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The Sea Organ:  A Musical Connection between Land and Sea

I. Introduction

Found in the Zadar harbor on the island of Croatia, the Sea Organ is a unique instrument that produces an incredible array of sounds.  While using the basic mechanics of ancient instruments, the Sea Organ is rare in its construction and its melodic sounds.  Through this paper the history of instruments that have influenced the creation of the Sea Organ, as well as the actual physical construction of it will be discussed.  Finally a simplified acoustical analysis of the Sea Organ will be done using the knowledge gained throughout this class.

II. History

The origination of the sea organ’s acoustical construction dates back to the 3rd century BC.  The hydraulis, the first documented instrument that used water and air pressure to create music, was invented by Ctesibius of Alexandria.  With well documented use up until the 5th century AD, this instrument was the predecessor of the well known pipe organ that is used today.  The instrument used a series of vertical pipes that were held above and connected to an air chamber.  The pressure in the air chamber was supplied by a water pump system that kept the air pressure underneath the pipes constant.  This allowed the pipes to remain in tune and sound evenly despite little changes in air pressure due to weather fluctuations.  Air pressure can change up to 5-10% depending on the weather and these fluctuations (while not aurally perceptible) undoubtedly affected the pressurized air in the pipes. The instrument was played by depressing keys or using slides to let the pressurized air into the pipes.  The hydraulis is also commonly referred to as the “water organ”.  (“hydraulis”, np; Water Organ, np) 
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After the 5th century AD, the hydraulis was rapidly being replaced by more sophisticated methods of air pressure-pipe instruments.  By the 9th century AD, the hydraulis was effectively extinct from the musical repertoire; the more common version of the pipe organ was now being used.  (Water Organ, np) The next instance where we see a new version of the water-pipe instrument construction comes in the 1980’s when the Exploratorium in San Francisco, California constructed an instrument to be played by the San Francisco Bay.  The Wave Organ, constructed in 1986, uses the hydraulis’ basic idea that water pressure can be used to constrain air pressure that then excites a pipe system.  The wave organ was designed and developed by Peter Richards.  The idea arose when he listened to recordings of a vent pipe on a dock in Sydney, Australia that was excited by the crashing waves.  (the wave organ, np)

The actual construction for the Wave Organ in San Francisco is a different take on the original concept of the ancient hydraulis.  The Wave Organ actually uses the chaotic flow of the water as well as the rise and fall of the tides to excite the pipes as opposed to using air pressure created by the moving water.  The construction of the wave organ uses a series of 25 assorted PVC pipes that are held in place with concrete.  The tops of the pipes are built into the amphitheater-type structure and are the producers of the sounds of the Wave Organ.  In order to hear the sounds, one must sit next to the top of one of these protruding pipes.  The sculpture itself is made from an assortment of granite, marble, and concrete pieces.  The sounds created by the wave organ come from the waves crashing into the closed-open pipe constructions underneath the seating area, as well as the water flowing in and out of the pipes.  The rise and fall of the tides also affects the sounds produced by the Wave Organ. (the wave organ, np)
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While the Wave Organ was an original take on the idea to use water to excite pipe modes, the sounds produced by the pipes in San Francisco is something less than melodic.  The wave organ is more a piece of art than a musical instrument.  The sounds produced by the wave organ are described as listening to the “world’s largest sea shell”, with a selection of grumbles, low crashing of waves, and hums.  (Edwards, np)

The Sea Organ is a combination of both the creation of sounds and melodies that was originally used in the construction of the hydraulis as well as the aesthetic and seaside design of the Wave Organ.  The Sea Organ is located in the Zadar harbor in Croatia.  The Sea Organ was designed by Nikola Basic in order to restore part of the sea coast of Croatia after it had been all but destroyed during World War II and was officially opened in April of 2005.  It was designed to restore the Zadar harbor back to a place of beauty and a place where the there exists a true connection between the sea and the land.   (The Sea Organ, np)
III. Construction

The Sea Organ’s construction is very simple, yet very effective.  It is an alteration on the previously discussed hydraulis where water is used to change air pressure which in turn excites different pipes of a multi-pipe system.  The Sea Organ is 70 meters long and divided into seven separate stair like sections.  There are 35 plastic “organ” pipes built underneath the white marble staircase structure, separated into five pipes in each of the seven sections.
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Each of the seven sections has a different number of actual stairs, with one open end of every pipe built into the top stair.  The number of stairs decreases by one in each segment allowing for the pipes to be of different lengths to produce different acoustical sounds.  The maximum number of stairs is eight and the minimum is two.  The segments with the greater number of stairs produce the lowest frequencies heard by visitors to the Sea Organ, and the segments with lower number of stairs produce higher pitches.  The pipes themselves are placed 1.5 meters apart in each segment.  (The Sea Organ, np)
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The pipes are a slightly more difficult construction in order to account for both the water and the air pressure that changes as the waves crash into the structure.  The pipe is essentially an open-open pipe with one end open to the water, and the other end opening up into an air chamber that resonates the sound before releasing it out through holes in the stairs.
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The one open end of the pipe is immersed under the average sea level so that regardless of the tides it is always under water.  As the waves crash into the stairs, the water is pushed up into the pipe (the water pressure is increased).  The pipe narrows as it is elevated so that the water pressure is built up even more as it enters the pipe (the water velocity increases and therefore the frequency rises).  Near the end of the pipe length, when the pipe is as high as the uppermost stair in that given section, the pipe levels out with the ground and there is a small opening in the pipe to allow the air to be released (the other open end of the pipe) and a subsequent sound produced.  As the water pressure builds up in the pipe from the crashing waves, the air pressure builds in the top of the pipe, exciting the frequency mode that the measurements of the pipe are designed to produce.  (Stamac, 205; The Sea Organ, np)
IV. Acoustical Analysis

The main sources for the melodic sounds heard from the Sea Organ are the pipes that lie underneath the white marble stairs.  The pipes are arranged in a certain system so that there are five pipes on each stairwell.  These pipes are all related by their length, but the five related pipes are tuned further using different widths of pipes to create a harmonic chord in each of the seven sections.  Two separate, but harmonically related chords were used alternately across the whole seven sections of the Sea Organ.
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In order to do an acoustical analysis, I will have to make some generalizations and simplifications, but I will try to estimate the best that I can.  In Stamac’s paper, Acoustical and Musical Solution to Wave-Driven Sea Organ in Zadar, the only information given about the acoustics of the pipes are two frequencies – 65Hz and 250Hz.  Using the formula: 
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 to determine the notes of these given frequencies.  I found that 65Hz corresponds to C2 and 250Hz corresponds to C4.  Based off of the diagram given above, C2 must be the note in the second set of stairs and C4 is in the sixth set of stairs.

In order to continue with the analysis, we must make two more generalizations – (a) that the pipes are of uniform width and (b) that this is an open-open pipe system (although the one open end is in water).  Making these simplifications, we can estimate the length of the pipes in the second staircase and the sixth staircase.  Using the formula for an open-open pipe system 
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 we can estimate the lengths of each of the pipes (assuming the sound is traveling primarily in air, not in water).  For the second set of stairs (with primary note of C1), the length is 2.61 meters.  For the sixth set of stairs, the length is .68 meters, but this is the effective length of the pipes in total, not the height of the stairs. 

 In order to determine the stair height, we must make yet another approximation.  Based off of the diagram of the pipes (shown in section III of the paper), the pipes are approximately raised at a 45 degree angle.  Using basic triangle properties, the height of the triangle is 
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.  Therefore the height of the second set of stairs is approximately 1.84 meters, and the height of the sixth set of stairs is .48 meters.  The Sea Organ is built so that the first set of stairs contain eight stairs and the last set contains 2 steps.  (Stamac, 204)  By averaging the total height by the number of stairs of the two calculations it seems that each individual stair height is approximately .2 meters – which actually seems logical (even with all the simplifications)!
Using this idea, the highest stair should be about 2 meters in height, which means the pipe length will be about 2.8 meters.  This length relates to a frequency of 60Hz, which is the note that is 34 semitones below A4 which corresponds to B1.  This is not exactly what we should have gotten (we should have calculated either a D or a G), but that makes sense based off of our simplifications of the calculations.
The other frequencies in each set of stairs are much more difficult to calculate because of the structure of the pipes.  Since all the pipes in a certain stair set will all have approximately the same length, the component responsible for the change in frequency is the change in width up the pipe.  This is very similar to how our vocal tract works (by changing the width, not the length to produce different frequencies) with the series of formants.  
I would have liked to have done a calculation of the reverb time within the air chamber to determine how long the melodic sounds last, but unfortunately we were not given nearly enough information about the construction of the pipes.  The only information I know is that the chambers are presumably made of marble (like the rest of the stairs), which has an absorption coefficient of 0.01 at 250Hz. (Absorption Ceofficient Chart, np) And using Praat to analyze a sound clip of the sea organ, the T60 appears to be approximately 2.7 seconds.  However, that is not enough information to determine the volume or area of the air chamber underneath the stairs.
V. Conclusion

Through conducting research on the sea organ, it is easy to see why such an instrument is one of a kind.  There is a lot of underlying mathematics and engineering that went into this project that makes it so unique.  While I oversimplified a lot of the mathematics, the general idea of how such a construction creates such beautiful sounds is easy to discern.  There are many other aspects of the Sea Organ that are left to be discovered, but I believed to gain a more precise understanding one must travel to Croatia to hear the music that this beautiful instrument creates.
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