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Abstract

:

The expected amplitude of fixed-point sea surface temperature (SST) fluctuations induced by barotropic and baroclinic tidal flows is estimated from tidal current atlases and SST observations. The fluctuations considered are the result of the advection of pre-existing SST fronts by tidal currents. They are thus confined to front locations and exhibit fine-scale spatial structures. The amplitude of these tidally induced SST fluctuations is proportional to the scalar product of SST frontal gradients and tidal currents. Regional and global estimations of these expected amplitudes are presented. We predict barotropic tidal motions produce SST fluctuations that may reach amplitudes of   0.3   K. Baroclinic (internal) tides produce SST fluctuations that may reach values that are weaker than   0.1   K. The amplitudes and the detectability of tidally induced fluctuations of SST are discussed in the light of expected SST fluctuations due to other geophysical processes and instrumental (pixel) noise. We conclude that actual observations of tidally induced SST fluctuations are a challenge with present-day observing systems.
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1. Introduction


Internal waves (IW) have recently been shown to significantly contribute to sea level variability at scales smaller than about 100 km [1,2,3]. The contamination of IW at theses scales limits our ability to infer ocean currents from altimetric data because IW currents are not related to sea level via geostrophy unlike slower/mesoscale balanced structures [4]. Some IW are of tidal origin and stationary with respect to astronomical forcings, such that the signatures of these waves on altimetric data can be predicted harmonically and eventually removed [5]. Unfortunately most IW are either




	
from tidal origin but have lost their phase relationship with tidal forcing after interaction with the slower oceanic turbulence (nonstationary internal tides, see Ponte and Klein [6] and Zaron [7]) or



	
from non tidal origin (e.g., wind-forced, lee-waves).








In both cases, we have no means today to predict these waves.



A direction of research that has been poorly explored yet deals with the signature of IW on satellite data of non-altimetric nature (e.g., sea surface temperature, color) and potential synergies in order to disentangle IW and balanced signatures in altimetric data. We recently proposed in an idealized context a tentative method in order to carry such synergies [8]. While it is premature to apply this method with real data, it may be time to start collecting remote sensing data that: (1) will allow us to verify critical assumptions for such methods (e.g., smallness of IW signature on SST image) and (2) will ultimately be suitable in order to test such methods. The present work is relevant to the former task. We more precisely focus on the quantification of SST fluctuations induced by stationary baroclinic tides because atlases of their distributions are now available [9]. We will also quantify SST fluctuations induced by barotropic tides because the same methodology may be employed for that purpose.



Sea Surface Temperature (SST) is a challenging parameter to define precisely as the upper ocean (within the first 10 m) has complicated vertical variability that is linked to ocean turbulence and air-sea heat fluxes [10]. Methods for determining SST from satellite remote sensing include thermal infrared (IR) and passive microwave radiometry. Both methods have strengths and weaknesses. Thermal IR SST measurements are derived from radiometric observations at wavelengths of ∼3.7  μ m and/or near 10  μ m. They provide high spatial resolution SST observations (∼1 to 10 km) and good accuracy (0.1–0.8 K) [11,12], however they are affected by cloud coverage and provide observations only for cloud-free pixels. On the contrary, microwave observations (4–10 GHz) provide a better spatial coverage since they are not affected by cloud coverage but their spatial resolution (∼25 to 50 km) is coarser than IR observations ([13] and references therein). In addition, SST measured from space are representative of a depth that is related to the frequency of the satellite instrument. For example, IR instruments measure a depth of about 20  μ m, while microwave radiometers measure a depth of a few millimeters [14].



Internal wave modulations of SST from IR aerial observations have been reported at kilometric scales in low-wind conditions [15,16,17,18,19]. Two mechanisms have been considered in order to explain these modulations: fluctuations of the cool-skin temperature (The ocean surface is generally 0.1–0.6 °C cooler than the temperature just below the surface. And this “skin”, or ultra-thin region, is less than a 1mm thick. For further details see http://ghrsst-pp.metoffice.com/pages/documents/DocumentFiles/GDS-v1.0-rev1.5.pdf [last access 8 August 2019]) induced by the internal wave straining field and modulations of the upper diurnal surface layer by vertical displacements of the seasonal thermocline. Internal waves imprint their spatial structure on SST in the aforementioned papers. The present work focuses instead on quantifying of Eulerian, i.e., fixed point, modulations of a pre-existing SST distribution induced by tidal currents and the spatial structure of these modulations is thus not expected to reflect the structure of tidal motions.



This study is based on SST satellite observations, tidal current atlases and an atlas of SST gradients which are described in Section 2. The method to quantify internal wave signature on IR SST observations is explained in Section 3 and results are shown in Section 4. Finally, Section 5 discusses to which extent we may capture SST fluctuations of tidal origin in satellite observations and the main limitations for observing these fluctuations (i.e., pixel noise). All the acronyms used in the manuscript are detailed in the Abbreviation table at the end of the manuscript.




2. Data


2.1. Tidal Current Atlases


Barotropic tidal currents are extracted from FES2014 which is the current version of the FES (Finite Element Solution) tidal database [20]. Tidal solutions are obtained from an assimilation of tide gauges and altimetric data and delivered on a   1 / 16  ° grid. Tidal currents for the M2 constituents are typically of the order to 2–3 cm/s in the open ocean and exhibit a spatial structure characterized by large spatial scales modulated by topography (Figure 1b).



Baroclinic tidal currents are derived from the High Resolution Empirical Tide (HRET) Models [http://web.cecs.pdx.edu/ zaron/pub/HRET.html]. This database has been created to provide baroclinic tide corrections for sea level measurements collected by the upcoming SWOT mission [21]. It was created from an harmonic analysis of sea level anomalies collected by exact repeat altimetric missions (1992–2015). Maps of tidal sea level are provided on a 0.05-degree near-global grid for the 6 most important constituents (M2, S2, K1, O1, N2, and P1 tides). Tidal currents are derived from sea level maps assuming the following momentum equations [9]:


     − i ω u − f v = − g  ∂ x  η − u / τ ,     



(1)






     − i ω v + f u = − g  ∂ y  η − v / τ ,     



(2)




where u, v are zonal and meridional currents,  η  represents sea level, g is gravity,   τ = 20   days is damping time scale, and  ω  is the tidal frequency. Solutions to (1)–(2) are given by:


     u =   − i  ω τ  g  ∂ x  η + f g  ∂ y  η    ω τ 2  −  f 2    ,     



(3)






     v =   − f g  ∂ x  η − i  ω τ  g  ∂ y  η    ω τ 2  −  f 2    ,     



(4)




where    ω τ  = ω + i / τ  . M2 baroclinic currents exhibit a spatial structure characterized by interfering beams originating from well-defined generation spots (e.g., islands archipelagos, sills) and typical amplitudes around 10 cm/s in the open-ocean (Figure 1a).




2.2. Atlas of SST Gradients


The climatology of the maximum SST gradient magnitude is courtesy of Peter Cornillon, Graduate School of Oceanography, University of Rhode Island (URI). This climatology is obtained from the entire (1985–1996) Pathfinder 9 km resolution SST dataset and is based on the automated procedure by [22] and [23,24,25] and developed by [26,27,28]. Further technical details may be found in this report from the Danish Meteorological Institute (DMI) [29]. The distribution of maximum SST gradient indicates SST spatial gradients exceeding   0.5   °C near western boundary currents, upwelling areas, the antarctic circumpolar current (Figure 2). The coarser resolution of the SST used for this climatology compared to the SST observations described in Section 2.3 may impact the expected amplitudes of tidally induced SST fluctuations using the climatology. The later may be underestimated compare to what would be estimated with higher resolution SST data to an extent that is difficult to anticipate.




2.3. SST Observations


We use infrared GHRSST SST images captured by several orbiting satellites, particularly, we explored AVHRR-METOP-A (OSISAF) [30], VIIRS and MODIS. In order to find cloud free images, we automatically browsed the entire L2 data catalog for a given region and extracted granules that satisfied a priori selection criteria. The selection procedure consists in dividing the granules in small patches of a fixed size (100 × 100 pixels) and evaluating the ratio of free cloud pixel for each patch individually. To ensure a good spatial coverage, the granule is selected if cloud-free pixel ratio is equal or higher than 80% in at least 30 patches. Finally, the selected granules are remapped onto a regular grid with a spatial resolution of 0.02°. We have explored the L2 data archive from 1 January 2014 to 31 December 2016 for AVHRR-METOP, VIIRS and MODIS.





3. Method


In order to estimate SST fluctuations associated with tidal currents, we assume that tidal motions follow a dynamics that is linear about other motions and adiabatic. Among both assumptions, that of linearity may be occasionally broken for short solitary-type internal waves of tidal origins but is expected valid for open-ocean low-mode internal tides and barotropic tides. Under the aforementioned assumptions, tidal currents transport SST gradients according to:


   ∂ t   T w  = −  u w   ∂ x   T s  −  v w   ∂ y   T s  ,  



(5)




where   T w   is the variation of SST due to tidal currents (w stands for wave),   u w   and   v w   are the zonal and meridional components of tidal currents, respectively, and   T s   stands for the SST. Assuming that:


      T w  = ℜ  (   T c   e  − i ω t    )  ,   u w  = ℜ  (   u c   e  − i ω t    )  ,   v w  = ℜ  (   v c   e  − i ω t    )  ,     



(6)




where    T c  =  T r  + i  T i   , similarly for   u c   and   v c  , and  ω  is the tidal frequency (for M2 constituent   ω = 1.405 ×  10  − 4     rad/s), the amplitude of tidal fluctuations of SST can be estimated as:


  |  T c  | = |    u c   ∂ x   T s  +  v c   ∂ y   T s    i ω   |  



(7)




The quantification of the SST tidal fluctuations is splitted in three steps:




	
Computation of the spatial SST gradient: The Sobel gradient [31,32] of SST is computed from free cloud infrared SST observations. The Sobel operator uses two 3 × 3 kernels and it emphases pixels that are closer to the center of the mask. (Figure 3b and Figure 4b)



	
Tidal current amplitudes: the tidal current amplitudes are either extracted from the data base (barotropic) (Figure 3c and Figure 4c) or derived from the sea level (baroclinic) and then remapped onto the grid of SST observations using bilinear interpolation.



	
SST tidal fluctuations: the final step consists in evaluating expression (7) using the SST gradients and the amplitude of tidal currents obtained in the two previous steps. (panels (d) and (f) of Figure 3 and Figure 4)









4. Results


A first attempt at quantifying the expected amplitude of fixed-point SST fluctuations induced by barotropic and baroclinic tidal flows is presented here, by means of two case studies (Section 4.1 and Section 4.2) using infrared SST observations, and at a global scale using clymatological analysis of SST gradients (Section 4.3). The two case studies represent a trade-off between clear sky conditions (see Figure A1) and the intensity of tidal currents (Figure 1).



4.1. Northwest Australia


Guided by maps of clear sky probability (Figure A1) and tidal current maps (Figure 1), we focused first on a region located Northwest of Australia, with latitudes between 22°S and 12°S, and longitudes between 114°E and 124°E. We browsed the SST L2 archive (METOP, VIIRS and MODIS) from 2014 to 2016 and selected granules that accomplish at least 30 (100 pixels × 100 pixels) patches with 80% free cloud pixels. Table 1 summarizes the number of available granules for this region. The number of days with more than one L2 granule available is 303 days, which represents a 27% of the analyzed period. The SST corresponding to 8 September 2016 was in particular selected based on this criterium. Gradients of SST were computed and exhibit moderate values around 0.2 °C km    − 1   .



In this area, semidiurnal internal tide currents (0.08–0.12 m s    − 1   ) are typical of what may be found in the open ocean (Figure 1). These currents are masked over the continental shelf because HRET is not reliable there [9]. Barotropic currents are amplified over the shelf with M2 tidal currents up to 0.6–0.8 m s    − 1   .



Figure 3 illustrates the procedure to quantify the signature of M2 SST fluctuations for the Northwest Australia case study region. We first compute the Sobel gradient of the SST field then we retrieve M2 baroclinic and barotropic currents for regions. Finally the amplitude of SST fluctuations associated with baroclinic and barotropic currents are estimated by taking the product of SST gradients and tidal currents (Equation (7)).



Both baroclinic and barotropic tidal SST fluctuations are intensified on fronts and filaments. Barotropic fluctuations are largest on the shelf with values up to 0.3 °C and no significant signal in the open ocean (see Figure 3d). Baroclinic SST fluctuations are one order of magnitude smaller, being 0.03–0.04 °C (see Figure 3f).




4.2. South Madagascar


Based again on clear sky maps and tidal currents maps, we selected a second region South of Madagascar (latitude between 30°S and 24°S, longitude between 42°E and 48°E). The number of L2 granules available between 1 January 2014 and 31 December 2016 are summarized in Table 2. For this region, the number of days with more than one granule is 267 (24 % of the period considered). As shown by the METOP SST observation of 5 June 2014 (Figure 4), this region is characterized by strong SST gradients (0.3–0.4 °C km    − 1   ) see Figure 4b).



Both baroclinic and barotropic tidal currents are weaker in this area with values of the order of 0.07 m s    − 1    and 0.3 m s    − 1   , respectively. Barotropic currents extend to deep areas, which is different than the Northwest Australia case, shown in Figure 3c.



Figure 4 illustrates the procedure to quantify the signature of the semidiurnal M2 baroclinic motion on SST for the South of Madagascar case study region from a SST image captured by METOP on the 5th June 2014. M2 barotropic currents (see Figure 4c) induce SST fluctuations that are up to 0.2 °C which is less than for the Northwest Australia case. The maximum amplitude of M2 baroclinic tidal SST fluctuations reaches 0.08 °C for this particular case (Figure 4e), i.e., about twice than for the Northwest Australia region. These two opposite trends emphasizes that SST tidal fluctuations result from the product between SST gradients and tidal currents.




4.3. Global Scale


A global perspective on SST tidal fluctuations (Figure 5) is obtained by combining the map of maximum SST gradients (Figure 2) and maps of tidal current amplitudes (Figure 1) as described in Section 3. In this case, since the maximum SST spatial gradient climatology has coarser spatial resolution, it was remapped to onto the grid of the tidal current amplitudes using a bilinear interpolation. Over Northwest Australia and South Madagascar, climatological values of maximum gradients are about   0.3   °C/km and   0.4   °C/km respectively, which is between 2 and 6 times more than maximum SST gradients in the two scenes selected (Figure 3 and Figure 4). The same ratio directly reflects into expected tidal SST fluctuation amplitudes.



Baroclinic tidal currents cause largest SST fluctuations around western boundary currents main flow paths, except in the case of the Gulf Stream where the baroclinic tidal current is weak or non-existent (see Figure 1), and nearby upwelling areas. The signal is in general weaker for latitudes within   ± 15  ° equatorial areas. When barotropic currents are large, they induce largest SST signals, i.e., in coastal areas, and with a geographical distributions that thus significantly differs from that associated to baroclinic currents. The amplitude of barotropic tidal SST fluctuations is about three times larger than the one induced by baroclinic currents.





5. Discussion and Conclusions


Baroclinic tidal currents derived from the HRET database correspond to the stationary part of the internal tide signal, i.e., fluctuations that keep a fixed phase relationship with astronomical forcings. These currents represent a fraction of actual baroclinic tidal currents [7]. Therefore, present estimates of baroclinic tidal SST fluctuations may underestimate true fluctuations. This is in particular true over western boundary currents paths (see SST fluctuations minima on Figure 5), where the baroclinic tides are non-stationary to a large extent.



For the sake of brevity, this study has focused on one tidal constituent (M2). Constructive interference with other constituents may therefore modulate present estimates of SST tidal fluctuations. The present analysis may be adapted in order to quantify the amplitude of these modulations. It may also be adapted in order to estimate SST fluctuations by other types of fast oceanic motions such as near-inertial waves [33]. Near-inertial currents are for example at least as energetic as baroclinic tidal ones.



Can we hope to capture SST tidal fluctuations in satellite observations? Consecutive observations of SST may allow the identification of propagating SST fluctuations. This identification may be conditioned by the relative importance of SST tidal fluctuations compared to that induced by other geophysical processes (diurnal cycle, mesoscale, submesoscale motions) and noise. SST tidal fluctuations inherits their spatial structures from frontal features, i.e., of the order of kilometers, which is marginally larger than satellite resolutions. These small scale fluctuations will occur coherently over tidal currents spatial scales (Figure 1) nonetheless, and this may be leveraged in order to identify SST tidal fluctuations. The diurnal cycle of SST is expected to have large spatial scales and thus be clearly distinguishable from SST fluctuations induced by tides [34]. Mesoscale and submesoscale fluctuations have comparable spatial structures on the other hand, but are slower and non-propagating which may be leveraged in order to distinguish their contributions to SST fluctuations. The small scale structure of tidal SST fluctuations indicates that pixel noise is the source of noise that may limit the observation of these fluctuations.



We have estimated the noise present in the granules used, assuming it is Gaussian [35]. Given this assumption, the standard deviation of the noise   σ ϵ   can be estimated using the K-clipping method [36]. This method exploits the dominance of noise at short wavelengths and can be explained as follows. A first guess of   σ ϵ   is obtained as the standard deviation of a high-pass frequency version of the initial field. Then those values with amplitude higher than K times   σ ϵ   are rejected, and a new estimation of   σ ϵ   is obtained from the standard deviation of the remaining values. This is performed iteratively until   σ ϵ   is obtained, then. In practice three iterations (  K = 3  ) are enough [36]. The estimated noise standard deviation of the granules considered in the case studies presented in this work is shown in Table 3. It is in general comparable with or smaller than expected SST tidal fluctuations.



Despite the signature of IW on SST exhibit fine-scale spatial structures and thus IR SST observations are more suitable to quantify tidal fluctuation in SST, we explored whether microwave SST observations could be used to extract low-mode stationary internal tides. Figure A2 shows an example of microwave SST captured by AMSR2 for the same case study shown in Section 4.2. Only stronger gradients of SST are captured and its amplitude is halved compared to the IR SST field shown in Figure 4. Similar results have been already reported by [37] in other regions such as the Gulf Stream or California. Despite these weaker values, the larger amount of available microwave data may be beneficial for the extraction of temporally coherent tidal signals and this should be subject for future work.



The following steps are therefore to search for consecutive snapshots of SST in areas of interest. Infrared geostationary satellites may be useful for this purpose (Himawari, SEVIRI). The global maps in the present paper highlights several regions (on top of the two selected here) where tidal variability is important and cloud density is favorable: Patagonian shelf, west Florida shelf, Moroccan shelf, Persian Gulf, East Indian shelf, Strait of Gibraltar.
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The following abbreviations are used in this manuscript:



	ANR
	Agence National de la Recherche



	AMSR2
	Advanced Microwave Scanning Radiometer 2



	AVHRR
	Advanced Very High Resolution Radiometer



	CNES
	Centre National d’Études Spatiales



	CSIC
	Consejo Superior de Investigaciones Científicas



	FES
	Finite Element Solution



	GHRSST
	Group for High Resolution Sea Surface Temperature



	HRET
	High Resolution Empirical Tide



	IFREMER
	Institut Français pour l’Exploitation de la Mer



	IR
	Infrared



	IW
	Internal Wave



	MODIS
	MODerate resolution Imaging Spectroradiometer



	OSISAF
	Ocean and Sea Ice Satellite Application Facillity



	SEVIRI
	Spinning Enhanced Visible and InfraRed Imager



	SST
	Sea Surface Temperature



	SWOT
	Surface Water and Ocean Topography



	VIIRS
	Visible Infrared Imaging Radiometer Suite










Appendix A. Free Cloud Pixel Probability


The availability of IR observations is limited by the cloud coverage. Thus, it may be a key parameter to take into account when selecting the regions to study. Figure A1 is included as supporting information to select studied regions.
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Figure A1. Probability of clear pixel for the time series (1982–2011) considered in the climatology of the maximum gradient of SST from University of Rhode Island (URI) Pathfinder 9 km frontal database (courtesy of Peter Cornillon Graduate School of Oceanography, University of Rhode Island (URI)). 






Figure A1. Probability of clear pixel for the time series (1982–2011) considered in the climatology of the maximum gradient of SST from University of Rhode Island (URI) Pathfinder 9 km frontal database (courtesy of Peter Cornillon Graduate School of Oceanography, University of Rhode Island (URI)).
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Appendix B. Other SST Observations


Microwave radiometers observations suffer from poor spatial resolution but have great spatial coverage, since they are not affected by the cloud coverage. Their temporal coverage is good for balanced flows but not for IW. We explored to which extent the information about low-modes stationary internal tides (as well as barotropic tides while we’re at it) could be extracted from such data. Figure A2 shows an example of a Microwave SST captured by AMSR2 for the same date than the case study in South Madagascar shown in Section 4.2. As it can be observed by comparing Figure 4 and Figure A2, only stronger gradients can be observed in microwave observations, and its amplitude is reduced by half.
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Figure A2. (a) SST captured by AMSR2 on the 5 June 2014, same date than SST shown in Figure 4 (b) Sobel gradient of SST captured by AMSR2. 






Figure A2. (a) SST captured by AMSR2 on the 5 June 2014, same date than SST shown in Figure 4 (b) Sobel gradient of SST captured by AMSR2.
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Figure 1. (a) HRET M2 baroclinic current amplitude for regions with bathymetry(h) deeper than 1000 m (b) FES2014 M2 barotropic current amplitude. The colormap is saturated at 10 cm/s on both figures. Two black boxes delimit the regions of the case study presented in Section 4.1 and Section 4.2, respectively. 






Figure 1. (a) HRET M2 baroclinic current amplitude for regions with bathymetry(h) deeper than 1000 m (b) FES2014 M2 barotropic current amplitude. The colormap is saturated at 10 cm/s on both figures. Two black boxes delimit the regions of the case study presented in Section 4.1 and Section 4.2, respectively.



[image: Remotesensing 11 02313 g001]







[image: Remotesensing 11 02313 g002 550] 





Figure 2. Maximum of the annual climatology of the maximum spatial gradient of SST from University of Rhode Island (URI) Pathfinder 9 km frontal database. 
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Figure 3. (a) SST captured by VIIRS on the 8 September 2016. (b) Sobel gradient of SST. Note that the SST field shown here is composed of three L2 granules. The gradient is computed for each granule individually. Thus, the representation of the gradient presents two scan lines with missing data that correspond to the boundaries of the granules. (c) M2 barotropic FES amplitude current. Gray contour correspond to the bathymetry. (d) Estimation of the amplitude of M2 signature on SST. (e) M2 baroclinic HRET amplitude current for areas with a bathymetry deeper than 1000m. Gray contour lines correspond to the bathymetry. (f) Estimation of the amplitude of M2 IW signature on SST. 
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Figure 4. (a) SST captured by METOP on the 5 June 2014. (b) Sobel gradient of SST. (c) M2 barotropic FES amplitude current. Gray contour correspond to the bathymetry. (d) Estimation of the amplitude of M2 barotropic signature on SST. (e) M2 baroclinic HRET amplitude current for areas with a bathymetry deeper than 1000m. Gray contour lines correspond to the bathymetry. (f) Estimation of the amplitude of M2 IW signature on SST. 
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Figure 5. (a) Estimation of the amplitude of M2 IW signature on SST. (b) Estimation of the amplitude of M2 barotropic signature on SST. 
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Table 1. Number of L2 granules available from 1 January 2014 to 31 December 2016 in the Northwest Australia case study region.
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Number of Available L2 Granules




	

	
2014

	
2015

	
2016

	
TOTAL






	
METOP

	
181

	
124

	
185

	
490




	
VIIRS

	
160

	
147

	
120

	
427




	
MODIS

	
59

	
152

	
120

	
331
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Table 2. Number of L2 granules available from 1 January 2014 to 31 December 2016 in the Madagascar case study region.
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Number of Available L2 Granules




	

	
2014

	
2015

	
2016

	
TOTAL






	
METOP

	
130

	
147

	
114

	
391




	
VIIRS

	
70

	
133

	
145

	
348




	
MODIS

	
143

	
111

	
40

	
249
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Table 3. Noise standard deviation of the SST images considered.






Table 3. Noise standard deviation of the SST images considered.





	Granule ID
	Sensor
	Region
	   σ ϵ   (K)





	20160908174014
	VIIRS
	Northwest Australia
	0.03



	20160908174139
	VIIRS
	Northwest Australia
	0.03



	20160908174305
	VIIRS
	Northwest Australia
	1.68



	20140605062503
	AVHRR
	South Madagascar
	0.67



	20140605184903
	AVHRR
	South Madagascar
	0.06
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