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ABSTRACT 

 
The island off the Atlantic coast of North Africa, El Hierro 
(Canary Island), has been rocked by thousands of tremors 
and earthquakes since July 2011, and an underwater 
volcanic eruption 300 meters below sea level started on 
October 10, 2011. Thanks to this natural tracer release, low 
resolution satellite images obtained from MODIS and 
MERIS sensors have been processed for monitoring the 
volcanic plume evolution and it has provided a unique and 
outstanding source of tracer that may allow us to study 
submesoscale front-like and filament-like structures. These 
structures have been monitored and detected using an 
advanced methodology based on an initial structure 
segmentation algorithm combined by a structure growing 
technique.   
 

Index Terms— El Hierro submarine volcano, MODIS, 
MERIS, image segmentation, submesoscale structures. 
 
 

1. INTRODUCTION 
 
Satellite remote sensing is providing a systematic, synoptic 
framework for advancing scientific knowledge of the Earth 
as a complex system of geophysical phenomena that, 
directly and through interacting processes, often lead to 
natural hazards. The recent eruption of a submarine volcano 
at the El Hierro Island has provided a unique and 
outstanding source of tracer that may allow us to study a 
variety of structures. The island off the Atlantic coast of 
North Africa—built mostly from a shield volcano—has been 
rocked by thousands of tremors and earthquakes since July 
2011, and an underwater volcanic eruption 300 meters 
below sea level started on October 10, 2011. Thanks to this 
natural tracer release, low and high-resolution satellite 
images obtained from MODIS, MERIS and WorldView 
sensors have been processed to provide information on the 
concentration of a number of marine parameters: 
chlorophyll, phytoplankton, suspended matter, etc. This 
oceanographic remote sensing data has played, as well, a 

fundamental role during field campaigns guiding the Spanish 
government oceanographic vessel to the appropriate 
sampling areas [1]. In this context, this paper illustrates the 
capabilities of satellite remote sensing systems, specifically 
MODIS and MERIS images, to improve the understanding 
of submarine volcanic processes and hazards. Finally, it has 
to be pointed out that this natural tracer release has been 
monitored and detected using an advanced methodology 
based on an initial structure detection using the appropriate 
segmentation algorithm plus a subsequent structure growing 
technique to detect the submesoscale structures. This 
detection approach has been validated over a database of 
MERIS and MODIS oceanographic products and it has 
demonstrated an excellent performance and robustness. 
 

2. SATELLITE REMOTE SENSING DATA 
 

The last two decades have witnessed the increasing use of 
remote sensing for understanding the geophysical 
phenomena underlying natural hazards. The contributions of 
satellite remote sensing to Earth science, ranging from high-
resolution topography (using SAR, Lidar, etc.) and geodesy 
to passive multispectral (such as MODIS, MERIS, 
WorldView-2, Hyperion, etc.) and active microwave 
imaging, have transformed the discipline [2]. In this context, 
a regular multidisciplinary monitoring of the El Hierro 
underwater volcano has been carried out in order to quantify 
the environmental impact [3]. The eruption is the first in the 
island chain in nearly 40 years and it is just off the southern 
coast of El Hierro, as shown in Figure 1 (a). A milky green 
plume in the water stretched 25-30 kilometers at its widest 
and, approximately, 100 kilometers long, from a large mass 
near the coast to thin tendrils as it spreads to the southwest, 
as shown in the multisensorial color composite images 
presented in Figure 1 (b)-(d). This paper is not intended as a 
comprehensive treatment of the application of remote 
sensing to the selected natural hazards but rather as 
recognition of the contributions of satellite remote sensing to 
understanding underlying phenomena and providing critical 
information for decision support by emergency managers 
and the disaster response community. 



 
3. SUBMESOSCALE OCEANOGRAPHIC 

STRUCTURES: MONITORING AND DETECTION 

Satellite data from AQUA/TERRA-MODIS and ENVISAT-
MERIS sensors have been the main source of image 
information to improve understanding of El Hierro 
submarine volcanic processes. MODIS instruments flying on 
both the TERRA and AQUA satellites provides excellent 
temporal coverage with 2 daylight and 2 night overflights 
per 24 hours. On the other hand, MERIS, aboard ENVISAT 
satellite, is a programmable, medium-spectral resolution, 
imaging spectrometer operating in the solar reflective 
spectral range. One important capability of MERIS is 
providing full resolution data at 300 m resolution.  

 
 
 
Figure 2 presents the results obtained by the multitemporal 
MODIS imagery of the volcanic plume evolution during 
October and November 2011 due to underwater volcanic 
activities. In this context, we have implemented a 
methodology for providing multitemporal/multisensor 
imagery information. Multisensorial satellite imagery 
obtained from MODIS and MERIS sensors have been 
processed to monitor the volcano activity and to provide 
information on the concentration of biological, chemical and 
physical marine parameters. Specifically, low resolution 
satellite estimations of optimal diffuse attenuation 
coefficient (Kd) and Chlorophyll-a (Chl-a) concentration 
under these abnormal conditions have been assessed. 
 

  
 

 
  

(a) (b) (c) (d) 

Figure 1. (a) MODIS image of El Hierro submarine volcano location (27.78N, -18.04W) and, (b)-(d) multisensorial MERIS ((ESA©),
RAPIDEYE© and hyperspectral HYPERION remote sensing images of El Hierro volcanic plume. 

           
Figure 2. NASA MODIS RGB multitemporal images monitoring El Hierro submarine volcano. 

Submarine 
Volcano 



Chlorophyll-a concentration can be properly estimated from 
remotely sensed data in open ocean waters but it has been 
demonstrated a severe degradation in accuracy during the 
submarine eruption because the specific conditions, the 
alterations provoked in the water composition and the 
considerable turbidity [3]. On the other hand, the diffuse 
attenuation coefficient for downwelling irradiance at 490nm 
(Kd) is more precise, thus we have selected this water 
turbidity indicator for the detection of the oceanographic 
structure. Figure 3 shows the evolution of an eddy using the 
Kd parameter from MERIS and MODIS images acquired on 
November 2011. It can be appreciated the eddy’s 
displacement and rotation, as well as the presence of 
emerging filaments. 

The precise submesoscale structure detection module is 
presented in Figure 4. The methodology is composed by two 
steps [4, 5]: (i) Initial structure detection: The first step is a 
pre-processing. Next, the initial segmentation module is 
applied. Several algorithms are incorporated in the module 
(Automatic and Manual Thresholding, K-means and Fuzzy 
K-means clustering, Expectation–Maximization clustering, 
etc.) to allow the maximum flexibility. Finally, a post-
processing step is required to remove isolated noisy pixels 
or to fill holes in the eddy structure due to clouds. (ii) 
Structure Growing: After the initial detection, the structure is 
well identified; however the fine detail of the emerging 
filaments cannot be well preserved. The precise delimitation 
is of fundamental importance when analyzing the structure 
and its evolution, so controlled growing techniques are 
applied only where these filaments appear. Points to grow 
and their directions are found using the skeleton of the initial 
structure detected. At each point, a window with the 
corresponding orientation and size masks the pre-processed  

image and new pixels are added to the structure after the 
application of thresholding or watershed region growing 
algorithms. This process is iteratively applied to achieve the 
desired segmentation. Figure 5 shows different example of 
the submesoscale front-like structure detected in the MERIS 
and MODIS images from Figure 3. Inner and outer contours 
are presented but the methodology is flexible to 
accommodate the needs of the oceanographic user.  

 
Figure 4. Methodology for the automatic segmentation of 
submesoscalar structures. 

 

(a)                                (b)           (c) 

Figure 3. Images (Kd) acquired over El Hierro submarine volcano area in 2011: (a) MERIS on November 4, (b) MODIS on 
November 5 and (c) MERIS on November 9. 



 
 
 

4. CONCLUSIONS 
 
The use of remote sensing for monitoring natural hazards 
has diversified in recent years owing to an increase in data 
availability and technological advances in their 
interpretation. Satellite remote sensing systems have proven 
useful for a range of applications including the capabilities 
to improve the understanding of submarine volcanic 
processes by analyzing remote sensing images providing 
more frequent observations and scientific information. 

This paper describes an effort to integrate space-borne 
sensing data from MODIS (Terra and Aqua) and MERIS to 
improve global volcano monitoring and to provide 
information on submesoscale structures. In this context, the 
diffuse attenuation coefficient has been used and a two-step 
methodology has been developed. It is composed by initial 
structure detection and structure growing modules. The 
developed methodology obtains the initial coarse structure 
segmentation and achieves the maximum detail of the 
structure, especially for the anticyclonic eddy, after the 
iterative identification of the points to grow and the 
subsequent application of growing strategies. This detection 
approach has been validated over a database of MERIS and 
MODIS oceanographic products and it has demonstrated an 
excellent performance and robustness to noise and weak 
gradients, overcoming the problems associated with the use 
of edge detection techniques. 

The favorable results have spawned a follow-up project that 
consists on the upgrade of the developed oceanographic 
techniques to study detailed the submesoscale structures and 
their possible relationship with lateral mixing and biological 
effects, combining low, medium and high-resolution 
multisensor satellite images of El Hierro tracer with in-situ 
observations, and implementing a surface motion model 
using optical flow algorithms applied in satellite image 
sequences. 
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Figure 5. Inner and outer contours of the eddy and its filaments overlaid on the Kd image: (a) MERIS on November 4, 
2011, (b) MODIS on November 5, 2011 and (c) MERIS on November 9, 2011. 

View publication statsView publication stats

https://www.researchgate.net/publication/264512152


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


