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ABSTRACT
The nature of surface manifestations over internal waves was investigated with a new hyperspectral
scanner on board the International Space Station. From observed internal wave patterns in an area close
to the Strait of Gibraltar, it was found that the observed increase in radiance is mainly due to reflected
solar irradiance.
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INTRODUCTION
Frequent vertical displacement of the pycno and/or thermocline by internal waves leads to alternating
convergence and divergence movements that modify sea surface roughness. This surface effect makes it
possible to detect internal waves in various parts of the electromagnetic spectrum from aircraft or satellite
altitudes with various techniques through remote sensing, as reviewed by Klemas (2012). Related to the
vertical displacement of the pycno and/or thermocline is the mixing of nutrients into the euphotic zone
that initiates increasing primary production. Thus, internal waves may be responsible for the change in
primary production by modifying the compensation depth of marine phytoplankton. Productivity and
chlorophyll concentrations are not always related to internal waves, as was shown for the South China
Sea, in areas where internal waves occur frequently (Yang et al., 2010). However, the effects of the
internal wave undulations may be parametrically disguised as an apparent vertical diffused flux of
nutrients with the underlying mechanism principally different from turbulent diffusion (Kahru, 1983).
The building of convergence and divergence zones related to the dynamics of internal waves also leads to
accumulation of organic surface films that compress over the area of convergence and create lines parallel
to the wave crest. In response, capillary waves are damped over the convergence and change in sea state
over the divergence zone, modifying the optical behavior of the air-sea interface. Depending on the view
angle, either of the two zones may appear either bright or dark.
In the visible part of the EMS, internal waves are recognizable through changes in ocean color, and the
question arises whether physical or biological processes are responsible for varying reflectance or
radiance from the air-sea interface or the water column underneath. In the following, observations of
internal waves from the International Space Station with a Hyperspectral Imager for the Coastal Ocean
(HICO) will be described. Data were collected in the vicinity of the Strait of Gibraltar over a spectral
range of 0.4
to 0.9
, with a spectral resolution of about 6 nm and a ground resolution of about 100
m (Corson et al., 2010; Lucke et al. 2010; Davis et al., 2010). Radiance spectra were extracted, and in
order to negate partially the atmospheric contribution, the sensor to target path radiance data were referred
to water that was considered to be low in chlorophyll concentration. The resulting difference spectra were
viewed at the same view angle to keep the atmospheric pathlength the same for each scene element.
Therefore, the difference spectra signify the contents or processes related to changes in the water leaving
radiance of the target, thus providing qualitative information on the nature of its scatterers and absorbers.
This approach further assumes that between the analyzed pixels, the atmosphere is comprised of a
homogeneous layer pathlength.
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OBSERVATIONS
The internal wave package in Figures 1a and b is shown in an enhanced image at 0.646 µm with the
difference spectrum in Figure 1c. The appearance of internal waves has been detected in the Strait of
Gibraltar for many years, and it was found that they are mainly generated by the interaction of a tidal flow
and the bathymetry (Apel et al., 1975; Frassetto, 1960; Ziegenbein, 1970; Ziegenbein, 1969 and 1970;
Lacombe and Richez, 1982; Armi and Farmer, 1985; 1988; La Violette and Arnone, 1988; Alpers et al.,
1996; Jackson, 2004).
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Figure 1: (a) HICO sub-image showing location where internal waves with a wavelength of about
1000 m were observed at a view angle of 11 degrees to the south/right of the direction of motion of
the ISS; (b) enlarged image (a) at 0.646 µm to enhance the presence of internal waves; (c) difference
spectrum (50*radiance in W m-2µm-1 sr-1) between bright and darker part of the wave package as
indicated by the arrows.
The spectral analysis given in Figure 1c indicates that increased radiance values are mainly caused by
reflected solar irradiance. This conclusion is based on the spectral location of merged Fraunhofer lines
that are observed in radiance data but can also be recognized even in atmospherically corrected remote
sensing data (Szekielda et al. 2009). The above conclusion is verified with spectra that were derived with
the same procedure applied in the observation for the offshore region of the South West coast of Spain as
shown in Figures 2a and b where coastal water (Case 2 water) is compared with offshore Atlantic Ocean
water, whereas Figures 2c and d show the difference spectrum from an algal bloom in Long Island Sound.
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Figure 2: Spectra extraction from HICO images in the offshore region of the South West coast of
Spain as shown in 2a and b where coastal water (Case 2 water) is compared with offshore Atlantic
Ocean water. Figures c shows the location for an algal bloom in the Long Island Sound with the
corresponding difference spectrum in figure d.. Numbers in figure d and arrows indicate the
spectral position of the main absorbing photosynthetic pigments. Arrows in Figures 2a and c
indicate the location of the analyzed spectra.
The target spectrum derived from the coastal area of Spain has the typical spectral response of suspended
sediments and the difference spectrum derived from a plankton bloom in Long Island Sound reveals the
spectral locations of the major photosynthetic pigments. From this comparison, it is evident that the
observed high radiance pattern over the internal waves is due largely to changes in sea state and most
probably through action by capillary waves but not through increased biomass. This conclusion might be
valid only for the observed image shown in this study, but more observations with HICO are available
and will be further analyzed.
ACKNOWLEDGEMENT
The HICO data were provided by Dr. C. O. Davis, HICO Project Scientist, Oregon State University, OR
for which the author is very grateful.
REFERENCES
Alpers W (1985). Theory of radar imaging of internal waves. Nature 314, 245-247.
Alpers W, Brandt P, Rubino A, and Backhaus JO (1996). Recent contributions of remote sensing to
the study of internal waves in the straits of Gibraltar and Messina, In: Dynamics of Mediterranean straits
and channels., CIESM Science Series no. 2, Bulletin de l'Institute océanographique, edited by Briand F,
17, 21-40.
81

International Journal of Geology, Earth and Environmental Sciences ISSN: 2277-2081 (Online)
An Online International Journal Available at http://www.cibtech.org/jgee.htm
2012 Vol. 2 (1) January-April, pp.79-82/Karl H. Szekielda

Research Article
Apel JR, Byrne H M, Proni JR and Charnell RL (1975). Observation of oceanic internal waves from
the Earth Resources Technology Satellite. Journal of Geophysical Research 80 865-881.
Armi L and Farmer D (1985). The internal hydraulics of the Strait of Gibraltar and associated sills and
narrows. Oceanologica. Acta 8 37-46.
Armi L and Farmer D (1988). The flow of Mediterranean water through the Strait of Gibraltar, Progress
in Oceanography 21 1-105.
Corson MR, Lucke, RL, Davis CO, Snyder WA, Korwan DR, Mcglothlin NR, Butcher SD, Wood
DL (2010). The Hyperspectral Imager for the Coastal Ocean (HICO) on the International Space Station.
Proceedings Oceans from Space Symposium, Scoula Grande di San Giovanni Evangelista, Venice, Italy,
26-30 April 2010, JRC European Commission, EUR24324 EN-2010, 69-70.
Davis CO, Arnone RA , Gould R, Corson MR, and Montes M (2010). Presentation: Data Processing
and First Products from the Hyperspectral Imager for the Coastal Ocean (HICO) on the International
Space Station. Proceedings Oceans from Space Symposium, Scoula Grande di San Giovanni, Evangelista,
Venice, Italy, 26-30 April 2010, JRC European Commission, EUR24324 EN-2010.
Frassetto R (1960). A preliminary survey of thermal microstructure in the Strait of Gibraltar. Deep-Sea
Research 7 152-162.
Jackson, CR (2004). An Atlas of Oceanic Internal Solitary-like Waves and Their Properties, Office of
Naval Research, Washinton, DC, 179-198, 559 pp.
Kahru M (1983). Phytoplankton Patchiness Generated by Long Internal Waves: A Model. Marine
Ecology Progress Series L 10 111-117
Kinder TH (1984). Net mass transport by internal waves near the Strait of Gibraltar. Geophysical
Research Letters 11 987-990.
Klemas V (2012). Remote Sensing of Ocean Internal Waves: An Overview. Journal of Coastal Research
(in press).
Klemas,V, Zheng Q and Yan XH (2001). Ocean internal wave observations using Space Shuttle and
satellite imagery. Geocarto International 16 51-55.
Lacombe H and Richez C (1982). The regime of the Strait of Gibraltar. – In: Hydrodynamics of SemiEnclosed Seas, edited by Nihoul, JCJ (Elsevier, Amsterdam) 13-73.
La Violette PE., Arnone RA (1988). A tide-generated internal waveform in the western approaches to
the Strait of Gibraltar. Journal of Geophysical Research 93: 15653-15667.
Lucke RL, Corson M, McGlothlin NR, Butcher SD, Wood DL, Korwan DR, Li RR, Snyder DW,
Davis CO and Chen DT (2011). The Hyperspectral Imager for the Coastal Ocean (HICO): Instrument
Description and first images. Applied Optics 50, 11, 1501-1516.
Available: http://dx.doi.org/10.1364/AO.50.001501
Office of Naval Research (2004). An Atlas of Oceanic Internal Solitary Waves Strait of Gibraltar,
Global Ocean Associates, 179-198.
Szekielda, K. H., Jeffrey H. Bowles, David B. Gilles and W. David Miller (2009). Interpretation of
Absorption Bands in Airborne Hyperspectral Radiance Data, Sensors 9 (4), 2907-2925, Available:
http://www.mdpi.com/1424-8220/9/4/2907/pdf
Yang, D., H. Ye, and G. Wang (2010). Impacts of internal waves on chlorophyll a distribution in
the northern portion of the South China Sea. Chinese Journal of Oceanology and Limnology
28 5, 1095-110.
Ziegenbein J., 1969. Short internal waves in the Strait of Gibraltar. - Deep Sea Research 16 479-487.
Ziegenbein J., 1970. Spatial observations of short internal waves in the Strait of Gibraltar. - Deep Sea
Research 17, 867-875.

82

