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Editorial 
 

 

This Edition comprises three papers sourced from the US Hydro 2011 Conference hosted by The 

Hydrographic Society of America (THSOA) in Florida in April 2011. For the IHR, each of the 

authors have kindly updated their content in terms of further development and review since the 

papers were first presented. The Conference was well attended with 450 participants, papers were 

well presented and the Exhibitors Hall well attended and supported by industry. Of particular           

interest was the number of young adults attending as part of the Student Outreach Program. When 

the program was initiated, 3 students attended. This year the number was 23. I had the good             

fortune to spend some time with many of the young men and women in the program and it was 

wonderful to see their enthusiasm. The technical support to enable them to hit the water and            

experience hydrographic surveying first-hand was of considerable benefit. THSOA should be            

congratulated for their initiative in supporting our next generation of potential hydrographers. 

 

This Edition comprises five articles covering a wide range of topics. The first article discusses the 

impact of echo sounders on marine life and the legislative processes being imposed that affect  

survey operations. The second paper describes the challenges of trying to find a vertical reference 

frame for depth measurements based on ellipsoidal measurements. Within the electronic charting 

world, the depiction of data quality information continues to be reviewed. Our third paper outlines 

the sources of data uncertainty and options to improve the depiction and provide more-meaningful 

data quality portrayal options. 

 

The use of automated vehicles for surveying and military applications is on the increase. Our 

fourth paper describes the current status of the technology and provides examples of its use.            

Finally, our fifth paper describes techniques for mapping large scale, ocean current dynamics. 

 

This edition includes Notes relating to a European project for creating pilot components of the 

European Marine Observation and Data Network (EMODnet). The second paper describes the 

work of the IHO‘s Inter-Regional Coordination Committees (IRCC). 

 

One booklet was reviewed and describes the IALA Buoyage system and other aids to navigation. 

 

On behalf of the Editorial Board, I hope that this edition is of interest to you. Thank you to all of 

the authors for your contributions. In particular, I would like to thank the Committee of the 

THSOA for their support at both the Conference and to allow some of the papers to also be            

included in this Edition. Your ongoing support of the IHR is much appreciated. Finally, I would 

like to thank my colleagues who provided peer reviews for the Articles in this edition. Your              

feedback and encouragement to the authors is much appreciated.  

 

If you have any comments, please do not hesitate to contact me. 

 

 

Ian W. Halls 

Editor 
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SOUND RADIATION  

OF SEAFLOOR-MAPPING ECHOSOUNDERS IN THE WATER          

COLUMN, IN RELATION TO THE RISKS POSED  

TO MARINE MAMMALS.  
 

By Xavier Lurton 1 
(IFREMER - France) &  

Stacy DeRuiter 1,2 
(Biology Department, Woods Hole Oceanographic Institution - USA) 

  
 
  
Abstract 

 
 
Résumé 

Currently, more and more attention is focusing on the impact of anthropogenic sound sources on  

marine life, particularly marine mammals. Indeed, several unusual cetacean strandings linked to the 

use of high-power sonar have been observed over the past years. Hydrography and seafloor-mapping 

make extensive use of acoustic sources; this paper aims to present the order of magnitude of sound 

radiated by such echosounders, and hence estimate their potential impact on marine mammals. The 

paper begins with a presentation of the main issues related to sound-mediated risks to marine life 

and a reminder of echosounder characteristics and geometry. Next, the numerical results from         

several case studies are compared with currently accepted threshold values for marine mammal 

sound exposure. This comparison makes clear that, while echosounders may transmit at high sound 

pressure levels, the very short duration of their pulses and their high spatial selectivity make them 

unlikely to cause damage to marine mammal auditory systems, according to current knowledge. 

There remains a possibility that echosounders may affect marine mammal behaviour at ranges on the 

order of kilometres; however, the likelihood and biological effects of such behavioural responses to 

sound remain poorly understood at present. 

De plus en plus d‘attention est portée aujourd'hui à l‘impact du bruit d‘origine humaine sur la vie 

marine, et spécialement les mammifères marins. Un certain nombre d‘échouements accidentels de 

cétacés ont été, au cours des dernières années, reliés à l‘utilisation de sonars de forte puissance. 

L‘hydrographie et la cartographie des fonds marins font un large usage d‘émetteurs acoustiques ; cet 

article vise à présenter les ordres de grandeur des sons émis par ces sondeurs, et à estimer leur           

impact potentiel sur les mammifères marins. On présente d‘abord les grandes lignes décrivant les 

risques acoustiques pour la vie marine, et on rappelle les caractéristiques et la géométrie des              

sondeurs. Les résultats numériques pour plusieurs cas typiques sont ensuite comparés aux valeurs 

acceptées couramment pour les seuils d‘exposition sonore des mammifères marins. Cette comparai-

son fait apparaître que, bien que certains sondeurs puissent émettre des signaux de forte intensité, la 

brièveté des émissions et leur forte directivité spatiale rendent improbables des lésions aux systèmes 

auditifs des mammifères marins, d‘après les connaissances actuelles. Il reste la possibilité que les 

sondeurs puissent affecter le comportement des mammifères marins, sur des distances kilométri-

ques ; la possibilité et les conséquences biologiques des tels effets comportementaux sont encore peu 

connus. 

——————————————- 

1 Institut Français de Recherche pour l’exploitation de la Mer (IFREMER), IMN/NSE/AS, BP 70, 29280    

   Plouzané, France. lurton@ifremer.fr 
 

2 Biology Department, Woods Hole Oceanographic Institution, MS #50, Woods Hole, MA 02543.  

   stacy_deruiter@yahoo.com  
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Resumen 

 
. 

 

 

Actualmente, se dedica cada vez más atención al impacto de las fuentes sonoras antropogénicas en la 

vida marina, particularmente en los mamíferos marinos. Se han observado durante los últimos años 

varias varadas poco comunes causadas por cetáceos, vinculadas al uso de sonares de alta potencia. 

La hidrografía y la cartografía del fondo marino utilizan de forma considerable las fuentes acústicas; 

el objetivo de este artículo es presentar el orden de la magnitud del sonido radiado por similares        

sondas acústicas y por tanto estimar su impacto potencial en los mamíferos marinos. Este artículo 

empieza con una  presentación de los principales temas relativos a los riesgos causados por el sonido 

a la vida marina y con un recordatorio de las características de las sondas acústicas y la geometría. 

Luego se comparan los resultados numéricos de varios casos prácticos con los valores de umbral 

corrientemente aceptados para la exposición al sonido de los mamíferos marinos. Esta comparación 

deja claro que, aunque las sondas acústicas pueden transmitir a niveles de presión de alta intensidad, 

la muy breve duración de sus impulsos y su alta selectividad espacial hacen que sea muy poco               

probable que causen daños a los sistemas auditivos de los mamíferos, según los conocimientos que 

se poseen actualmente. Queda la posibilidad de que las sondas acústicas puedan afectar al              

comportamiento de los mamíferos marinos en campos de cobertura del orden de kilómetros; sin        

embargo, actualmente siguen entendiéndose muy poco la probabilidad y los efectos biológicos de 

dichas reacciones del comportamiento. 
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1. Introduction 

 Because marine mammals depend on sound and        

hearing for essential activities including communication, 

navigation, and foraging, anthropogenic sound in the 

ocean may impact them negatively. For example, it may 

mask sounds that are important to the animals or even (at 

high levels) injure their auditory systems. They may alter 

their behaviour in response to certain sounds [1, 2].       

Mid-frequency military sonars, which are used in           

anti-submarine warfare, have been associated with several 

unusual strandings of marine mammals, particularly 

beaked whales (reviewed in [3]). A significant amount of 

attention has thus focused on quantifying and preventing 

the negative impacts of human-generated sound on marine 

mammals, resulting in the development of regulations and 

operational procedures designed to protect the animals        

[4-9]. Most such regulations focus on military sonars 

(transmitting long-duration modulated signals in the range 

of a few kHz) and airgun arrays (which are very powerful 

sources of low-frequency pulsed sound used in geophysi-

cal research and oil exploration). The rules generally        

require visual (and sometimes passive acoustic) monitor-

ing to ensure that animals do not come within a specified 

distance of the sound source. That distance is often        

defined on the basis of an allowable exposure level  

threshold, which is combined with an ocean sound           

propagation model to convert the level to a source-

receiver range. Recommended exposure thresholds for 

damage to the auditory system and behavioural responses 

have recently been proposed, with thresholds varying by 

sound type and marine mammal group [2].  

 Military sonars and airguns are far from the only         

anthropogenic sound sources at sea. Many other active 

acoustic devices are commonly used for various             

underwater activities, such as the echosounders used in 

hydrography, seafloor mapping, navigation and fisheries 

applications. In contrast to naval mid-frequency sonar, no 

unusual stranding events have been linked with                 

echosounder use [3], which may explain the lack of public 

and regulatory attention. Echosounders usually generate 

lower-level sound than the highest-powered military 

sonars, and they often use ultrasonic frequencies that are 

attenuated relatively efficiently in sea water. However, 

they still have potential to affect marine mammals,          

especially considering the fact that many of them operate 

in frequency ranges used by toothed whales for echoloca-

tion and communication. In some cases, behavioural        

responses of marine mammals to these devices have been 

documented, including sound source avoidance and 

changes in sound production patterns (reviewed in detail 

by [1]).  

The purpose of this paper is to estimate the order of 

magnitude of the risks to marine mammals caused by the 

sonar systems currently used in hydrography and in sea-

floor mapping. These systems are mostly                   

echosounders, either single beam or multibeam. The first 

part of the paper presents a brief discussion of the risks 

posed to marine mammals by powerful sound transmis-

sions. The second part of the paper describes the general 

characteristics and transmission geometry of echo-

sounders. The details of the systems will be simplified in 

order to provide representative values for radiated sound 

levels and geometry of several archetypal systems. The 

third part of the paper is devoted to a limited number of 

case studies. These case studies will show that echo-

sounders are not likely to cause injury to marine mammal 

auditory systems except at very limited ranges, although 

they may still affect behaviour at greater ranges. Consid-

ering the very selective directivity of the transmission 

patterns, the areas in which hearing damage may be ex-

pected to occur are minimal, especially compared to 

acoustic systems of wider horizontal radiation, such as 

naval low-frequency active sonar (LFAS) or seismic air-

guns. The last part of the paper will build upon the previ-

ous sections to draw conclusions about the potential risks 

that echosounders may pose to marine mammals. 

 

2. Risks posed to marine mammals by anthropogenic 

sound 
 

2.1. Marine Mammal Bioacoustics 
 

 Marine mammals rely on their hearing and sound  

production abilities for many important activities. They 

produce a wide variety of sounds related to foraging, 

navigation, communication, and sensing the environment 

[3]. Because of their extensive use of sound, most           

marine mammals have sensitive, specialized auditory 

systems. For example, all toothed whales (sperm whales, 

beaked whales, dolphins, and porpoises) studied to date 

produce clicks thought to be used for biosonar-based 

foraging and navigation. Except for sperm whales, 

toothed whale echolocation clicks include mostly           

ultrasonic frequencies; many dolphin species also            

produce lower-frequency tonal whistles for communica-

tion [3, 10]. These species generally have sensitive          

hearing over a wide frequency band including the           

frequencies at which they produce clicks and communi-

cation calls, although only a limited number of species 

have had their hearing tested (see Figure 1); measured 

audiograms reveal sensitive hearing at frequencies up to 

about 20-140 kHz, depending on species. Thus, the        

frequency ranges of toothed whale biosonar and auditory 

systems overlap significantly with the frequency range 

used by hydrographic sonars. Most baleen whales, for 

example blue whales, fin whales, and humpback whales, 

produce longer, lower-frequency tonal or frequency-

modulated sounds for communication with conspecifics 

[3]. These sounds range from pulses at 20 Hz or less to 

more complex calls and songs with components at           

frequencies as high as several kHz. Given the variety of 

sounds they produce, and by analogy to terrestrial          

mammals and toothed whales, baleen whales are also 

thought to have an acute sense of hearing. However, 

measuring their hearing poses obvious practical difficul-

ties.  
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In the absence of actual hearing threshold data for  

baleen whales, a few anatomical studies and computer 

models have been used to predict their hearing capabili-

ties. They do not provide absolute sensitivities, but they 

do agree that the range of best hearing is probably from 

tens of Hz to about 20 kHz (Figure 1) [11-13].              

Uncertainty about the acuity and upper frequency limit of 

baleen whale hearing makes it more difficult to assess the 

potential risks echosounders may pose to these species. 

However, all evidence suggests that they mainly use 

lower frequencies, which may mean they are less           

susceptible to effects of echosounders. Pinnipeds (seals, 

sea lions and walrus) also produce a wide variety of 

sounds underwater, mainly in the sonic frequency range, 

and these sounds are often associated with mating rituals 

[3]. These species also have quite sensitive hearing, and 

are unique in that they are able to hear and localize sound 

relatively well both in the air and underwater. The            

frequency range in which they hear overlaps with that 

used by echosounders (Figure 1). Even manatees use low

-frequency calls, presumably to communicate with one 

another. Among the few individuals tested so far, the 

upper limit of frequency sensitivity was lower for           

manatees than for most toothed whales or pinnipeds [3] 

(Figure 1). Like baleen whales, they may thus be less 

susceptible to potential impacts of echosounders.  
 

Exposure to anthropogenic sounds can negatively          

impact marine mammals in a variety of ways [1, 2, 14].  
 

Effects may include injury to body tissues, the most   

common being auditory system damage that leads to   

temporary or permanent hearing loss. These conditions 

are often called Temporary and Permanent Threshold 

Shift (TTS and PTS). Sound exposure can also have other 

effects, from increased stress levels to behavioural shifts 

including changes in dive cycles, breathing patterns, 

sound production rates, or behavioural states. Marine 

mammals can also respond to sounds by approaching or 

avoiding the sound source, which could have negative 

impacts on their energy budgets or cause them to             

abandon important habitat.  
 

2.2. Regulation and Mitigation Measures  
 

Given the potential effects of active acoustic devices 

on marine mammals and other animals, regulations       

designed to mitigate such impacts have been put in place 

by a number of concerned countries. However, the            

resulting level of protection against risks posed by    

acoustic devices varies widely. In the European Union, 

marine mammals are legally protected, but the relevant 

regulations do not place specific limitations on sonar or 

airgun operation, and practical guidelines and mitigation 

procedures are left to the judgement of individual              

operators (Habitats and Species Directive of 1992,             

Council Directive number 92/43/EEC).  
 

Inside this framework, some countries have more           

specific laws. For example, in the United Kingdom,           

regulations prohibit the deliberate capture, injury, killing 

or disturbance of marine mammals, and also actions that 

cause damage, destruction or deterioration of their           

breeding sites and resting places (Offshore marine           

conservation regulations of 2009). These regulations in-

clude disturbance and injury mediated by anthropogenic 

sound, and the U.K. Joint Nature Conservation Commit-

tee (JNCC) has also enacted specific regulations related 

to industrial  seismic surveys in U.K. waters [4]. The  

regulations do not define allowable or prohibited sound 

exposure levels, but the seismic survey guidelines do 

prohibit commencement of airgun use when marine  

mammals have been sighted within 500 meters of the  

airguns within 30 minutes of the sighting. 

In the United States, legislation related to the effects of 

sound on marine mammals includes the Marine Mammal 

Protection Act, which prohibits harassment of marine 

mammals. The National Marine Fisheries Service 

(NMFS), the responsible regulatory agency, oversees a 

permitting process for all operations that may subject  

marine mammals to level A harassment (permanent 

physiological damage) or level B harassment (disruption 

of behaviour), generally basing its judgments on sound 

exposure levels; there are also specific regulations          

requiring mitigation (including visual observers and 

sometimes passive acoustic monitoring) for seismic          

surveys in the Gulf of Mexico [6]. Several other countries 

or areas (Australia, New Zealand, Brazil, and the           

Sakhalin region, for example) have also put in place  

regulations related to airgun operation [15, 16]. Most 

regulations  require trained marine mammal observers to 

carry out visual surveys before and during airgun opera-

tions, stopping sound production if an animal is sighted 

within a certain range (500-3000 m) of the sound source. 

Figure 1. Measured audiograms of toothed whales, pinnipeds, 

and manatees. The curve for each group is a composite audio-

gram for all species tested, showing the lowest observed         

detection threshold at each frequency. The plots include data 

from all species reviewed in [3], including 15 toothed whale 

species, 9 pinniped species, and 2 manatee species. No audio-

grams are available for baleen whales, but the frequency range 

in which they are expected to hear best is indicated [11-13]. 

The frequency domain of echosounders is also plotted for           

comparison. 
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2.3. Definition of Risk Thresholds 
 

 A common approach to the regulation of underwater 

sound involves definition of a safe sound exposure   

threshold which must not be exceeded during operation 

of an underwater sound source. Other approaches might  

involve spatial or temporal limitations on the operation 

of certain sound sources, according to the status of         

marine mammal populations in the area. When an         

exposure threshold is used, it is sometimes defined in 

terms of a range from the sound source, but source level 

can vary widely between sonars, even within one class of 

devices. Source level usually also depends on the            

angular direction of sound radiation. In addition,       

underwater sound  propagation can result in complex, 

environment-specific patterns of received level as a 

function of range from the source. Therefore, definition 

of a sound exposure level (which is then translated to a 

range on a case-by-case basis) may provide more        

consistent results. Historically, marine mammal sound 

exposure threshold levels of 180 dB re 1 µPa for injury 

and 160 dB re 1 µPa for behavioural response were             

commonly cited, particularly in the United States [2], but 

these levels did not effectively incorporate available  

scientific data. Such science-based recommended         

exposure thresholds for any anthropogenic sound that 

may negatively affect marine mammals have recently 

been proposed, with proposed thresholds varying by 

sound type (pulsed or non-pulsed sounds) and marine 

mammal group [2]. The recommendations for exposures 

that risk permanent physiological damage can be          

summarised as follows: 

  Peak exposure levels not to exceed 230 dB re 1 µPa 

for cetaceans, 218 dB re 1 µPa for pinnipeds underwa-

ter, and 149 dB re 20 µPa for pinnipeds in air;  

  Frequency-weighted sound exposure levels not to  

exceed 198 dB re 1 µPa2 * s for cetaceans exposed to 

pulsed sounds, 215 dB re 1 µPa2 * s for cetaceans                

exposed to non-pulsed sounds, 186 dB re 1 µPa2 * s for            

pinnipeds in water exposed to pulsed
3
 sounds, 203 dB re 

1 µPa2 * s for pinnipeds in water exposed to non-pulsed 

sounds, 144 dB re (20 µPa)2 * s for pinnipeds in air           

exposed to pulsed sounds, and 144.5 dB re (20 µPa)2 * s 

for pinnipeds in air exposed to non-pulsed sounds. 

Currently available data are insufficient to quantita-

tively define threshold levels above which marine             

mammals alter their behaviour in response to a sound 

stimulus [2]. Although numerous studies have             

documented such reactions, species, sound type, and             

exposure level cannot fully explain the observed                    

variability of responses.  Reactions probably also depend 

on additional factors like age, sex, initial behavioural 

state, environmental conditions, and source proximity.  

In the absence of validated threshold values, one   

conservative approach would be to use the response 

thresholds of the most sensitive species studied to date in 

assessing the potential risks posed by a particular sound 

source. Among marine mammals studied so far, beaked 

whales and harbour porpoises seem to show behavioural 

responses to sound at the lowest received levels. A small 

number of beaked whales have responded to ship noise 

and simulated military mid-frequency sonar sounds at 

received levels of about 135 dB re 1 µPa [17, 18]. Beaked 

whales and harbour porpoises also respond to pingers 

(active acoustic devices attached to fishing nets to help 

prevent bycatch of marine mammals) with source levels 

between about 130-140 dB re 1 µPa [19-23]. These     

devices seem to be generally effective over short ranges, 

up to perhaps a few hundred meters, although they may be 

audible to the animals at ranges up to several kilometres. 
  

It seems likely that responses to pingers may thus 

depend on source proximity as well as received level. 

Taking the above data into consideration, 130 dB re 1 

µPa rms might be a reasonable rough estimate for the           

behavioural response threshold of sensitive marine            

mammal species. Of course, this value is a gross approxi-

mation. Some dependence on signal frequency and          

content is expected; some animals may respond at even 

lower levels, and less sensitive species may not respond 

even at significantly higher levels. Even so, in the          

absence of more accurate estimates, this value can be 

used to obtain a rough estimate of the area over which a 

given sound source might affect the behaviour of sound-

sensitive marine mammal species.  
 

3. Basic Echosounder Characteristics 

Echosounders have been the most widespread acoustic 

systems used for hydrography and seafloor mapping [24] 

since their invention in the 1920s. Long limited to the 

basic geometry of one single vertical beam, today they 

are very commonly multibeam systems, able to cover a 

very large swath width at once.  

In terms of acoustic radiation, echosounders are        

characterised by: 

  Frequencies in the range of 12 kHz to several        

hundreds of kHz; 

  Transmitted pulses of short duration, typically on 

the order of milliseconds; however, the most          

sophisticated recent systems may transmit long modu-

lated pulses; 

  Source levels typically ranging from 210 to 240 dB 

re 1 µPa @1 m; 

  Pulse rate frequencies controlled by the water 

depth, with highly variable values, typically between 

0.1 and 10 Hz; 

   Limited angle aperture designed to provide a good 

spatial resolution. 

———————————–———————— 
3
 In this context, pulsed sounds are defined as sounds for which the sound pressure level measured in a 35 ms time window is at least 3 dB greater 

than that measured in a 125 ms time window. 
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 Single beam echosounders (SBES) operate at              

various frequencies. Typical values are 12, 24, 30, 38, 50, 

100, 120, or 200 kHz. Some systems dedicated to very 

shallow waters may work as high as 700 kHz, while             

navigation echosounders normally operate at 50 or 200 

kHz. The most common geometry is one conical vertical 

beam (Figure 2), with a fixed aperture
4
 of a few degrees 

(most commonly between 5° and 15°), which is usually 

not steerable. The sidelobes, generating unwanted              

radiation of acoustic energy outside the main lobe, are 

typically 20 dB to 30 dB below the main lobe level. The 

maximal transmit powers may be as high as 210 to 230 dB 

re 1 µPa @1 m, depending on frequency (the highest            

levels are used in low-frequency deep-water applications).  
 

The pulse duration depends on the frequency and 

water depth. It is typically about 0.1% to 1% of the              

two-way travel time from the sounder to the seafloor, 

hence pulse duration may reach several milliseconds for 

the lowest frequencies used in deep water. The pulse    

repetition frequency (PRF) is imposed by the two-way 

travel time: no signal is transmitted before the previous 

echo (and possibly 2 or 3 multiple echoes) has been              

received. Consequently, the duty cycle
5
 values also lie in 

a typical range of 0.1% to 1%.  
 

 Multibeam echosounders (MBES) are far more              

complicated systems, providing the capability to collect 

bathymetry data and image the seafloor very efficiently 

over wide areas. They normally transmit a short pulse 

inside a narrow fan in a vertical plane perpendicular to the 

ship‘s axis (see Figure 2). In the most recent models,         

several adjacent sectors can be transmitted simultane-

ously, hence widening the along-track angular aperture 

and requiring transmission at several different neighbour-

ing frequencies. Various frequency ranges are used,           

depending on the   water depth: 12, 24 or 32 kHz for deep

-water; 70 to 150 kHz for continental shelf applications; 

and 200 to 400 kHz for very shallow applications. The 

transmit sector width is typically as narrow as 1° along-

track (values between 0.5° and 2° are encountered), and 

reaches 120° to 150° across-track; some systems even 

radiate over the whole 180° aperture. Special care is taken 

to minimize sidelobe levels in transmission, and the            

practical results are usually in the range of –25 to –35 dB. 

As for SBES, the achievable maximum level depends on 

frequency: it is around 210 to 220 dB re 1 µPa @ 1 m for 

high-frequency systems, but may exceed 240 dB re 1 µPa 

@ 1 m for the most powerful 12-kHz systems. The pulse 

durations are normally about 0.1% to 1% of the echo           

reception delay, hence typically between 0.1 ms and 10 

ms, with longer pulses corresponding to lower frequencies 

and deep waters. However, the transmit duration is often 

increased because of the need to transmit several adjacent 

pulses at slightly different frequencies in the various           

sectors. The recently-introduced use of FM signals for 

MBES, which generally last tens of milliseconds, also 

increases the duration of acoustic energy radiation. The 

pulse repetition frequency of MBES is normally adapted 

to the reception of the extreme lateral beams, whose 

propagation delay is typically 4 times the two-way travel 

time of a vertical beam. Under this constraint, the PRF in 

very deep water may be as low as 2 pings per minute, 

while the maximum PRF of very-high frequency systems 

may reach 10 to 20 pings per second, if not more. Similar 

to SBES, the duty cycle is on the order of 0.1% to 1%. 
 

 The detailed characteristics of echosounders are             

normally accessible to users through the documentation            

provided by manufacturers along with the hardware. 

Some information may also be obtained from the              

manufacturer web sites. 

4. Case Studies  

4.1. Main Formulas 

The level received by an animal present inside the           

ensonification volume is expressed as: 

 
RL = SL – TL  (1) 

 
where RL is the received level in dB re 1 µPa; and SL is 

the source level (which depends on transmission angle,             

according to the directivity pattern), expressed in           

dB re 1 µPa @ 1 m. TL is the transmission loss in dB, 

approximated for a homogeneous propagation medium 

[24] as:  

 
TL = 20log(R/1 m) +  R    (2) 

 
where R is the oblique sonar-receiver range, and  the 

absorption coefficient in the water in dB/m. Table 1 

gives typical values for  as a function of frequency. The 

strong frequency-dependence of the absorption coeffi-

cient helps explain why received sound levels at a given 

range vary widely with source frequency. 

_________________________________________________________________________________________________________ 

4
All the beamwidth values given here are always correspond to a fall-off of –3 dB of the directivity pattern measured at transmission.  

5 
The duty cycle is the fraction of time that a sounder is actually transmitting.  

Figure 2. Sketch of water column ensonification by a SBES (a 

vertical conical lobe) and a MBES (presented here with two 

adjacent fan-shaped sectors). 
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For instance, considering a 12-kHz MBES transmit-

ting at a maximum SL of 242 dB re 1 µPa @ 1 m, the 

received level at a range of 1 km is RL = 242-20log

(1000)-1.2 = 180.8 dB re 1 µPa. 
 

The sound exposure level is defined as the time               

integration of the squared acoustic pressure (hence            

proportional to the received energy): 
 

          (3) 
 

Considering one ping of duration T, and assuming the 

received pressure amplitude to be constant over                 

reception time (a good first approximation since many                       

echosounders transmit pings with approximately square  

envelopes), the received energy is given by                     . 
 

In logarithmic units, considering a reference level of 

E0 = 1 µPa² * s, the sound exposure level may be written 

as: 
SEL = 10log(E/E0)  (4) 

 
in dB re 1 µPa² * s. Finally, assuming a constant-level        

received pressure, SEL is conveniently computed as: 

 
SEL = RL + 10log(TT) = SL – TL + 10log(TT)       (5) 

 
where TT is the total exposure time (in s) to consider. This 

duration is a function of the transmitted pulse duration T, 

the pulse rate frequency fP, and the total time of presence 

TP of the receiver inside the ensonification volume:  

 
TT = TP  fP  T         (6) 

 
For instance, considering the case of an animal present 

for 10 minutes in the transmit beam of a low-frequency 

MBES sending a 50-ms pulse once every 20 s, the total 

exposure time is TT = 600 / 20 * 0.05 = 1.5 s. At a range 

of 1 km, the sound exposure level is then SEL = 242-

20log(1000)-1.2+10log(1.5) = 182.8 dB re 1 µPa² * s.  
 

We have not included animal-group-specific             

frequency weighting in these calculations, for the purpose 

of simplicity of presentation. This simplification is                

conservative in that frequency weighting effectively filters 

out sounds outside the marine mammal‘s range of best 

hearing, while retaining the original level of sounds inside 

the best hearing range. In effect, the weighting will           

sometimes decrease the effective SEL of a particular 

source, but never increase it.  

 

 

 

 

4.2. Frequency Dependence 

In addition to sound exposure level, it is important to 

consider the correspondence between the frequency band 

perceptible by marine mammals (ideally expressed as an 

audiogram, i.e. hearing threshold vs frequency) and the 

signals transmitted by echosounders. As presented above 

in §2.1, audiograms are available for various marine 

mammal groups (Figure 1). Regarding baleen whales, 

despite the lack of audiometry data, they are expected 

(based on anatomical studies and analysis of the sounds 

they produce) to hear best at low frequencies, probably 

below about 20 kHz [3]. Comparing the frequency ranges 

of marine mammal hearing with those used by            

echosounder reveals that: 

 High-frequency echosounders (200 kHz and beyond)      

are presumably not generally audible to marine                            

mammals; 

 Mysticetes are unlikely to detect any frequency used                         

       by echosounders, except the lowest one (12 kHz); and 

 The maximum effect is expected for odontocetes, 

since their frequencies of best hearing (10-100 kHz) 

overlap with low-and medium-frequency echosounder 

signals. 
 

4.3. Direct Ensonification 
 

The first case considered here is when sound can 

propagate directly from the sonar to an animal inside the 

echosounder transmission lobe. In this case, the received 

level is estimated from Equation (1). The risk area is 

hence defined by the range within which RL exceeds a 

certain threshold (here called RLT). The condition leads to 

the limit value of transmission loss TL given by: 
                             

                                                            (7) 

 
The transmission loss value is then converted into a range 

value by solving Eq. (2) for R. For instance, considering 

SL = 242 dB re 1 µPa @ 1 m, the RL value first falls    

below the threshold of 230 dB re 1 µPa (see §2.3 above) 

at a range corresponding to a transmission loss TL = 12 

dB, i.e. a range of about 4 m.  
 

The same approach holds for the Sound Exposure 

Level, which is to be compared to the threshold value 

(here called SELT) to consider. The condition leads to the 

limit value of transmission loss: 
               

  
 

F (kHz) 12 24 32 38 50 70 100 120 150 200 300 400 

 (dB/km) 1.2 4.3 7.1 9.6 14.9 24 36 42 50 61 80 101 

Table 1. Absorption coefficient values (in dB/km) as a function of frequency (in kHz), computed at depth 10 m,                   

temperature 13°C, and salinity 35 p.s.u (see [25]).  

2( )E p t dt 

2 *rmsE p T

TL SL RLT 

(8) 10log TTL SL T SELT  
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For instance, again assuming SL = 242 dB re 1 µPa @ 1 m 

and TT = 1.5 s (see §4.1), RL falls below the 198 dB re 1 

µPa² * s threshold at a range corresponding to a transmis-

sion loss TL = 46 dB, i.e. a range of about 200 m. 

 

4.3.1. RL in direct ensonification 
 

Received levels from any echosounder fall below 

the RL threshold value for cetaceans defined by Southall 

et al. (230 dB re 1 µPa) [2] at very short ranges. Many 

systems transmit at source levels below this value, and a 

SL of 250 dB re 1 µPa @ 1 m would be required to exceed 

this RL at a range of even 10 m.  
 

Of course, echosounder received levels will exceed 

the RL threshold value (130 dB re 1 µPa) associated with 

the behavioural response threshold at much larger ranges. 

For echosounders transmitting at 210 to 240 dB re 1 µPa 

@ 1 m, the 130-dB threshold level corresponds to signifi-

cant propagation losses, ranging from 80 dB to 110 dB. 

We present in Figure 3 the limit range for various values 

of SL and frequency. The results show that for values of 

SL within the usual range (220 to 230 dB re 1 µPa @ 1 

m), received levels exceed the RL threshold at ranges up 

to several kilometres (up to 20 km at 12 kHz for a SL of 

240 dB re 1 µPa @ 1 m).  
 

4.3.2. SEL in direct ensonification 
 

In calculating SEL for an animal in the sonar beam, 

we consider a cumulative exposure duration of 1 second. 

This is a good conservative order of magnitude estimate, 

since it would correspond to tens of pings of a typical low

-frequency system operating in deep water, and several 

thousands for a high-frequency echosounder in a shallow 

area. Both scenarios would correspond to an animal             

staying in the ensonified sector for tens of minutes.  

The limit range corresponding to the SEL threshold 

of 198 dB re 1 µPa² * s is computed for various values of 

SL and frequencies. The results are plotted in Figure 4; 

they show that for SL within the usual range (220 to 230 

dB re 1 µPa @ 1 m), the SEL threshold is reached at 

ranges between 10 and 40 m. Limit ranges of 100 to 200 

m are possible for low-frequency transmissions at             

240-250 dB re 1 µPa @ 1 m. 

4.4. Effect of Transmission Directivity 
 

Source directivity can strongly affect the risks posed 

to animals by underwater sound radiation. Low-

frequency, wide-aperture, powerful sources, such as             

airguns used for seismic exploration or naval sonars used 

in military applications, radiate with little or no selectivity 

in the horizontal plane. Thus, exposure levels vary with 

depth and range from the source but do not depend further 

on source-receiver geometry. On the other hand, a direc-

tional source (such as a seafloor-mapping sonar) is           

expected to have a much more limited impact on the               

environment if its ensonification volume is sufficiently 

narrow in the horizontal plane.  
 

While the angular selectivity provided by the            

echosounder directivity may be considered as a mitigating  

factor on average, it is still necessary to consider the case 

where an animal is actually present inside the ensonified 

volume. In this case, the issue is to estimate the duration 

of the sound exposure.  

Figure 3. Limit range corresponding to a  received level of 

130 dB re 1 µPa (putative behavioural response threshold), 

as a function of SL and frequency 

Figure 4. Limit range corresponding to a sound exposure 

level of 198 dB re 1 µPa² * s (given in [2]), as a function of 

SL and frequency; the SEL is computed for a cumulated               

exposure duration of 1 s.  
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We consider here the case in which an animal is at a 

fixed location (or travelling at negligible speed)               

relative to the survey ship carrying the sonar. If R is the 

oblique sonar-animal range (see Figure 5), the ensonified 

along-track segment has a length R, where  is the longi-

tudinal transmitting lobe aperture. The animal is present 

inside the ensonified area for the time it takes the ship to 

run the distance R at speed V, or R/V. Finally, the              

number of transmitted signals contributing to the exposure 

is equal to R/V * fR, where fR is the pulse repetition                

frequency.  

The number of received signals increases as range R 

increases; however, the level of each received signal            

decreases with range because of propagation loss, so SEL 

still generally decreases with range.  

Figure 6 displays the SEL variation with range R for 

the same 12-kHz MBES as considered previously.             

Assuming the capability to simultaneously transmit four 

adjacent sectors of 1° each, an along-track aperture of            

=4° is considered.  

To incorporate source transmission geometry and 

directivity into an estimate of the average impact of a 

given sonar, a good first approach is to consider the sector 

ensonified by the sonar as a ratio of the total available 

space (half a sphere, or 2 radians, for a source close to 

the surface). This Radiation Directivity Factor (here called 

Rdf) represents the probability that a receiver is located 

inside the transmission sector: 

Rdf = /2  (9) 

Hence Rdf features the equivalent solid aperture an-

gle  of the transmitting sector, and is closely related to 

the classical directivity index DI = 10log(/4) of a 

sound source [24]. For instance, considering a single 

beam echosounder of conical beam aperture 5°, the Rdf 

value is about Rdf    * tan²(2.5°)/2  10-3. For a             

multibeam  echosounder transmitting in a fan-shaped               

sector 2°x120°, one can estimate Rdf  2 * 120 * 

(/180²/2  0.012. Of course, for an omnidirectional 

source (in a 2 half-space), the Rdf value approaches 

unity. 

The Rdf value expresses the probability that a given 

receiver, one among a set of receivers equally distributed 

in space, is located within the transmitted sonar beam. It 

gives an estimate of the average exposure level over a 

given area when the relative positions of the sonar and 

receiver cannot be accurately specified. In cases where 

exact source-receiver geometry is known, Rdf should of 

course be replaced by estimates accounting for this                

geometry. 

 

 5. Discussion and Conclusions 
 

The analysis presented above indicates that, in terms 

of the risk of auditory system damage, hydrographic and 

bottom-mapping sonars pose minimal threats to marine 

mammals, according to the state-of-the-art understanding 

of this risk. Compared to military sonars and seismic air-

gun arrays, they feature: 

 lower source levels (although low-frequency       

multibeam systems can transmit sound levels 

around 240 dB re 1 µPa @ 1 m), minimizing the 

risk of auditory damage related to peak amplitude 

of sound;  

 transmission of very short pulses at limited ping 

rates, decreasing the practical sound exposure 

level (corresponding to the received sound             

intensity integrated over time); 

 selective angular directivity, decreasing the           

probability of ensonification (by comparison with      

omnidirectional sources) and minimizing the        

duration of the ensonification when it happens.  

 

Since seafloor-mapping sonars pose a reduced risk 

of auditory system injury in comparison to military              

systems or seismic sources, their use may not require the 

same extensive mitigation measures. 

 

The potential effects of such devices on marine 

mammal behaviour, on the other hand, are less clear. First, 

the threshold levels above which animals may show             

behavioural responses are poorly understood at present. 

Available data suggest that the drivers of responses are 

Figure 5. Geometry of ensonification by an MBES on both 

sides of the ship that carries it, represented for simplicity in a 

horizontal plane. 

Figure 6. Maximum SEL value for a stationary animal          

ensonified by a LF MBES surveying at 8 knots, presented as a 

function of water depth. 
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solely on the sound type and the exposure level. More-

over, the biological significance of observed responses is 

not always clear. In this paper, for purposes of illustration, 

we have adopted a conservative (low) estimate of a behav-

ioural response threshold level. If this estimate is accurate, 

even for a subset of sensitive species, then many sonars 

may indeed have potential to influence marine mammal 

behaviour over relatively wide areas. Quantifying the 

practical significance of this type of impact would             

enhance understanding of the general issue of underwater 

ambient noise increase, of which echosounder transmis-

sion is one component among others. These results could 

have useful management implications, as regulations 

evolve to better control anthropogenic underwater noise. 
  

Given the somewhat hypothetical nature of several 

elements of the analysis presented here, this paper cannot 

provide answers to all the questions raised by the use of 

seafloor-mapping sonars and their risk to marine life. 

These matters need to be considered in the political, social 

and scientific arenas. We present the above results in  

order to summarize knowledge related to this particular 

issue for the concerned community. Moreover, we broach 

this topic in the hope of motivating further discussions, 

and promoting a rational, comprehensive and science-

based approach to address the effects of active acoustic 

devices on marine mammals.  
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Abstract 

    
Résumé 

One of the most significant issues in hydrography today is the use of the ellipsoid as a vertical            

reference for surveying measurements.  High-accuracy GPS is used to vertically position                   

hydrographic data collection platforms, relating bathymetric observations directly to the ellipsoid.  

Models are used to translate those observations to another datum.  The use of high-accuracy vertical 

GPS and translation models to replace traditional tidal correctors is relatively new to the                    

hydrographic community and, as such, requires some discussion.  Even though individual                

components of the process are well understood in their particular field, it is their amalgamation and 

application to hydrography that requires explanation, clarification and evaluation. 
 

Many hydrographic organizations around the world are using Global Navigation Satellite Systems 

(GNSS) derived heights in their data collection and processing stream.  The International Federation 

of Surveyors (FIG) has recognized the importance of these new developments and has established a 

new working group under Commission 4, tasked to developing best practices for Ellipsoidally           

Referenced Surveys (ERS).  Over twenty groups from academia, industry and government who are 

engaged in some form of ERS have provided the working group with a summary of their practices 

and experiences. This paper outlines the issues related to ERS and summarizes the solutions being 

employed. 

Une des questions les plus importantes en hydrographie aujourd‘hui est l‘utilisation de l‘ellipsoïde 

comme référence verticale pour le mesurage des levés. Le GPS à haute précision est utilisé pour 

positionner verticalement les plates formes de collecte des données hydrographiques,  rapportant les 

observations bathymétriques directement à l‘ellipsoïde. Les modèles sont utilisés pour convertir ces 

observations dans un autre système. L‘utilisation du GPS vertical à haute précision et des modèles 

de conversion pour remplacer les correcteurs de marée traditionnels est relativement nouvelle pour 

la communauté hydrographique et, en tant que telle, nécessite une certaine discussion. Même si les 

composantes individuelles du processus sont bien comprises dans leur domaine spécifique, c‘est 

leur fusion et leur application à l‘hydrographie qui nécessite des explications, des éclaircissements 

et une évaluation. 
 

De nombreux organismes hydrographiques dans le monde utilisent les hauteurs dérivées des systè-

mes globaux de navigation par satellite (GNSS) dans leur collecte et flux de traitement des données.  

La Fédération internationale des géomètres (FIG) a reconnu l‘importance de ces nouveaux dévelop-

pements et a établi un nouveau groupe de travail dans le cadre de la Commission 4, chargé de déve-

lopper de meilleures pratiques pour l‘ERS (Ellipsoidally Referenced Survey).  Plus de vingt groupes 

du milieu universitaire, de l‘industrie et du gouvernement engagés dans une quelconque forme 

d‘ERS ont fourni au groupe de travail un résumé de leurs pratiques et expériences. Cet article passe 

en revue les questions liées à l‘ERS et résume les solutions mises en oeuvre. 
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Resumen 

 

 

 

 

Uno de los temas más significativos en la hidrografía actual es el uso del elipsoide como referencia 

vertical para las medidas hidrográficas.  El GPS de alta precisión se utiliza para posicionar                

verticalmente las plataformas para la recogida de datos hidrográficos, relacionando las observaciones 

batimétricas directamente al elipsoide.  Se utilizan modelos para traducir esas observaciones a otro 

plano de referencia. El uso de un GPS vertical de alta precisión y de modelos de traducción para 

sustituir a los correctores de mareas tradicionales es relativamente nuevo para la comunidad 

hidrográfica y, como tal, requiere una cierta discusión. Aunque se entienden bien las componentes 

individuales del proceso en su campo particular, lo que requiere una explicación, una aclaración y 

una evaluación es su amalgama y su aplicación a la hidrografía. 

 

Muchas organizaciones hidrográficas del mundo entero están utilizando en la recogida y el flujo de 

tratamiento de sus datos las alturas derivadas mediante los Sistemas Mundiales de Navegación por 

Satélite (GNSS). La Federación Internacional de Geodestas (FIG) ha reconocido la importancia de 

estos nuevos desarrollos y ha creado un nuevo grupo de trabajo en la Comisión 4, a la que se ha   

atribuido la tarea de desarrollar las mejores prácticas para los Levantamientos Referenciados            

Elipsoidalmente (ERS). Más de veinte grupos de la enseñanza, la industria y el gobierno, que están 

implicados en alguna forma de ERS, han proporcionado al grupo de trabajo un resumen de sus 

prácticas y experiencias. Este artículo destaca los temas relativos a los ERS y resume las soluciones 

que se están empleando. 
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1. Introduction 
Many of the groups using ellipsoidally references              

surveying (ERS) techniques have developed their internal 

standard operating procedures (SOP) through in-house 

testing and experience (trial and error).  It is this wealth 

of experience that is being drawn upon to help develop a 

set of "best practices" for the hydrographic industry.  The 

development of ERS best practices is being conducted by 

an FIG working group under Commission 4. 

 

Information was gathered for this project in two stages.  

The first stage, beginning in the summer of 2009 prior to 

the formation of the ERS working group, was sponsored 

by CARISTM.  Their interest was in the development of 

tools and procedures to assist the CARIS HIPSTM user 

community in the editing, evaluation and application of 

ERS related information.  In this initial stage, requests for 

information on ERS practices were sent to contacts of the 

author.  Several groups, having experience in ERS prac-

tices since the early 2000's, provided extensive details of 

their procedures.  The results of this information gather-

ing stage was compiled in an unpublished discussion pa-

per outlining the issues surrounding ERS in hydrography 

and detailing the procedures used by respondents (Dodd, 

2009).  A summary of the issues described in that discus-

sion paper was presented at the 2010 FIG conference in 

Sydney Australia (Dodd, et al, 2010).  A list of contribu-

tors can be found in the Stage 1 section of Contributor 

References at the end of this document. 

 

The second stage of information gathering, beginning in 

the summer of 2010, was initiated under the auspices of 

the FIG Commission 4 ERS working group.  Information 

was requested from a much wider audience through a 

questionnaire.  The findings summarized in this paper 

were compiled from the results of both stages of informa-

tion gathering.  A list of contributors can be found in the 

Stage 2 section of Contributor References at the end of 

this document. 

 

2. Background 
The issues associated with ERS are summarized in the 

FIG proceedings paper Dodd et al (2010).  A brief over-

view of these issues will be presented here along with a 

new section discussing airborne Lidar bathymetric (ALB) 

applications.  Airborne and ship borne ERS have many 

issues in common, but also have several distinctions.  

Both require high accuracy GPS and translation of the 

antenna position to the vehicle reference point; however, 

the processing and data collection procedures differ 

somewhat.  The primary difference is the establishment 

of the sea surface.  In ship borne operations, the vessel 

itself measures the sea surface location, whereas with 

Lidar, the laser measures the location of the sea surface.  

The vessel measures a smoothed sea surface (with swell 

but no waves), whilst the lidar measures the instantaneous 

sea surface, including waves and swell.  In both cases, a 

mean sea surface must be determined in order to apply 

observed tides, unless ERS techniques are being used. 

 

2.1  GPS Terminology 

For the purpose of this discussion, the following GPS   

terminology will be used: 

 RTK: Real-Time Kinematic (fixed or float solution) 

 PPK:  Post-Processed Kinematic (fixed or float                   

solution) 

 RTG:  Real-Time Gypsy,  real-time precise point 

positioning 

 PPP:  Post-processed Precise Point Positioning. 

 

2.2  Ship Borne Derived Ellipsoid Depth 

Vertical surveying with respect to the ellipsoid in the ma-

rine environment includes: 

 

1. GPS positioning of the receiving antenna 

2. Translation of that height to the vessel reference 

3. Relating of the GPS derived vessel reference height 

to the smoothed water surface (GPS Tide) or                

directly to the seafloor 

4. Transformation of the seafloor height to a geodetic 

or tidal datum 

5. Storage and manipulation of information, with               

respect to a common datum, for merging with other 

data (land or sea), analysis and creation of products. 

6. Propagation of uncertainties through the entire 

process. 

 

2.2.1    Vertical Components 

The following list describes the terminology associated 

with the vertical components of hydrographic surveying 

with respect to the ellipsoid (see Figure 1). 

 

1. Observed GPS height is the distance from the            

Ellipsoid to receiving antenna phase centre 

2. DZ (antenna) is the vertical offset between the an-

tenna phase centre and the vessel reference point 

(RP). 

3. DZ (transducer) is the vertical offset between the 

RP and transducer. 

4. Observed depth is from transducer to bottom. 

5. Dynamic draft (DD), or settlement and squat, is the 

change in the vessel‘s vertical position in the water 

due to speed through the water (water surface to 

RP). 

6. Heave is the short term vertical movement of the 

vessel with the water surface (WS), about a mean 

water level (MWL), measured at the RP. 

7. Removal of heave, settlement and squat produces a 

water level (WL), which includes the tidal compo-

nent. 
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8. Removal of the tidal component from the WL             

produces the Chart Datum. 

9. Ellipsoid to Chart Datum is the separation model 

(SEP) 
 

 

2.2.2  Heave 

For ship borne applications the use of observed heave in 

combination with GPS heights can be confusing. There 

are essentially two methods of dealing with heave: One is 

to apply observed heave to depths and then remove the 

observed heave from the GPS height observations. The 

other is a direct observation from the ellipsoid to the             

seabed, ignoring heave altogether. 
 

In many cases heave is applied to depths in real-time, and 

must then be removed from the GPS height observations.  

In this case the heave corrected GPS heights can be used 

as pseudo-tide observations, and can be smoothed to            

remove noise from the vertical GPS position.  The term 

pseudo-tide is used here because the smoothed water 

level will still include dynamic draft and other variations 

in the vertical offset (including heave artifacts).  It should 

be noted that this method removes longer term heave                 

artifacts while retaining the advantage of higher           

frequency heave for interpolation between GPS epochs.  

In order to view corrected data during acquisition, the 

application of heave is necessary; however, when using 

ERS, the heave component is no longer as essential (and 

problematic) a component as it once was. 
 

In theory, heave is not necessary because vertical antenna 

movement is the same as the vertical transducer                   

movement.  A single observation of the antenna location 

combined with a depth observation at the same epoch 

(adding the pitch and roll corrected antenna/transducer 

offset) will produce a depth from the ellipsoid to the sea 

bed.   
 

However, GPS and depth observations are rarely collected 

at the same rate, with GPS usually collected at a much 

lower rate and interpolation is required.  Also, the GPS 

rate is usually not high enough to capture the entire heave 

signal (although that is changing). Inertial-aided GPS             

positioning (e.g. from PosPacTM), which interpolates a 

position of the IMU reference for every motion epoch, 

provides a smoothed height with high enough resolution 

to allow for direct combination with the depths.  In this 

case the heave observation is not necessary 
 

Although heave and dynamic draft observations may not 

be necessary to determine a final depth value, they may be 

necessary to determine the location of the transducer 

within the water column for precise ray tracing                   

calculations and to retrieve the actual water surface.  One 

significant advantage of retrieving the water surface is 

that it allows for a comparison with traditional tidal              

techniques.  The ellipsoid to water surface observations 

also provide validation for hydrodynamic models.  
 

2.3 Airborne Lidar Derived Ellipsoid Depths 

Surveying with respect to the ellipsoid is particularly ad-

vantageous in Airborne Lidar Bathymetry (ALB) 

(Guenther, 2001).  Traditionally, depths are determined by 

differencing the water surface return from the sea bottom 

return and applying tide gauge observations to establish 

depths relative to the sounding or chart datum.  The main 

difficulty in this process, other than the usual propagation 

of tidal datum to the survey site, is the establishment of 

the water surface.  Algorithms must be used to determine 

and remove the wave height, as well as the longer period 

swell.  A mean water surface must be established using 

surface returns from a period of time greater than a few 

wavelengths of the swell period.  Vertical movement of 

the aircraft (heave) during this period must also be ac-

counted for.  When using GPS heights of the aircraft to 

reference the sea bottom surface, it is not necessary to 

establish the mean water surface for tidal reduction, and 

knowledge of the aircraft heave is no longer needed.  Sur-

veying to the ellipsoid has the added advantage of estab-

lishing bathymetric and topographic returns to the same 

reference when both are observed in a survey swath.  

(Guenther et al, 2000) 
 

2.4 Ellipsoid to Chart Datum 

The transformation of depths from the ellipsoid to chart 

datum is the most problematic part of the ERS process.  

Finding models for ellipsoid to geoid height difference is 

relatively straight forward.  The main problem comes 

when translating from the geoid through to chart datum.  

The most straight forward method is to establish an ellip-

soid height at a tidal benchmark.  This will establish a 

directly observed separation (SEP) between chart datum 

and the ellipsoid.  For small survey areas, this single value 

may suffice, as long as the geoid/ellipsoid (N) separation 

in the area does not change.  If it does, then the SEP ob-

servation at one location can be used to anchor the local 

variations in N.  This can be done by applying a single 

chart datum to geoid shift to a grid of N values.  Essen-

tially, what is needed is a method to determine the chart 

datum to geoid separation, then attaching that to the local 

N model.  If several tide gauge locations are used, the 

chart datum to geoid values can be interpolated between 

stations and then attached to the N model. 

Figure 1: Vertical Components [Dodd et. al (2010)] 
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As the area in question gets larger, and/or ocean dynamics 

become more complex, the chart datum to geoid models 

also become more complex.  Separation models include 

chart datum to mean sea level, mean sea level to the geoid 

(sea surface topography) and geoid to ellipsoid (N).  The 

United Kingdom Hydrographic Office (UKHO) has de-

veloped VORF (Vertical Offshore Reference Frame) 

separation models for their coastal waters (see Adams, 

2006).  The National Oceans and Atmospheric Admini-

stration (NOAA) had developed VDatum for much of the 

USA coastal waters (see Gesch and Wilson, 2001).  

 

Of particular importance to the hydrographic community 

is total propagated uncertainty (TPU).  TPU models have 

been developed for all aspect of the ERS process except 

for the SEP translation process.  A discussion of TPU and 

VDatum can be found at the website: http://

vdatum.noaa.gov/docs/est_uncertainties.html 

 

3. Questionaire 
The following is a list of questions sent to various organi-

zations.  The responses to these questions are summarized 

in the next section.    

 

1) What vertical positioning methods are used? 

a. Real-time or Post Processed 

b. PPP, PPK, RTG, RTK 

c. Are GPS heights smoothed to extract the tidal             

signal or used directly? 

d. Are heave and/or dynamic draft and/or waterline 

O/S applied to the GPS heights? 

2) How do you determine the vertical offset between the 

GPS phase center and depth reference point?  Are any 

calibration/validation procedures used? 

3) Do you have any vertical position QC procedures? 

4) How do you estimate and apply vertical positioning 

uncertainty? 

5) Do you use observed water levels (traditional tides   

during data collection? 

6) How do you deal with the Ellipsoid to Chart datum 

separation (SEP)?  

a. Single value 

b. Separation surface; if so, do you include: 

i. Hydrodynamic modeling 

ii. Sea Surface Topography 

iii. Water Level Stations 

iv. Geoid Modeling 

v. Direct GPS/Water Level observations at shore 

stations 

vi. GPS buoy observations 

7) How do you validate your SEP and deal with uncer-

tainty associated with it? 

8) What processing methods do you use and in what             

sequence do you perform the various operations                 

(e.g. where do you translate from the ellipsoid to               

chart datum)? 

9) Data archive (format, vertical datum, as soundings or as 

surfaces…) 

3.1  Vertical Positioning Method 

Most of the respondents are using a combination of post-

processed kinematic (PPK) and real-time kinematic 

(RTK).  Several groups are experimenting with precise 

point positioning (PPP) in post-processing.  Very few are 

using real-time PPP (RTG). 

 

Most groups indicated that they observe heave and proc-

ess to establish a mean waterline similar to a tidal surface. 

Many use an inertial-aided solution (from PosPacTM) to 

generate high frequency positions of the vessel RP.  Some 

also include dynamic draft to get a mean water surface, 

which will allow for a direct comparison with tide gauge 

observations.  Others apply heave, but not dynamic draft, 

in which case the mean water surface will include              

dynamic draft.  NOAA applies static draft, dynamic draft 

and heave to determine the location of the transducer in 

the water column for ray tracing.  These observation are 

subsequently removed from the GPS height observations 

(Riley, 2010) 
 

Recommendations 

1. Use RTK and/or PPK as the primary positioning 

method 

2. Use PPP as a back-up and as primary if necessary 

3. Until RTG reaches lower uncertainty, it should be 

used for real-time data collection, but replaced by 

PPP in post-processing. 

4. Always record and archive raw GPS and motion 

observations 

5. If using a base station, adhere to strict installation 

and data recording protocols, especially when re-

cording antenna heights. 

6. Continue to record real-time heave for data valida-

tion, even if it is not used in the final solution. 

3.2  Vertical Offsets and Validation 

All respondents determined the antenna to vessel refer-

ence point (RP) either through total station observations 

or tape measure.  Most perform some form of offset check 

at a tide gauge location where GPS heights, translated to 

the waterline (with the vessel at rest), are compared to the 

tide gauge observations.  This evaluates offsets as well as 

the separation model, at that location.  No specific time 

durations were quoted.  Some respondents use the above 

methods, as well as surveying over a well established  

section of seafloor, such as the concrete lock in a                   

waterway (Bartlett, 2010). 

 

Establishment of the antenna phase center with respect to 

the antenna reference point can be problematic.  Some use 

manufacturer‘s values while others use US National               

Geodetic Survey (NGS) published values, either absolute 

or relative.  Although the phase center is usually refer-

enced to a single point (mean phase center), there is a 

variation in that mean that is relative to the elevation (and 

to a lesser extent azimuth) angle of the incoming signal.   
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 The relative calibration refers to the phase center as             

determined with another "base" antenna.  The absolute 

phase center refers to the phase center without a reference            

antenna.  NGS relative and absolute phase center values 

can be obtained from "http://www.ngs.noaa.gov/

ANTCAL/".  (Bilich and Mader, 2010) 
 

Recommendations 

1. Perform side-by-side validation at an established tide 

gauge at the beginning and end of each project.               

Comparisons should take place over an entire tide  

cycle, or at a minimum three hours.   

2. Use the NGS average values from the absolute calibra-

tion sheets for antenna phase center offset values. 

3.3 Vertical Positioning Quality Control 

Vertical position quality control refers to the methods 

used to determine the confidence in the vertical GPS             

solution.  Most respondents use traditional validation 

methods such as cross-check lines and comparison to 

other surveys.  Some determine GPS tides and compare 

them to observed tides from nearby tide gauge observa-

tions.  Heave is also used to validate GPS movement.  The 

statistics and solution types (float or fixed) from GPS 

processing software are also used.  In Figure 2, a problem 

with the GPS solution is indicated by the solution and 

vertical uncertainty, whereas the heave value remains   

consistent.  Viewing a standard deviation surface will also 

show areas where GPS "outages" occur (see Figure 3).  

Some respondents also compare results determined using 

PPK to those determined using PPP.  This method helps to 

validate base station coordinates, antenna height and              

vertical ellipsoid reference. 

 

 

Recommendations 

It is necessary to monitor the GPS solution to detect any 

precise positioning outages.  Having a tool set that can 

display heave, GPS height, height uncertainty and               

observed tide can facilitate the editing of suspect areas.  

Automatic filtering tools could also be used to detect 

times where the GPS height uncertainty exceeded some 

criteria.  Viewing a standard deviation surface early in the 

data processing/evaluation stream could also be used to 

identify potential problem areas. It would be advanta-

geous to have a tool that will allow for the use of standard 

tides during GPS position dropouts. 

3.4 Vertical Positioning Uncertainty 

The most favored approach to handling vertical position-

ing uncertainty is to use the values derived in the GPS 

processing software.  One example is the use of PosPacTM 

to derive a Smoothed Best Estimated Trajectory (SBET) 

of the positions, including the uncertainty values, and im-

port them into CARIS HIPS™, where they are used in the 

overall uncertainty calculations.  One improvement would 

be to have the ability to graphically view the uncertainty 

values in conjunction with the GPS heights.  

 

Recommendations 

The vertical uncertainty from the GPS observation and 

computation process must be included in the final depth 

uncertainty determination.  Translation of that position to 

the RP must also be taken into account.  Care must be 

taken to insure that heave and dynamic draft uncertainties 

are not included in the overall uncertainty determination.  

 

3.5  Use of Observed Water Level 

The response to this question was mixed.  Some do not 

use tide gauges at all, while others use the gauges as a 

back-up and for QC.  Several respondents still use gauges 

as the primary reference while the use of ERS is being 

evaluated.  In general, in areas where the separation model 

is well established, tide gauges are either not used, or used 

only for back-up and QC.  In areas where the separation 

model is not well established, tide gauges are used to help 

establish the model. 

 

Recommendations 

It is recommended that a tide gauge be used during a            

survey.  This will provide a back-up in case of GPS             

outages and provide QC for GPS height validation.  The 

gauge data can also be used to validate or even enhance 

the separation model. 

Figure 2:  GPS Vertical Uncertainty  

Figure 3:  GPS height anomaly as seen in a standard            

deviation surface  



25 

INTERNATIONAL HYDROGRAPHIC REVIEW                                                                                                             NOVEMBER  2011 

 

3.6  Separation Model Development 

Separation model development is the most difficult, and 

uncertain, portion of the entire ERS process.  The most 

advanced groups in this area are NOAA with VDatum 

and the UKHO with VORF.  Many respondents use a 

combination of methods.  An actual separation value is 

observed at tide gauge locations and these values are then 

extrapolated/interpolated to cover the areas of the survey.  

In small areas, many simply use a single value derived at 

a gauge.  Most use some variation of SEP determination 

at gauge locations and interpolation between gauges in      

combination with a geoid model.  Most are experimenting 

with the inclusion of hydrodynamic models. 
 

Naval Oceanographic Office Lidar operations use SEP 

observations at tide gauges and adjust (translate - one 

gauge, slope - two gauges, or rubber sheet - more than 

two gauges) the EGM08 geoid model to fit chart datum at 

each gauge location (Elenbaas, 2010).  GPS buoys are 

used to enhance the model at survey location through   

water level transfer from a primary gauge.   
 

NOAA uses VDatum in areas where there is coverage, 

and traditional tides elsewhere.  In areas outside of             

VDatum coverage, they are exploring the use of observed 

tides and tide zoning in combination with GPS tides to 

derive an in-situ separation model (Riley 2010, Rice 

2011). 
 

Recommendations 

It is recommended that any interpolation of SEP values 

between gauges include a geoid model.  This is a reasona-

bly simple method for developing a first estimate of an 

SEP model.  Sea surface topography and hydrodynamic 

modeling should be incorporated into the model as that 

information becomes available. 
 

3.7  Separation Model Validation and Uncertainty 

Some respondents validate the separation model by            

comparing GPS tides to traditional observed tides at the 

survey location, or comparing the seafloor surfaces            

generated by the two methods.  For groups just beginning 

to use ERS, this process is conducted for all data in all 

surveys.  For those further along in ERS usage, this             

comparison is only conducted for a subsection of the 

data.  Models can be validated by observing an SEP at a                        

location that was not used in the model generation.  GPS 

buoys will be very effective tools for this type of             

validation, and model enhancement. 
 

Uncertainty in the models includes a combination of   

uncertainties in all surfaces used to generate the model 

(ellipsoid, geoid, hydrodynamic, sea surface topography) 

as well as the translation between these surfaces.  
 

Recommendations 

It is recommended that those starting to use ERS continue 

to conduct surveys using traditional means and compare 

the GPS derived results.  It is not necessary to go as far as 

developing seafloor surfaces from both methods.  Simply 

comparing tides for each line determined using both     

methods (GPS tides and traditional) will suffice. 
 

Determining uncertainty in SEP modeling is a topic of 

discussion in the industry and all those using, or planning 

to use, ERS are encouraged to participate.  
 

3.8  Processing Stream 

The responses to this question were mixed.  Some apply 

SEP model translation in real-time (if using RTK) during 

data collection (e.g. in QINSyTM or HypackTM) and              

subsequently directly to the depth observations.  Others 

perform translation in the early stages of data processing 

(e.g. in CARIS HIPSTM).  Others do all cleaning, evalua-

tion and editing relative to the ellipsoid and move to chart 

datum at the final step (common in Lidar operations).  

 

Recommendations 

It is not relevant where the translation takes place, as long 

as it is documented.  Separation models must have associ-

ated metadata to indicate what they translate between, 

including epochs.  Resulting surfaces should also contain 

this information. Regardless of where the translations take 

place, it is essential that it be possible to translate back to 

the original ellipsoid surface if necessary.  If  separation 

models are applied in real-time, all data related to that 

translation must be recorded (including the RTK observa-

tions). 
 

3.8  Data Archive 

No clear consensus on how to archive data could be 

gleaned from the responses.  Most are continuing with the 

traditional approach of storing soundings to chart datum.  

NOAA is archiving in BAG format that includes the              

storage of "corrector" surfaces such as the SEP model 

(Riley, 2010). 
 

Recommendations 

When data is archived it is essential that it be accompa-

nied with metadata that clearly defines exactly what    

translations have been applied.  Separation models also 

need metadata attached that will identify epochs and             

reference datums.  Ideally, data should be archived                 

relative to the most stable surface (e.g. reference ellipsoid) 

and all separation and translation surfaces should be             

related to it.  If this is the case, the original data and               

reference would not change, only the separation models to 

get them to another datum (geoid, chart, ...) would change.  

However, this may take time because most historic data 

holdings are related to chart datum.  The key is proper 

metadata management.   



26 

INTERNATIONAL HYDROGRAPHIC REVIEW                                                                                                             NOVEMBER  2011 

 

4.  CHS Quebec Case Study 

Reference: Godin et al 2009 
 

CHS Quebec is responsible for the Quebec portion of the 

Saint Lawrence Seaway out into the Gulf of Saint              

Lawrence (see Figure 4).  The Quebec region is divided 

into two sections; channel and offshore.  The channel 

group is responsible for surveying critical channel areas 

that are dredged to maintain minimum depth.  Their area 

of responsibility stretches from just west of Montreal to 

just east of Quebec City.  The offshore group is responsi-

ble for all other navigable waters.  The Quebec region 

started looking into the use of high-accuracy GPS heights 

for surveying in 1995 and the technology is now an             

integral part of their operations. The following             

subsections give an overview of their application of ERS.   

 4.1  Data Collection 
A series of permanent GPS base stations have been estab-

lished along the shores of the Saint Lawrence River to 

enable the use of Real-Time Kinematic (RTK) positioning 

in all areas monitored by the channel group.  The system 

in use is Thales™ LRK (Long Range Kinematic).  Hy-

pack™ is used for real-time navigation and tidal estima-

tion using the RTK solutions.  An ellipsoid to chart datum 

separation (SEP) model is used by Hypack™ to reduce 

the GPS heights to chart datum.  Heave and dynamic draft 

(if available) are also removed to produce an instantane-

ous tidal estimate, with respect to chart datum.  This GPS 

derived tidal estimate is compared to a predicted estimate 

derived from hydrodynamic modeling for real-time tide 

validation.  The development of the SEP and prediction 

models will be discussed later.  

The offshore group does not normally use RTK.  Instead, 

they use Post-Processing Kinematic (PPK) software to 

determine high-accuracy 3D GPS solutions for the                   

antenna. 

Both the channel and offshore groups use relative                 

positioning in that the solutions are determined using a 

base station.  As such, the resulting position datum, both 

vertical and horizontal, is defined by the coordinates used 

for the base station.  The channel chart datums were       

established relative to NAD83 using the Canadian Spatial 

Reference System CSRS‘96 (version 1) adjustment.  As a 

result, the base stations and resulting vessel positions               

remain in this coordinate system.  The offshore group has 

been using NAD83 based on CSRS‘98 (version 2).  

Therefore, the two vertical datums are slightly different – 

as defined by the base station coordinates.   
 

4.2  CARIS HIPS™ Data Processing 

The channel group ingests vessel motion, depths and 3D 

positions into CARIS HIPS™ through the Hypack™ con-

verter.  The offshore group ingests depths and motion 

through the Simrad converter and the 3D positions 

through the HIPS Generic Data Parser™. 

The channel and offshore groups use the same post-

processing methods in regard to GPS tides.  Once in 

HIPS™, GPS tides are computed from the GPS heights.  

GPS tides in HIPS are used to replace the traditional tide 

gauge observations.  To compute the GPS tide, the soft-

ware removes the effect of heave, pitch, roll and draft 

(static and dynamic) and transfers the GPS antenna height 

to the waterline.  This waterline height is transformed 

from the ellipsoid to chart datum through the separation 

model.  The resulting GPS tide observations are time and 

height above datum, for each GPS epoch, which is applied 

during the Merge process.  static and dynamic), and heave 

are applied as usual during the merge process. 
 

Once the GPS tide has been computed, it is validated and 

smoothed in the attitude editor.  Here it can be viewed 

with the GPS height, heave, pitch, roll, and traditional tide 

(if available).  A smoothing algorithm can be applied to 

the GPS tide to remove any residual noise.  The result is 

an actual tidal record that is applied to the soundings                

during the merge process; applying draft, heave, pitch and 

roll as usual. 
 

4.3 Ellipsoid/Chart Datum Separation Models 

Two separation models were used; one for the channel 

area and the other for the offshore area.  The channel 

model was based on the separation relative to the NAD83, 

CSRS96 (V1) ellipsoid, as per the GPS reference stations.  

The separation between chart datum and the ellipsoid was 

determined through GPS observations at each of the pri-

mary tide gauges and at intermediate tide staffs.  Chart 

datum of the primary gauges was determined through long 

observations.  Chart datum at each of the intermediate tide 

staffs was determined through linear interpolation, with 

respect to the Canadian Geodetic Vertical Datum 

(CGVD28), between primary tide gauges.  The channel 

separation model was created using Kriging, where the 

separation at the tide gauges and tide staff locations were 

considered to be correct; therefore fixed in the interpola-

tion.  No attempt was made to incorporate hydrodynamic 

modeling into the separation model.  Extensive validation 

procedures were carried out to ensure the compatibility of 

GPS derived tides and tradition observed tides, including 

static tests where vessels sat near to gauges and dynamic 

tests where vessels transited between, and by, primary tide 

gauges. 

Figure 4: CHS Quebec Region  
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Both the offshore and channel SEP models were binary 

grid maps known as ―BIN‖ files.  The format was devel-

oped by the US National Geodetic Survey for the geoid/

ellipsoid undulation models.  The first channel version 

had a 6 arc-second grid and the current version has a 30 

arc-second grid. 
 

The software used to create the SEP maps was developed 

specifically for the channel area.  It only accepted data 

with horizontal grid coordinates referenced to UTM Z18.  

Once the Kriging process was completed, the resulting 

SEP grid was transformed to geographic coordinates and 

then converted to the ―BIN‖ format.  The offshore area 

SEP maps, covered by UTM Z19 and Z20, had distortions 

resulting from the incompatible UTM zones.  The soft-

ware was no longer supported; therefore, updates or modi-

fications were not possible.  As a result, new SEP models 

are being developed.  The new procedure still uses 

Kriging, but all processes can be performed on geographic 

coordinates. 
 

Currently, the offshore model uses Kriging to interpolate 

between shore stations where the datum to ellipsoid is 

known.  Consideration is being given to the incorporation 

of hydrodynamic models to help densify the network 

away from the shore stations.  In-situ GPS tide gauges are 

also being considered to connect the hydrodynamic model 

to the ellipse. 

4.4  Channel Validation Model (SPINE) 

While conducting hydrographic surveys in the channel 

region, operators can validate their GPS tidal estimates in 

real-time.  The GPS tides are estimated by HypackTM us-

ing the RTK heights and the SEP model.  The SPINE hy-

drodynamic model is used for a comparison.  This model 

is based on water level predictions from a hydrodynamic 

model combined with real-time tide gauge observations.  

The model produces water level estimates at discrete loca-

tions (nodes) along the centerline of the river between 

Montreal and Quebec City.  At each location, the model 

predicts water level for a given time.  The CHS hydrogra-

phers retrieve one day‘s worth of predictions for each 

node, at 7.5 minute increments.  These estimates are ad-

justed by real-time tide gauge observations, which are 

then interpolated for the location of the vessel.  The result-

ing water level height is compared to the GPS derived 

height, in real-time, for validation.   
 

5. Conclusions and Recommendations 
Given the complexity and diversity of ERS applications 

and methods, it is suggested that a document of case stud-

ies be developed.  The CHS Quebec case study included 

here could serve as an example.  Other examples that 

could be developed include projects from CHS Central 

and Arctic, CHS Atlantic (lidar), Brazil, Sweden, and 

NOAA.  These studies would cover the complete ERS 

process from data collection through processing and 

evaluation to SEP development. 

 

Evaluation of GPS observations used for vertical position-

ing in hydrography is extremely important for bathymetric 

quality control.  Any vertical fluctuations in the positions 

due to GPS processing will migrate directly into the repre-

sentation of the bottom.  Having the tools and information 

to help in this evaluation will greatly enhance the hydro-

grapher's confidence in the results.  Information needed 

for this evaluation includes heave and tidal observations 

as well as uncertainty estimates from the GPS processing 

software.  Tools to help in this evaluation include graphi-

cal representation of heave, tide, GPS height, GPS vertical 

uncertainty and GPS Tide.  Filters to help identify 

changes in uncertainty or deviations from heave and/or 

tide observation would also be of assistance.   
 

The most critical outstanding issues associated with ERS 

are the development of separation (SEP) models and un-

certainty estimates associated with those models.  It is 

recommended that various methods for the development 

and validation of SEP models be created and distributed to 

the user community for comment and enhancement.  A 

series of case studies dealing with this subject should also 

be compiled 
 

The following is a summary of the recommendations put 

forward in the main body of this discussion. 

1) Use RTK and/or PPK as the primary positioning 

method 

2) Use PPP as a back-up and as primary if necessary 

3) Until RTG reaches lower uncertainty, it should be 

used for real-time data collection, but replaced by 

PPP in post-processing. 

4) Always record and archive raw GPS and motion 

observations 

5) If using a base station, adhere to strict installation 

and data recording protocols, especially when re-

cording antenna heights. 

6) Continue to record real-time heave for data valida-

tion, even if it is not used in the final solution. 

7) Perform side-by-side validation at an established 

tide gauge at the beginning and end of each project.  

Comparisons should take place over an entire tide 

cycle, or at a minimum three hours.   

8) Use the NGS average values from the absolute cali-

bration sheets for antenna phase center offset values. 

9) It is necessary to monitor the GPS solution to detect 

any precise positioning outages.  Having a tool set 

that can display heave, GPS height, height uncer-

tainty and observed tide can facilitate the editing of 

suspect areas.  Automatic filtering tools could also 

be used to detect times where the GPS height uncer-

tainty exceeded some criteria.  Viewing a standard 

deviation surface early in the data processing/

evaluation stream could also be used to identify po-

tential problem areas. 

10) The vertical uncertainty from the GPS observation 

and computation process must be included in the 

final depth uncertainty determination.   
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Translation of that position to the RP must also be 

taken into account.  Care must be taken to insure 

that heave and dynamic draft uncertainties are not                  

included in the overall uncertainty determination.  

11) It is recommended that a tide gauge be used during 

a survey.  This will provide a back-up in case of 

GPS outages and provide QC for GPS height             

validation.  The gauge data can also be used to             

validate or even enhance the separation model. 

12) It is recommended that any interpolation of SEP 

values between gauges include a geoid model.  This 

is a reasonably simple method for developing a first 

estimate of an SEP model.  Sea surface topography 

and hydrodynamic modeling should be incorporated 

into the model as that information becomes                 

available. 

13) It is recommended that those starting to use ERS 

continue to conduct surveys using traditional means 

and compare the GPS derived results.  It is not            

necessary to go as far as developing seafloor             

surfaces from both methods.  Simply comparing 

tides for each line determined using both methods 

(GPS tides and traditional) will suffice. 

14) Determining uncertainty in SEP modeling is a topic 

of discussion in the industry and all those using, or 

planning to use, ERS are encouraged to participate.  

15) It is not really relevant where the translation from 

ellipsoid to chart datum takes place, as long as it is 

documented.  Separation models must have associ-

ated metadata to indicate what they translate                

between, including epochs.  Resulting surfaces 

should also contain this information.  Regardless of 

where the translations take place, it is essential that 

it be possible to translate back to the original             

ellipsoid surface if necessary.  If separation models 

are applied in real-time, all data related to that trans-

lation must be recorded (including the RTK obser-

vations) 

16) When data is archived it is essential that it be           

accompanied with metadata that clearly defines 

exactly what translations have been applied.  Sepa-

ration models also need metadata attached that will 

identify epochs and reference datums.  Ideally, data 

should be archived relative to the most stable              

surface (e.g. reference ellipsoid) and all separation 

and translation surfaces should be related to it.  If 

this is the case, the original data and reference 

would not change, only the separation models to get 

it to another datum (geoid, chart ...) would change.  

However, this may take time because most historic 

data holdings are related to chart datum.  The key is 

proper metadata management.   
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  Abstract 

 
Résumé 

  
 

Resumen 

Modelling depth measurement uncertainty during data collection and processing has become                   

common practice since the release of S-44 4th Edition (IHO, 1998). Hydrographic Offices have also            

attempted to model uncertainty of legacy bathymetry in order to determine their fitness for various 

uses. Additional uncertainty can be introduced into representative bathymetry models by various 

gridding techniques that interpolate depths between measurements. This article reviews sources of 

measurement uncertainty, looks at methods for estimating uncertainty in legacy data sets and uncer-

tainty that is introduced into bathymetry (digital elevation/depth) models (DEMs/DDMs) by                   

gridding. Applications that could benefit from bathymetric/DEM/DDM uncertainty information  

include bridge risk management and tsunami inundation modelling. 
 

Keywords: bathymetry, uncertainty, digital elevation models 

La modelización de la incertidumbre de las medidas de profundidad durante la recogida y el procesa-

do de datos se ha convertido en una práctica común desde la publicación de la 4ª Edición de la S-44 

(OHI, 1998). Los Servicios Hidrográficos han intentado también modelar la incertidumbre de la     

batimetría tradicional para determinar su idoneidad para varios usos. Puede introducirse una incerti-

dumbre adicional en modelos de batimetría representativos mediante varias técnicas de reticulado 

que interpolan profundidades entre las medidas. Este artículo revisa las fuentes de incertidumbre en 

las medidas, estudia métodos para estimar la incertidumbre en las colecciones de datos tradicionales 

y la incertidumbre que se introduce en modelos de batimetría (elevación digital/profundidad) 

(DEMs/DDMs) mediante el reticulado. Las aplicaciones que podrían beneficiar de información             

relativa a una incertidumbre batimétrica/DEM/DDM incluyen la gestión de los riesgos de puente y la 

modelización de las inundaciones causadas por los tsunamis. 
 

Palabras clave: batimetría, incertidumbre, modelos de elevación digitales. 

La modélisation de l‘incertitude des mesures des profondeurs pendant la collecte et le traitement des 

données est devenue pratique commune depuis la publication de la 4ème Edition de la S-44 (OHI, 

1998). Les Services hydrographiques se sont également efforcés de modéliser l’incertitude de la  

bathymétrie traditionnelle afin de déterminer leur aptitude à différentes utilisations. Une incertitude 

supplémentaire peut être introduite dans des modèles de bathymétrie représentatifs au moyen de           

différentes techniques de quadrillage qui interpolent les profondeurs entre les mesurages. Cet article 

passe en revue les sources d‘incertitude dans les mesurages, examine les méthodes d‘estimation de 

l‘incertitude dans les ensembles de données traditionnels et l‘incertitude introduite dans les modèles 

d‘élévation ou de profondeurs numériques (DEM/DDM) bathymétriques à l‘aide du quadrillage. Les 

applications qui pourraient bénéficier d‘informations sur l‘incertitude bathymétrique/DEM/DDM 

incluent la gestion des risques sur la passerelle et la modélisation des inondations en cas de tsunami. 
 

Mots clés : bathymétrie, incertitude, modèles d’élévation numériques 
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Introduction 
 

The ocean floor is the last great, largely unsurveyed area 

of Earth. Many coastal areas have not been surveyed for 

decades, if at all, and the uncertainties in sounding                  

position and depth can be large. Worse, many applica-

tions that require accurate depths or shape fidelity of the            

seafloor, such as tsunami modelling, can magnify errors 

in underlying bathymetry models. 

It has been shown (MacEachren et al., 2005) that                   

decisions made with knowledge of data uncertainty are 

more effective than decisions made without that                 

knowledge, e.g. for bridge risk management when under-

taking passage planning. The same could be said about 

decisions made using bathymetric uncertainty informa-

tion when modelling coastal processes. 

 

Measurement uncertainty estimation 
 

Sources of measurement uncertainty 

The basic sources of uncertainty for most of today‘s 

depth and elevation measurement systems, i.e. single-

beam and multibeam sonars, and bathymetric and            

topographic lidar, are quite well known. There are: 

sources of uncertainty that contribute only to vertical un-

certainty, such as tides, draft and heave; sources of uncer-

tainty that contribute only to horizontal uncertainty, such 

as horizontal positioning system and heading sensor; and 

sources of uncertainty that contribute, through some  

mapping function, to both vertical and horizontal          

uncertainty, such as range and beam angle uncertainties 

due to measurement methods and refraction in multibeam 

echosounding.  

Sources of uncertainty can be broken down by: 

  Platform: 
static draft, vessel (ship or aircraft) speed, changes 

in draft with loading and speed changes, location of 

sensors, vessel dynamics (amount of roll, pitch, 

heave and yawing); 

 Sensor measurements: 

sonar, sound speed profiler (sometimes SVP), roll, 

pitch, heading, heave and positioning (including     

horizontal datum); 

 Environment: 

tides (including vertical datum), sound speed                

structure, sea state; 

 Integration: 
the time synchronization of all the sensor measure-

ments on a highly dynamic platform; and 

 Calibration: 
the misalignment angles between the instrument and 

the motion sensor, measured during a patch test or 

other calibration method. 
 

There are still other sources of uncertainty that are more 

difficult to quantify and are different from the probabilis-

tic forms of measurement uncertainty discussed above. 

There is uncertainty in what object is actually being              

detected in each sonar/lidar measurement, such as 

whether the system detects the actual seafloor or ground 

surface, or intermediate features such as biological layers, 

the water surface, suspended sediment, vegetation/tree 

canopy, etc. Imperfect processing to remove tree canopy 

and water column returns may leave such objects in the 

data set. There may also be some uncertainty in the             

seafloor penetration due to instrument frequency and the 

acoustic impedance of the materials making up the                

seabed.  
 

If the instrument beam footprint is larger than the micro-

relief of the seabed, e.g. in the case of sand waves, then 

some averaged value within the beam footprint may be 

returned. This is especially true in deep water where the 

sonar beam footprints may cover hundreds of metres. 

Bathymetric lidar can also suffer from this problem with 

beam footprints being several metres, whilst topographic 

lidar footprints are much smaller. Perhaps just as impor-

tant is the potential failure to survey morphologic features 

such as pinnacles that may be located between sparse 

measurements. Such terrain uncertainty occurs where the 

footprint of the sounding is much smaller than the            

distance between soundings and is amplified in areas of 

high rugosity where the wavelength of significant terrain 

variability is shorter than the measurement spacing.  
 

When it comes to making inter-comparisons between data 

sets, temporal changes between two survey epochs may 

play a role in expanding the uncertainty of the differences, 

especially where the seabed is known to be highly mobile 

or dynamic (Dorst, 2005). Precise geo-registration of the 

data sets is also essential, since any uncertainty in the       

positions in each will contribute to an inflationary uncer-

tainty in the differences. This uncertainty will be further 

exaggerated over rugged or steeply sloping seabeds.  
 

The surface detection, terrain and temporal change              

uncertainties mentioned above are not measurement             

uncertainties, so cannot be estimated by the legacy data 

techniques described in the next section. They may,              

however, contribute significantly to derived model               

uncertainty. 
 

As summarized by the IHO Standards for Hydrographic 

Surveys, S-44 5th Edition (IHO, 2008), uncertainties                

associated with the development of the position of an    

individual (sonar/lidar) beam must include the following: 
 

a) Positioning system uncertainty; 

b) Range and beam angle uncertainties; 

c) The uncertainty associated with the ray path model 

(including the sound speed profile for sonars) and 

the beam pointing angle; 

d) The uncertainty in platform heading; 

e) System pointing uncertainties resulting from sensor 

misalignment; 
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f) Sensor location; 

g) Platform motion sensor uncertainties, e.g. roll and 

pitch; 

h) Sensor position offset uncertainties; and 

i) Time synchronisation / latency. 
 

Contributing factors to the vertical uncertainty include: 
 

a) Vertical datum uncertainty; 

b) Vertical positioning system uncertainties; 

c) Water level measurement uncertainties, including 

co-tidal uncertainties where relevant; 

d) Instrument uncertainties; 

e) Sound speed uncertainties (for sonars); 

f) Ellipsoidal / vertical datum separation model              

uncertainties; 

g) Platform motion uncertainties, i.e. roll, pitch and 

heave; 

h) Vessel draught, settlement and squat (for sonars) 

i) Seabed slope (bathymetry systems); and 

j) Time synchronisation / latency. 
 

All of these contributing elements can be combined by 

applying the Law of Propagation of Variances, provided 

all the assumptions that underpin that law are met. This 

results in estimates of total propagated uncertainty (TPU) 

for both the vertical (depth/elevation) component               

(TPU-V) and its corresponding horizontal position             

(TPU-H). The precise methodology has been well              

documented for swath (multibeam) systems (Hare, 1995). 

The same methodology could easily be applied to lidar 

data sets, provided a suitable lidar measurement                

uncertainty model or other estimates were available. The 

single-beam echosounder TPU can be computed as a             

special case of the multibeam echosounder, where only 

the nadir beam is considered. 
 

Estimating uncertainty in legacy data sets  
 

For legacy data, estimating the uncertainty of position and 

depth may prove somewhat more challenging. One simple 

way to obtain a crude estimate is by seeking out the              

standards that were used to classify the survey at the time 

it was done. The presumption is that the survey met the 

standards of the day; therefore all the positions and depths 

must be at least as good as the specification to which they 

attempted to adhere. But one must use caution, since           

assuming a particular standard was met can lead to              

incorrect estimates (Calder, 2006).  
 

Many surveys, in their original form, e.g. fair sheets, field 

sheets, plans, etc., may have had good metadata as part of 

their title blocks or reference notes, or recorded in surveys 

reports. Often, information about position accuracy or 

method of positioning will be available in the metadata. 

Typical accuracies for many positioning systems and 

methods have been tabulated (Hare, 1997) and can be 

used as a guideline for TPU-H estimation. 
 

 

The metadata may also include information about the 

method of depth measurement or the type of echosounder 

used. These, together with any information about how 

depths were corrected for tides, draft and other biases or 

scale factors, may lead to a crude estimation of the               

TPU-V. The method used in S-44 5th Edition (IHO, 2008) 

can be applied here, using both fixed (a) and variable (b) 

contributions to TPU-V as follows: 

 

 
 

where d represents water depth. Note that the coefficients 

a and b must be the quadratic summation (i.e. the root-

sum-square or RSS) of all the contributing fixed and vari-

able uncertainty components respectively. 
 

For analogue survey data, the data may have become  

digital through table digitization and may have been   

transformed from other units, e.g. fathoms, and from older 

datums, e.g. North American Datum of 1927 (NAD 27). 

Processing errors during these steps may contribute to an 

expansion of the TPU values estimated above. The            

process by which this expansion occurs also generally 

follows the Law of Propagation of Variances. Methods to 

compute uncertainty contributions from digitization and 

processing errors can also be found in the literature (Hare, 

1997). The method used to combine any number of uncer-

tainty contributions to position is similar to the equation 

above and is expressed as follows: 

 

 
 

where i, j and k, etc. are the positioning, digitizing and 

processing errors that contribute to the total propagated 

horizontal uncertainty. 

All of the TPU values discussed above can, of course, be 

scaled to any confidence interval (C.I.) that is needed 

(often the 95% C.I. is used) using an appropriate expan-

sion factor. For TPU-V, this is 1.96 for normally               

distributed univariate errors; for TPU-H, a circular              

distribution is often adopted, and an expansion factor of 2 

is used to obtain a 95% C.I. estimate, where the radius of 

the circle is often referred to as twice distance root-mean-

square, or 2drms. See Calder (2006) for a more detailed 

approach. 

As noted in the first section, older analogue surveys may 

represent a significant undersampling of the true             

variability of the seafloor due to the limitations of the map 

medium and scale, and then-available technologies. Prior 

to the advent of swath mapping multibeam sonars,            

single-beam depths were collected under-ship with gaps in 

the seafloor coverage to the next survey line perhaps           

including significant, missed seabed-protruding features. 

For example, dangers to navigation are occasionally              

discovered in areas where single-beam hydrographic           

surveys had been conducted in the past. Legacy data may 

also suffer from a shoal bias, whereby shoal depths were 

preferentially recorded for charting purposes. 
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Legacy data also suffer particularly from uncertainty             

introduced by morphologic change in dynamic areas. 

While this temporal change uncertainty does not apply to 

the data at the time of collection, such data being valuable 

to change analysis, it does contribute to derived model 

uncertainty where the model may be implied or stated to 

represent modern morphology. 
 

Model uncertainty estimation 

Computer models of bathymetry (digital elevation models 

or DEMs) represent Earth‘s solid surface to some varying 

degree of accuracy. They are used in modelling of ocean 

processes, coastal and marine spatial planning, ecosys-

tems and habitat research, and hazard mitigation and          

community planning, especially when integrated with 

coastal topography.  

The models represent, and are derived from, the source 

measurements. However, they are typically required to be 

continuous (i.e. a blanket or surface that has no gaps) so 

that ocean phenomena may be modelled using them. As 

such, some type of interpolation is often required to            

estimate depths in areas without measurements. They are 

often also intended to represent modern bathymetry and 

may be forced to rely on legacy data in areas without   

recent surveys. 

 

 

 

 

 

 

 

 

Individual cells of uniform size and regularly repeating 

patterns make up the most common type of DEM, with 

each cell having an assigned elevation value that is              

expected to be representative of the average elevation of 

the seafloor or ground surface within the footprint of the 

cell. Some bathymetry models may use alternative values, 

such as minimum depth to support safe navigation, while 

others may depict a particular epoch for documenting 

coastal change (Buster and Morton, 2011).  

The model vertical uncertainty associated with each cell‘s 

elevation value depends upon three principal factors 

(Figure 1; Desmet, 1997):  

1) the uncertainty of the source measurements, in-

cluding temporal change uncertainty if data are 

from different survey epochs;  

2) the gridding technique used to build the model and 

interpolate between measurements; and  

3) terrain variability within each cell‘s footprint, and 

between measurements.  

Model uncertainty is, in turn, propagated into uncertainty 

in products derived from their use. 

 

 

 

 

Figure 1 - Cross-section of factors contributing to 

each cell’s total model vertical uncertainty. A) Source 

data uncertainty is TPU-V of measurements, as well as 
temporal change and datum conversion uncertainty. 

Between data points, the data uncertainty is inferred to 

be  an  average  of  surrounding  data  uncertainties.         
B) Gridding interpolation uncertainty grows with dis-

tance from source data regardless of technique.  It 

should encompass the range of  all  possible model 
surfaces created by various gridding techniques and 

their adjustable parameters. Gridding uncertainty may 

be zero in cells constrained by data points if the grid-
ding technique is an exact replicator of source data 

(e.g. triangulation). C) Terrain variability at wave-
lengths shorter than the cell footprint or shorter than 

the distance between measurements contributes addi-

tional uncertainty, though it decreases with decreasing            
variability, potentially reaching zero in flat areas with 

no variability. D) Total model uncertainty for each cell 

is the sum of the contributing factors for that cell.  
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The primary challenge of integrating bathymetry with 

topography at the coast, say for modelling inundation 

from a tsunami or hurricane storm surge, is that bathymet-

ric soundings are typically sparse compared to topog-

raphic measurements (e.g. dense lidar surveys may have 

point spacings of 1 metre or less). The distance between 

depth measurements may be 10 or 100 times that of land               

measurements, and even larger far offshore. Development 

of a model that matches the resolution of topographic 

data, for detailed inundation mapping, may thus require 

extreme interpolation of bathymetry (over tens to              

hundreds of unconstrained model cells). Assessing the 

uncertainty introduced by gridding techniques when             

interpolating over such large distances is described in the 

next section.  
 

Where source bathymetry data are present, the uncertainty 

associated with each sounding is propagated into the 

bathymetry model, as is the terrain uncertainty. Where 

multiple soundings are averaged into a single cell value, 

as is typically the case with swath data, their individual 

uncertainties can be combined into the cell data uncer-

tainty. In legacy data, where the soundings may be sparse 

compared to the bathymetry model‘s cell size, one sound-

ing may contribute to a single cell. The cell‘s uncertainty 

will almost certainly exceed the sounding‘s uncertainty 

due to the likely mismatch between footprints of sounding 

and cell, and to uncertainty contributions from terrain and 

temporal change, as well as that introduced by the grid-

ding technique. 

Finally, because bathymetric and topographic data are 

typically referenced to different vertical datums, e.g. mean 

lower low water or North American Vertical Datum of 

1988, the data need to be converted to a common vertical 

datum prior to model development. This vertical datum 

conversion introduces additional uncertainty into the 

model. 
 

Uncertainty introduced by gridding techniques 
 

Where no soundings constrain the depth in an individual 

cell, interpolative gridding is often required to infer the 

depth based on known surrounding depths; the modelling 

of ocean processes typically requires each cell to have an 

elevation value to prevent modelling instabilities. Com-

mon gridding techniques include: spline, kriging, inverse           

distance weighting (IDW), nearest neighbour, and triangu-

lation (Maune et al., 2007). Each technique estimates the 

depth values using particular constraints, such as a               

minimum curvature surface for spline, or a linear distance

-based weighted average of known soundings for IDW 

(Burrough and McDonnell, 1998).  
 

DEMs are a model of reality and deviations from the true 

seabed or land surface constitute errors. DEM errors      

originate from both the source measurement (e.g.                

multibeam sonar, lidar) and the interpolative gridding. 

Guo et al. (2010) found that interpolation errors are as 

significant as source errors and should be considered 

when generating and using DEMs. The magnitude of   

interpolation errors is often unknown and the lack of 

knowledge about these errors represents the uncertainty 

introduced by the gridding process (Wechsler, 2007). 
  

Numerous studies indicate that the accuracy of interpo-

lated DEMs is inversely related to terrain complexity 

(Kubik and Botman 1976; Li, 1992; Gao, 1995; Gong et 

al., 2000; Erdogan, 2010; Guo et al., 2010). All interpola-

tors are more accurate in areas of low relief as there is a 

higher degree of spatial dependence between source             

elevation measurements and the true elevations of nearby 

unconstrained cells requiring interpolation. In areas of 

complex terrain, interpolation errors typically increase in 

magnitude because the true, and unknown, elevation to be 

interpolated can deviate greatly from nearby source        

measurements. Consequently, morphometric parameters 

including slope and curvature can provide insight on the 

magnitude of interpolation uncertainty. Aguilar et al. 

(2005) found that the greatest predictor of the accuracy of 

interpolation was morphology, followed by sampling  

density and interpolation method. Other studies also            

indicate that the uncertainty of interpolated elevations 

increases in areas of heterogeneous terrain and with           

increasing distance from source measurements (Figure 2; 

Chaplot et al., 2006; Erdogan, 2009). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

In addition, approximate gridding techniques, such as 

trend surfaces, may force cell values derived from source 

soundings away from their average elevation value,              

adding further uncertainty to those cell values. Exact             

interpolators (e.g. triangulation, IDW) create surfaces that 

pass exactly through the source data (Desmet, 1997). 

Gridding techniques may also introduce artefacts into the 

model, including false oscillations introduced by spline 

interpolation (Almansa et al., 2002), or ―bull‘s-eye‖             

patterns from IDW interpolation (Gonçalves, 2006).  

Figure 2 - Increase in cell elevation uncertainty 

(u) with interpolation distance (d) from known 

soundings. Trends A and B may represent either 

different gridding techniques (e.g., IDW or spline) 

or  areas  of  different  terrain  (e.g.,  smooth/

continental  shelf  or  heterogeneous/submarine 

canyon). 
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There are a number of techniques that can be used to 

quantify the errors of interpolated elevations using known 

measurements, e.g. split-sample (also referred to as cross-

validation), jack-knifing, and boot-strapping (Erdogan, 

2009; Paquet, 2010). Using a split-sample approach, a 

percentage of the data is omitted, an interpolation method 

is applied, and the differences between the interpolated 

elevations and the original omitted elevations are calcu-

lated (Figure 3). In order to quantify the errors of the in-

terpolation method at every data point, this process is re-

peated and the differences between the original omitted 

elevations and the interpolated elevations are aggregated. 

The interpolation errors can be quantitatively assessed by 

several descriptive statistics including the minimum, 

maximum, mean, root mean squared error (RMSE), and 

standard deviation. The split-sample method is often used 

to assess the stability of various interpolation methods by 

omitting increasingly greater percentages of the original 

data and analyzing changes in the interpolation errors 

(Declercq, 1996; Smith et al., 2005).  

 

Many studies that quantify interpolation errors using a 

split-sample approach are based on topography DEMs 

where dense lidar surveys are reduced by a small percent-

age (< 10%) and interpolation is only performed over one 

or a few cells (Hodgson and Bresnahan, 2004; Palamara et 

al., 2007; Grebby et al., 2010). On the other hand, 

bathymetry models are often derived from soundings with 

much greater point spacing, which requires extreme              

interpolation over tens to hundreds of unconstrained 

model cells in order to be consistent with the resolution of 

coastal lidar surveys.   

Studies also indicate that statistical measurements, such as 

RMSE and standard deviation, are insufficient in fully 

characterizing interpolation errors (Desmet, 1997; Er-

dogan, 2009). These global descriptive statistics assume 

uniform values for the entire DEM, which is often not the 

case (Erdogan, 2009). Consequently, it is also important 

to investigate the spatial pattern of interpolation errors 

that result from distance from control points in heteroge-

neous terrain (Chaplot et al., 2006). The combination of 

statistical measurements and spatial patterns of interpola-

tion errors is being used in an ongoing research project to 

quantify the uncertainty introduced by each gridding    

technique as it relates to distance to control points and 

surface characteristics such as slope and curvature,            

quantitative results of which will be published separately. 

   

 

Figure 3. Flowchart depicting the split-sample methodol-

ogy for quantifying interpolation errors. A) The original 

data are averaged to have exactly one elevation value per 

grid  cell.  They  are  then  randomly  split  by  a  fixed               

percentage (e.g., 50%) into control data and data subset. 

B)  An  interpolation  method  (e.g.  spline,  triangulation, 

IDW) is applied to the data subset to build an interpolated 

DEM. C) The interpolated DEM is compared to the control 

data to quantify the interpolation errors.  Steps A to C are 

repeated  at  the  same  split  percentage  (randomness               

resulting in  different  control  data and data subset)  to             

determine  interpolation  error  at  every  grid  cell  and            

account for bathymetric variability. The method is rerun 

iteratively using different split percentages to evaluate the 

stability (e.g. ability to reproduce the principal topogra-

phy) of the chosen interpolation method with various data 

densities.   
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Applications for bathymetric DEM with uncertainty 
 

Coastal inundation modelling 
 

A primary use of DEMs that integrate bathymetry and 

topography is the modelling of coastal inundation from 

either tsunamis or hurricane storm surges (Eakins and 

Taylor, 2010). The hydrodynamics of the particular           

phenomena are modelled upon the DEM, and the location 

of the resulting maximum inundation line is then used for 

hazard mitigation planning or operationally during           

real-time events to help define evacuation areas.  
 

Uncertainty in the cell elevation values directly affects the 

model hydrodynamics, but they also contribute to           

horizontal uncertainty of the inundation line. This last 

piece of information is critical to emergency managers 

planning for, or responding to, hazard events. The current 

practice is to assume some additional buffer area beyond 

the modelled inundation line to use as the basis for              

decision making. A better practice would be to propagate 

DEM uncertainty, along with modelling uncertainty into a 

TPU-H of the inundation line, which would provide more 

realistic uncertainties on which to base decision making. 

A recent study by White et al. (2011) used a stochastic 

(Monte Carlo) approach to estimate the uncertainty of 

lidar-derived shorelines. Beekhuizen et al. (2011) also 

used a Monte Carlo approach to quantify the effect of 

DEM uncertainty on the positional accuracy of airborne 

imagery. It would be worthwhile to apply a similar             

methodology to quantify the propagation of DEM            

uncertainty into storm-surge and tsunami inundation     

modelling uncertainty.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Bridge risk management 
 

Another application for bathymetry models with uncer-

tainty is for voyage planning and risk management on a 

ship‘s bridge. Traditionally, this task has been done using 

information contained on the paper chart, such as from a 

source classification diagram (Figure 4), reliability              

diagram or from notes and symbology on the chart itself. 

The diagrams, when present, are always at a much smaller 

scale and contained somewhere within the chart limits, but 

the information about the quality of the data is never           

coincident with the data itself. While bathymetry             

uncertainty is not explicitly stated, it could be crudely 

implied by experienced mariners and hydrographers from 

the information given in tabular form. 

 

Figure 4:  
Example Source Classification Diagram. Areas in the 

map have labels (letters) that refer to the table where 

an  indication  is  given  of  where  the  source  data                

originated, its resolution (as defined by line spacing 

usually) and its age. 
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More recently, electronic navigational charts (ENCs) have 

been encoded with a quality metadata layer in the form of 

zones of confidence, or ZOC. The level of CATZOC, as it 

is called in the ENC encoding world, can be displayed 

coincident with the data, allowing decisions to be made 

with both the data and the uncertainty in context               

(Figure 5).  
 

Still, this is a discrete representation of the uncertainty 

information (a continuous variable) which may not be 

particularly helpful or intuitive for  the  mariner  to   make  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

informed decisions about the level of risk-taking by           

navigating in these areas. The CATZOC describes the 

process by which the data was gathered (what the hydro-

grapher did) rather than what is truly known about the 

area (what the mariner wants to know). This makes 

source, reliability and CATZOC diagrams ineffective in 

conveying the real accuracy of the seabed representation 

to the end user. The tabular representation of ZOCs is 

given in Table 1. 

 

 

Figure 5 - Example ENC with M_QUAL CATZOC layer turned on. M_QUAL zones of               

confidence (CATZOCs) are represented by grey stars (*) surrounded by rounded rectangles or  

inverted rounded triangles, where more stars represents greater confidence that a mariner 

might put in the data. “U” means unassessed. See Table 1 for further explanation. Note that 

this is not a real ENC and is for illustrative purposes only. M_QUAL CATZOCs are for 

bathymetry and would not be coded over land features unless set to unassessed.  

Table 1 -  Zones of Confidence (ZOC) at the 95% confidence interval (CI). All of these ZOC types are represented 

in Figure 5 in diagonal bands from the SE corner to the NW corner. 
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With the implementation of new standards for encoding 

data in ENCs, e.g. BAGs (ONSWG, 2006), S-10x product 

specification (Ward and Greenslade, 2011), etc., it should 

become possible to see and use the depth DEM and its 

associated uncertainty estimate DEM in the same            

electronic chart display (Figures 6A and 6B respectively). 

Yet still more powerful is the combination of the two  

values into a single layer, with the display customized to 

the draft of the vessel.  

An example might be: 

 Subtract 2 times the uncertainty from the charted depth 

(statistically shoal-biasing it at about the 95% C.I.); 

 Apply predicted or real-time tides (biased with their 

95% uncertainty if available) to charted values to get           

real-time shoal-biased depths; 

 Apply a model of vessel draft variability (biased by the 

model uncertainty for safety) 

 Apply a vessel draft buffer (the captain‘s comfort zone 

of clearance beneath the keel); 

 Colour-code the resultant depths using: 

   Green (or no colour at all) – where the shoal-biased, 

real-time depths exceed the vessel draft plus draft 

buffer (a safe-to-go zone); 

  Yellow – where the biased depths exceed the vessel 

draft, but the buffer is excluded (a cautionary zone); 

and 

  Red – where depths are not sufficient to navigate the 

vessel under any circumstance, given the present state 

of the tide (a no-go zone). 
 

This scenario leads to the traffic-light display shown in 

Figure 6C. Working groups of the IHO are presently    

investigating other options for displaying data quality 

information to the mariner for more informed decision 

making, in preparation for the release of S-101 in 2012. 
 

National survey planning  
 

Knowledge of bathymetry DEM uncertainty can also be 

used by hydrographic offices (HOs) as a tool for               

prioritizing work. The Canadian Hydrographic Service 

(CHS) developed a risk-classification model (Mortimer, 

2002) for its entire catalogue of charts (some 950) in order 

to prioritize charting work in a fiscal environment of 

dwindling resources. This model was based, inter alia, on 

the types and frequency of vessel traffic, the depth of           

water, the complexity of the areas and on records of             

accidents and incidents in the area. The report also recom-

mended that CHS apply risk-management approaches to 

its other planning activities. 
 

One can conceive of using a regional or nation-wide DEM 

of depths with their associated uncertainty estimates in the 

development of a national survey plan. Areas where the 

estimated depth, less its estimated uncertainty, is            

shallower than the draft of expected (or forecast) vessel 

traffic (with a built-in safety margin) would get the          

highest priority for resurvey. Of course, uncertainty esti-

mates would have to also consider the age of the data and 

the dynamic variability of the seafloor when planning a         

resurvey frequency (Dorst, 2005) in order to optimize use 

of scarce survey resources. 

Figure 6. Example of depth (A) and uncertainty (B) of a 

bathymetry model viewed within an Electronic Chart display. 

A "traffic light" display showing "Go" (green), "No-Go" (red) 

and "Cautionary" (yellow) zones is shown in C. Note: this is 

only a representation of the uncertainty in the bathymetry; 

uncertainty in other charted data types that may affect naviga-

tion decisions has not been represented. 
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If appropriately modelled in a GIS, this national planning 

model could be re-run at regular intervals (e.g. annually) 

or each time major changes occur (e.g. due to storms or 

tsunamis) or when changes are proposed to navigation 

routes and port facilities. 
 

Summary and conclusions 
 

We have shown the steps involved in estimating                   

bathymetric uncertainty of the source measurements and 

also those uncertainties due to digitization processes and 

gridding techniques. Additional sources of uncertainty, 

such as surface detection, terrain and temporal change 

may also contribute to the total uncertainty. In addition, 

we have shown several applications for a terrain model 

with associated uncertainty, including bridge risk manage-

ment and tsunami inundation modelling. 

There is certainly the potential for myriad applications of 

a DEM with associated vertical uncertainty estimates. Of 

the applications examined herein, more work needs to be 

done on modelling the bathymetric uncertainty over large 

areas of coastal and offshore North America to support 

safer marine navigation and hazard preparedness. 
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Abstract 

 

Résumé 

High frequency (100kHz  to 500kHz) ‗interferometric‘ or phase measuring sonars are a common tool 

for boat-mounted hydrographic surveys.  Recent improvements in sonar and positioning technology 

have led to  improved data quality: 2005 saw the first interferometric survey accepted for charting by 

the UK Hydrographic office.  In parallel with this there have been significant advances in                

man-portable autonomous underwater vehicles (AUVs).  These technologies can be combined: there 

are now growing numbers of small AUVs running interferometric bathymetry surveys worldwide.  

The ability to access hazardous areas, provide cost-effective force-multiplication, and acquire higher 

resolution data from deeper water has proven very attractive. 
 

This paper discusses the influences on data quality when acquiring swath bathymetric data using            

interferometric sonars on small AUVs, including how the data can be processed and qualified for                           

hydrographic charting.  Commercial AUV capabilities are illustrated using data collected by a 7-inch 

diameter Gavia AUV (Teledyne Gavia, Iceland) carrying a 500kHz GeoSwath sonar (GeoAcoustics, 

UK).  Error budgets are discussed, showing that existing technology is capable of achieving IHO              

S-44 Ed.5 Special Order surveys, within certain operational limits and using appropriate survey          

planning and data processing. 
 

Possible future improvements in data analysis methods are mentioned, including the use of SLAM 

(Simultaneous Localisation and Mapping) methods  to improve navigation.  This is illustrated using 

sample data processed in CleanSweep software (OIC Inc., Hawaii).   

Les sonars ―interférométriques‖ à haute fréquence (de 100kHz à 500kHz) ou de mesure de phases 

sont un outil répandu pour la réalisation de levés hydrographiques à bord des navires. Des améliora-

tions récentes dans le domaine de la technologie ont permis de faire des bonds en avant en matière de 

qualité des données.  En 2005, le premier levé interférométrique a été agréé pour la cartographie par 

le Service hydrographique du Royaume-Uni.  Il y a eu parallèlement des améliorations relatives à la 

technologie des véhicules sous-marins autonomes portables (AUV). Il existe maintenant un nombre 

croissant de petits AUV qui réalisent des levés bathymétriques dans le monde entier. La possibilité 

d‘accéder à des zones dangereuses, de multiplier les forces de façon rentable et d‘acquérir des              

données à plus haute résolution dans des eaux plus profondes s‘est révélée très intéressante. 
 

Ce document décrit le parcours suivi depuis la mise à la mer du véhicule jusqu‘aux données qui sont 

utilisées pour les cartes et se concentre sur la manière dont les données bathymétriques à large            

couverture acquises par sonars interférométriques à bord d‘AUV peuvent être traitées et admises pour 

la reproduction cartographique des données hydrographiques.  Les capacités commerciales des AUV 

sont illustrées par les données recueillies par un AUV Gavia de 7 pouces de diamètre (Teledyne             

Gavia, Islande) embarquant un sonar GeoSwath de 500 kHz (GeoAcoustics, RU). Les budgets             

d‘erreur, qui montrent que la technologie existante est capable d‘obtenir des levés d’ordre spécial 

conformément à la 5ème édition de la publication S-44 de l’OHI dans le cadre de certaines limites               

opérationnelles, y sont discutés.  
 

De futurs progrès éventuels dans les méthodes d‘analyse des données sont mentionnés, y compris          

l‘utilisation de la méthode SLAM (Cartographie et localisation simultanée) afin d‘améliorer la            

navigation. Ceci est illustré par l‘exemple du traitement des données à l‘aide du logiciel CleanSweep 

software (OIC Inc., Hawaï). 
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Resumen 

    

 

Los sonares ―interferométricos‖ de alta frecuencia (100kHz a 500kHz) o que miden las fases son un 

instrumento común para los levantamientos hidrográficos montados en las barcas. Las mejoras              

recientes en tecnología han dado como resultado diferencias en la calidad de los datos: en el 2005 se 

aceptó el primer levantamiento interferométrico para su uso en cartografía por el Servicio Hidrográ-

fico del Reino Unido. Paralelamente a esto ha habido mejoras en la tecnología portátil de Vehículos 

Submarinos Autónomos (AUV - Autonomous Underwater Vehicle). Hay ahora cada vez más              

cantidades de pequeños AUVs que efectúan levantamientos batimétricos en el mundo entero. La 

posibilidad de acceso a zonas peligrosas proporciona una multiplicación de las fuerzas rentable, y la 

adquisición de datos de una resolución mayor procedentes de aguas más profundas ha resultado 

muy atractiva. 

 

Este documento describe la ruta desde el vehículo lanzador a los datos que pueden ser cartografia-

dos, concentrándose en el modo en el que los datos batimétricos de banda barrida  adquiridos            

mediante sonares interferométricos en pequeños AUVs pueden ser procesados y aptos para la            

cartografía hidrográfica. Las capacidades de los AUVs comerciales se ilustran utilizando los datos 

recogidos con un AUV Gavia (Teledyne Gavia, Islandia) de 7 pulgadas de diámetro que transporta 

un sonar de barrido de 500kHz (de GeoAcoustics, RU). Se discuten los factores de error, que mues-

tran que la tecnología existente puede llevar a cabo levantamientos de una Clase Especial según la 

Ed. 5 de la Norma S-44 de la OHI, dentro de ciertos límites operativos. 

 

Se mencionan las posibles mejoras futuras en los métodos de análisis de datos, incluyendo el uso de 

métodos de Localización y Cartografía Simultáneas (SLAM - Simultaneous Localisation and Map-

ping) para mejorar la navegación. Esto se ilustra utilizando datos de muestras procesados en el pro-

grama CleanSweep (OIC Inc., Hawaii). 
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1. Introduction 
 

High frequency (100kHz to 500kHz) sonar 

‗interferomers‘ (phase measuring bathymetric sonar or 

bathymetric side scan) are a popular tool for shallow            

water surveys.  The interferometric sonar can be consid-

ered as a multi-stave sidescan, collecting a wide swath of 

bathymetry and sonar amplitude data, with the angle of 

arrival of the seabed returns determined by phase             

comparisons between the receive staves.  The latest          

edition of the International Hydrographic Office (IHO) 

List of Worldwide Seafloor Swath Mapping Systems 

(Cherkis, 2010) contains many examples of operational 

interferometric survey systems, and it is believed there 

have been over 200 interferometric sonars delivered in 

the last 10 years.   
 

After initial development in the 1970s and 1980s, com-

mercial interferometric systems first became widely 

available in the late 1990s.  A sign that interferometric 

technology had reached maturity can be found in 2005, 

with the first detailed analysis and acceptance for              

navigational charting of data from an interferometric      

survey; data delivered for the Shallow Survey 2005             

conference in Plymouth, UK (e.g. Talbot, 2006), was 

accepted by the UK Hydrographic Office (UKHO) and 

included in updates for UKHO chart BA1967 (Plymouth 

Sound, UK).  Since then, major effort has gone into               

understanding and optimising data processing paths 

(Hiller&Hogarth, 2005), and minimising the power              

requirements and form factor (intended to ease mobilisa-

tion on very small boats).  Today there are several                   

commercial interferometric sonar systems that are             

suitable for deployment on very small surface and sub-sea 

vehicles. 
 

Meanwhile, autonomous underwater vehicle (AUV)       

technology was also advancing.  The ability of a small 

AUV to access hazardous areas, provide cost-effective                     

force-multiplication, and acquire higher resolution data 

from deeper water has proven very attractive. Advances 

in battery, control, propulsion and navigation technology 

have led to the development of several man-portable, low 

logistics vehicles, including the Gavia  (Teledyne Gavia, 

Reykjavik, Iceland), and the Remus100 (Kongsberg                

Hydroid, Pocasset, MA).   
 

These parallel advances in sonar and vehicle have led to a 

new tool for the hydrographic surveyor: the small                       

interferometric sonar mounted on a man-portable AUV.  

Several interferometric sonars have now been supplied 

for commercial AUVs.  These sonars fit in  a  payload 

space approximately 15cm diameter, 40cm long, with less 

than 60W operational power draw, e.g. the GeoSwath 

(Kongsberg GeoAcoustics, UK), launched in 2007, and 

the SWATHPlus (SEA, Bath, UK).  
 

Such systems saw significant deployments in 2008 

(Trembanis, et al., 2008, Wadhams & Doble, 2008).             

Interferometer-carrying AUVs have been available               

commercially since 2008, and after initial proving trials 

significant commercial survey work was carried out in 

2010 by a Gavia AUV (McMurtrie, 2010).  
 

The Gavia AUV is fully modular, and can be rapidly            

assembled in the field in various configurations. A             

common configuration for commercial survey work has: a 

GeoSwath 500kHz sonar; a ―SeaNav Inertial Navigation 

Sytem (INS)‖ (Kearfott Corporation, Little Falls, NJ); a 

Doppler Velocity Log (DVL) (Teledyne RDI, Poway, 

CA); a Keller 33Xe depth sensor (Keller-Druck, Winter-

thur, Switzerland); and a Global Positioning System 

(GPS) for surface use.  This configuration makes up the 

majority of the small-AUV systems currently deployed for 

swath bathymetric surveys (table 1). The first AUV-fit 

sub-bottom profilers (SBP) were also delivered on Gavia 

vehicles in early 2011. 
 

The main section of this paper provides an outline              

analysis of the performance of this equipment configura-

tion.  This is given in the context of a typical small-AUV 

survey scenario.  The focus is on aspects of the survey 

data quality which are specific to small-AUVs in the       

shallow water regime; full error budgets are not presented. 

 

Sonar 

AUV and depth 

rating  

(if known) 

 

End User 

 

Received 

GeoSwath-AUV 

500kHz 

Gavia (1000m) NCS Survey  

Aberdeen 

2011 

GeoSwath-AUV 

500kHz 

Gavia (1000m) GAS Survey, Italy 2011 

GeoSwath-AUV 

500kHz 

Remus 100 (100m) Kongsberg   

Maritime   

Aberdeen (rental) 

2011 

SwathPlus 475kHz Gavia (500m) Teledyne Gavia 2010 

GeoSwath-AUV 

500kHz 

Gavia (500m) NCS Survey  

Aberdeen 

2010 

GeoSwath-AUV 

500kHz 

Gavia (1000m) NCS Survey  

Aberdeen 

2010 

GeoSwath-AUV 

500kHz 

(unknown) Far East Academy 

of Sciences, Russia 

2010 

SwathPlus 475kHz Gavia (1000m) Tetis Pro 2010 

GeoSwath-AUV 

500kHz 

Gavia (1000m) Fugro Woodside, 

Australia 

2010 

SwathPlus 475kHz Remus 100 (100m) Hydroid Inc. 2009 

GeoSwath-AUV 

125kHz 

(unknown) SIA, China 2009 

GeoSwath-AUV 

500kHz 

Gavia (500m) University of 

Delaware 

2008 

GeoSwath-AUV 

500kHz 

Nezhna (3000m) Harbin University, 

China 

2008 

GeoSwath-AUV 

500kHz 

Gavia (200m) Hafmynd EHF, 

Iceland 

2007 

Table 1:  Interferometric sonars delivered for small AUVs as of 

April 2011 (Cherkis, 2010, and press)  
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2. Scenario Descriptions 
 

Typical deployments of commercial and academic AUV 

systems in 2008-2010 show three types of small-AUV 

survey scenarios: 
 

 1. The beach or rigid inflatable boat (RIB) launched 

shallow nearshore survey, replacing the typical 'vessel of 

opportunity'. This has been seen in operations by Acergy 

in the Caspian Sea (Hiller, 2008), by the University of 

Delaware in Delaware Bay (Raineault et. al., 2009), and 

by ProMare in the Telemark Lakes in Norway 

(Bjornsdottir, 2010). 
 

2. Surveys where a boat-mount sonar is not appropriate, 

e.g. an ROV-replacement in deeper water, or where 

small boat operations are not allowed, for example 

around rig legs (McMurtrie 2010) or dangerous lee 

shores (as suggested in Trembanis et al. 2008).  
 

 3. As force multipliers from vessels of opportunity. The 

Icelandic Coast Guard use Gavia AUVs to augment    

capabilities of cutters which have no installed capability 

for high frequency side scan or bathymetric Surveys. 
 

Small-AUVs are becoming accepted in the above roles in 

the engineering and marine environmental sectors.  NCS 

survey (Aberdeen, UK) have been using their two 

GeoSwath-equipped Gavia AUVs extensively for com-

mercial oil & gas industry work from 2010, for pipeline 

surveys, rig scour, debris clearance and harbour engineer-

ing (McMurtrie, 2010).  These have delivered commercial 

quality survey data with very high productivity and low 

logistics costs. 
  

3. Accuracy Requirements 
 

The accuracy requirements from an AUV interferometric 

survey are the same as for boat-mounted surveys.  The 

navigational survey specifications of most hydrographic 

authorities are derived from the Standards for Hydro-

graphic Surveys of the International Hydrographic            

Organisation (IHO, 2008).These standards indicate the 

Total Horizontal Uncertainty (THU) and Total Vertical 

Uncertainty (TVU) required of the delivered data.  For 

example a Special Order survey (where under-keel             

clearance is critical) in approximately 25m water depth 

requires a THU of 2m and a TVU of 30cm, at the 95% 

confidence level. 
 

The contribution of interferometric sonars to survey un-

certainties, and the utility of such sonars in Special Order 

surveys, has been discussed elsewhere (Gostnell & Yoos, 

2005; Hiller & Hogarth, 2005; Liu, 2006).  The current 

paper addresses the specific TVU and THU contributions 

from the positioning of the AUV in the water, when            

configured as described in Section 1. 
 

4. Horizontal Uncertainty 
 

The AUV's Inertial Navigation System (INS) is mechani-

cally coupled to a Doppler Velocity Log (DVL), with the 

various sensor inputs (INS, DVL, GPS, depth) combined 

in a Kalman Filter.  The sensor and system response   

models used to generate the Kalman Filter are critical to 

the accuracy of the solution, although this development is 

proprietary and beyond the scope of the present              

discussion.   
 

Both the Remus 100 and the Gavia AUVs use the Kearfott 

SEANAV integrated seaborne navigation system, which is 

similar to the Seadevil system described in Alameda 

(2002).  The Gavia uses the 24cm path length 'T24' model 

ring-laser gyroscope (Kearfott model KI-4902), compared 

with the 16cm 'T16' units (model KI-4921) used in the 

Remus 100.  This makes the Gavia navigation solution 

potentially significantly more accurate for IHO-standard 

work. 
 

The objective of the integrated navigation system is to 

provide the best estimate of the 3-D trajectory of the               

vehicle by combining all sensor information available.  

The INS provides accurate linear and angular accelera-

tions (time-squared, or t2 information), the DVL provides 

accurate velocity (a t term), and the GPS provides            

accurate position. All these inputs can be used to compen-

sate and correct for the errors in each other, but the GPS is 

only available when the vehicle is surfaced.  Hence the 

subsea navigation solution can only use the t and t2             

measurables, so errors will have a time dependence.     
 

On the surface the AUV will be positioned by GPS, so the 

t and t2 position uncertainties can be constrained by regu-

lar fixes.  Once submerged the performance of the 'T24' 

INS with DVL aiding will have a linear time-dependant 

position error of about 0.05% of distance travelled (DT), 

to first order (McEwen et al, 2005).  The figure given is 

'Circular Error Probable', which is about half the 2-D 95% 

uncertainty, so the expected aided navigation drift will be 

about 0.1% DT at the 95% confidence level. This means a 

2km line should be within IHO Special Order limits given 

no other error sources (in practice the initial GPS position 

uncertainty will need to be factored into the error budget).  

At typical AUV operational speeds of 1.5m/s this corre-

sponds to about 20 minutes.  Even IHO survey Order 1 

positioning standards (5m) will be exceeded within an 

hour.  This is significantly less than the battery life under 

operational load of about 5 hours when using the Gavia's 

modular, swappable battery modules.  Methods to extend 

this positioning accuracy are discussed in Section 6.    
 

An extra consideration is the loss of DVL 'bottom-lock'.  

The unaided INS accuracy depends on the zero bias of the 

accelerometers; 100μg in the T24, 200μg, in the T16.  

This gives a position uncertainty out of IHO specification 

in tens of seconds, which is important where bottom-lock 

is difficult, i.e. in muddy estuaries, or in the water column 

during a dive from the surface.  The RDI DVL model 

WHN1200 has a maximum altitude of 30m, so this effect 

will be significant over much of the operational envelope 

unless the AUV can 'follow the bottom' from the surface 

(the Gavia hull models operate to 500m or 1000m, the 

Remus100 to only 100m depth).  However this can be 

mitigated to some extent by water column navigation (see 

section 6).  
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5. Vertical Uncertainty 
 

In addition to the sonar, attitude and tide contributions to 

the Total Vertical Uncertainty (TVU), the AUV will also 

be subject to uncertainty in the determination of the 

AUV's vertical position in the water column.  The vertical 

position is determined using depth-aiding of the INS/DVL 

three dimensional navigation solution, with the depth aid-

ing being supplied by a suitable high specification cali-

brated depth sensor.  The depth aiding is not t-dependent, 

so the TVU will depend only on the depth sensor specifi-

cations.  The Gavia uses the Keller Series 33Xe ('extended 

accuracy') pressure transmitter, which is accurate to 

0.01% Full Scale at 1 standard deviation.  This corre-

sponds to about  6cm at the 95% confidence level for the 

30bar sensor, well within IHO Special Order TVU. 
 

However, the pressure sensor does not measure the verti-

cal distance to the survey datum.   Accurate tides are still 

required, and in addition the pressure sensor reading is 

affected by long-period waves or swell when near the 

surface (Schmidt et. al. 2010).  Recently the INS manu-

facturer has announced planned upgrades to the vertical 

Kalmans which will improve depth performance and re-

duce the errors from swell. Modelling has shown these 

errors should be centimetric (D. Weber, Kearfott Corpora-

tion, Feb 2011).   
 

6. Improving the Envelope of Operations 
 

The AUV position and depth uncertainty can be                    

constrained to within IHO Special Order for up to tens of 

minutes provided the AUV: 1) has a GPS fix prior to            

submerging; and 2) the DVL bottom-lock is maintained.  

This section describes methods being considered to extend 

this envelope of operations. 
 

 

 

 

 

The navigational accuracy can be maintained in shallow 

waters by repeated surfacing, which re-zeroes the            

positional uncertainty drift using a GPS fix.  This is            

impractical in some situations, and puts the AUV in the 

way of surface vessels.  Teledyne Gavia is also scheduled 

to introduce a USBL solution during 2011, which will 

allow for subsea updating of the position during longer  

missions or missions at greater depth. 
 

Another technique being considered for active re-zeroing 

of the INS drift is the zeropoint update or 'ZUPT'.  This 

uses acoustic ranging to find the distance from the AUV 

to a well-positioned beacon.  While this only collapses the 

error drift in one dimension (along the vector from the 

beacon to the AUV), the AUV can move to a different 

position relative to the beacon and ZUPT applied along 

that vector.   
 

Active beacons are not the only way to re-zero INS drift; 

seabed objects can be used as reference points.  Multiple 

passes over the same object during the survey can allow 

software tools to correct the navigation solution in             

postprocessing.  This is known as Simultaneous Localisa-

tion And Mapping, (SLAM), and is well known in general 

robotics (Smith and Cheesman, 1986).    
 

SLAM techniques for sonar data have been implemented 

in the interferometric data processing software                     

CleanSweep3 (CS3) from Ocean Imaging Consultants Inc. 

(OIC) (Honolulu, Hawai'i).  A Gavia survey of the WWII 

wreck the British oiler SS Shirvan was carried out by the 

Icelandic Coastguard in about 100m water depth (Figures 

1 and 2). This data was made available to OIC for               

processing, and SLAM navigation corrections were              

applied.  Comparing the corrected GeoSwath sidescan 

image with the uncorrected image in Figure 1 shows the 

effectiveness of SLAM. 

 

 

Figure 1: SS Shirvan wreck (~100m long).  Left: GeoSwath Side scan processed using raw navigation. Right: Same data 

processed in OIC CleanSweep3 using SLAM navigation corrections, showing better matching across swaths. 
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Combined with GPS surface fixes, USBL, ZUPT and 

SLAM have the potential to significantly increase the 

time during which IHO specifications can be maintained.    
 

While these techniques are suitable for survey when             

bottom-lock is maintained, bottom lock failure is still a 

problem.  One technique available to mitigate this is             

water column navigation.  Here the DVL is used in 

'Water Reference Velocity' mode and the vehicle's               

velocity through the water is used as an INS aiding input 

into the Kalmans.  This can improve navigation for 10s or 

100s of seconds without bottom lock, depending on the 

environment and vehicle dynamics.  Figures for the THU 

contribution from a few minutes of navigation using this 

mode requires further work. 
 

An alternative being considered is the deployment of the 

AUV from an ROV skid (Krogh, 2008), allowing the 

accurate update of position via the ROV systems until the 

AUV achieves bottom lock and is launched.  
 

 

 

 

 

 

7. Conclusions 
 

The combination of small AUV and compact interfer-

ometric sonar has the potential to produce data that can be 

qualified to IHO Special Order standards when using    

appropriate survey planning, execution and data             

processing.    
 

Commercial survey experience indicates that there are still 

issues to be solved regarding INS drift and these limit the 

time that survey standards can be maintained. Techniques 

required to make such systems suitable for general               

navigational charting are within the range of what is 

achievable with current INS/DVL performance with           

improved aiding algorithms, planned GPS re-localisation 

cycles, and appropriate processing software.  Additional 

methods such as SLAM navigation, USBL and ZUPT 

aiding, ROV-launch, and water-column DVL aiding will 

further improve the envelope of operations.   
 

It is very likely that in 2011 we will see the first              

interferometric bathymetry data collected  on a small 

AUV being qualified for use in a navigational chart.  

There will be a significant growth in the use of such          

solutions over the next decade. 

 

Figure 2: Bathymetry of the wreck of the SS Shirvan, 100m bow to stern.  Collected using a GeoSwath 500kHz sonar on a Gavia 

AUV in ~100m water depth.  The data was processed to a 20cm xyz grid in OIC CleanSweep3 using interferometer-appropriate 

data processing techniques and Simultaneous Localisation and Mapping (SLAM) AUV navigation corrections.  
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Abstract 

   
  
 
Résumé 

 
   

  
Resumen 

 
 

This paper presents the technical aspects, error analysis and result comparison of a flexible mapping 

method particularly useful in regional ocean studies. Mesoscale ocean currents are computed from 

multiple satellite altimeter along-track measurements via objective analysis with a data-derived 

space-time correlation model. The additional satellite tracks help resolve more eddies with smaller 

radii and reduce the overall domain-wide mapping errors. The mapping results are consistent with 

the in-situ hydrographic data and Lagrangian data from a surface drifting buoy. The mapped               

currents have optimal spatial and temporal resolutions that can benefit the studies of mesoscale 

variability and surface particle dispersion simulation. 

Este artículo presenta los aspectos técnicos, el análisis de errores y la comparación de los resultados 

de un método cartográfico flexible particularmente útil en los estudios de los océanos regionales. 

Las corrientes oceánicas a media distancia se calculan a partir de medidas de pistas longitudinales 

efectuadas por altímetro de acceso a satélites múltiples mediante un análisis objetivo con un modelo 

de correlación espacio-tiempo derivado de los datos. Las pistas adicionales del satélite ayudan a 

resolver más remolinos con radios menores y a reducir los errores generales  de cartografía en todos 

los campos. Los resultados cartográficos son coherentes con los datos hidrográficos in-situ y con 

los datos lagrangianos  procedentes de una boya libre de superficie. Las corrientes representadas 

tienen  resoluciones espaciales y temporales óptimas que pueden ser beneficiosas para los estudios 

de variabilidad a media distancia y para la simulación de dispersión de partículas de superficie. 

Cet article présente les aspects techniques, l‘analyse d‘erreurs et la comparaison des résultats d‘une 

méthode flexible de cartographie particulièrement utile dans le cadre des études océaniques                

régionales.  Les courants océaniques à méso-échelle sont calculés à partir de multiples mesures  

longitudinales par satellite altimétrique via une analyse objective avec un modèle de corrélation 

espace-temps issu des données. Les routes additionnelles du satellite aident à résoudre de plus    

nombreux tourbillons avec moins de radii et à réduire les erreurs d’ensemble d’un vaste domaine 

cartographique. Les résultats cartographiques sont compatibles avec les données hydrographiques 

in-situ et les données de Lagrange à partir d‘une bouée de surface dérivante. Les courants représen-

tés ont des résolutions spatiales et temporelles optimums qui peuvent améliorer les études de             

variabilité à méso-échelle et la simulation de la dispersion des particules en surface.  
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1. Introduction 
The study of mesoscale variability of currents in space 

and time relies on constructing snapshots of flow field 

from measurements that are not sampled uniformly.             

Mapping mesoscale ocean currents is also the basis for 

the simulation of turbulent eddy stirring where numerical 

drifters are deployed and dispersed by the mapped           

currents varying with time (Zhou et al., 2009). Mesoscale 

eddies (spatial scale between 30 to 1000 km), the most 

energetic component of the ocean, play an important role 

in modifying the local hydrographic structure and circula-

tion by transporting momentum and tremendous kinetic 

energy. Beyond the field of Physical Oceanography,   

mapping of mesoscale currents on desired grids is of        

general value and is useful in various applications such as 

search and rescue operations, pollution transport and    

fishing activities.  

How well the mapping process can resolve mesoscale 

eddies is important and depends on a number of factors 

including the original sampled measurements, correla-

tions among these measurements and mapping grid              

resolutions. In this paper we discuss the objective                 

mapping of multiple along-track satellite altimeter             

measurements, which uses a data-derived space-time    

correlation model with optimum spatial mapping resolu-

tion specifically for the area of  interest. Our study area is 

identical to the domain of Lagrangian Isopycnal               

Dispersion Experiment (LIDEX), in which 10 clusters of 

isopycnal RAFOS floats were deployed at two depths 

south of the Cape Verde Islands in the tropical North  

Atlantic in April 2003 to investigate the isopycnal disper-

sion by mesoscale eddies (Figure 1).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Many studies (Ducet et al., 2000) have shown that the sea 

level anomalies (SLA) can be measured with satellite  

altimeters by applying various corrections and removing 

the mean sea surface height. Objective analysis of along-

track altimeter measurements allows data with different 

spatial and temporal resolutions to generate SLA maps 

with uniform temporal and spatial resolution.   Surface 

velocities then can be derived from these SLA maps by 

assuming the flow is geostrophic if the Rossby Number is 

small: 

 

                          ,  

 

 

where       and       are, respectively, the characteristic  

velocity and length scales of the phenomenon. The Corio-

lis frequency is                      at latitude,      and      is the 

angular velocity of planetary rotation. 
  

Then the geostrophic velocities can be estimated as         

follows: 

 

                           ,                             

 

where      and    are the velocity component along zonal 

direction     and meridional direction     respectively,   i s 

the SLA and     is the gravitational acceleration. Zonal and 

meridional velocities were determined by finite difference 

of the daily SLA field: 
 

Figure 1: Objective mapping domain chosen to coincide with the Lagrangian Isopycnal Dispersion              

Experiment (LIDEX) site in the center. On the left panel, squares indicate the locations of four sound 

sources, diamonds show where the floats were deployed and crosses are the deployment of surface 

drifters. The bathymetry contours are in metres (Source: Smith & Sandwell 2-minute gridded ocean 

bathymetry).  
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The theory above enables mesoscale currents to be deter-

mined from SLA maps. It is important to note the 

mesoscale current is a major part of the overall flow field, 

which additionally includes the temporally mean             

currents, the wind driven Ekman flow1, and the                 

sub-mesoscale flow that is not observed by altimeters but 

may dominate short-term dispersion. 
 

In this paper we focus on the technical aspects of objec-

tive mapping of sea level. In Section 2, we introduce five 

along-track altimeter data sets that are used in this study. 

In Section 3, we construct a space-time correlation model 

from all available SLA data based on their ensemble      

average spatial and temporal correlation functions. In 

Section 4, we analyze the mapping errors of objective 

analysis and present an example of mapped mesoscale 

flow field to discuss the effects of along-track measure-

ments in different resolutions. In Section 5, the mapped 

results are compared with in-situ hydrographic data and 

trajectory of a drifting buoy. Section 6 is a summary of 

major findings and possible advantages of this mapping 

method in local or regional studies.    
     

2. Data 
The sea level anomalies (SLA) can be derived by              

subtracting the geoid height from the variable sea surface 

height. In reality the geoid is difficult to determine accu-

rately, so a mean sea level over 7 years is subtracted            

instead. Along-track SLA data of five altimeters were 

obtained from Global Near-real-time Sea Surface             

Anomaly Data server at Colorado Center for Astrody-

namics Research (CCAR). 

In this study our objective analysis employs along-track 

SLA data from available operating altimeters during three 

years from 2003 to 2006, namely Topex/Poseidon,     

Jason-1, ERS-2, Envisat, and Geosat Follow-on (GFO). 

Table 1 shows a breakdown of the available time frames 

for these altimeters during our time of study. Topex/

Poseidon and Jason-1 follow a repeat cycle of ten days 

designed to monitor ocean variations, so they pass over 

the same points every 10 days but their ground tracks are 

approximately 315 kilometers apart at the equator. On 

September 15, 2002 Topex/Poseidon assumed a new orbit 

midway between its original ground tracks. The former 

Topex/Poseidon ground tracks are overflown by Jason-1. 

This essentially doubles the data resolution. On the other 

hand, ERS-2 and Envisat only revisit the same point on 

the globe every 35 days but the maximum distance          

between two tracks at the equator is just 80 kilometers. 

GFO (Geosat Follow-on) follows the 17-day repeat orbit 

of Geosat whose primary task was to measure the marine 

geoid, and contributes additional survey points to our 

along-track dataset.  
 

All five SLA datasets have been processed for correc-

tions. First of all the data are corrected for instrument 

errors and environmental effects. Then geophysical           

corrections are applied, including solid earth, water         

vapor, waves and tides, and the pole tide. The validation 

process done by the CCAR provided preliminary quality 

controls to reduce systematic errors. The following             

additional steps prepare the data for the objective analysis 

in order to eliminate singular values and to minimize 

mapping errors. Given that the average SLA magnitude is 

40 mm with a standard deviation of 50 mm over the three 

years, the SLA values that are greater than 700 mm and 

differ from neighboring points along the same track by 

100 mm are regarded as singular points and excluded. 

Less than 1% of the data were removed after this             

procedure. The grid resolution of objective analysis 

should be comparable to the average along-track             

resolution of all altimeters, and at least two times smaller 

than the diameter of the smallest eddies to be resolved. 

The chosen resolution is 9 km based on these criteria : 
 

3. Space-Time Correlation Model 
Objective analysis (OA) uses statistical knowledge of 

mesoscale currents variability as expressed in covariance 

functions of the signal and associated noise, and then al-

lows the data to be projected onto grid locations with un-

certainty estimates. This technique deals with data with 

irregular gaps both in space and time. The construction of 

the correlation model functions is of major importance to 

this method. When there are sufficient data present, the 

correlations are calculated from the quantities in terms of 

spatial and temporal lags. A space-time correlation model 

is determined based on the correlation curves and applica-

ble to data within the correlation scales. This way it treats 

space and time in an associated way so that the value at a 

certain space and time is related with the data measured at 

different locations and times. In constructing the correla-

tion functions, it is assumed that the generated mesoscale 

flow field is time-dependent but statistically stationary 

and spatially isotropic. Although the mesoscale field may 

not be isotropic in the real ocean, it is still assumed             

isotropic in our analysis because we don‘t intend to            

presume how anisotropic the mesoscale features actually 

are. If the final statistics are nevertheless anisotropic, then 

this result is more robust.    

Within the square 900     900 km domain (Figure 1), the 

spatial autocorrelation function is derived from along-

track SLA measurements along all satellite ground tracks. 

The along-track measurements have different spatial reso-

lutions among altimeters. Therefore all the autocorrelation 

functions are determined separately and then binned onto 

6.39 km grids, which is the average value of altimeter 

resolutions. The fitted curve is generated based on the 

ensemble average of all autocorrelation functions                 

(Figure 3) which is defined by:  

 

 

 

where along-track distance                             ,            and                                                                                           

             being the zonal and meridional lags, respectively. 

A curve is fitted to the entire curve of the average correla-

tion curve (Figure 3).  _______________________________________________________ 
 

1: Wind driven currents flowing at an angle to the driving winds.  
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For the objective maps, SLA measurements within an OA 

search radius of 187 km in space, the zero crossing with    

x-axis of the average autocorrelation, of each grid point 

are used. The spatial scale of search radius is close to the 

average deformation radius, which defines theoretically 

the radius of mesoscale coherent eddies. Within the search 

radius, the dominant term in Equation (4) is the exponen-

tial term and the cosine term does not change the fitted 

curve significantly. 
 

The temporal correlation function is estimated from 

Topex/Poseidon and Jason-1 instead of all altimeters,  

because Topex/Poseidon and Jason-1 have the shortest 

repeat cycle 10 days or the highest data sampling          

frequency. All time series of 300 days long during 3 years 

at 40 locations throughout the domain are used for              

calculating the ensemble average of temporal correlation. 

The zero crossing 52 days defines the OA search range in 

time (lower panel, Figure 2). The fitted curve models how 

fast the SLA at one location becomes uncorrelated within 

the OA temporal search range both before and after the 

target time. The temporal correlation function is              

dependent on time lag    in days and exponentially        

decreases: 

 

 

In the tropical eastern North Atlantic ocean, mesoscale 

eddies migrate generally westward (Cushman-Roisin et 

al., 1990). The spatial correlation changes in time as        

eddies move through satellite ground tracks. However, it 

is a reasonably good estimate of the de-correlation time 

given that the temporal correlation is based on many time 

series at locations spaced differently across the study area. 

This statistical propagation tendency needs to be            

accounted for in the OA space-time correlation model 

(e.g., McGillicuddy et al., 2001; Thiebaux and Pedder, 

1987). This is achieved by changing the radial coordinate                                     

     at each time step to reflect the effects of westward 

phase propagation (Siegel et al., 1999):  

 

 

 

where    is the new radial coordinate at the next time step 

in km. The phase speed c of westward migration is 4.5 

cm/s, which is derived by tracking APEX floats and             

comparing satellite images in six months after September 

2000 (Stramma et al., 2005), and close to the result from 

in situ measurement in the eastern North Atlantic by           

Pingree (2002). The phase speed correction does not 

change the total area within the search radius at each time 

step but its distribution around the grid point. The data 

would be gathered from up to 230 km west of the grid 

point at times up to 52 days before the current time.  
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Figure 2: Spatial correlation (upper) based on measured SLA along 

all satellite ground tracks and temporal correlation (lower) based 

on 40 SLA time series during 2 years from Jason-1 and Topex/

Poseidon for domain A. Dotted lines are the standard errors with 

95% confidence level. The OA search radius 187 km and 52 days 

are respectively the zero crossings with x-axis of the average           

correlation curves. Fitted curves are based on the average           

correlation within the search radius. 

Figure 3: One example of mapped mesoscale flow field on 

4/12/2003. Panel (a) and (b) are the mapped SLA with superim-

posed geostrophic velocity vectors based on four satellites (JETG: 

Jason-1, Envisat, T/P, GFO) and two satellites (JE: Jason-1,  

Envisat), respectively. In panel (a) and (b), warm-colored eddies 

are positive SLA or clockwise swirling eddies and vise versa for 

cold-colored ones. Additional eddies with small radii can be           

resolved with the combination of two extra altimeters. Panel (c) 

and (d) shows the associated mapping uncertainty as a fraction of 

data variance. The overall errors are lower in Panel (c) with more 

SLA data available.   

r

Table 1: The time line of each altimeter from 2/5/03 to 3/20/06 in 

this study. 

22)( ytcxR  (6) 
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The spatial correlation function determined earlier is not 

affected by this advective effect. To test this, SLA values 

are derived with interpolation at new tracks that shift 

westward from the original 32 tracks to account for the 

phase speed correction. The new correlation curve is very 

similar to the original one with a root-mean-square             

difference of 0.03. Therefore the final space-time correla-

tion model used in the objective mapping is: 

              
 

4. Objective Analysis and Mapping Errors 
Based on this space-time correlation model, the objective 

analysis is a statistical technique to determine the best 

linear unbiased estimate for a location where there is no 

altimeter measurement. Daily SLA maps are generated 

with spatial resolution of 9 km during 2/25/2003-

2/25/2006 from multiple altimeters. In this section we will 

introduce the theory of objective analysis and address 

mapping errors. Consider at a certain time, the SLA value 

is not available at the ith grid point where there is no           

altimeter measurement. An estimate of the true value                                                                                                      

can be based on all available measurements within a spa-

tial radius. The estimated value      is the sum of a set of 

weights   multiplied by the measurements   , as              

follows: 

                        
 

The expected error in this estimate is quantified as the 

error variance       : 

where the bracket          represents the expectation value.  
 

The purpose of objective analysis is to find weights and 

the error variance       . The unknown weights can be 

solved by minimizing the expected error in Equation (9), 

which is expressed as: 

                       

 

 

From Equation (9) and (10), we have: 

 

              

 

The true SLA value      is unknown. The expectation terms 

are equal to covariances that can be estimated with the 

correlation model function statistically determined earlier: 
 

 

 

 

 

 

where      is the separation distance between the kth and 

ith grid points. Adding the temporal dimension of the cor-

relation model, Equation (12) combines the available 

measurements within the temporal search radius by taking 

the form of                 . 
 

In a matrix form, Equation (11) is converted to: 

 
 

 

 

          is the             data covariance matrix, and       is the                                                                                                                                                                                                                                                                          

           estimate-data covariance vector.      is          the 

weight vector. The solution is: 

 
 

                             , and                                      

 

Larger weights are assigned to the SLA measurements at 

locations closer to the grid point of interest both in space 

and time within the search radii, where the correlation 

value is positive. The expected error variance or confi-

dence level is: 

 
The first term in Equation (15) represents the expected 

error that is equivalent to the data covariance as it           

approaches zero lag in space and time, if there is no data 

available for the estimation. In this case, the mapping       

error variance is 1, the same as the measurement error 

variance, and the estimation is no better than picking any 

value measured along any satellite ground track. The             

second term reduces the estimated error because of the 

new information provided by SLA measurements at grid 

points in space and time within the search radii of objec-

tive analysis. The mapping error variance would be less 

than 1 and the confidence level of using this estimation is 

higher than that of picking a random value.   Then                                     

in Equation (15) becomes effectively the fraction of              

mapping error variance relative to the variance of the data. 

Measurements close in space and time have higher              

influence on the estimated value. A dense distribution of 

along-track SLA measurements favors a more accurate 

estimation of the SLA field.    
 

The averaged SLA over the period of three years is re-

moved at each grid point every day. In the calculation of 

geostrophic velocities, the noise in the SLA data would 

likely introduce an erratic and unrealistic component to 

the eddy flow field. Therefore, every SLA map is 

smoothed additionally with a rotationally symmetric 

Gaussian lowpass filter (radius 35 to 65 km). The residual, 

absolute difference between the original output and the 

smoothed SLA field, averaged across the domain during 

three years is 0.4 mm, 0.8% of the ensemble average 

SLA. As a result, the filtering process does not heavily 

weaken the overall signal strength. One necessary thing to 

point out is that although the absolute value of the residue 

is rather small, at locations where eddies are present the 

filtering process tends to underestimate the SLA gradient 

and velocities, especially at lower latitudes where small 

Coriolis parameter f makes the geostrophic velocities 

more sensitive to SLA gradient. 
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îe

2

2ˆ 2i i k k i i k i k k m k m

k k k m

e w w w w     
 

     
 

  

(9) 

kw2

îe
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One example of mapped SLA field illustrates how the 

mapping errors can be reduced by combining two more 

satellites (Figure 3). Based on the Equation (15), the 

mapping error matrix quantifies the level of uncertainties 

as percentage of the objective mapping error variance 

relative to the variance of the measurements. A value of 1 

suggests that the mapped result is no better than picking a 

random number from all SLA measurements across the 

domain, when there is no available data to estimate from. 

In most occasions, the mapping error variance is less than 

1. Panel (a) employs along-track data from four satellites 

available (JETG: Jason-1, Envisat, T/P, GFO), two more 

than what panel (b) is based upon (JE: Jason-1, Envisat). 

The addition of SLA measurements along new ground 

tracks has provided advantages of resolving more eddies 

with smaller radii (e.g., eddies at 11°N, 25°W and 7.5°N, 

26.5°W) and reducing the overall mapping uncertainty in 

the domain. The second advantage is clearly seen from 

the level of uncertainties in Panel (c) and (d). It is evident 

that the mapping errors increase with the distance away 

from satellite ground tracks. Panel (c) has relatively 

lower mapping errors over the domain compared with 

Panel (d). The addition of new ground tracks reduces the 

mapping error variance to below 65% of the data                 

variance. The spatially-averaged mapping error variance 

is calculated to be 40%, or 6 mm across the domain.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

5. Comparison of Mapping Results with in-situ 

Data 
Maps of mesoscale flow field from the objective analysis 

are compared to the in-situ hydrographic data and a     

Lagrangian drifter trajectory. To determine the hydro-

graphic structure around the float deployment locations, a 

hydrographic survey cruise as part of LIDEX was carried 

out during 25 days from 3/25/03 to 4/16/03 (Figure 4). 

The high resolution survey consists of CTD (An oceano-

graphic tool to measure Conductivity, Temperature and 

Depth of sea water) casts spaced every 50 km.  
 

The mapped mesoscale flow field has sufficiently high 

resolution to provide an effective comparison with the 

geopotential height anomaly (GPHA) field from LIDEX 

CTD casts. First, the geopotential height              is calcu-

lated in reference to 1000 db at each station of CTD casts 

as follows,  

                         

                                 , 

 

where       represents the specific volume anomaly.   

ranges from -24.1 to 27.9 mm within the surveyed           

domain. Then after removing the domain-wide average to 

better show the anomaly size, the GPHA map is generated 

with linear interpolation onto equal spatial grid, providing 

surface signatures of what appears to be four eddies.  

Figure 4: Comparison between mapped SLA fields (upper) and GPHA (geopotential height anomaly) 

map (lower) from LIDEX hydrographic survey. Red line and circles show the cruise track and stations 

of CTD casts. Two black squares in the upper 2 panels represent casts taken on 4/5/03 and 4/15/03. 

Similar eddy distributions can be captured by comparing the areas in black boxes to the left and black 

dashed boxes to the right. Scales are slightly different because different reference levels are chosen. 
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0
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The mesoscale flow field was constantly evolving while 

the CTD data were being collected. If we compare the 

GPHA map (bottom panel, Figure 4) with the mapped 

SLA field on 4/5/03 (top panel, Figure 4) and focus upon 

the area within the black box in each panel, it is found the 

sea level trends are generally similar, especially along 

meridional direction. The spatial resemblance is even 

more prominent between the SLA on 4/15/03 and the 

GPHA in the area 250 km west of that survey line along 

26°W. Nevertheless the scales are slightly different due to 

the different choices of reference level for SLA and 

GPHA, which are the statistical mean surface over the 

period of 1993 to 1999 and the level of no motion (in this 

case 1000 db), respectively.  
 

The comparison is quantified with correlation between 

mapped SLA field and CTD data, and between the CTD 

data and the merged map products distributed by AVISO 

(Archiving, Validation, and Interpretation of Satellite 

Oceanographic Data that distributes satellite products). At 

123 stations where a CTD cast was taken during 3/26/03 

to 4/17/03, the SLA value is estimated by interpolating 

mapped SLA in space and time.     

 

 

 

The correlation coefficient between the mapped SLA and 

GPHA is 0.47 after the spatial average is removed for 

both datasets. The same steps are repeated for 5 merged 

AVISO maps derived from an identical set of satellites 

during 35 days. The correlation coefficient between the 

AVISO maps and GPHA is 0.4. As a result, the regional 

fine-tuning of the correlation model would moderately 

improve the mapping results.  
 

A SVP (Surface Velocity Program) drifter was deployed 

on 3/9/2004 and carried towards southwest in a slowly 

migrating eddy during four months from 3/19/2004 to 

6/22/2004. The looping trajectory shows five clockwise 

circles that are approximately 15 days apart. This indi-

cates that the drifter was entrained in an anti-cyclonic 

eddy. Five snapshots of mapped SLA field are chosen at 

the same time as the drifter went through each of the            

circles. The mapped SLA field correctly reveals an             

anti-cyclonic eddy migrating towards southwest. In each 

pair of connected boxes, the looping direction of the 

drifter agrees with the direction of geostrophic current 

(Figure 5).  

 

 

 

 

Figure 5: Comparison between surface drifter trajectory (center, upper) and mapped SLA field on corresponding dates. The SVP 

drifter number 44822 (NOAA, The Global Drifter Program) was deployed on 3/9/2004 and caught in an anti-cyclonic eddy            

moving towards southwest during the period of 3/19 to 6/22/2004. Five snapshots of mapped SLA field show the migration of the 

same eddy and associated velocity vectors. Similar moving direction can be found by comparing the trajectory and the velocity 

vectors in each of the five pairs of connected boxes.   
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6. Conclusions 
The method of mapping ocean currents discussed in this 

paper has the flexibility to select certain along-track data-

sets to be used, to optimize mapping grid resolutions, and 

to further process the data before and after the objective 

mapping. This mapping method is suitable for regional 

studies in a certain time frame because the space-time 

correlation model for objective analysis is constructed 

directly from the statistics of data within the study area.  
 

For the purposes of investigating mesoscale ocean vari-

ability and simulating surface particle dispersion in local 

or regional scales, the SLA mapping products from the 

OA procedures have three advantages over AVISO merged 

maps:  

 

a. The objective mapping with optimized spatial and 

temporal resolutions can provide data of SLA and veloci-

ties on desired grids with error analysis for kinematic 

models in a specific study area (Zhou et al., 2009).  

b. A space-time correlation model with data-derived 

parameters has been tuned specifically for the study area.  

c. Additional quality control or special processing can be 

done with the original along-track data prior to the          

objective mapping.   
 

The procedures of objective mapping are tested with dif-

ferent numbers of original along-track altimeter data sets. 

It is shown that adding SLA measurements along            

additional ground tracks has provided improvements of 

resolving more eddies with smaller radii and reducing the 

overall mapping errors in the domain. A higher resolution 

of original measurements translates to finer optimum 

mapping resolution and lower mapping errors in the 

mapped SLA field. The results of objective analysis are 

consistent with the hydrographic data during LIDEX 

cruise and the trajectory of a surface drifter in the northern 

part of study area. The method is applicable to the           

mapping of other types of data including sea surface            

temperature from along-track scanning radiometer             

measurements.      
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THE IHO AND INTER-REGIONAL COORDINATION: A NEW MOMENTUM 
Gilles Bessero 

IRCC Chair 

 
1. Background 

 

As early as the second half of the 19th century, the major maritime nations became aware that              

maintaining a world-wide portfolio of nautical charts required handling an ever increasing volume of 

information and the necessity of international cooperation imposed itself progressively. Initiated at the 

bilateral level, for example between the British and French Hydrographic Offices, it was generalized 

when the International Hydrographic Bureau was created in 1921 with the objective to make world-

wide navigation easier and safer through collaborative efforts. Initially limited to eighteen Member 

States, its membership grew over the years and had reached forty three Member States in 1970 when 

an intergovernmental Convention entered into force, which changed the Organization‘s name and            

legal status. It created the International Hydrographic Organization (IHO) with the following                 

objectives: 

a) the coordination of the activities of national hydrographic offices; 

b) the greatest possible uniformity in nautical charts and documents; 

c) the adoption of reliable and efficient methods of carrying out and exploiting hydrographic               

surveys; 

d) the development of the sciences in the field of hydrography and the techniques employed in               

descriptive oceanography. 
 

At an intermediate level between bilateral cooperation involving neighbouring countries and world-

wide cooperation at the IHO level, it appeared that regional cooperation was also helpful in furthering 

these objectives. The first initiative had been taken in 1929 by the Nordic countries (Denmark, 

Finland, Norway and Sweden) which had established the Nordic Hydrographic Commission to discuss 

the standardization of chart symbols and water level information on charts and more generally the 

regional implementation of the recommendations of the International Hydrographic Conferences.       

Iceland joined the commission in 1956. It took more than thirty years before a second regional hydro-

graphic commission was formed. The North Sea Hydrographic Commission (NSHC) was established 

in 1962, at the initiative of Denmark, the Federal Republic of Germany, The Netherlands, Norway, 

Sweden and the United Kingdom. Later France, Belgium, Iceland and, more recently, Ireland joined 

the Commission. The NSHC‘s first activities included agreeing on the publication of fisheries charts 

and survey requirements outside territorial waters. The third initiative originated in East Asia where 

China, Indonesia, Japan, the Republic of Korea, Philippines and Thailand formed in 1971 the East 

Asia Hydrographic Commission. Eight other regional hydrographic commissions were established 

over the twenty five following years. 
 

 

 
 

 

 

 

 

 

 

 

 

 
  
 

 

 

 

 

 

 

 

 

 

 

   
 

 

 

 

 

 

 

 

 

 

 

 

 

 
In 1997, the XVth International Hydrographic Conference adopted a formal resolution to encourage 

the Member States having common regional interests to form Regional Hydrographic Commissions 

(RHC), in order to provide, in pursuance of IHO resolutions and recommendations, regional co-

ordination with regard to nautical information, hydrographic surveys, production of nautical charts 

and documents, training, technical cooperation and capacity building projects. Specific provisions 

were agreed to coordinate hydrographic and charting activities in Antarctica in line with the special 

status of that region: the former IHO Permanent Working Group on Antarctica became the Hydro-

graphic Committee (later Commission) on Antarctica. In accordance with the IHO resolution of 1997, 

four additional RHCs were established between 2000 and 2010, the last one covering the Arctic Re-

gion and thus completing the coverage of all maritime regions (Fig. 1). The geographical areas of the 

RHCs normally coincide with the international charting areas adopted in 1982 to develop integrated 

schemes of International (INT) charts at medium and large-scales and are more or less aligned with 

the NAVAREAs established in 1977 for the purpose of co-ordinating navigational warnings within 

the World-Wide Navigational Warning Service. 
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The IHO resolution on RHCs recognized the need to allow for appropriate liaison between ―geographically adjacent 

RHCs‖. However the implementation was left at the discretion of each RHC. In some instances, the liaison mechanism 

was straightforward when at least one Member State belonged to both adjacent RHCs. In other instances, the liaison 

was at best indirect through specialized IHO organs, such as the IHO Commission on the Promulgation of Radio    

Navigational Warnings (CPRNW), bringing together NAVAREA coordinators, or the IHO Chart Standardization 

Committee (CSC), tasked to advise RHCs on the work of regional charting groups. 

 

When the structure of the IHO was reviewed by its Strategic Planning Working Group (SPWG), following a decision 

of the XVIth International Hydrographic Conference in 2002, the need to rely on the regional dimension of the IHO in 

a more efficient and structured manner was clearly identified. Two measures were proposed and adopted in 2005. The 

first one, which is still subject to the formal ratification of the relevant amendments to the IHO Convention, provides 

for the establishment of the IHO Council, which will meet annually and comprise thirty seats with two thirds allocated 

to representatives of the RHCs. The second one came into force in 2009 with the creation of an Inter-Regional Coordi-

nation Committee (IRCC), being responsible for generating and monitoring the work to be carried out by the RHCs, 

promoting capacity building and co-operation with regional organizations concerned with the use of hydrographic 

services. 

 

2. The new IHO Committee Structure 

 

The new structure of the IHO which became effective on the 1st of January 2009 is based on three permanent commit-

tees (Fig. 2): 

 

a) Finance Committee (FC) is responsible for preparing the IHO budget and administrative and financial policies 

and monitoring their implementation after approval by the IHO Member States; 

 

b) Hydrographic Services and Standards Committee (HSSC) is the IHO technical committee responsible for 

the development of international standards for the quality and formats of hydrographic data and information, 

and the greatest possible uniformity in the use of these standards; and 

 

c) Inter-Regional Coordination Committee (IRCC) is responsible for promoting and coordinating those              

activities that might benefit from a regional approach, such as capacity building, training and education,         

promulgation of navigational warnings, general bathymetry and ocean mapping and implementation of the 

principles related to the world-wide electronic navigational chart database (WEND), all matters identified as 

strategic objectives of the IHO. 

 

 

ARHC: Arctic Regional Hydrographic Commission (2010) 

BSHC: Baltic Sea Hydrographic Commission (1983) 

EAHC: East Asia Hydrographic Commission (1971) 
EAtHC: Eastern Atlantic Hydrographic Commission (1984) 

MACHC: MesoAmerican-Caribbean Sea Hydrographic Commission (1994) 

MBSHC: Mediterranean and Black Seas Hydrographic Commission (1978) 

NHC: Nordic Hydrographic Commission (1929) 

NIOHC: North Indian Ocean Hydrographic Commission (2002) 

NSHC: North Sea Hydrographic Commission (1962) 

RSAHC: ROPME Sea Area Hydrographic Commission (2000) 

SAIHC: Southern African and Islands Hydrographic Commission (1996) 
SEPHC: South East Pacific Hydrographic Commission (1991) 

SWAtHC: South West Atlantic Hydrographic Commission (2006) 

SWPHC: South West Pacific Hydrographic Commission (1993) 

USCHC: US / Canada Hydrographic Commission (1977) 

 

HCA: Hydrographic Commission on Antarctica (1997) 

Figure 1: Coverage of regionally based hydrographic commissions (2010) © IHO 
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3. The Inter-Regional Coordination Committee (IRCC) 

 

In general terms the principal objectives of the IRCC are to: 

- establish, coordinate and enhance cooperation in hydrographic activities amongst States on a regional basis, 

and between regions; 

- establish co-operation to enhance the delivery of capacity building programs; 

- monitor the work of specified IHO inter-organizational bodies engaged in activities that require inter-regional 

cooperation and coordination; 

- promote co-operation between pertinent regional organizations and, 

- review and implement the IHO capacity building strategy, promoting capacity building initiatives. 
 

The IRCC terms of reference (Fig. 3) were refined by the SPWG in 2005-2006, reviewed by the XVIIth International 

Hydrographic Conference in 2007, further adjusted by correspondence and adopted at the end of 2007. 
 

The rules of procedure that were adopted simultaneously with the terms of reference define the membership of the 

Committee. It comprises the Chairs of its subordinate bodies: the RHCs, the Hydrographic Commission on Antarctica 

(HCA), the Capacity Building Sub Committee (CBSC), the World-Wide Navigation Warnings Service Sub              

Committee (WWNWS), the International Board on Standards of Competence for Hydrographic Surveyors and Nauti-

cal Cartographers (IBSC), and the Guiding Committee of the General Bathymetric Chart of the Ocean (GEBCO GC). 

All IHO Member States, and International and Non-Governmental International Organizations accredited to the IHO, 

may attend IRCC meetings as observers. The rules of procedure specify also that the IRCC shall meet once a year, by 

mid June, and whenever possible in conjunction with another relevant conference or meeting. 

 

 

Figure 2: Structure of the IHO as of 1st January 2009 © IHO 
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Figure 3: Terms of reference of IRCC (2010) © IHO  
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According to the IHO Strategic Plan adopted in 2009, the IRCC is responsible for the ―Inter-Regional Coordination 

and Support‖ programme of the IHO Work Programme. 

 

4. Implementation of the IRCC and assessment of its activities 

 

The IRCC has met three times since its establishment. 

 

The first meeting took place immediately after the 4th Extraordinary International Hydrographic Conference in June 

2009. Besides electing its Chair and Vice-Chair, in accordance with the rules of procedure, the Committee set up its 

modus operandi, reviewed the activities of its subordinate bodies and discussed its work plan for the coming year. The 

main outcome was the decision to set up a working group (WEND WG) to monitor the development of an adequate 

coverage of electronic navigational charts (ENC) in accordance with the implementation of the ECDIS carriage            

requirements that had been approved a few days earlier by the Maritime Safety Committee of the International Mari-

time Organization (IMO). The following Terms of Reference were agreed: 

 

1. Monitor the development of adequate ENC coverage to meet any carriage requirements for ECDIS; 

2. Develop proposals for speeding up ENC production and ensuring uniform ENC quality and consistency, and for 

making data available world-wide, including SENC1 distribution, taking advantage of any offers for production 

assistance, or other ways of mutual assistance and co-operation; 

3. Advise Member States, where appropriate, on the need, as well as on methods and tools for validating the data, 

and on any assistance which could be offered by the RENCs; 

4. Monitor the implementation of the WEND, in response to Decision 21 of the XVII th IHC2, and advise IRCC of 

appropriate measures for speeding-up the implementation process; 

5. Assist in harmonizing the policies of regional ENC Coordinating Centres (RENC) with respect to matters related 

to administration, legality, finances, technical processes, etc. 

 

The second IRCC meeting was held in New Orleans (United States) in June 2010. The Committee discussed the             

progress in establishing the Arctic Regional Hydrographic Commission and identified four generic items to be further 

investigated by RHCs: 

- the methodologies in use for displaying information on survey status, 

- the implementation of the guidance for preparing and maintaining INT Charts, 

- experiences in dealing with handling marine disasters, and 

- strategies to involve non IHO Member States in RHCs‘ activities. 
 

RHCs were also invited to ensure that the countries receiving support from the IHO Capacity Building Fund do            

provide follow-up reports on the outcomes. 

__________________________________ 

 
1 SENC: System Electronic Navigational Chart: the ENC database transformed in the manufacturer‘s internal ECDIS format. 

2 Decision 21 of the XVIIth International Hydrographic Conference: 

The IHO 

• Realizing that even in the paper chart world, a complete coverage of high quality nautical charts does not exist. 

• Furthermore realizing that it is not realistic to expect a complete world-wide coverage of ENCs in all waters in the foreseeable 

future. 

• Recognizing that shipping is more congested in some areas and routes around the world than others. 

• Consequently also recognizes the need to identify congested areas and as a minimum ensure the earliest possible coverage of 

ENCs in those areas. 

• Having considered the report from DNV on the “Effect of ENC Coverage on ECDIS Risk Reduction” establishing that: 

- a significant coverage of suitable ENCs are already available to the international shipping community, and 

- the implementation of ECDIS will enhance safety at sea, and 

- the implementation of ECDIS is found to be cost efficient for new as well as existing ships above a certain size. 

• Noting that the Conference reaffirmed its commitments to the WEND Principles. 

• Strongly supports the efforts by IMO to introduce mandatory carriage requirements for ECDIS, emphasizing that: 

- a significant coverage of ENCs is already in place and will be further improved by 2010, as indicated in the DNV report and 

supported by IHO assessments, and secondly that 

- acceptance of mandatory carriage requirements will further accelerate the production of ENCs  
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The Committee adopted the following Work Programme for the WEND Working Group: 
 

a) monitor progress in providing ENC coverage and identify and propose solutions to issues of concern such as 

gaps and overlaps; 

b) investigate and report on the significance of other areas of concern: 

- variation in licensing terms and conditions, 

- reports of ENC quality and updating issues; 

c) keep RHC Chairs informed of ENC issues identified within their regions; 

d) provide support to the IHB in preparation of reports to the IMO Sub-Committee on safety of navigation. 
 

The Committee invited the GEBCO Guiding Committee to consider ways to strengthen collaboration with RHCs with 

a priority on improving high resolution shallow water bathymetry at the regional level. 
 

The Committee also encouraged the continuation of the valuable collaboration amongst IHO, IALA3, WMO4, IOC5 

and IMO to optimize resources in capacity-building programmes and noted the progress made in consolidating the 

cooperation with regional organizations such as the Association of Caribbean States and the European Commission. 
 

The third meeting of the IHO Inter-Regional Coordination Committee (IRCC3) was held in Niteroi (Brazil) in June 

2011. The main items on the agenda of the meeting were: 
 

- the status of approval of the Protocol of amendments to the IHO Convention, 

- the development of the WEND Database, 

- the implementation of the IHO strategic planning mechanism, 

- the preparation of the IRCC contribution to the XVIIIth International Hydrographic Conference in 2012. 
 

In the light of the modest progress in carrying out the work plan of the WEND Working Group, the Committee 

agreed on ways and means to prepare, with the active participation of the RHCs, a comprehensive report on the 

implementation of the WEND Principles for consideration by the XVIIIth IHC. The feedback from the RHCs, 

notably from the Baltic Sea Hydrographic Commission, on coordinating survey schemes and displaying survey 

status, led the Committee into agreeing an action to design a suitable framework for the development of IHO               

Publication C-55 (Status of hydrographic surveying and nautical cartography world-wide). 
 

5. Perspectives 
 

The main short-term challenge on the IRCC agenda concerns the implementation of the WEND Principles in conjunc-

tion with the ECDIS carriage requirements. Although the global ENC coverage has made significant progress (Fig. 4), 

there are still a number of outstanding issues to be resolved. The objective is to ensure that mariners have access to            

up-to-date ENCs for all navigation routes and ports around the world. Conversely, there should be only one ENC   
covering a given area for each usage band. Although according to the SOLAS6 Convention individual Coastal States 

are responsible for attaining this objective in the maritime areas under their national jurisdiction, the provision of an 

adequate ENC coverage, without any gap or overlap and with a proper distribution and updating service, is also an 

inter-regional coordination matter with three main components: 

- the ENC coverage of international areas, 

- the ENC coverage of areas under national jurisdiction of Coastal States which do not have any ENC produc-

tion capability, 

- the ENC coverage of areas where the limits of waters of national jurisdiction between the bordering States are 

not established. 

——————————————————- 
3 IALA: International Association of Marine Aids to Navigation and Lighthouse Authorities. 

4 WMO: World Meteorological Organization. 

5 IOC: Intergovernmental Oceanographic Commission. 

6 SOLAS: Safety Of Life At Sea. 

Figure 4:  Progress in ENC coverage © IHO 
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All three components are very sensitive and require an inter-regional cooperative approach based on delegation, ca-

pacity building and co-production arrangements. The IRCC and its subordinate bodies are instrumental in detecting 

shortcomings, identifying and promoting best practices and designing innovative solutions when required, in line with 

the goals of the IHO. With the transition to the digital era and the associated development of ―e-navigation‖, these 

goals are even more relevant today as when the IHB was established 90 years ago. 
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NEW PORTAL WITH DIGITAL BATHYMETRY FOR EUROPEAN SEAS 

CALL FOR COOPERATION 
Dick M.A. Schaap 

MARIS, www.maris.nl 

 

 

 
The European Commission has concluded service contracts for creating pilot components of the 

European Marine Observation and Data Network (EMODnet). The overall objective is to create 

pilots to migrate fragmented and inaccessible marine data into interoperable, continuous and publicly 

available data streams for complete maritime basins.  

 

The EMODnet-Hydrography portal (http://www.emodnet-hydrography.eu) development started in 

June 2009 and now provides a range of options for browsing and downloading new Digital Terrain 

Models (DTM) for a large part of the European seas free of charge. The downloadable tiles are            

available in a number of formats, including the Fledermaus SD format for 3D viewing. The            

EMODnet digital bathymetry - with a gridsize of 0,25 * 0,25 minutes - has been produced from        

quality controlled bathymetric survey data and aggregated bathymetry data sets collated from public 

and private organizations. Further refinement is underway, also by gathering additional survey data 

sets, and will result in new releases in time.  

 

 

The portal also includes a metadata discovery service, by adopting the EU SeaDataNet CDI standard, 

that provides useful information about the background survey data used for the DTMs, their access 

restrictions, originators and distributors. This way the portal provides originators and managers of 

hydrographic data sets an attractive shop window for promoting their data sets to potential users, 

without losing control. 

 

http://www.emodnet-hydrography.eu
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Call for cooperation to holders of additional bathymetric survey data  

 

Besides aiming at producing and delivering a detailed digital bathymetry the EMODnet project is also aiming at            

compiling a complete overview of multibeam and single beam surveys for Europe‘s maritime basins as managed by 

public and private sources. These references will be included in the metadata discovery service. So far the inventory 

covers more than 7000 surveys from public authorities, hydrographic services and research institutes, but private         

sector entries are still lacking.  

 

Holders of additional bathymetric survey data from public and private sector are hereby called to come forward to 

include their survey metadata. Increased participation of the private sector will make it possible to assess the present 

coverage of European waters with high resolution surveys and to estimate the effort required to complete gaps in            

coverage by new surveys which is a key question for the EU. Please contact the EMODnet team using the feedback 

button at the portal. Also, feedback on the present services and products for improving the portal is welcomed. 

 

Contact: 
Dick M.A. Schaap – MARIS, www.maris.nl 

24 June 2011 
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BOOK REVIEW 
 

 

IALA 

Maritime Buoyage System and Other Aids to Navigation 
 

 

Published by the International Association of Marine Aids to Navigation  

and Lighthouse Authorities, 

 

This small booklet was published in March 2010 by the International Association of Marine Aids 

to Navigation and Lighthouse Authorities. The booklet is well illustrated and is presumably            

directed at the general marine public rather than at any specialist readers. 

 

It is clearly presented and provides a good outline of the various types of Aids to Navigation used 

around the World. In particular, it provides a good graphic showing in which parts of the World 

IALA System A and System B is used. It brings into focus the failure of the maritime community 

to reach agreement on a single international navigation marking system. 

 

The Cardinal Marks system is clearly explained with good illustrations. Finally there are two 

pages that graphically show the System A and System B situations with routes through the             

various marks. 

 

Available from: 

International Association of Marine Aids to Navigation and Lighthouse Authorities 

20 ter rue Schnapper, 

78100 Saint Germain en Laye, 

FRANCE 

 

Adam J. Kerr 
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OBITUARY 
 

 

 

 

VICE-ADMIRAL  

ALBERTO DOS SANTOS FRANCO 

 
  

Vice Admiral Alberto dos Santos Franco was born in the State of Rio de Janeiro, Brazil, on 5 th 

December 1913.  

 

In 1933, he was promoted to Midshipman and, after a successful naval career, was promoted to 

Rear Admiral in 1961. 

 

He graduated from the Naval Academy with a Bachelor‘s Degree in Naval Sciences, and        

completed the Course of Hydrography and Navigation for Officers at the Brazilian Directorate 

of Hydrography and Navigation (DHN) in 1937. 

 

He served on a number of Brazilian ships, and was in command of hydrographic surveying 

ships, as well as Chief of Commission of many hydrographic surveys. During the war years 

1944-1945, he served as Executive Officer on the warships - Corvette Cabedelo and the           

Destroyer Beberibe. 

 

His shore service embraced a range of high level posts, faculty, and advisory activities,             

including a term as an IHB Director from 1962 to 1967. 

 

Upon his return to Brazil, he was appointed Coordinator of the former Brazilian National Space 

Activities Commission, and in 1970 he was nominated Director of the Oceanographic Institute 

of the University of São Paulo (IOUSP).  From 1974 to 2009 he worked as an advisor to various 

institutions on projects related to tides, which included the concept and production of tidal          

prediction software. 

 

Admiral Santos Franco was the author of innumerable articles, papers and books on                   

hydrography and oceanography, mainly concerning tides, and was recognized as an international 

reference on the subject.  

He was awarded a number of decorations amongst which the Conrado Wessel Foundation 

Award in Applied Sciences to Water and a World War II Medal.  

 

Admiral Santos Franco died in the city of São Paulo, Brazil on 3rd May 2011 as a result of a 

multiple organ dysfunction.  
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