 2005; da Silva and Helfrich, 2008; da Silva et al., 2009).

Although SARs provide details of the two-dimensional spatial structure of horizontally propagating internal waves in the upper thermocline, it is usually necessary to compile a sufficiently large data set covering different phases of the complete (semi-diurnal) tidal cycle to gain insight about the generation process. It is indeed possible to investigate and reconstruct the propagation history of ISWs (and ITs) from a given source, although caution must be taken with tidal aliasing relative to the spring-neap tidal cycle (a sun-synchronous polar orbiter is phase locked with the fortnightly tidal cycle, and thus all images at spring tides correspond approximately to a certain (semi-diurnal) tidal phase, while all images at neap tides correspond to the opposite phase). In this paper we show for the first time a large SAR dataset over the Mascarene Plateau revealing this as a major hotspot of ISW and IT generation in the Indian Ocean. The area influenced by the ISWs is larger in extent than other very energetic regions such as the Bay of Biscay, the Sulu Sea and the Andaman Sea, and the ISWs are comparable to those in the South China Sea in terms of along-crest lengths and propagation distances.
Baines (1982) developed a linear analytical (two layer) model for the generation of interfacial and internal tidal waves forced by the interaction of the barotropic tide with steep shelf-break topography. The density structure consisted of two layers separated by an interface, the upper layer being uniform in density, the lower layer having a constant stratification. He showed that a semi-diurnal vertical perturbation of the interface over the upper slope region splits into two progressive interfacial IT waves, one propagating onshelf and the other offshelf during each complete tidal cycle. The troughs of the ITs are generated over the upper slope region at the time of maximum off-shelf flow. More recent and advanced numerical models (Gerkema, 1996; Vlasenko et al., 2005) result in qualitatively similar results. This trough-splitting mechanism was also reported by Pingree et al. (1986) from direct observations of IT troughs in the Bay of Biscay. Here, the two sets of IT troughs were also observed to be generated from the upper slopes at the time of maximum off-shelf tidal streaming. In addition, Maxworthy (1979) made a series of laboratory experiments to simulate flow over an underwater ridge (or sill) that showed the formation of a depression on the lee side of the ridge, that evolved in a similar way to the thermocline depressions observed by Pingree at al. (1986) and other observations described by Chereskin (1983) and Farmer and Smith (1980).

The Mascarene Plateau or Ridge is situated in the western portion of the South Indian Ocean, and extends for over 2000 km between the Seychelles in the North (4° S, 56° E) and Mauritius in the South (20° S, 57° E) and consists of a series of ridges separated by shallow banks or “shoals” (see Figure 1). In this study we concentrate on the rectangular area between 10-15° S and 56-64° E that includes a passage between 12° and 13° S between the Saya de Malha and Nazareth Banks. This passage is of the order of 70 km long and oriented in the NNE - SSW direction, comprising a sill that is 400m deep on average, and a narrow deeper channel centered approximately at 12.5° S and 60.9° E (see also Figure 6 for detailed bathymetry). The South Equatorial Current (SEC) dominates the mean surface currents in this area. On the East side of the banks (near 64° E) there is a strong westward mean flow which extends between 10-16° S with near-surface currents of 30-70 cm s-1. Over the sill there is also a predominantly mean flow to the West with typical speeds of 50-70 cm s-1, resulting from the flow being constrained between the two banks (Saya de Malha and Nazareth). On the western side of the Plateau the SEC comprises two current cores centred near 12-13°S and 18-19° S with average speeds of 30-40 cm s-1 (New et al., 2007). The currents are more or less uniform in the upper well-mixed layer (depths of 50–100 m) but become weaker deeper down, extending to 500 -1000m in depth.

The present study is motivated by an observational campaign that was undertaken by the R.R.S. Charles Darwin (cruise 141, New, 2003; New et al., 2005; New et al., 2007) between 1 June and 11 July 2002. One of the objectives of the cruise was to make an assessment of the energy fluxes and mixing produced by internal waves in the vicinity of the Mascarene Plateau. This paper amplifies this objective by reporting ISW characteristics observed in SAR images of the study region.  Large amplitude ITs and ISWs have indeed been observed in situ by Konyaev et al. (1995) to the East of the Mascarene Plateau, but the full two-dimensional spatial structure of these waves was not made clear.
In ship-based transects across the Plateau near 12-13° S, Konyaev et al. (1995) reported broad solitary depressions of the thermocline appearing with semi-diurnal period at the eastern edge of the sill which propagated to the East and evolved into ISW trains. These ISWs were mode 1 (with vertical oscillations in phase between 50-300m), had amplitudes of about 90m, and their surface manifestations were observed as some 3km wide rip bands stretching from horizon to horizon with 1m high surface waves with white caps (similar to the observations in the Andaman Sea reported by Osborne and Burch, 1980). Konyaev et al. (1995) offered two possible interpretations for the generation mechanism of these waves. According to the first interpretation, the observed ISW trains were simply the result of a gradual nonlinear evolution of the internal tidal trough. The second interpretation was concerned with the “local generation” hypothesis in which ISWs are generated through the interaction of internal tidal beams with the upper ocean thermocline structure (see New and Pingree, 1990; 1992; Gerkema, 2001, New and da Silva, 2002, Azevedo et al., 2006; Akylas et al., 2007; da Silva et al., 2007; da Silva et al., 2009). Konyaev et al. (1995) also observed the formation of a depression of the thermocline with high-frequency oscillations on the western side of the sill when the combined flow (tidal plus steady westward current) reached a maximum (~1.5 m s-1). A particular feature reported by these authors was the presence of second mode short-period oscillations on the western (lee) side of the sill that resulted in an elevation/depression of the upper/lower part of the thermocline respectively. Some of the short-period waves found above the sill were also second mode, and, according to Konyaev et al. (1995), were relatively short-lived and did not always survive crossing the sill (about 15km wide).

In the present paper, while we do indeed report SAR signatures consistent with the mode-2 internal waves observed by Konyaev et al. (1995), the main focus is on the long-lived ISWs (mode 1) that propagate over several 100’s of kms to both sides of the sill. The main aims of the paper are to describe for the first time the complete two-dimensional (near-surface) structure of the ISW packets on both sides of the Plateau, and to propose a simple generation mechanism for them (splitting of a large internal lee wave which forms on the western side of the sill).

The paper is organized as follows. In section 2 we present the results of analysis of a comprehensive dataset of SAR imagery on both sides of the sill between Saya de Malha and Nazareth Banks, and reveal for the first time the full two-dimensional structure of ISWs generated near the sill. Some of the crests of these ISWs exceed 300 km in length and propagate for more than 400 km to the West, and for some 300 km to the East. We then analyze in section 3 the propagation characteristics of these ISWs based on a travel-time graph obtained from the SAR imagery at different tidal phases, and support this with an analysis of linear internal wave phase speeds resulting from the local stratification and shear currents. Section 4 then proposes a generation mechanism and source for the waves and presents direct observational evidence of the development of a large lee-wave or internal tidal thermocline depression on the western side of the sill that supports our generation mechanism. In section 5 we then discuss evidence for the mode 2 ISWs, which are only found relatively close to the sill and do not propagate for large distances into the open ocean. Finally, section 6 summarizes and discusses our results.

2. SAR observations

In all, over 100 ENVISAT ASAR images (in Wide Swath, WS, mode with a viewing area of 400 x 400km) were requested from the European Space Agency (ESA). The period of the images spanned from November 2008 to January 2010. No images were available from the period of the field work on the R. R. S. Charles Darwin (1 June – 11 July 2002) because at that time there was no satellite antenna collecting ENVISAT ASAR images in this remote region of the Indian Ocean. In addition, 22 ENVISAT ASAR images were acquired in Image Mode (IM) and revealed the morphology of the radar signatures of the ISWs in high spatial detail, although these were not used in the present study because the swath width (100km) was not large enough to gain insight into the generation source and propagation extent of the ISWs (for detailed discussion see da Silva et al., 2007).
Figures 2a and 2b show two typical ASAR WS images covering an area of about 400 x 400 km each, which illustrate the two-dimensional horizontal coherence of the ISWs observed to either side of the Plateau (Figure 2a acquired on 11 February 2009 at 18:31 UTC covers the Western side and Figure 2b acquired on 25 May 2009 at 05:27 UTC covers the eastern side). Inspection of these and other similar images show ISW signatures consistent with mode 1 deep water ISW trains of depression with crest lengths in excess of 350 km, slightly more developed (in terms of crest length) to the West of the sill in comparison to the ISWs observed to the East. These are amongst the longest-crested ISWs which have been observed anywhere in the world, exceeding those observed in the Sulu Sea and similar to those in the South China Sea. Since the thermocline depth is shallow compared to the total water depth we can assume that the ISWs are waves of depression, and the direction of propagation can be confirmed by considering hydrodynamic modulation theory (Alpers, 1985). According to this theory the bright bands associated with the ISW crests should appear ahead of (in the direction of wave propagation) the darker bands, in particular for the first wave of the packet. That this is the case is easy to identify in Figure 2a (see also Figure 3). The general appearance of the ISWs is that they are radiating from a source with a possible location somewhere near position “X” (defined below) in Figures 2a and 2b.
In individual SAR images on the Western side (Figure 2a) the ISW wave packets along the propagation path are often spaced at about 100-140 km which, assuming a semi-diurnal generation periodicity, translates to an average propagation speed of up to 3.1 m s-1. On the Eastern side (Figure 2b) the inter-packet separation is somewhat shorter and varies between 95 and 125 km (equivalent to an average propagation speed up to 2.8 m s-1). 

Figure 3a shows a typical ISW train (acquired on 13 December 2008 at 18:17 UTC) in a stage of early development, propagating to the West of the sill and centered at approximately 12° S, 60.5° E. A radar backscatter profile across the ISW train is presented in Figure 3b, normalized to the image intensity at the background level taken as the average normalized radar cross section of the square marked in Figure 3a (ahead of the wave train and thus unperturbed by the waves). Wavelengths decrease towards the rear of the packet as is usually the case for ISW trains in the ocean, from 5km in the leading wave to about 1km towards the rear. Note the sharp (step-like) decay of average radar backscatter from the first to the following waves in the train. This suggests a bore-like waveform similar to those found in other regions (Wesson and Gregg, 1988; da Silva et al., 2000; Jeans and Sherwin, 2001). The wave train is observed over deep water and since the leading wave has a brighter backscatter signature to the West, this confirms that this is a train of mode-1 waves of depression propagating to the West.

We also note that in many images only bright bands (with no associated dark bands) are observed in the SAR images, as in for example Fig. 2b. These SAR signatures have a similar morphology to those in other regions such as the Andaman Sea, the Sulu Sea and the South China Sea (Zhao et al., 2004a). In these cases, bands of breaking meter-scale surface waves occur in the region of strong convergence over the descending branch of each ISW, causing enhanced radar backscatter (see e.g. Thompson, 1988;  Kudryavtsev and Johannessen, 2004). This is due to the high phase speeds of the ISWs, which cause internal wave – surface wave interaction in the meter-scale portion of the surface wave spectrum (Phillips, 1973).
Figure 4 presents a composite constructed by mapping the locations of the ISWs (only leading crests for each individual packet are marked, for simplicity) in a selection of 34 ENVISAT ASAR WS and one TerraSAR-X overpasses, in relation to the bathymetry of the region. This clearly shows a high level of organized ISW activity to both sides of the Mascarene Plateau. Analysis of all the SAR images revealed that ISWs are found throughout the year (in all seasons) and that the wave activity is more pronounced near spring tides. In fact, all wave packets in Figure 4 correspond to spring tides or are from a period of a few days after springs. In Figure 4 the long dashed line represents the mean axis of propagation of the observed ISWs and the shorter dashed line is perpendicular to the propagation axis and is marked for reference. On the West side of the ridge ISWs travel towards about 300°T and on the East side towards about 120°T. From Figure 4 it can be seen that there is a radial spreading (increasing crest lengths with distance from the sill) both to the West and East, and the long-crested ISWs are typically coherent for 400 km to the West and 250 km to the East. The ISW wavelengths typically exceed 5 km for the leading waves on both sides of the sill. The point marked “X” at the intersection of the proposed propagation path with the line perpendicular to it (the two dashed lines in Figure 4) is a reference location to measure distances of propagation from a plausible internal wave generation source (see below). Note that this location is also marked in Figures 2a and 2b for reference (and also in Figures 6 and 8a).
In addition to the ENVISAT ASAR images we have analyzed 7 TerraSAR-X ScanSAR images (for which the swath is approximately 100 x 100 km) focusing on the expected generation region (centered at point “X” in Figure 4). These are not shown, but are discussed further below. They reveal that there is a “dead zone” to the West of “X” at least 35 km wide where no SAR signatures of the initial stages of internal wave formation are observed. This is likely to be due to the necessary time taken for the ISWs to form from the internal tidal thermocline depression which forms in the lee of the sill. We also note that the crest extent and SAR signature amplitudes are less developed on the Eastern side of the Plateau as compared to those on the Western side, and the ISWs penetrate more extensively to the West of the Mascarene Plateau (more than 400 km to the West as compared to about 250-300 km to the East). 

3. Internal solitary wave propagation 

Analysis of the data set described in section 2 suggests a generation source of the internal waves somewhere near the sill between the Saya de Malha and Nazareth Banks (and possibly on the western side of the sill), in that both sets of wave patterns appear to be radiating or propagating from this location (i.e somewhere near position X). This would certainly be consistent with Konyaev et al. (1995) who reported that a hydraulic jump is generated only on the western side of the sill, when the combined flow (tidal and steady South Equatorial Current) reaches its maximum. To begin to locate the generation position and time more accurately, and to assess the propagation speeds of the waves, Figure 5 presents a travel-time graph relating the position (distance from point “X”, whose geographic coordinates are 12° 53’ S and 60° 44’ E) and time (with respect to maximum eastward barotropic tidal flow) of each leading ISW packet detected in the SAR images. Note that the times after maximum eastward tidal flow for each SAR image were obtained by comparison with the tides predicted by the tidal model OTIS (Egbert and Erofeeva, 2002, see also http://www.oce.orst.edu/research/po/research/tide/index.html), which employed the M2, S2 and K1 tidal constituents in a 1/4° resolution model. The distance scale in Figure 5 is defined as distance from point X (positive to the East) along the long dashed line in Figure 4, and the data points are marked in green to the East of the Plateau and red to the West. Since an individual SAR image usually has signatures of several of these packets, corresponding to generation on different semi-diurnal tidal cycles, each image may contribute several points to the figure. For these occurrences, the positions of the wave packets are displaced by multiples of the tidal cycle (12.42 h) to align them along a plausible propagation pathway.

To these data points in Figure 5 we have applied best fit lines. The slopes of these lines indicate an average propagation speed of 2.38 ms-1 for the eastward travelling waves and 2.99 ms-1 to the westward travelling waves. Here, we are making the assumption that the ISW packets are trapped in the troughs of near-surface internal tides which are generated with a semi-diurnal frequency (as is the case elsewhere, for example in the Bay of Biscay, New and da Silva, 2002). The speeds derived from Figure 5 are therefore considered to represent the phase speeds both of the internal tides and the (leading) ISWs in each packet. The scatter of the points about the idealized lines is to be expected as the waves may be refracted by varying stratification, propagate through variable currents and vertical shears, and originate at slightly different phases of the tide due to interference with diurnal constituents. We also note that the satellite (ENVISAT) orbit only allows images to be captured at certain times of the semi-diurnal tidal cycle. The grouping of the data points in Figure 5 is related to this fact. Since the orbit is phase-locked with the fortnightly spring-neaps cycle, sampling within the flood-ebb cycle is aliased so that near Spring tides the images always correspond to a similar flood-ebb phase of the semi-diurnal tide. However, the “first” (corresponding to the minimum time) red point in Figure 5 is that of a single TerraSAR-X image, and is slightly separated from the next group of points because the overpasses of TerraSAR-X and ENVISAT are separated in time by about 4 hours.
We now compare the internal tidal phase velocities inferred from the travel-time graph in Figure 5 with two-layer linear theory (which can support mode 1 waves only). New et al. (2007) measured and discussed the stratification and currents in the upper ocean with a CTD and shipboard and lowered ADCPs over the sill and to a distance to the East and West of the sill, and these observations are now used to estimate theoretical phase speeds. There is considerable shear in the upper ocean, and here we will use as a first approximation a two-layer model with the assumption that the waves are long compared with the depth of the ocean (see e.g. Baines, 1995). In this case the phase speed is given by 
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where  di, ui and ρi are the depth, speed, and density of the upper (i=1) and lower (i=2) layers and g'=g(ρ2-ρ1)/ρ2. Note that the Mascarene Plateau is close enough to the equator for rotational effects to be neglected in equation 1. Taking the parameters for the two-layer model based on the local stratification (derived from CTD station 39, see Figure 6) and on a representative mean current structure for the SEC derived from the ADCP data (see Table 1), very good agreement with the observations is obtained on both sides of the sill: 2.14 and 2.93 ms-1 to the East and West respectively (see Table 1). This indicates that the IT waves propagate with a speed commensurate with them behaving as linear (mode 1) long waves on the interface, and that the difference between the phase speeds observed on the East and West side of the sill is primarily due to the presence of the background steady current (the Southern Equatorial Current). In other words, the propagation speeds of the waves are enhanced when travelling with the mean current, and retarded when travelling against it.

To reinforce these conclusions, we now also derive the linear phase speeds from a model in which the stratification and current structure changes continuously in the vertical in a more realistic manner. The Taylor-Goldstein equation including a background shear flow was therefore solved numerically to investigate the propagation speeds for internal tidal modes (see Smyth et al., submitted) and we assumed a semi-diurnal frequency. Here we again used mean current and density profiles from the observational data. The current profile was taken from average ADCP measurements near the sill (see Figure 4c of New et al., 2007, near 13° S), and the density structure used was again that of CTD station 39. We also took the ocean depth as 3750 m to the West of the sill and 2950 m to the East. Table 1 then presents the modal phase speeds for the first three modes using this continuous model. It is readily seen that the first baroclinic mode gives the most realistic phase speeds, with predicted speeds of 2.09 and 2.67 ms-1 to the East and West respectively. Again, these speeds are in reasonable agreement with the values estimated from the travel-time graph in Figure 5.

4. Internal solitary wave generation
A consistent picture has been provided by Figure 5 of essentially constant propagation speeds on both sides of the sill. Importantly, the two lines showing the mean propagation on each side of the sill intersect at a suggested generation site and time. This strongly indicates that both sets of ISWs can be considered as being generated at 15 km to the West of the sill (position X), and at about 7 hours before maximum eastward flow. In other words, the waves form just to the West of the sill at the time of maximum westward flow, which would be when the largest depression of the thermocline would be expected here. This condition would then exactly match the generation position and times found by Pingree et al (1986) at the Celtic Sea shelf break in the northern Bay of Biscay: that a large thermocline depression forms just oceanwards of the shelf break at the time of maximum off-shelf streaming and that this depression or trough then splits into two and sends internal tidal (IT) waves travelling both onto the shelf and into the deep ocean (i.e. in both directions). The ITs in the Bay of Biscay were then found to form ISWs through nonlinearity and dispersion after a time lag of about 3-6 hours. We therefore propose that a similar trough-splitting mechanism occurs in the present case, and now investigate whether there is evidence of the proposed large thermocline depression forming at the suggested time and position. For this we again utilize the in situ data collected during the R.R.S. Charles Darwin cruise 141 and discussed by New et al. (2007).

Figure 6 illustrates the ship track (white line) on 28-29 June 2002 when several CTD/ LADCP and XBT stations were conducted as well as shipboard ADCP measurements. It should be noted that the bathymetry in Figure 6 is a composite of the 1’ Smith and Sandwell (1997) global bathymetry (which New et al., 2007, concluded could often be significantly in error) and the bottom topography measured during the cruise using an EM12 swath bathymetry system (which shows accurate depths but only along the ships track). New at al. (2007), for instance, indicated that the ridge crest between the Nazareth and Saya de Malha Banks is, for most of its length, fairly uniform in depth and flat-topped, generally being about 400-450 m deep. This is about 800 m shallower than the bathymetry in Smith and Sandwell (1997). New at al. (2007) also showed that the deeper channel between the two banks (at 12.5°S) is in a location very similar to that predicted by Smith and Sandwell (1997), but is about 550 m shallower. Figure 6 was therefore constructed by assuming the sill to be more or less flat-topped and some 15 km wide, with depths matching those observed along the ships track, and with overall shape and extent defined from the Smith and Sandwell (1997) dataset.

As illustrated in Figure 6, the ship first made the transect from the southeast corner of the figure towards the west-northwest, passing over the top of the sill and completing CTD 38. After undertaking CTD 39 on the western side of the Ridge and turning south-eastwards in deep water, the ship then found the sill crest again (undertaking CTD 40) before steaming north-northeastwards along the crest towards the Saya de Malha Bank. During this last passage XBTs 166 and 167 were undertaken. We also note that point “X” (defined in Figure 4) is located on the western slopes of the ridge, at a depth of 500 m on the upper slopes of the sill. Therefore the suggested generation source (15 km to the west of X) lies over the deeper slopes of the ridge, at a depth of 2000 - 2200 m, and is actually very close to CTD station 39.
Figure 7a shows isotherms along the ship track in Figure 6 between CTD 39 and XBT 167, starting at 2100 UTC on the 28 June and finishing at 0430 UTC on 29 June 2002. Figure 7b reveals the corresponding shipboard ADCP currents (eastward component). We first note that, according to the OTIS tidal model (described above), the period of time corresponding to the measurements in Figure 7 spans from approximately two hours after the predicted maximum eastward tidal flow, passing through the maximum westward tidal flow at about 0130 UTC and extending to slack water (for the tides) at 0500 UTC. This is in excellent agreement with the ADCP measurements in Figure 7b, since between 2100 UTC and 2230 UTC the flow is indeed to the East (positive values) and then reverses to flow westward until 0300 UTC, with maximum westward flow near 0130 UTC. In passing, we comment that since the OTIS currents agree in time with the ADCP measurements, this gives us confidence in the accuracy of the phases of the tidal model, and thus in our previous assumptions concerning the internal wave generation based on the SAR data in Figure 5, namely that generation should occur at the time of maximum westward flow. 
Between 2300 UTC on the 28 June and 0100 UTC on the 29 June the flow is westwards and coincides with a large depression of several isotherms in Figure 7 (those at 20, 18, 16, 14, 13, and 12° C). For instance, the 16°C isotherm plunges down some 110 m in two hours after 2300 UTC, and the 14° C isotherm falls 100 m in the same period. This is consistent with a large lee-wave forming on the western side of the sill during the westward flow of the combined steady and tidal currents. The westward flow and downward-sloping of the isotherms commences from about the time the ship leaves CTD station 39 in deep water and commences passage up the shoaling slopes of the western side of the sill. The depression and westward flow are then most pronounced at CTD 40 and XBT 166, on the upper slopes of the western side of the sill. During the subsequent passage of the ship along the ridge crest the thermocline is then observed to rise, recovering mostly to its original position, at the same time as the westward currents weaken and shift to flow eastwards again. This is therefore direct evidence for the proposed large lee wave or thermocline depression forming on the western side of the sill at exactly the right time of the tidal flow. 
We postulate that this large depression then breaks into two progressive internal tidal waves, one travelling to the East and another to the West, in the manner of the splitting mechanism proposed by Baines (1982) and observed by Pingree et al. (1986). Subsequently, these internal tidal waves would be expected to evolve into nonlinear ISW trains as described by the models of Gerkema et al. (1996) and Vlasenko et al. (2005).     

5. Second mode internal waves  
We now notice that Figure 7 also shows clear evidence for mode 2 as well as mode 1 internal waves. Our view is that the large general depression of the thermocline can be considered essentially as a mode 1 internal tide which subsequently forms the mode 1 ISWs seen in the SAR images already presented. However, there are also mode two internal waves which are evidenced by the simultaneous rising of the upper thermocline (near 50 m), and lowering of the mid-thermocline (150-200 m) at CTD 40D (the downcast of CTD 40), coupled with the small region of eastward flow near 150-200 m depth at 0100 h. While the ship is on station at CTD 40 it appears that the upper and mid- thermoclines return to approximately the same vertical positions as they had at CTD 39U (the upcast of CTD 39), indicating that the mode 2 wave in the upper and mid-thermocline may have propagated away, possibly to the East, by the end of CTD 40. (The lower thermocline, however, is still at maximum depression throughout CTD 40.) Subsequently, as the ship transits along the ridge crest, it seems possible that the ship then crosses back into the mode 2 wave (at XBT 166) and then out of the feature again before XBT 167. This is consistent with a mode 2 wave oriented in the north-south direction which moves towards the East at these times. We also note that the in situ observations were conducted close to neap tides. Had these been near spring tides it is likely that the signatures of the mode-2 ISWs would have been even more pronounced, as would have been the over-arching mode 1 depression of the thermocline.

Mode 2 internal waves will be revealed in SAR images by a dark band preceding (in the direction of travel) a bright band, as opposed to a mode 1 wave in which a bright band precedes a dark band (see Alpers, 1985). This is because for a mode 2 ISW the surface convergence and divergence patterns are reversed in relation to those corresponding to a mode 1 wave. This causes a SAR signature similar to that resulting from an ISW of elevation, as has been explained by Liu et al. (1998). In our case study, over the sill between the Saya de Malha and Nazareth Banks, we know from previous work (Konyaev et al., 1995) that mode 2 waves have indeed been observed to propagate eastward over the sill. This is also in agreement with SAR synergy observations (TerraSAR-X and ENVISAT ASAR). An example of these mode 2 wave trains is shown in Figure 8a, in which it can be seen that a train of ISWs shows as a series of dark bands preceding bright bands along their direction of propagation to the south-east (with a leading wave centred on 60.92° E and 12.90° S in the rectangular box at the left of the centre of Figure 8a). These waves give the appearance of travelling south-eastwards, and are located over the eastern side of the sill, as shown by the overlaid bathymetry. That these are indeed mode 2 waves is further illustrated in Figure 8b which shows the radar backscatter profile across the mode 2 wave train (with distance increasing from the West to the East). This reveals that a radar backscatter depression precedes a positive variation for the leading wave in the packet. Note that the radar backscatter profile is normalized by the image background value (an average of the return value in the square box in Figure 8a) since this is a well known methodology to study the SAR signatures of internal waves (da Silva et al., 1998). Comparison between Figures 2 and 8 clearly illustrates the difference between SAR signatures of mode 1 and mode 2 waves. Also shown at the right-hand side of Figure 8a (at 61.20° E and 12.81° S) is an example of the mode 1 ISWs which appear in the SAR images previously discussed. These mode 1 waves appear to have been generated by the previous tidal cycle from that which generated the mode 2 waves at 60.92° E and 12.90° S. We hypothesise that the mode 1 ISWs do not appear over the ridge because of the necessary time taken for them to form from the mode 1 tidal depression. We stress that in all 7 TerraSAR-X acquisitions (all near spring tides), as well as in many other ENVISAT ASAR images, it is common to observe mode 2 ISWs over the sill area. In fact, most of the observations of ISWs over the sill are consistent with mode 2 waves, in agreement with the observations of Konyaev et al. (1995).

During CTD station 38 on the 28 June 2002 at 1630 UTC a mode 2 ISW was recorded (not shown) when the R.R.S. Charles Darwin was over the eastern side of the sill (at 12.885° S, 60.895° E). It may be possible to use this observation to estimate the propagation speed for the mode 2 ISWs over the sill by relating this to the mode 2 ISWs recorded at CTD station 40 on the 29 June 2002 at 0130 UTC, about 9h later but some 16 km further West. Assuming that the mode 2 ISWs are travelling (south-)eastwards and appear at the position of CTD 38 at multiples of the semi-diurnal tidal cycle after 1630 UTC on 28 June, then we would expect mode 2 ISWs to reach CTD 38 at approximately, for instance, 0500 UTC on 29 June (3.5 hours after generation) or 1730 UTC on 29 June (16 hours after generation) and so on. Assuming that the waves from CTD 40 reach CTD 38 at the earlier time gives a phase speed of 1.27 ms-1.  This is comparable to the mode 2 phase speed estimated for deep water in Table 1 (1.23 ms-1 for the eastern side of the sill) but the waves are now travelling across the shallower water of the sill and would be expected to progress much more slowly. In fact, repeating the calculation with the Taylor Goldstein equation (using the observed stratification and shear) but for the average sill depth of 400 m, shows that a mode 2 phase speed of 0.4 ms-1 would be expected. This agrees approximately with the phase speed estimated from assuming that the mode 2 waves generated at CTD 40 reach CTD 38 at 1730 UTC on 29 June, which is 0.28 ms-1.

This also implies that the mode 2 waves cross all or most of the sill (as far as CTD 38 at least). This, however, is consistent with Figure 8a which indeed shows the mode 2 ISWs at the eastern edge of the sill. We furthermore recall that Konyaev et al. (1995) found mode 2 waves over the sill several times during their measurements, and reported that some of these waves are sometimes arrested and even displaced backwards (in relation to their direction of propagation to the East) by the combined steady and tidal currents. They also estimated the mean speed of these mode 2 waves above the sill to be between 0.2-0.4 ms-1, which is consistent with our estimates. These authors have reported, however, that the mode 2 waves do not survive the crossing of the sill.  
6. Summary and discussion

In this paper we have investigated a comprehensive dataset of ENVISAT SAR and TerraSAR-X imagery of the central Mascarene Plateau in the Indian Ocean, and have shown the presence of packets of large ISWs propagating towards the west-northwest and the east-southeast from the sill between Saya de Malha and Nazareth Banks near 12.5° S. The waves propagate to at least 400 km to the West and 300 km to the East of the sill, with crest lengths as large as 350 km. This exceeds ISW crest lengths in other regions such as the Sulu Sea (crest lengths of up to 170 km), the Andaman Sea (150 km) and in the Bay of Biscay (50 km) and is only comparable with those in the South China Sea with crest lengths in excess of 250 km (see e.g. Zhao et al., 2004b). The radar signatures correspond to large-amplitude backscatter modulations typical of surface rip bands associated with breaking meter-scale sea surface waves which are modulated by strong surface currents associated with the ISWs (Konyaev et al., 1995, reported such surface roughness patterns on the Eastern side of the sill). We therefore classify this region as a major hot-spot of ISW activity in the open ocean.

An investigation of the propagation characteristics of these ISWs on each side of the sill found that their phase speeds were in close agreement with those predicted from linear theory for either mode 1 or interfacial waves. A travel-time diagram inferred from the SAR image dataset indicated that the waves were generated from a location just westwards of the sill crest at the time of maximum westward flow. We proposed that both sets of ISWs were formed from the splitting of a large tidally-generated depression of the upper thermocline (or lee wave) which would form on the western side of the sill at this time. This “trough-splitting” would be consistent with the linear theoretical model of Baines (1982) and would generate internal tides travelling both eastwards and westwards. This mechanism has also been reported from direct observations in the ocean by Pingree et al. (1986) and is apparent in the model results of Gerkema (1996) and Vlasenko et al. (2005). The ISW formation would then result from the nonlinear disintegration of the internal tides, similar to the cases reported in the Sulu Sea (Apel et al., 1985) and in the Bay of Biscay (Pingree et al., 1986). Finally, direct evidence of this large lee wave on the western side of the sill was found at the right time in the tidal cycle in isotherm depressions and shipboard ADCP observations.
We consider that preferential generation of the internal tides and waves would be expected on the western side of the sill rather than on the eastern side, since the combination of the oscillatory tidal flow and steady westward background flow from the South Equatorial Current would combine to give an enhanced flow in the downslope direction (needed for the formation of the thermocline depression) only on this side of the sill. We also consider that a likely explanation of the observation that the wave packets are stronger (and propagate further) on the western side of the sill than those on the eastern side is that those travelling towards the East would need to pass over the sill itself. Since the sill is only 400-450 m deep, the internal tides or waves which pass over the sill would be long compared to the water depth and so would be expected to dissipate to some extent in their passage over the sill. In addition, the eastward-propagating waves travel against a “steady” shear flow in the South Equatorial Current, while the westward-propagating waves travel with the flow. It is possible that this may also lead to additional dissipation effects due to wave-current interactions for those waves travelling eastwards.

For the present sill on the Mascarene Plateau, Konyaev et al. (1995) reported that the vertical structure of the large (mode 1) lee wave at the sill included short-period waves above the sill with strong second mode components. We have also reported evidence for mode 2 ISWs near the sill, and we now briefly discuss a plausible mechanism for the formation of these waves. Over the sill (assuming 400 m as the average depth), phase speeds can be estimated for mode 1 and mode 2 waves in the presence of a steady background shear by solving the Taylor-Goldstein equation, as we have done above for the waves in deeper water. For the observed stratification and shear, these are 1.25 ms-1 for mode 1 and 0.4 ms-1 for mode 2 waves.  Since the combined steady plus barotropic tidal currents may typically be 0.5 – 1.0 ms-1 during the maximum westward flow (even near neap tides, see Figure 7b), the flow becomes super-critical with respect to the mode 2 waves.  Stastna and Peltier (2005) showed that resonant generation of mode-2 solitary-like internal waves can be expected for such situations and we propose that this offers a likely explanation for the generation of the mode 2 ISWs in the present case. We also note that Farmer and Smith (1980) reported second mode hydraulic jumps and lee-waves at Knight Inlet when the flow was supercritical with respect to mode 2 internal waves and near-critical for first mode internal waves. In addition, evidence of mode 2 baroclinic tides has also been found in the Strait of Gibraltar by Vázquez et al., (2006). 
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Figure captions.

Figure 1. Study area for the present work, in relation to the western Indian Ocean (see top-right inset). Shadow regions represent areas shallower than 1000m and dark regions represent land (Seychells, Mauritius, and Reunion as well as smaller islands). The dark rectangular frame shows the area surveyed with SAR, and is shown in detail in Figure 4.

Figure 2a. ENVISAT ASAR image in WS mode for 11 February 2009 acquired at 18:31 UTC. The image is approximately 400 x 400km and shows long-crested ISWs exceeding crest lengths of 350 km. Mark “X” denotes a reference location in connection with a proposed generation source for the observed ISWs. 

Figure 2b. ENVISAT ASAR image in WS mode for 25 May 2009 acquired at 05:27 UTC. The image is approximately 400 x 400km. Mark “X” denotes a reference location in connection with a proposed generation source for the observed ISWs.

Figure 3a. Full resolution extract of ENVISAT image showing a typical ISW train (dated 13 December 2008 at 18:17 UTC) to the West of the Mascarene ridge. The narrow rectangle shows the area for the radar backscatter transect shown in Figure 3b, and the squared box was chosen as an image background level.

Figure 3b. Normalized radar cross section profile along the transect shown in Figure 3a, normalized by the average radar backscatter of the squared box also shown in Figure 3a. Note the initial positive backscatter variation of the first (and largest) soliton in the packet, and the significant transition to lower (and negative) backscatter values of the following waves in the packet. This is a typical feature of an undular internal bore.

Figure 4. Composite map of ISW observations based on ENVISAT ASAR images for the study region (only leading waves for each packet are marked for clarity). The longer dashed line represents an approximate propagation axis of the ISWs and the smaller dashed line is perpendicular to it and intersects it at position “X” (see text for details). Contours mark isobaths in meters at 200 m, 500 m, 1000 m, 2000 m, 3000 m and 4000 m.  

Figure 5. Travel-time graph based on available SAR images (those of Figure 4). The vertical axis represents the distance of leading ISWs in each packet measured from position “X” along the propagation axis.  Times are referred to maximum eastward tidal flow according to the OTIS tidal model (see text for details). Red points represent western-propagating waves (negative distances) and green points show eastern-propagating waves (positive distances). Note the larger propagation speeds to the West (c=2.99 ms-1) compared to lower speeds to the East (c=2.38ms-1). The intersection of the fitted lines gives insight into the generation time and position (about 7 hours before maximum eastward flow, and 15 km to the West of X).  

Figure 6. Seafloor topography (m) over the sill between the Saya de Malha and Nazareth Banks obtained from composite measurements of the Smith & Sandwell (1997) dataset and New et al. (2007). Contour interval is 100 m down to 600 m, and every 200 m thereafter. The ship track on the 28-29 June 2002 is marked by the white line and CTD and XBT stations are shown. Dark arrows indicate the direction of ship. The position “X” is also shown.

Figure 7a. Section showing isotherms along ship track (see Figure 6). The seafloor is shown as the filled contour. Vertical ticks on the top horizontal axis show the positions of CTD and XBT stations (and D and U indicate the downcasts and upcasts for the CTD stations). The vertical axis shows depth in meters. The horizontal axis shows time in UTC for the 28-29 June 2002.

Figure 7b. Corresponding section of eastward component of shipboard ADCP measurements along the same ship track as in Figure 7a. The horizontal and vertical axes are the same as for Figure 7a. The colour scale is as indicated on the right-hand side of figure. Note the character of the horizontal currents between 0000-0300 UTC consistent with a mode-2 internal wave.

Figure 8a.   Full resolution extract of ENVISAT image dated 28 March 2009 at 18:17 UTC showing a typical signature of a mode-2 ISW. The image area is approximately 62 x 62 km. The narrow rectangle shows the area for the radar backscatter transect shown in Figure 8b, and the squared box was chosen as an image background level (see text for details). Position X is also marked for reference, and bathymetric contours are shown at depths of 300, 400 and 500 m.

Figure 8b. Normalized radar cross section profile along the transect shown in Figure 8a, normalized by the average radar backscatter of the squared box also shown in Figure 8a. Note the initial negative backscatter variation of the first (and largest) soliton in the packet (on the right-hand side), which is typical of a mode 2 ISW SAR signature.
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