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1. Science Objectives 
 

• To investigate the mechanisms of summer blooms in the North Pacific 
Subtropical Gyre. 

• To explore the potentials and limitations of perturbation experiments at sea.  
 
Rationale: To develop experimental tools for predicting responses of microbial 
communities to changing regimes of physical and chemical forcing.  
 
Approach:  

1. Observe and interpret the mechanisms of natural perturbations such as eddies and 
local upwellings in controlling phytoplankton blooms in the North Pacific 
Subtropical Gyre. 

2. Perform, observe, and interpret artificial perturbations including ship-deck 
incubations, and lab-scale manipulation experiments to explain formation of these 
blooms.  

 
Measurements and Experiments in OPEREX 
 
 

• Deck/Lab incubations  
• UVP  
• PRR   
• DNA/RNA collection    
• Sediment traps  
• Nitrogen fixation 
• Viral activity/production  
• Phosphorus addition experiments 
• Proteins 
• Phosphorus gene activity 
• Whole fraction gene expression 
• Gases 
• DOM/DOC (incubations) 
• SID  
• FCM 
• Photosynthesis 

 
 
 
 
 
 
 
 



2. Cruise Plan 
 
The North Pacific Subtropical Gyre (NPSG) is characterized by vanishingly low nutrient 
concentration and low biomass standing stocks. Nevertheless, physiological 
characteristics of local phytoplankton populations indicate high level of photosynthetic 
performance, poised to respond quickly to episodic upwelling events. As a result, NPSG 
waters periodically bloom with high phytoplankton abundance, usually in late summer 
and early fall. These blooms are rarely limited to single upwelling eddies; instead they 
frequently form long meanders of high chlorophyll biomass extending over large spatial 
scales. One of the objectives of the OPEREX cruise was to investigate the mechanisms of 
these blooms. 
 
The difficulty is the highly unpredictable nature of summer blooms in NPSG. In 2007 
NPSG did not bloom till late fall. In 2008 NPSG waters were blue and quiet until July 15, 
with little indication of whether, and where the blooms would occur. After July 15, 
however, small features started to appear, and a week before the OPEREX cruise the 
ocean practically exploded with ephemeral blooms, producing a spectacular example of 
photosynthetic dynamics in this highly oligotrophic portion of the Pacific Ocean. Based 
on the ocean color and the sea surface height (SSH) information, a cruise plan was drawn 
to occupy a position of one of these blooms for a period of 8-10 days, monitoring the 
biological evolution of the in-bloom and out-bloom waters with an intensive sampling of 
physical, chemical, and biological properties of the water column (Fig.1). The remaining 
5 days of the cruise were to be used to sample several upwelling/downwelling eddies 
(Fig. 2) in an effort to understand their forcing on bloom occurrence.  
 

 
 
 
 

 
Figure 1. Surface Chlorophyll blooms in NPSG, as 
of July 24, 2008 

 
Figure 2. Km_0814 cruise track based on 
blooms distribution and local SSHA prior to 
the cruise. 
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4. Cruise 
 
The NPSG blooms in July-August 2008 were extremely dynamic. Blooms features, 
intensity, and spatial distribution changed on the daily basis (Fig 3) 
 
 
 
 
 
 
 
 
 
 
 
3. Execution 
 
The NPSG blooms in July-August 2008 were extremely dynamic and ephemeral. The 
bloom features, intensity, and spatial distribution changed on the daily basis (Fig 3) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Dynamics of NPSG blooms before OPEREX cruise. White marks represent the selected bloom 
study area, where intense sampling schedule was originally planned. Black circles represent the location of 
the first station, July 30, where the deck incubation experiment #1 was initiated. Bloom intensity and 
distribution changed significantly between July 26 and July 31.  

 
After arriving to the anticipated bloom study area on July 31, surface chlorophyll was 
surveyed using continuous measurements of fast repetition rate (FRR) fluorometry to 
identify local maxima in the chlorophyll distribution (black marks, Fig. 4A, B). This 
location was selected as a central “in-bloom” station. Water column properties were 
characterized with several CTD casts. Sediment traps, nitrogen fixation arrays, and SID 
incubator were deployed, and an eastward transect was initiated in search for the low-
chlorophyll, “out-bloom” station. A dense patch of Trichodesmium was found along this 
transect (Fig. 4C), and two CTD casts and two net tows were performed at the patch 
location.  
 



 

 
 
Figure 4. (A, B) Surface distribution of the chlorophyll fluorescence signals (green traces), the photosynthetic 
yields (red trace), and the functional absorption cross section (blue trace) in the anticipated bloom area. Central 
station was selected based on the local maximum of the fluorescence signal (black marks). Presence of a thick 
Trichodesmium patch is indicated by the red mark. (C) Location of the central “in-bloom” station, the “out-
bloom” station, and the Trichodesmium patch station. (D) Pair of FRR fluorometers used to characterize the 
photosynthetic properties of phytoplankton. One of these instruments operated in a continuous, surveying mode. 

 
After reaching to the “out-bloom” station two more CTD casts were performed. 
Unfortunately, the physical and biological characteristics in this station were not different 
from that of the “in-bloom” station. Next six hours of steaming further east yielded 
similar results, with no indication of different water masses. The bloom in the designated 
study area was apparently fading away, while spreading out.  
 
Upon returning to the “in-bloom” station on the next day, the nitrogen array was 
recovered and the bloom was surveyed for 12 more hours. In the meantime the SID 
incubator showed some indication of sinking, and had to be recovered. By the end of the 
day the cruise plan was modified to search for more intense bloom in other location. 
Instead of following the original cruise plan (8 more days of intense study in the 
designated study area), a decision was made to transect across a pair of anticyclonic and 



cyclonic eddies north-west of the initial bloom (Fig. 5A). The most actual ocean color 
data indicated progressive increase in the concentration of surface chlorophyll in the 
transition zone between these two eddies (Fig 5C), which was later confirmed by the 
FRR fluorometry data (Fig 5B).  
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Figure 5. (A) OPEREX transect across the pair of anticyclonic eddy (orange color in the SSH map) and 
cyclonic eddy (blue color) with station locations, (B) surface photosynthetic properties measured by FRR 
fluorometry across the high-chlorophyll transition zone between two eddies, (C) evolving phytoplankton 
bloom in the transition zone, (D) one of the Trichodesmium patches detected in the transition zone.  

Surface chlorophyll concentration increased by a factor of three in the transition zone 
relative to the background level, punctuated by local maxima associated with patches of 
surface Trichodesmium slicks (Fig. 5D). The local maxima in the surface chlorophyll 
(dark green trace in Fig. 5B) were generally associated with negative swings in the 
functional absorption cross section (blue trace in Fig. 5B) and with local dips in 
photosynthetic yields (red trace in Fig 5B). This photosynthetic signature is characteristic 
of Trichodesmium: low absorption cross section is due to the pigment shading in large 
cells and cell colonies, while low yield of charge separation is typical of cyanobacteria.  
 
Within the next two days the bloom in the transition zone intensified, while the bloom in 
the original study area progressively faded away (Fig. 6A). A number of stations 
identified by the red circles in Figs. 6-10 were occupied. The vertical section of water 



density indicated a downwelling within anticyclonic eddy, and upwelling within cyclonic 
eddy, with the strongest spatial gradients in the transition zone (Fig. 6C). Small (10 μm to 
1000 μm) particles were present at the location of the initial study area and in the 
transition zone, in the first 50 meters of the water column (Fig. 6D). Both Trichodesmium 
colonies (puffs and tuffs) as well as small zooplankton were detected at these locations. 
Deep chlorophyll maximum (DCM) was observed at 100 – 120 m depth, but shoaled up 
within the cyclonic eddy to depth of 85 meters, with high chlorophyll concentration at the 
bottom of the euphotic zone (Fig. 6E). The surface chlorophyll at the center of the  
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Figure 6. Surface and water column characteristics in the OPEREX study area. (A) Chlorophyll 
distribution based on the ocean color data, (B) Corresponding sea surface height and water circulation 
patterns, (C) section of water density, (D) vertical distribution of small particles, and (E) fluorescence 
signal along the cruise track.  

cyclonic eddy was the lowest of the whole OPEREX study area, but displayed a 
distinctive halo of enhanced chlorophyll concentration at eddy perimeter. The chlorophyll 
at the center of large anticyclonic eddy was also low, but significantly higher than in the 
cyclonic eddy. In addition, a third, anticyclonic eddy was present at the western edge of 
the transition zone (Fig. 6B), with significant biomass accumulation. A spiraling meander 
of high chlorophyll, distributed along SSH gradient, appears to be seeding this eddy with 



highly productive biomass. There was some indication of another small cyclonic eddy at 
the starting point of this meander (Fig 6B).  
 
The transition zone bloom further intensified over the next two days, with increasing 
patchiness of the surface chlorophyll (Fig. 7). Trichodesmium colonies were consistently 

Aug 8

Transition Zone

(A)

(B)

Fm

Fo

Fv/Fm

σPSII

 
Figure 7. (A) Photosynthetic characteristics, and (B) chlorophyll distribution across the transition zone.  
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Figure 8. Sections of fluorescence signal and beam attenuation along two transects across the transition 
zone.   



detected in the transition zone. Sections of the fluorescence (proxy for chlorophyll 
biomass) and beam attenuation along two transects across the transition zone displayed a 
clear mismatch between these two properties. High values of beam attenuation and low 
chlorophyll concentration (Fig. 8) in the surface of transition zone indicate tight coupling 
between primary and secondary production in this region, with effective top-down 
control of phytoplankton biomass. Patterns of particle distribution in this region (Fig. 9)  

 

Convergence/Shear Zone

 
Figure 9. Sections of small particle accumulation along two OPEREX transects across the transition 
zone.   

indicate active microzooplankton grazing, while presence of particles deep in the water 
column below the transition zone points to a significant level of export production.   
 
The most contrasting biological regimes were observed between the center of the 
cyclonic eddy, and the transition zone. Sediment traps and nitrogen fixation arrays were 
deployed in these two different water types, and SID incubator was deployed in the 
transition zone.  
 



To further investigate the physical, chemical, and biological regimes in the bloom region, 
a transect was performed along the transition zone, to the location of the anticyclonic 
eddy at the western-edge (Fig. 10). Shoaling of the density and chlorophyll sections in the 
western and central portion of this transect indicate presence of some upwelling, despite 
of the anticyclonic character of this eddy. Beam attenuation data indicates high level of 
secondary production at this location.  
 

 

 
Figure 10. Sections of density, beam attenuation, and fluorescence along the transition zone.   

Sections of photosynthetic properties across, and along the transition zone indicate local 
enhancement of phytoplankton biomass on the surface of the transition zone (Fig. 11A). 
Surface chlorophyll was about an order of magnitude lower than in DCM (a logarithmic 
scale was used in Fig. 11A to display the spatial variability of surface chlorophyll along 
these two sections). The depth of DCM was elevated within the cyclonic eddy, but also 
along the transition zone, confirming local upwelling in these two locations. The surface 
photosynthetic yields (Fig. 11C) were also enhanced along the transition zone, but 
displayed maximal levels at the bottom of the euphotic zone in the cyclonic eddy. 
Functional absorption cross section, on the other hand, was minimal at the surface in the 
transition zone. Maximal levels of the functional absorption cross section were observed 
in the upper portion of the euphotic zone within the cyclonic eddy. High absorption cross 
section at this location is indicative of small phytoplankton cells, while the low functional 
absorption at the surface of transition zone indicates presence of large cells, or cell 
colonies.   
 
Sections of silica across and along the transitions zone (Fig 12A), together with the FRR 
fluorescence signal (Fig 12B) indicate an upwelling action of the cyclonic eddy, possibly 
fueling the growth of diatom at the bottom of the euphotic zone. These signals also 
 
 



Figure 11. Sections of photosynthetic properties of phytoplankton in the OPEREX study area. (A) 
Fluorescence signal indicates a local increase in the surface chlorophyll biomass within the bloom, (B) 
decrease in the functional absorption cross section at the surface of transition zone indicates a presence 
of large cells/cell colonies, and (C) enhancement of the surface photosynthetic yields within the bloom 
indicate local increase in phytoplankton growth rates. Satellite-derived surface chlorophyll along the 
cruise track/station locations are shown in the upper panels, and the variations in SSH are shown in the 
lower panels. The centers of the upwelling and the downwelling eddies are indicated by the up/down 
arrows.   

 
Figure 12. Sections of (A) silica and (B) fluorescence distribution in the OPEREX study area. 
Fluorescence signal in shown in a linear scale to display variations in DCM depth along the cruise 
track.

indicate presence of upwelling at the western and central portion of the transition zone. In 
contrast, the anticyclonic eddy shows deepening of DCM, and no vertical transport of 



silica.  
 
Sections of NO3+NO2 and PO4 across, and along the transition zone (Fig. 13) also 
indicate upwelling of nutrients within the cyclonic eddy, and along the transition zone. 
All the nitrogen appears to be utilized in DCM, with very little present at the surface.  

 

 
Figure 13. Sections of (A) NO  + NO , and (B) PO  along the cruise track in the OPEREX study area. 3 2 4

Phosphorus is also upwelled within the cyclonic eddy and in the transition zone. 
Although it is completely utilized in DCM within the cyclonic eddy, significant fraction 
was transported all the way to surface in the transition zone. Phosphorus was also present 
at the surface of the anticyclonic eddy.   
 
To investigate the effects of the deep water upwelling on phytoplankton growth, three 
enrichment experiments were performed.  The 40m water was enriched with 10% of the 
200m, 300m, and 500m water. The results of the first enrichment experiments are 
presented in Fig. 14. Up to 15 times increase in the biomass concentration in the 500m 
enrichment relative to the control was observed within 3 days of incubation (Fig. 14). The 
growth in the 300m and 500m enrichments still continued at the termination of the 
experiment, and high values in Fv/Fm indicate replete nutrient conditions thorough the 
whole incubation period. Notable is the much higher biomass attained under 16% light 
level compared to that of the 40% light level, indicating some photoinhibitory effects of 
the excess of light under later conditions, consistent with initially lower Fv/Fm values 
observed under 40% light regime. The functional absorption cross section generally 
peaked up after two days of incubation, and decreased thereafter.  This indicates a shift in 
the phytoplankton population from initially dominant small cells to large cells. This shift 
was generally accompanied by a dramatic increase in the rates of biomass accumulation, 
indicating higher growth rates of these large cells under enrichment conditions. The shifts 



in the functional absorption cross section, and up to four times increase in biomass 
accumulation was also observed in the control incubations, indicating lower grazing 
pressure on large cells in the incubation carboys as compared to the natural conditions. 

  
 
Figure 14. Results of a deep water enrichment experiment #1. Left panel: incubations at 16% of surface 
irradiance, right panel: incubation at 40% of surface irradiance. Fm signal (upper panels) is a measure 
of chlorophyll biomass, Fv/Fm (middle panels) represents photosynthetic yields, and σPSII (lower 
panels) describes efficiency of photosynthetic light utilization.  

 

 
Figure 15. (A) Laboratory pH incubation unit, and (B) ship deck 
pH incubation unit used to investigate the effects of pH shift on 
phytoplankton growth. The pH was controlled by bubbling the 
sample with air/CO2 mixture.  

Th effects of ocean 
acidification on the growth 
and the photosynthetic 
performance of 
phytoplankton populations in 
NPSG were investigated in a 
series of pH shift 
experiments. Two types of 
pH incubations were 
performed: laboratory 
incubations using a pair of 
pH-stat units (Fig. 15A) 
where environmental 
conditions such as 



temperature and light were tightly controlled, and ship-deck incubations (Fig. 15B) 
performed under 40% of the ambient irradiance.  Lab incubations involved control and 
0.3 unit pH shift, while the ship deck incubations included both native populations, and 
populations enriched with 10% of 300m water incubated under the ambient and the low 
pH conditions (Fig. 16).  

No significant effects of 0.3 units pH shift in incubations experiment #1 and  #3 (both 
with “out-bloom” waters) were observed; in the  “in-bloom” waters, however, negative 
effects of the 0.3 units pH shift (Fig. 16, left panel) were clearly detectable. The effects of 
pH shift on the enriched populations were less clear. The initial growth under low pH was 
faster than in the ambient conditions. This trend, however, became less pronounced by 
the end of incubation experiment (Fig. 16, right panel).   

 
 
Figure 16. Results of a ship-deck pH shift experiment # 2 (“in-bloom” waters). Left panel: 40 m water 
with no enrichment, right panel 40 m water enriched with 10% of the 300 m water.  

 
The observed responses of NPSG phytoplankton population to pH manipulations are by 
no means representative of general effects of ocean acidification on phytoplankton 
growth. They demonstrate, however, that these responses may differ between nutrient 
deplete, and nutrient replete regions of the ocean. Also, phytoplankton responses to pH 
shift may change when switching from the steady-state conditions to unbalanced growth 
conditions observed during episodic, upwelling-driven injections of nutrients to the upper 
ocean.   



Continuous, flow-through FRR measurements during OPEREX revealed high spatial 
heterogeneity of photosynthetic characteristics of phytoplankton, punctuated by spikes of 
high biomass within the bloom areas. These spikes were usually related to local declines 
in the photochemical yield and in the functional absorption cross section (Fig. 17), typical  
of Trichodesmium colonies. Currently the FRR instrument operates on Kilo Moana, 
providing continuous record of photosynthetic properties along the cruise track.  
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Figure 17. Results of continuous FRR measurements during OPEREX cruise. (A) cruise track, (B) 
real-time traces of functional absorption cross section, (blue), the photosynthetic yield (red), and the Fm 
and Fo components of variable fluorescence (dark and light green). (C) Blow-ups of photosynthetic 
characteristics in relation to spikes in biomass.  

In summary, preliminary data indicate that the NPSG blooms are driven by eddy activity 
in the region. As shown in Fig. 6, the intricate patterns of surface blooms observed during 
the first two weeks of August 2008 were determined by the system of three (possibly 
four) eddies. The maxima of chlorophyll concentration were generally distributed at eddy 
peripheries, and in eddy transition zones, except of the small anticyclonic eddy at 24oN, 
159.5oW. Accumulation of biomass at this location indicates local upwelling at the 
periphery, and formation of a circular convergence zone at the eddy center. Similarly, 
formation of a convergence zone between the pair of large cyclonic and anticyclonic 
eddies may explain accumulation of the biomass along 24oN line. These two eddies 
operating in a “gear-pump” mode produce a surface current that pulls the high-
chlorophyll water from the small western eddy. Flowing east, this current further 
incubates the chlorophyll-rich water, ejecting the meanders of enriched biomass to the 



north-east and south-east, possibly fueling secondary blooms (Fig. 6). In addition, the 
eddy-driven current along 24oN may induce local eddy-like features along its southern 
and northern boundaries, possibly producing local upwelling along the transition zone, as 
suggested by the data in Figs. 10-13. The composite action of this circulation system may 
explain both the vertical and lateral transport of phosphorus (and possibly iron) along the 
transition zone, stimulating growth of Trichodesmium, which then induce secondary 
blooms of eukaryotic phytoplankton and cyanobacteria. Beam attenuation and particle 
data (Figs. 8-10) indicate high level of grazing and secondary production within surface 
blooms, and preliminary analysis of sediment trap data indicate that these blooms export 
carbon to the deep ocean.  
 
The intricate relationship between eddy system and biological responses in NPSG is 
further complicated by the highly dynamic character of the North Pacific eddies.  They 
originate at the western edge of the California Current, and propagate westward with an 
average speed of 3-5 km/day (Fig. 18), creating and dragging behind the perturbed 
biological fields. That raises a question regarding the future responses of NPSG to  

 

Figure 18. Dynamics of the NPSG eddy system over a period of 30 days in the OPEREX study area. 
(A) Snapshots of the sea surface heights showing westward propagation of the eddy system with 
average speed of 4 km/day, (B) progression of the biological fields in the eddies wake.  

increasing thermal loading and the progressive acidification of the surface ocean. The 
commonly accepted view is that the increasing heat content of the upper ocean will 
strengthen thermal stratification, which will reduce nutrient fluxes to the euphotic zone, 
adversely affecting primary and secondary production. It is also possible that the buildup 



of thermal disequilibrium between the upper and lower ocean will intensify the NPSG 
eddy system as a mechanisms of heat dissipation, stimulating the occurrence and 
intensity of surface blooms similar to those observed in the OPEREX study. Whatever 
the scenario, understanding the mechanisms of biological responses to NPSG eddy 
systems will be necessary to anticipate the future responses of NPSG to climate forcing. 
Further analysis of the complete data set acquired during OPERX cruise should help to 
address this question.  
 
5. OPEREX Outreach Activities 
 
Miriam Sutton, a North Carolina middle school 
teacher, was participating in the OPEREX research 
cruise as a Teacher at Sea. During the cruise, she 
provided communication and developed educational 
activities that assisted teachers and scientists to 
bring the research project into the classroom. She 
has established an online blog to communicate with 
teachers and students while at sea, and she has 
developed simplified experiments that linked the 
cruise activities to the classroom. She interacted and 
assisted scientists with their research projects, and 
generated photo/video documentation of the 
research cruise. In addition, Miriam maintained OPEREX web pages, allowing 
schoolchildren and general public to participate in our adventure. 
 
A CMORE summer intern at MBARI, Alan Foreman from MIT, was participating in the 
cruise. He was responsible for the deep water enrichment and pH manipulation 
experiments.  

http://cmore.soest.hawaii.edu/education/opportunities.htm#teacher-at-sea
http://cmore.soest.hawaii.edu/cruises/operex/sutton_blog.htm
http://cmore.soest.hawaii.edu/cruises/operex/index.htm

