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ABSTRACT

In 1976, John D. Isaacs proposed to use wave energy to invert the density structure of the ocean and pump

deep, nutrient-rich water into the sunlit surface layers. The basic principle is simple: a length of tubing at-

tached to a surface buoy at the top, and a one-way valve at the bottom can be extended below the euphotic

zone to act as a conduit for deep water. The vertical motion of the ocean forces the attached valve to open on

the downslope of a wave and close on the upslope, thus generating upward movement of deep water to the

surface ocean. Although Isaacs’s wave-powered pump has taken many forms, from energy production to

aquaculture to the more recent suggestion that artificial upwelling could be used to stimulate primary pro-

ductivity and carbon sequestration, the simple engineering concept remains the same. In June 2008, the

authors tested a commercially available wave pump (Atmocean) north of Oahu, Hawaii, to assess the logistics

of at-sea deployment and the durability of the equipment under open ocean conditions. This test was done as

part of an experiment designed to evaluate a recently published hypothesis that upwelling of water containing

excess phosphate (P) relative to nitrogen (N) compared to the canonical ‘‘Redfield’’ molar ratio of 16N:1P

would generate a two-phased phytoplankton bloom. The end result of this field experiment was rapid delivery

(,2 h for a 300-m transit) of deep water to the surface ocean followed by catastrophic failure of pump

materials under the dynamic stresses of the oceanic environment. Wave-driven upwelling of cold water was

documented for a period of ;17 h, with a volumetric upwelling rate of ;45 m3 h21 and an estimated total

input of 765 m3 of nutrient-enriched deep water. The authors discuss the deployment of a 300-m wave pump,

the strategy to sample a biogeochemical response, the engineering challenges faced, and the implications of

these results for future experiments aimed at stimulating the growth of phytoplankton.

1. Introduction

The vertical displacement of waves can be employed

to transfer deep, nutrient-rich water to the surface of the

ocean using a rather simple pump design originally

conceived by Isaacs et al. (1976). A modern version of

this concept is depicted in Fig. 1. It consists of a vertical

pipe attached to a free-floating surface buoy. A valve

that opens and closes at opposite phases of a wave cycle

is installed at the bottom end of the pipe. As the buoy

moves down the surface of a wave, the valve opens and

water is entrained in the pipe. On the following upslope,

inertial forces move entrained water upward and deep

water is eventually transferred to the surface. Upwelling

velocities and total volumetric inputs generated by these

pumps are a function of the amplitude and frequency of

waves as well as the dimensions and efficiency of the

individual pump (Liu and Jin 1995; Vershinsky et al.

1987).
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Although wave pumps have only been successfully

deployed as a small-scale means to generate power

(Isaacs et al. 1976), a variety of other applications have

recently been proposed, including increasing primary

productivity and fish production (Kenyon 2007; Kirke

2003), fueling aquaculture (Liu and Jin 1995), and miti-

gating climate change via enhancement of oceanic car-

bon sequestration (Lovelock and Rapley 2007). Each of

these proposals requires pumps that would remain op-

erational in the open ocean long enough to generate and

sustain phytoplankton blooms. The minimum opera-

tional time scale needed will depend on the pump effi-

ciency, the number of pumps deployed, and the physical

and chemical characteristics of the target region. Given

our present understanding of phytoplankton bloom dy-

namics, this time scale is likely be on the order of weeks

to months. In addition, these proposals assume a pre-

dictable biological response of the upper ocean to deep

water additions. For this reason, small-scale risk as-

sessments of the feasibility of artificial upwelling cou-

pled to careful measurements of the response of ocean

biota are required to confirm the underlying principle

that forms the basis for each of these plans: that a wave

pump could function long enough to stimulate and sus-

tain enhanced primary productivity. The Ocean Produc-

tivity Perturbation Experiment (OPPEX) was designed

and implemented to evaluate the feasibility of inducing a

phytoplankton bloom in the oligotrophic open ocean.

OPPEX hypothesis and objectives

The North Pacific subtropical gyre (NPSG) is char-

acterized by low concentrations of biolimiting nutrients

(particularly nitrate and phosphate), low biomass, and

generally low rates of new and export production. The

upper water column is strongly stratified to the extent

that the mixed layer is vertically separated from reser-

voirs of nutrients that accumulate at depth as a result of

microbial degradation of sinking organic matter (Karl

and Letelier 2008). In most cases in the oligotrophic

gyres, if waters from below the nutracline are introduced

to the well-lit surface ocean, a phytoplankton bloom will

develop (Dore et al. 2008; McAndrew et al. 2007; Wilson

and Qiu 2008). This biological response serves as the

basis for the use of wave-driven upwelling as a means to

enhance primary productivity and the export of organic

carbon to depths exceeding that of the thermocline. The

potential that ocean productivity and carbon seques-

tration can be manipulated is the motivation for the use

of these pumps as a geoengineering tool (Kirke 2003;

Lovelock and Rapley 2007). However, recent open

ocean in situ perturbation experiments have demon-

strated a number of unintended ecological responses

(Watson et al. 2008). Furthermore, if carbon export is

indeed stimulated, it can be difficult to verify its mag-

nitude in a dynamic fluid environment (Powell 2008;

Zeebe and Archer 2005). Karl and Letelier (2008) have

outlined a careful consideration of the potential re-

sponse of the surface ocean to controlled artificial up-

welling; they have also recommended an appropriate

testing site, source water depths, and details of an

experiment to verify whether artificial upwelling gen-

erated by these pumps could measurably stimulate

productivity. Such consideration of the chemical com-

position of the source water and knowledge of the resi-

dent phytoplankton community is critical to ensure that

deep water nutrient additions are sufficient to stimulate

productivity in excess of the C inputs (Yool et al. 2009).

Following this outline, we conducted OPPEX in the

early summer of 2008, in the oligotrophic waters of the

NPSG.

OPPEX was designed both as an engineering test of

the feasibility of wave-driven upwelling and as a field

experiment to test the hypothesis of Karl and Letelier

(2008). This hypothesis states that artificial upwelling can

stimulate organic carbon export in excess of inorganic

FIG. 1. The components and configuration of the wave pumps

deployed north of Oahu, Hawaii, in June 2008. Dimensions of each

pump are shown; however, the diagram is not to scale, because the

lengths of the tubes are considerably greater than their widths.
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carbon inputs via the sustained delivery of water from

depth horizons containing excess phosphorus (P) rela-

tive to the Redfield ratio of 106:16N:1P. It was put forth

as a potential mechanism to explain the enigmatic N2

fixation–supported blooms (Dore et al. 2008; Karl et al.

1997; White et al. 2007; Wilson and Qiu 2008) that are

periodically observed in summer months near the time

series station A Long-term Oligotrophic Habitat As-

sessment (ALOHA), 228459N, 1588009W. These blooms

are typically composed of the colony-forming N2 fixer

Trichodesmium or symbioses of the heterocystous N2

fixer Richelia and its diatom hosts (Dore et al. 2008). The

underlying principles of this hypothesis are that the

upwelling of deep water with N:P , 16 will lead to 1)

rapid photosynthetic assimilation of inorganic N and P

in a ratio of approximately 16N:1P, ending with N de-

pletion and residual, unutilized P, and 2) this residual P

will stimulate N2-based (i.e., diazotrophic) growth given

a well-stratified water column (Fig. 2). For the pro-

posed experimental site, in the NPSG, and the horizon

of the source water for upwelling (300 m), both bloom

stages are theoretically required to achieve net carbon

sequestration. Guided by this hypothesis, OPPEX had

three primary objectives: 1) to verify the structural in-

tegrity and assess the performance of commercially

available wave pumps, 2) to develop a monitoring and

sampling strategy appropriate for tracking the pumps

and the upwelled water for the duration of a deployment

in waters north of the Hawaiian islands, and 3) to study

the biological response of the system. A combination of

autonomous gliders, satellite imagery, and ship-based

sampling was used to achieve the latter two objectives.

This project was filmed by Impossible Pictures (United

Kingdom) for an episode (‘‘Hungry Oceans’’) of the

Discovery Channel series Project Earth (available on-

line at http://www.discovery.com). Their programs, such

as ‘‘Hungry Oceans’’/Project Earth, reach more than

1.5 billion subscribers in 170 countries.

2. Methods

a. Pump assembly

The components for each of three 300-m-long wave

pumps were obtained from Atmocean Inc. Each pump

kit consisted of a cylindrical ionomer foam surface float

(1-m diameter, 1.83-m length) with an eye bolt on each

end; two 0.75-m diameter 3 150-m length sections of

polyethylene ‘‘tubing’’ surrounding a 150-m length of
3/8-in. vinyl-coated cable; a coupler to connect the two

lengths; a set of five nylon ratchet straps; and associated

hardware, including keel to affix the tube assembly to

the surface float and the valve at the base (Fig. 1). The

valve, coupler, and keel were constructed of stainless

steel by Atmocean. The vinyl-coated cable connected

the surface float to the valve at the base of the tube. Each

pump was assembled at the University of Hawaii by

connecting two 150-m sections of tubing via a coupler.

Each of these 300-m lengths was then wound into a roll

with the coupler in the center for ease of deployment.

Both a single- and a dual-pump configuration were as-

sembled, whereas the dual-pump array consisted of two

single pumps held together by a 100-m section of 1.5-in.-

diameter polypropylene line. This tether attached to one

end of each buoy. Notably, the single pump and one of

the dual pumps were outfitted with a coupler at the

FIG. 2. Illustration of the anticipated biochemical response of

wave-driven upwelling of nutrient-rich water from 300 m. Deep

water injections will (a) add N, P, and DIC to surface waters and (b)

result in a brief and small sea surface temperature (SST) diversion

and the introduction of poorly oxygenated water. Phytoplankton

chlorophyll (chl) is expected (b) to increase exponentially (a) as

organisms draw down these nutrients in a ratio of 106C:16N:1P

(i.e., the Redfield ratio, stage I). Given the ratio of N:P derived

from 300 m, (a) N will be exhausted first, leaving residual P that

will fuel a stage II bloom of N2 fixing organisms that are predicted

to remove the remaining excess DIC and lead to net CO2 seques-

tration. (b) The result of these combined blooms will be a slow

increase in O2 derived from net primary productivity.
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surface, whereas the second dual pump was secured to

a float ring.

Several modifications were made to the pumps to im-

prove the chances of a successful experiment. Light, ra-

dio, and satellite beacons were installed on each pump

system in custom-fabricated capsules that were tightly

secured in holes bored into the foam surface buoys. The

keel provided by the manufacturer was reinforced to

maintain buoy stability. To this end, a more traditional

keel was fabricated using ½ in. chain that was strung from

one eye of the buoy to the other, directly underneath the

line of beacons on top of the buoy. The chain was fas-

tened to these eyes using shackles and turnbuckles, so

they could be tightened hard against the buoy, indenting

it on the corners and preventing it from rotating. Last,

swivel shackles were installed at each of the connection

points along the cable interior to the pump. This was

done to ensure that any twisting tendencies created by

currents, recovery lines, or even the operation of the

pump itself could be controlled by allowing the pump to

rotate around the vertical axis of the cable.

Each pump was outfitted with two temperature sen-

sors at the top coupler or float ring (15 m), at the mid-

point coupler (165 m), and one at the bottom valve

(315 m). Last, a NOBSKA three-axis modular acoustic

velocity sensor (MAVS 3) was connected to the cable of

the single pump just below the top coupler. This in-

strument was included in the sensor suite as a means to

record net upward flow.

b. Deployment

The single and dual pumps were deployed within

2 nautical miles (n mi) of each other on 31 May 2008

at 22.28N, 157.388W from the R/V Kilo Moana. This

location was selected, because prevailing currents

(,0.25 m s21) in the region are relatively modest (Firing

et al. 1999), ensuring that the pumps would not travel

outside of the range of available ship time. Also, altim-

etry data at the time of deployment did not indicate the

presence of persistent cyclonic (anticlockwise) eddies

that might confound our interpretation of potential up-

welling (data not shown). Finally, wave energy in the

region is generally considered to be sufficient and favor-

able for artificial upwelling (Liu and Jin 1995). The mean

annual significant wave height for the region is ;2.4 m

(National Data Buoy Center station 51001).

There were four main components to each pump

system: the surface buoy, the tube system with cable

inside and couplers attached at midpoint and top, the

valve at the bottom, and the recovery line with floats. At

sea, all components were fully connected prior to de-

ployment. The buoy was rigged with tie points and re-

lease links on both ends and attached to the pump via

the 15-m extension cable. The bottom valve was secured

to the pump tubing. A 366-m recovery line was then

wound onto the ships winch and attached to the bottom

valve. With the system connected and all sensors in

place, the ship’s speed was held at 2 kt for the de-

ployment. The buoy was lifted and released into the

water first, followed by the careful lowering of the top

coupler containing the temperature and current sensors.

Once the top part of the tube and buoy were streaming

behind the ship, the wound mass of the tube was pushed

off the deck. Each pump tube had been assembled such

that the upper and lower sections of tubing were wound

around the middle coupler. This was done so that the

tubes would unwind in the water by the forward motion

of the ship and the drag of the material in the water

(Fig. 3). The valve end of the pump and the recovery line

were held at the edge of the deck until the tube fully

unrolled. Once the tube had fully unwound, the valve

was lowered into the water, a string of floats was at-

tached to the terminal end of the recovery line, and the

entire system was released. The first of the dual pumps

was deployed valve first, and the buoy and tether were

released after the tube unwound. Only the second of the

dual pumps had a recovery line. The elapsed time be-

tween release of the buoy and the recovery line was

16 min for the single pump and 35 min for the dual

pump (additional details and images of the pump de-

ployment available online at http://hahana.soest.hawaii.

edu/oppex/).

c. Sampling strategy

To monitor the effect of the pumps on the surrounding

environment in the time between deployment and re-

covery (31 May–14 June 2007), three autonomous Sea-

gliders (IRobot, Bedford, Massachusetts) were launched

to map the environmental properties of the water around

the drifting single and dual pumps. It was assumed that

the drag of a 300-m pump would ensure that prevailing

surface currents in the region would move faster than

the pumps and any upwelled water would spill over the

top coupler to its equilibrium depth and then be carried

downstream. For this reason, the mission of the Sea-

gliders was primarily to survey the downstream path

of the pumps in a directed pattern. Vertical profiles

were obtained as each glider alternately descended and

ascended to a depth of 500 m in a sawtooth pattern.

Individual dives (surface to 500 m and back) covered

;1.6 km of horizontal distance and were approximately

3 h in duration. Each Seaglider was equipped to measure

particle scattering, chlorophyll fluorescence, dissolved

oxygen, pressure, temperature, and salinity. The antici-

pated sign of many of these properties in response to

upwelling is noted in Fig. 2. For dissolved oxygen data,
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only the downcast data were used for analysis of blooms

as increased variability was observed on upcasts. Gliders

were also fitted with an acoustic transponder and GPS/

Iridium antenna/system (location and communications).

Geolocational and biochemical data were transmitted

to the University of Hawaii base station between dives

while the glider was at the ocean surface. Remotely

sensed, real-time Moderate Resolution Imaging Spec-

troradiometer (MODIS) chlorophyll-a and sea surface

temperature (1-km resolution) as well as sea surface

height anomalies and wave forecast data were monitored

over the course of this experiment.

Direct measurements of the biogeochemistry of the

waters surrounding the pumps were conducted within

12 h prior to pump deployment and before the pumps

were recovered. Profiles of temperature, salinity, dissolved

oxygen, and in vivo chlorophyll were obtained via de-

ployment of a rosette package mounted with a Sea-Bird

conductivity–temperature–depth (CTD), a fluorometer,

and an oxygen sensor. Discrete samples were collected

from multiple depths for analysis of extracted chlorophyll-a,

dissolved inorganic carbon, and dissolved oxygen con-

centrations and nutrients (all protocols at http://hahana.

soest.hawaii.edu/hot/protocols). Finally, a towed video

plankton recorder (VPR; WHOI) was used to map the

upper water column around the pumps during the re-

covery cruise in search of low temperature, low oxygen,

or high chlorophyll features (Fig. 2b) that may have

originated from the pumps.

3. Results

a. Postdeployment monitoring phase

Ship time, scheduling, and funding restrictions pro-

hibited direct ship-based monitoring of the pumps for

the duration of the deployment. For this reason, gliders

and remote sensing data were used to track ocean

properties for the two-week period between deployment

and the scheduled recovery of the pumps. Initially, the

gliders were directed northwest of the pumps to ensure

that they were not damaged by ship operations. Fol-

lowing the successful deployment of the pumps, each of

the three gliders was mobilized to transverse the up-

stream and downstream paths of the pumps. It required

approximately 4 days for the gliders to transit to the

pumps (Fig. 4). In these first few days, one of the three

gliders experienced pitch control anomalies that pre-

cluded its use as a profiling instrument. For this reason, it

was kept at the surface and was subsequently used as

FIG. 3. Image of the deployment of the single pump. With the ship moving forward at 2 kt, the

buoy of the single pump was deployed. The main masses of the pumps were then deployed with

the bottom valve of the pump system secured on deck. The forward motion of the ship causes

the tube to slowly unwind to achieve full length. After it was fully opened, the valve and re-

covery line were deployed.
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a surface drifter to estimate the trajectory and speed of

local surface currents. Real-time data derived from

glider-mounted sensors did not indicate any significant

change in surface properties such as dissolved oxygen

(Fig. 4c), temperature, chlorophyll, or scattering (data

not shown) that could be attributed to artificial upwell-

ing as per the trajectory of changes expected (Fig. 2). At

the time, we could not be certain if the null result was

due to the fact that we were not sampling the appro-

priate phase of the potential bloom or sampling near

enough to the pumps or if the pumps were not opera-

tional. Remote sensing of surface chlorophyll (avail-

able online at http://picasso.oce.orst.edu/ORSOO/hawaii/

pumps/) also did not reveal any persistent features that

could be identified as originating from localized artificial

upwelling.

b. Pump recovery

The second cruise aboard the R/V Kilo Moana em-

barked to revisit the pumps on 12 June 2008. On 13 June,

divers entered the water and recovered the temperature

sensors located in the top coupler of each of the pumps

(single and dual). During these underwater operations,

divers observed that the top sections of tubing material

of both the single and dual pumps were extensively torn.

At this point, it was not clear to what extent the pumps

had been damaged. To assess whether deep water was

still being delivered to the midcoupler (165 m) or if

FIG. 4. (a) Surface map of the trajectory of the single pump (red line) and the primary

Seaglider (thick line). The deployment site is marked by a cross. Contours correspond to the

deployment time in days. (b) The distance of the primary Seaglider from the single pump over

the course of the experiment. Arrows indicate the bearing toward the pump from the Seaglider.

(c) Contours of dissolved oxygen concentrations measured on the downcast of each Seaglider

dive.
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a biochemical signal of deep water delivery was evident

(Fig. 2), a series of 3–4 CTD casts were performed

around the single and dual pumps. Casts were conducted

as close to the pumps as deemed safe by the ship’s

captain (;1 n mi). Temperature, salinity, dissolved ox-

ygen, and chlorophyll-a profiles were not only relatively

invariant in the regions surrounding the pumps (Fig. 5)

but were not significantly changed from predeployment

conditions. The VPR was deployed to map the chloro-

phyll field in the upper mixed layer (20–60 m) down-

stream (,20 n mi) of the single pump. The resultant

data show chlorophyll distributions closely following

isothermal surfaces. Surface blooms were not observed

along this transect (data not shown).

Following completion of all CTD surveys and the

VPR deployment, the entire length of the single pump

was recovered and all remaining sensors (thermistors,

MAV3 current meter) were retrieved. During this re-

covery process, catastrophic failure of materials was

evident. Several of the straps that were used to hold the

shackles to the buoy were severed, apparently by fric-

tional forces. The metal keel designed by Atmocean was

partially separated. The tube material was extensively

torn and chafed and was completely separated from the

top of the midpoint coupler. The midpoint coupler itself

had disconnected from the central cable as the internal

support rods of the couplers were shorn away from the

cylinder walls. Along with the tube material that was

connected to the bottom section, the midpoint coupler

wall had fallen to the depth of the valve. The amount of

time spent recovering this mass of torn tubing and

twisted metal ultimately prohibited the immediate re-

covery of the similarly damaged dual-pump array. This

task was diverted to a later cruise scheduled in the area.

Nonetheless, the sensors from the top coupler of the dual

pump were recovered by the dive team.

c. Temperature records

Inspection of the temperature records obtained from

the single pump revealed that, despite the eventual

materials failure, the pump had successfully delivered

cold water from 315 m to the top coupler for a period of

;17 h (Fig. 6). Using the thermistor data and the CTD

temperature profiles, we were able to reconstruct the

timeline of events for this pump. Taking the CTD tem-

perature data as a depth proxy (118C 5 315 m, 18.78C 5

165 m, and 25.38C 5 15 m), we found that the valve

sank to 315 m within 30 min of deployment. Within an

hour after the pump had reached its target depth, both

midcoupler-mounted thermistors recorded temperatures

28C below expected for water at 165 m. In another two

hours time, temperatures at the top coupler were de-

pressed by greater than 18C relative to the surrounding

water (Fig. 6). Given the temperature of the source

water at 315 m (118C, Fig. 6), it is apparent that signifi-

cant conductive heat exchange across the pump walls

occurred during the upwelling process. The magnitude

of this loss (138C) is in agreement with calculations

FIG. 5. (a) Dissolved oxygen, chlorophyll fluorescence and (b) temperature and salinity derived

from multiple CTD casts around the single pump just prior to recovery.
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assuming the thermal conductivity (k) of polyethylene

to be 0.33 W m21 K21 (thickness 5 0.0032 m; Leinhard

and Leinhard 2000). Specifically, if we iteratively cal-

culate the temperature change (DT ) for each meter

of depth from Fournier’s law and the equation for

specific heat using the temperature record from CTD

profiles, we predict a 11.48C warming over a 300-m transit

[DT 5 Qtmc21, where Q 5 (pump area 3 k 3 material

thickness21) 3 (Toutside 2 Tinside); specific heat (c) 5

3850 J (kg 8C)21, and the mass of water (m) is calculated

for 1-m intervals with a time step (t) equivalent to the

measured transit time of 0.028 m s21]. This corresponds

to a temperature at 15 m of 24.58C, which is quite similar

to actual temperature records at 15 m (;248C). This

effect, the diffusion of temperature (but not salinity) is

described mathematically by Stommel et al. (1956) as

the ‘‘perpetual salt fountain.’’

After this initial 17-h period of artificial upwelling,

temperatures at the top coupler returned to values typical

of 15 m, thus indicating materials failure in the portion of

the tube above the midpoint coupler. Cold water delivery

to the 165-m coupler continued for ;53 h, after which

time the sensor records at this depth diverge, with the one

temperature sensor recording the freefall of the coupler

to the depth of the valve and the other sensor recording

the cessation of upwelling (Fig. 6). These records are

consistent with the attachment point of each sensor, with

one being secured to the cable at 165 m and the other on

the support rod of the coupler.

Only the thermistors from the top coupler of the dual

pumps were recovered. These data indicate that short-

term pulses of cold water reached the surface of the

pump with a float ring, whereas the pump attached to

a coupler did not function (data not shown). The cold

water pulses showed no periodicity nor did they last

longer than 2 h. Without the full complement of sensors

from this array, we can only speculate as to the cause and

timing of the complete failure of these pumps. When

available ship time permitted the attempted recovery of

the dual pumps, all that remained were the buoys,

electronics, keel, chain, and a few of the straps.

d. Estimated upwelling velocity

Using the volume of the single pump (136 m3) and the

elapsed time required for cold water to reach the top

coupler (;3 h, Fig. 6), we estimate the rate of artificial

upwelling over the operational phase of deployment to

be approximately 45 m3 h21. Independent of the as-

sumptions made above, the MAV3 current meter pro-

vides a measure of vertical velocities recorded at the

FIG. 6. (left) Profile of water column temperature from three concurrent casts using a rosette-mounted SeaBird

CTD collected just prior to the deployment of the single pump. (top right) Timeline of events for the single pump.

Values denote the hour that each event was recorded. (middle right) Time series of temperature recorded the top

coupler, 15 m; (bottom right) the midcoupler, 165 m; and the bottom valve, 315 m.
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center of the pump. Although this meter was badly

damaged at some time during the 2-week deployment,

the data were salvageable. The MAV3 was installed just

below the top coupler of the single pump. The orienta-

tion of this meter was such that upward (downward) flow

was recorded as positive (negative). The meter was

programmed to sample for 8.5-min bursts separated by

21.5-min gaps, a scheme chosen to avoid biasing by the

wave period (;6 s, wave height 5 1.5 m from nearest

National Data Buoy Center station, 51001). Given that

the water passing over this sensor is ultimately con-

strained by the walls of the tube, we can disregard hor-

izontal flow (across the same plane as the sensor heads)

and angular deviations from the vertical plane.

For each sampling burst, vertical velocities were nor-

mally distributed with a range of negative to positive

values. Data from each burst period were filtered to re-

move anomalous records greater than three standard de-

viations (three passes). The mean vertical velocity was

then calculated for each sampling burst. For the period that

cold water was recorded at the top coupler (;6–23 h after

deployment), the mean vertical velocity was 2 cm s21

(1728 m day21; Fig. 7). This vertical velocity is orders of

magnitude greater than estimates of the natural upward

vertical velocity for the Pacific Ocean basin, 0.012 m day21

(Munk 1966). Using the area of the coupler (0.45 m2)

and this net upward velocity of 2 cm s21, the MAV3

data indicate a volumetric upwelling rate of approxi-

mately 32 m3 h21. However, if we consider that the

Reynolds number derived from this flow rate is ;100,

the flow regime may have been laminar. In this case, the

velocity distribution across the tube would be parabolic

and the velocity measured by the MAV3 at the center of

the tube would be twice the mean velocity for the entire

cross section. Thus, we can assign a lower limit of

16 m3 h21 to the observed rate of upwelling. The range

of upwelling rates derived from these independent

measures (temperature-based and net upward velocity)

is then 16–45 m3 h21.

e. Estimated nutrient delivery

Over the course of this experiment, deep water upwelling

persisted for a period of 17 h at rates up to ;45 m3 h21.

Given the known nutrient concentrations of these source

waters relative to the values observed in the mixed layer

[as given by Karl and Letelier (2008): 76 mmol L21 dis-

solved inorganic carbon (DIC), 9.93 mmol L21 nitrate

(NO3), and 0.695 mmol L21 phosphate (PO4)] and the

maximum estimated volume of water upwelled (17 h 3

45 m3 h21 5 765 m3), we can estimate the potential nu-

trient enrichments that may have occurred during this

trial. If we consider a modest enrichment area of 100 m2

and the depth of the surface mixed layer (45 m), the

total NO3 and PO4 enrichment in the absence of biolog-

ical drawdown would have been on the order of 17 and

1 nmol L21, respectively. Although these projected NO3

values are greater than the mean summer surface val-

ues observed in the region (;3 nmol L21), projected

PO4 values are at detection limits (1 nmol L21). If we

convert the full aliquot of potentially upwelled DIC

(0.13 mM) to phytoplankton biomass using a mean

C:chlorophyll ratio of 50 g:g (MacIntyre et al. 2002), we

would expect an increase in chl on the order of

0.0002 mg L21, a value that is within the standard error

of fluorometric chlorophyll analyses for the region (typ-

ical standard deviation for surface chlorophyll at station

ALOHA 5 0.008 mg L21). Mean nutrient concentra-

tions and analytical precision are derived from Hawaii

Ocean time series data.

4. Conclusions

Two main outcomes arise from this field experiment:

1) significant reengineering of existing wave pump

FIG. 7. Time series of vertical velocity recorded by the MAV3 sensor in the top coupler

of the single pump relative to this sensor’s temperature record. Shaded regions represent

phases of net upwelling (positive vertical velocity). The mean flow for the period prior to

cessation of cold water delivery was 12 cm s21.
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technology is necessary for open ocean applications and

2) the difficulties inherent in tracking a biochemically

evolving mass of water are significant and cannot be

underestimated. In addition to these issues, the scale and

duration of a biological response will certainly vary with

season, region, and a myriad of other factors. In that

regard, we believe that any proposed strategy to in-

tentionally perturb marine ecosystems using artificial

upwelling is premature and should be avoided until the

sign and magnitude of potential outcome scenarios can

be verified for a given habitat (Buesseler et al. 2008).

The most salient and reparable outcome of OPPEX

was materials failure. By all measures, the tube material,

the welds, and the keel were structurally insufficient to

survive the forces encountered in an open ocean de-

ployment. Despite our efforts to strengthen the com-

mercial product prior to deployment, we were only able

to document short-term (#17 h) delivery of deep water

for two of the three pumps prior to cessation of up-

welling. A cascade of materials failure occurred after

this time, culminating in the loss of the dual pumps. The

endurance of future wave pumps will need to be en-

hanced, a more durable tube material is required and the

keel design will need to be reengineered before future

experiments are conducted.

Although the point source vertical velocities generated

by these pumps (;1728 m day21) are orders of magni-

tude greater than natural upwelling rates (0.012 m day21),

we were not able to determine the settling depth or the

horizontal distribution of the water that was upwelled by

the combination of the wave pumps. This information

will be vital to a determination of the probability of

a biological response such that the sufficient deep water

enrichments must be entrained within the euphotic zone

to ensure sufficient light for bloom development (Fennel

2008; Letelier et al. 2008). All available calculations

(I. Ginis 2008, personal communication) suggest that

this will be the case; nonetheless, the settling depth and

horizontal penetration of deep water will need to be

verified in future field experiments. The data from the

gliders, towed VPR, and remote sensing did not detect

features that were clearly distinguishable from the nat-

ural variability of the region (e.g., Figs. 4c, 5). This un-

certainly is not entirely unexpected, given the scale of

operation (1–2 pumps operating for ,3 days); however,

it highlights the difficulties that are faced when trying to

identify a biological response in a heterogeneous and

fluid environment.

Additionally, it is not clear that wave pumps can

perform as efficiently as predicted by mathematical

models (Liu and Jin 1995; Vershinsky et al. 1987). For

the period that successful upwelling was achieved, the

measured upwelling velocities (0.013 m3 s21) are an

order of magnitude less than what Liu and Jin (1995)

have predicted (0.45 m3 s21) for wave pumps with sim-

ilar dimensions (d 5 1.2 m, length 5 300 m) and expe-

riencing similar wave heights (1.9 m). Moreover, given

that the mean wave height for the deployments was

1.5 m and the dominant wave period was 6 s, a vertical

velocity of 25 cm s21 would represent perfectly efficient

utilization of regional wave energy. The observed up-

welling velocity (2–3 cm s21) indicates that the pumps

operated at ;10% efficiency. Regardless of whether this

discrepancy is due to irregularity of wave heights expe-

rienced during deployment, rapid failure of materials, or

some other undetermined factor, the role that the vari-

ability of the physical environment plays (wave height

and frequency, storms, etc.) in impacting the perfor-

mance and survivability of the pumps must be carefully

considered prior to long-term tests.

Given the uncertainties of the physical and mechani-

cal factors for wave pump deployments, an alternate

approach to studying the in vivo biological response of

the surface ocean to deep water fertilization could uti-

lize a more proven technology, such as ocean thermal

energy conversion (OTEC; Avery and Wu 1994). This

approach would not only allow upwelling volumes to be

closely regulated, but it would leverage the more ex-

tensive research and development that has gone into

OTEC technology (Avery and Wu 1994; Takahashi and

Trenka 1996) as compared to the relatively nascent ef-

forts to design and maximize the efficiency of wave

pumps. A more direct, albeit energy-inefficient approach,

would be to use an energy-powered pump to fertilize

a patch of water seeded with a transient tracer such as

trifluoromethyl sulphur pentafluoride. Although this

latter proposal may also face technological challenges,

the benefits would be that the source depth could be

easily varied and the perturbed water mass more readily

identified and monitored over time.

More than an engineering challenge, OPPEX was

a test of our ability to identify and track perturbations in

a heterogeneous and turbulent ocean. A significant

challenge encountered during OPPEX was to predict

the path of the pumps and successfully maneuver the

gliders to target the potential plume downstream of the

pumps. This challenge was heightened by temporal

offsets in the relay of geolocational data being trans-

mitted from the pumps and the gliders as well as the

spatial uncertainty associated with Argos data (61/4 n mi).

At worst, there was an 11-h gap in the time that the

most recent Seaglider position was known and when the

pump location was relayed. This confounded the effort

to efficiently utilize the gliders to track the anticipated

path of the pumps. Future experiments of this sort would

ideally enable a more complex and adaptive network of
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remotely operated and autonomous platforms capable

of achieving synoptic domain coverage (Dickey et al.

2008). In this regard, a significant effort is underway to

develop ‘‘smart’’ glider technology, enabling fleets of

gliders to recognize or identify biochemical features as

they are sampled (Abbott and Sears 2006; Dickey et al.

2008). Additionally, programming of environmental or

geolocational feedbacks control laws has been proposed

to allow gliders to locate and track biochemical features

while maintaining coordinated vehicle trajectories and

sampling patterns (Bhatta et al. 2005). This effort is a

prime example of an opportunity for the cooperation of

oceanographers, engineers, and programmers to revo-

lutionize our knowledge of ocean dynamics.

In sum, despite the failure of this experiment to gen-

erate a measurable biological response, we have shown

that the underlying principal of this technology is sound.

Wave pumps can transport deep, nutrient-rich water to

the surface ocean. From this valuable experience, we

can formulate a few recommendations for the next es-

sential round of trials that may evaluate the capacity for

this technology to enhance oceanic carbon sequestra-

tion. Key improvements will need to foremost consider

the cost and methods needed to monitor the pumps from

the time of deployment to the time that carbon se-

questration could potentially be measured. In our ex-

periment, we faced challenges with the temporal offset

of the Argos tracking system on the pumps and the

difficulty of redirecting the gliders to intercept the an-

ticipated location of potentially perturbed water masses.

This issue could partially be resolved by an investment

in commercially available products with near-real-time

communications capability (e.g., Iridium, Global Star,

or Orbcomm). However, this will not address the in-

herent unpredictability of the physical dynamics of

wave-driven upwelling. The horizontal trajectory as well

as the settling depth of the upwelled water will need to

be tracked. As has been suggested for the next round of

iron fertilization trials, we would recommend that the

second generation of wave pump experiments adopt

a more comprehensive monitoring scheme than we were

able to conduct. This should involve a combination of

gliders, remotely operated vehicles, deployment of sur-

face and subsurface drifters, and a more prolonged ship

presence. It may also be necessary to reconsider the size

or spacing of pumps. If technologically feasible, a much

larger diameter pump or some configuration of multiple

pumps would enhance the total volume of water and

nutrients upwelled and may generate a larger bloom.

This will be key as the probability of bloom detection

increases with the scale of the perturbed patch. For iron

fertilization trials, target patch sizes are on the order of

hundreds of square kilometers (Watson et al. 2008).

Substantial changes in pump configurations will be

needed to meet such targets. If followed, these recom-

mendations would significantly increase costs and re-

quire additional investments of personnel, tracking, and

monitoring technology and the scale of logistics co-

ordination needed.

Our experiment was intended to be a small-scale test of

a recent hypothesis regarding the successional response of

pelagic ecosystems. The sampling and engineering chal-

lenges encountered illuminate the uncertainties that will

inevitably be faced when trying to manipulate the natural

environment. The ultimate response of the ecosystem

is anticipated to vary with location, season, source water

composition, and the rate and phasing of upwelling.

Moreover, the initial conditions of the microbial com-

munity prior to upwelling, the composition and concen-

tration of macronutrients and micronutrients that are

delivered via upwelling, and the prevailing physical re-

gime will interact to define the outcome of such experi-

ments. We believe that these pumps can be used as a tool

to test our understanding of the marine environment.

However, the inherent complexity of the pelagic habitat

and the variability of the ecosystem response to artificial

upwelling cannot be dismissed. In a changing climate, it is

more imperative than ever to study nature by developing

well thought out in situ experiments. The results of this

audacious field experiment serve as a reminder of the

difficulties we face in this endeavor.
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