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Abstract

The design and construction of an exhibit for open ocean animals presents a number of unique requirements. These animals live in a world virtually without walls or other physical barriers and are poorly equipped for dealing with them if encountered. Most therefore have traditionally been extremely difficult or impossible to maintain in an aquarium environment and where displayed, rarely in a setting that truly reflects their habitat. In designing their new wing, the Monterey Bay Aquarium focused on an extremely large tank capable of maintaining members of the tuna family Scombridae, such as the albacore and yellowfin tuna. Tunas are rapid swimmers, relying on continual motion for respiration and buoyancy, and are generally incapable of negotiating small spaces or sharp turns. Designing and building such an exhibit to maintain these animals, and display them in a dramatic, natural appearing setting involves a number of technical challenges and compromises. These are discussed in the context of the shape, construction, life support systems and visitor experience of the successful Outer Bay Exhibit.

Résumé

La conception et la construction d'un aquarium pour les animaux marins présentent plusieurs exigences uniques. Ces animaux vivent dans un monde virtuellement sans mur ni autre barrière physique, et ne sont pas préparés à réagir quand ils les rencontrent. De ce fait, il a été très difficile, sinon impossible pour la plupart de ces animaux, d'être maintenus en aquarium ou, dans le cas d'expositions, d'être montrés dans un cadre correspondant à leur habitat naturel. En concevant la nouvelle aile, l'Aquarium de la Baie de Monterey visait un très grand réservoir capable de contenir les membres de la famille des thons (Scombridae), tels que le thon albacore et le thon à nageoires jaunes. Les thons sont des nageurs rapides. Ils ont besoin d'un mouvement perpétuel pour respirer et flotter et ne sont généralement pas capables de négocier de petits espaces ou des tournants brusques. La conception et la construction d'un aquarium qui les montrerait dans leur élément naturel comportent donc un nombre de défis techniques et de compromis importants. Cela concerne la forme, la construction, les systèmes de maintenance des animaux, et l'attitude des visiteurs face à un aquarium en baie ouverte.

Introduction

In 1987, The Monterey Bay Aquarium began to plan for expansion of the original Aquarium, which opened in 1984. The Aquarium decided to complete the regional nature of the institution by focusing on the Monterey Bay habitats poorly represented in the institutions original exhibit program. One major element of the exhibit program for the new wing was the offshore or “Outer Bay” environment of Monterey Bay, extending outward to merge seamlessly with the open Pacific Ocean above the 2-mile deep Monterey Submarine Canyon. The animals that live and pass through this area, live in a world virtually without walls or other physical barriers and are poorly equipped for dealing with them. Traditionally, most therefore have been extremely difficult to maintain in an aquarium environment. 

In 1989, EHDD was asked to assist the Monterey Bay Aquarium with the planning and design of the Aquariums New Exhibits Wing (N.E.W.). A number of technical challenges had to be overcome to make exhibit a reality. The Aquarium wanted not only to display several species of fishes from this area, but also give visitors the sense of endlessness of the largest habitat on earth. They, therefore, chose to focus efforts for the centerpiece exhibit on a very large tank capable of supporting animals such as barracuda, ocean sunfish, bonito, sea turtles and sharks. But the primary hope was to build an exhibit suitable for maintaining tunas such as albacore (Thunnus alalunga) and yellowfin (Thunnus albacares).

Such an undertaking had significant risk.  While there had been some notable success with displaying tunas in aquariums, particularly in Japan, mortality was typically high.  Not only do tunas typically swim rapidly, they also have tremendous burst speeds when feeding or startled. Collision with a hard tank surface under these conditions is extremely traumatic, if not instantly fatal. Like most open ocean animals, tunas also completely lack the ability to move backwards, making it difficult, if not impossible, for them to get out of tight spaces. These two characteristics make maintenance of tunas in traditional aquarium tanks difficult at best, with high mortality and frequent replacement being required. However, Monterey Bay Aquarium felt that the risks were acceptable given the potential of such an exhibit. 

The Exhibit

Unlike some other aquariums, Monterey Bay Aquarium does not have access to an abundant local fishery or to large vessels to transport numerous fish to compensate for these problems. Instead, they felt that a viable centerpiece exhibit would need to be designed to maintain the collection with little mortality, even as the growth of the animals compounded their maneuverability problems within the exhibit. To successfully meet these needs, several criteria were felt to be of critical importance:

· The tank should be as large as possible, without utilizing an unacceptable percentage of the limited space in the new building.

· The tank would need sufficient depth to allow different species, or sizes to segregate naturally.

· The tank should not have corners that the tuna could be trapped in, or have difficulty avoiding.

· The inside surface of the tank should be as smooth as possible to minimize damage to animals that accidentally contacted it.

After many iterations, an unusual tank was developed. The tank, measuring 93' x 52.5 x 35' deep, has a gross volume of about 1.1 million gallons (4,250 m3). While the Aquarium's husbandry staff felt that the tank had good potential for the maintenance of tunas, there were concerns about compromises that had occurred in the process of fitting the tank into the building program. The final size lacked some of the area desired by the staff to provide the tuna with as open a swimming area as possible and some of the front to back depth required to minimize the public's perception of the walls. 

In order to compensate for these issues, the decision was made that the inside of the tank should be shaped like the inside of a bowl as much as possible. While this would further reduce the volume and open area in the tank, it would provide continuous curves to direct the tuna smoothly along its surfaces, and also prevent abrupt changes in illumination caused by corners that might be discernable to the public, or confusing to the tuna. Some sort of subtle surface coloration variation would also have been incorporated into the curving walls to provide the tunas with a visual reference to avoid collisions, but not be visible by the public through 40-50 feet (12-15m) of water. But forming this shape in a million gallon tank posed a problem. The concrete tank walls could, in theory, be formed into the desired shape. However, after much research and discussion with the structural engineer and general contractor, the consensus was that this method was unlikely to provide the close tolerances desired in the final shape. It also was extremely permanent and inflexible, meaning that changes to the shape that might be required would be difficult. If the Aquarium even decided to change the program for the large tank, the shape would make conversion to another exhibit difficult.

The inside of the tank was therefore designed as a sprayed concrete or "shotcrete" shell over a glass fiber reinforced polyester (GFRP) structural frame, similar to artificial rockwork. The final surface would be tile, similar to the inside of a pool, but set with grout that closely approximated the tile color. Based upon some preliminary testing, it was thought that these tile joints and transitions from one blue tile color to another would be invisible to the public, but visible to the tuna as they swam close to the tank wall. Cost estimates showed that this system was no less expensive than forming the shape in the tank structure itself, but the better control of the final product, plus the ability to remove it and recover a large, unencumbered tank made it the preferred alternative. During construction of the new building and while attempting to find an installer for the tank liner, another iteration of design of the liner occurred. Working with fabricators of artificial rockwork and other exhibit elements, an alternative approach to fabrication of the liner was developed. Rather than a heavy concrete structure, the liner was pre-fabricated out of overlapping plates of GFRP with GFRP ribs on the concealed side, resembling an inside-out boat hull.

While the use of a traditional colored gel coat or epoxy as a finished surface was considered, its proneness to long term scratching without the ability to repair it underwater meant it was not an ideal solution. Tunas are extremely active animals, difficult to safely remove from an exhibit, when maintenance is required. Providing a home for the expected number of animals for periodic repair of the exhibit was also not thought to be practical. After extensive analysis to make sure that weight was not a problem for the liner, it was decided to return to the original concept of using tile for the exposed surface. 1" x 1" (25 mm x 25 mm) glass tile set in epoxy mortar and grout was chosen for its high durability, excellent cleanability, ability to be set in sheets & conform to curves easily, and at a reasonable cost. In addition, it was felt that individual tiles of this size could be replaced underwater, if required.

While installation of the liner proceeded smoothly and the tile surface has provided the expected durability, one design feature did not work out as anticipated. Based upon the lack of availability of tile in varying shades of blue, a change was made during construction that reduced the number of different colors from 14 to 8. Unfortunately, when one half of the liner had been completed and the tank filled with water, these 8 colors appeared as distinct bands, spoiling the effect of a gradual transition from light to dark. To compensate for this, the tile had to be changed to all one color.

Public Viewing

Simultaneous with the development of the shape of the tank, was the determination of what views would be provided to the public. Since it was the centerpiece for the new building, the Aquarium wanted to provide the best experience for the public. Viewing should also reinforce the "endless" nature of the open sea to the visitor, giving them the sensation of being underwater, swimming in the real open ocean. To provide this feeling, it was thought that one extremely large primary viewing window would be able to provide this experience for the average visitor, even on crowded days.

The final configuration was a primary 54' x 15' (16.4m x 4.6m) opening at the upper floor. This window was configured with the tank such that it was virtually impossible to see anything through it other than the curving back wall and bottom of the tank, in effect providing an infinite view into the open ocean.  Two smaller panels were also incorporated. A 6’ (1.82m) diameter window was provided near one end of the tank at the upper floor, giving a long view through the tank and revealing more of its true form to visitors. A sloped 10’ x 26’ (3.04m x 7.9m) window was also provided at the lower floor, as a view up through the tank as part of the future Monterey Submarine Canyon exhibits. For the main window, the Aquarium wanted a single panel, without mullions or sealant joints between panels, as they would be too obtrusive to the concept of a window into the open sea. They also did not want visitors to see the edges of the panel as they looked through it. Thus, a single 56.42' x 17.42' x 1.08’ (17.12m x 5.29m x 0.33m) acrylic panel weighing 43 tons (38.6 mt) was required, by far larger than any single window panel that had been made at that time.

The large main window opening also created a rather large structural problem that had to be dealt with in the design. The concrete across the top of the window had to span with little or no deflection downward after the acrylic was installed. Since only 3"  (76.2 mm) existed for sealant between the concrete and the top of the acrylic, any deflection could potentially break the seal. There was also no room to make the concrete thicker as the upper service access to the tank was only 18" (0.46m) above the top of the window. While post tensioning of the window head could have been used, there were concerns that any saltwater that happened to reach the cables could ultimately weaken them, causing the beak to settle. This problem was solved creatively by designing the exterior wall of the service area as a tall, thin beam to support the concrete above the window, limit long-term creep to less than 0.25 inches (6.3 mm).

While several acrylic manufacturers felt confident of their abilities to make such a panel, a major problem existed. Not only was this panel too large to transport in a single piece, a crane capable of lifting it in place could not be brought to the construction site without significant and extended disruption to local businesses. As a result, in consultation with the acrylic manufacturer and hoisting companies, the decision was made to transport the panel in 5 pieces. The panels were then be placed in the tank with a smaller crane and chemically bonded together. Final lifting into place was done using a specially constructed gantry crane over the top of the tank. 

Life Support System

The first step in determining the life support system requirements for the Outer Bay involved carefully quantifying the design parameters for biological loading of the exhibit. Given the unique species and desired characteristics of the exhibit experience, this was felt to be critical to success. But little data existed for the species being considered. To work around this problem, the proposed species list was used to estimate the number and (eventual) size of individuals of each species to be maintained. This was combined with limited available metabolic data and approximations for contributions by each fish species, nitrifying bacteria and food loading. From this, conservative estimates were derived for system biological and chemical oxygen demand, suspended solids, and inorganic nutrient production, including ammonia, nitrite and nitrate. This data was then applied to the development of the Life Support system. 

A. Make-up water

The Monterey Bay Aquarium sits adjacent to, and receives 2000 gpm (454.2 m3/hr) of high quality seawater from Monterey Bay. Most of the original aquarium exhibits and holding facilities use this water directly, with only filtering to remove turbidity. This, combined with the presence of large amount of macroalgae in the exhibits, nitrifying bacteria in the filters and large aeration towers, controls nutrient build-up and provides large amounts of oxygen. While use of high volumes of make-up might have been preferable for the Outer Bay Exhibit, a number of factors made it impractical: 

· The temperature of Monterey Bay fluctuates from around 42–68o F (5-19 o C), but typically is around 50- 55 o F (10-12 o C). While the animals in the existing facility were adapted to these fluctuations, many of the animals to be displayed in the Outer Bay Exhibit are relatively temperature intolerant. These require temperature at the high end of Monterey Bay’s range.

· The existing facility was using most of the available capacity of the intake system from the Bay 

· The new building was located on the opposite side of the existing building from the existing seawater intake, and outfall systems and major obstacles existed to getting it to and from the new building.

· A new intake and outfall unreasonable, given both cost and Monterey Bay’s recent designation as a National Marine Sanctuary.

· The environmental consequences of heating large amounts of make-up water, and then discharging that warm water back to the Bay did not meet the Aquarium’s mission of environmental awareness.

After careful study, it was decided that make-up water would primarily be used to control nitrate build-up to less than 20 ppm, and provide make-up for backwashing of filters. From the loading data developed, the Outer Bay exhibit could function with only about 80 gpm (18.2 m3/hr) of make-up water. This much water was possible to divert to the New Wing from the old system. Energy use to heat this water would be minimal, primarily being provided by heat gain from pumps and the building. Any additional heating (or cooling) could then easily be provided through the Aquarium’s HVAC heat pump system that was being expanded to serve the new building. Under current operation at the design flow, nitrates in the exhibit remain at approximately 14 ppm.

B.
Oxygen

At the time the exhibit was being designed, little metabolic information was (and still is) unavailable for many of the planned species.  As a result, an estimate of oxygen consumption within the exhibit was calculated using an equation for salmonids (Wheaton, 1987), modified to compensate for the higher metabolic rates of the proposed species:

Lbs O2/day = lbs fish x 4.9x10-5 x (Water Temp (oF))2.12 x (lbs/fish)-0.194
50

This was combined with the mass balance reaction:

NH4+ + OH- + 202( H+ + NO3- + 2H20

that shows that approximately 3.5 lbs (1.6 kg) of oxygen are required to completely oxidize 1 lb (0.45 kg) of waste ammonia NH4+ to nitrate NO3- in the filters. An aquaculture estimate (Westers, 1981) that 0.03 lbs NH4+ per pound of food (0.03 kg/kg food) is produced was also used to size biological filter requirements.

Initially, the exhibit was designed to have a (eventual) loading of 17,160 lbs (7,800 kg) of fish and 528 lbs (240 kg) of food per day, with a turnover rate of 11,200 gpm (2,180 m3/hr). Complete aeration of a proposed flow of would have resulted in an average oxygen saturation of 86%. Adding in the contribution of make-up water, the average saturation would be 88%, well within acceptable limits. Higher density was possible, but at a declining residual saturation. 

As this high loading was exactly what intended for the exhibit, careful attention was placed on adequate aeration.  Using information developed by Colt (1984) for the aquaculture industry for highly loaded systems, an aeration tower was designed to accommodate the entire system flow. 3’ (1m) of random packed media are suspended above the water level in the tower, which combined with the distribution headed and redistribution plates, ensures excellent gas/liquid contact and high exchange rates, even at high oxygen saturation values.  

During design, the turnover rate in the exhibit was reduced by "value engineering" and currently operates at 7200 gpm (1,635 m3/hr) or around 64% of the original design.  In theory, this has reduced the maximum loading of the exhibit to around 11,000 lbs (4,992 kg) of fish and 338 lbs/day (153.6 kg) of food to maintain a similar minimum oxygen level. But after 4 years of operation the load in the exhibit has only reached 4,400 lbs (2,000 kg), with a feeding rate of 133 lbs/day (60.5 kg/day). As a result, dissolved oxygen within the exhibit remains at 97-98% of saturation.

C.
Ozonation

Ozone was chosen for oxidation of dissolved organic compounds. While the ozonation process is in many senses "traditional", incorporating a large contact chamber of 15,883 gallons (60.1 m3), the system was designed to accommodate from 0-100% of the total system flow, while supplying up to 8 lbs (3.64 kg) per day of ozone in air via venturi eductors. This system was designed to allow selection of high dosages at long contact times for a small percentage or low dosage with shorter contact times for a higher percentage of the flow. After ozonation, the water enters the aeration chamber, preventing risk of super-saturation, or carryover of ozone gas to the exhibit. ORP is monitored both leaving the aeration chamber and leaving the tank. These provide the ability to automatically control ozone dosage and/or safety override for manual set point of ozone level. Currently the system operates using approximately 3.5 lbs/day (1.6 Kg/day) ozone.

D.
pH / Carbon Dioxide Control
During construction of the new wing, data developed from the Aquarium's tuna holding facility and other sources indicated that the high biological loading of the Outer Bay exhibit might risk a problem with pH depression due to the accumulation of dissolved CO2. Following the lead of Osaka Aquarium, to control this problem, the Aquarium chose to add 2 large blowers to the aeration tower, capable of delivering 11,000 cfm air at up to a 10:1 gas/liquid ratio through the aeration tower packing media. The fans were configured such that one or both fans could be run, with one incorporating a variable speed mechanism to effectively allow variable operation of the system from 0-100%.

This addition of blowers added another complication to the system.  Since the air temperature in Monterey is typically lower than the tank's water temperature, besides stripping CO2, the blowers also would strip heat from the water. To partially compensate for this, a large heat exchanger system was installed to warm the make-up water to the exhibit, using the warm overflow from the exhibit, before it is returned to the Bay.

The fans are highly effective in controlling pH. Without the fan, pH quickly drops to below 7.5, while pH rises to 7.85 with both fans at 100%. Given energy use and the heat loss issue, under current operation only one fan is run at 50%, effectively maintaining pH above 7.7.

E.
Filtration
The Outer Bay Exhibit was designed to use large rapid sand filters to remove particulates for water clarity and also to provide adequate surface area for nitrification. Originally the exhibit was intended to operate at a 90-minute turnover through the filters. As design progressed, space and cost constraints reduced this turnover rate to 102 minutes. The filtration rate was then further reduced during construction by "value engineering", making one of the seven large filters a "future" addition to the system as required based upon observed operation. This resulted in a final turnover time of 122 minutes, or only 74% of the original design. Combined with a reduction in volume of the actual area within the exhibit, the system as installed is only 65% of the original capacity.

While the exhibit generally operates with adequate turbidities as low as 0.04 NTU, feeding is compressed into 4 times per week with turbidity after consecutive feedings reaching values of 0.08 NTU. Given the reduced turnover, the particulates are not removed from the system as quickly as desired. The Aquarium is currently evaluating methods to correct these transient turbidity problems associated with the heavy feeding rates, the solution to which may be to add the "future" filter to the system. Nitrification, however, is highly effective, with ammonia remaining well below 0.1 mg/l, confirming the assumption that the filter media contained more than sufficient capacity for biological activity, without the need for additional bio-filters.

Summary

In retrospect, most of the assumptions and decisions made as part of the design and construction of the Outer Bay Exhibit were accurate. Despite the unknowns of developing such a large, multi-species exhibit, the opening of the Outer Bay Exhibit in 1996 successfully provides an unparalleled representation of the Open Sea to Monterey Bay Aquarium's visitors, and allows them to experience some of the feeling of life in the largest habitat on earth. 

Monterey Bay Aquarium now has three signature exhibits - the Kelp Forest Exhibit, the Outer Bay Exhibit and their exhibit of jellies. The success of each of these unique exhibits is due to Monterey's willingness to experiment with, research and develop the ideas of those that know the most about what is "out there", the biologists. The development of each of these also involved taking leaps of faith, both in terms of whether or not an exhibit was realistic to pursue and whether the public would find them interesting.

Every institution needs at least one signature exhibit. A signature exhibit does not necessarily have to be the "largest", "deepest" or other similar superlatives often used. Instead, it must be distinctive and provocative to catch the imagination of the visitor. There are many opportunities for exciting, never-been-done exhibits with hundreds of marine species that have never been successfully displayed. They await institutions willing operate on the leading edge of our industry, rather than relying on copying what others have done before. While it is not an easy task, the results can be worth the risks 
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