
ANNOUNCEMENTS	

•  LAB	ACTIVITY	DUE	TODAY	at	1:30pm	
•  Complete	release	form	for	Cruise	
•  Get	your	seasick	meds	soon	
•  Y2E2	178	Office	Hours	
– TUESDAY	8:30-9:30am,	3:30-4:30am	

	



Skogsberg	1946	









Skogsberg	1946	



Eddies	and	Coastal	Jets	

AVHRR	infra-red	image	of	sea	surface	
temperature	





Physical	Drivers	of	Monterey	Bay	

•  California	current	
system	

•  Mixed	semidiurnal	Tde	
•  Local	Sea-Breeze	Winds	
•  Wind	Jets	influenced	by	
local	land	topography	



Circula?on	of	Monterey	Bay	



Upwelling	Shadow	



How	does	residence	?me	impact	the	
regional	ecosystem?	

180	days	 0.5	–	160d	 5-13	days	



What	other	features	affect	circulaTon	

[Hint]	
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Submarine	Canyon	



©MBARI	

Submarine	Canyon	



Bathymetry	affects	circula?on	

Ryan	2005	





“SEASONS”	of	the	CA	CURRENT	System	

WINTER	 UPWELLING	Oceanic	

Cold	Water	Phase	Warm	Water	Phase	 Low	Thermal	Gradient	or	
Davidson	Current	period		

MARCH	-	AUGUST	NOV	-	MARCH	AUG	-	NOV	



Upwelling	Season		

•  MAR-AUG	
	
•  NW	winds	move	
waters	offshore	

	



Oceanic	Season	
•  AUG-NOV	
	
•  Winds	light	/
variable	

	
•  Upwelling	absent	
	
•  offshore	waters	
move	inshore	
where	surface	
water	is	heated	by	
sun		



Winter	Season	
•  NOV-MAR	
	
•  southerly	
winds	off	
California,	
along	with	
large	waves	

•  Storm-related	
deep	mixing	

	
•  northward	
Davidson	
Current	
enhanced	



“SEASONS”	of	the	CA	CURRENT	System	

WINTER	 UPWELLING	Oceanic	

Cold	Water	Phase	Warm	Water	Phase	 Low	Thermal	Gradient	or	
Davidson	Current	period		

MARCH	-	AUGUST	NOV	-	MARCH	AUG	-	NOV	



Physical-Biological	Coupling!	
EXAMPLES:	PHYSICS	IMPACTS	BIOLOGY	

•  AdvecTon	and	Flushing	
•  Intense	upwelling	effects	
•  “Upwelling	shadow”	effects	
•  El	Niño-Southern		
OscillaTon	(ENSO)	



El	Nino	CA	impacts	

•  hjps://www.youtube.com/watch?
v=69N494UIlS8	



Zooplankton	Grazing	

•  Landry	et	al.	2009	
•  Huntley	et	al.	1995		
•  Mackas	et	al.	1991	
	

Mesoscale	features	(Eddies	and	
meanders)	yield	predictable	
zooplankton	gradients.		
•  Krill	and	copepods	
•  Larvaceans	
•  Jellies	



A B S T R A C T

Shipboard occupations of three stations within the coastal upwelling system near 
Monterey Bay, California, have been made each 2-3 weeks over the past 16 years. 
The system is characterized by strong spatial and short-term temporal structure. In 
this poster we smooth temporal variations to explore seasonal phytoplankton 
dynamics and differences between the three stations. Phytoplankton dynamics are 
controlled by seasonal upwelling, currents, mixing and phytoplankton:nutrient 
coupling.

Phytoplankton carbon is dominated by diatoms year-round, and diatom 
abundance cycles account for most of the seasonal change in phytoplankton carbon. 
Mar-Jul is an upwelling period rich in nutrients with peak phytoplankton productivity, 
biomass and centric diatom carbon.  Aug-Oct is an ‘oceanic’ period influenced by the 
California Current with moderate though declining nutrient, phytoplankton 
productivity and biomass values, but peak pennate diatom, dinoflagellate and 
picophytoplankton carbon. A Nov-Feb winter period is influenced by storm-related 
onshore transport, downwelling and deep mixing, with low macronutrients but high 
iron, low productivity and biomass, and less but still dominant diatom carbon.

S U M M A R Y

Sixteen years of time series data are averaged and smoothed to examine seasonal 
station to station differences in phytoplankton and nutrient measurements.
Nearshore during spring and summer are the most productive; offshore during 
winter is the least productive.
Diatoms dominate, especially nearshore during the upwelling period. 
Centric diatoms peak several months earlier than pennate diatoms, dinoflagellates 
and picophytoplankton.
Surface nitrate averages >3 uM, and phosphate and silicate are present in excess 
of Redfield. 
The nearshore diatom-dominated flora at C1 may be nitrate limited and show 
elevated POC sinking, even at 3-5 uM NO3. 
The offshore picoplankton-domnated flora at M2 does not appear nutrient limited, 
even at 1-2 nM  iron, though there is evidence of iron stress.

M2 M1 C1

M2
M1 C1

B

C

A

the upwelling jet station (M1) experiences nearly fresh upwelled water (1-3 da). The 
in-Bay station (C1) receives aged upwelled water (1-3 wk). Offshore station (M2) has 
upwelled water mixed with CC water. During the fall and winter, station to station 
differences are less pronounced.  Time series for selected parameters,  Figure 2, with

stations averaged. The series 
are characterized by strong 
short-term fluctuations (blue 
dots), seasonal cycles (red 
line), interannual fluctuations 
(red line), and small residual 
trends (green line). We 
collapse the years and smooth 
the data to focus on (1) 
seasonal pattern and (2) 
station to station differences. 
We place emphasis on (3) 
phytoplankton taxa and (4) 
p h y t o p l a n k t o n : n u t r i e n t 
coupling.

I N T R O D U C T I O N 

The coastal upwelling system (CUS) off western 
North America lies within an eastern boundary 
current region, as shown in the SeaWIFS 
(Figure 1A, inset, and C) and AVHRR (Figure 
1B) images. Off Monterey Bay, nearshore 
hydrography can be divided into three regions 
and seasons. In spring and summer, 
northwesterly winds drive a near-surface coastal 
upwelling jet across the mouth of Monterey Bay. 
Inside the bay, a cyclonic eddy recirculates 
upwelled water. Offshore, CUS and CC waters 
mix across a region of fronts and eddies called 
the coastal transition zone (CTZ). In fall, coastal 
upwelling relaxes and CC influence increases in 
all three areas. In winter, with onset of southerly 
storm winds that drive onshore transport and 
downwelling, surface waters are influenced by 
the CC and deep mixing.  Cruises to these 
regions were conducted every 2-3 weeks 
(Figure 1B - C).    In  spring and  summer  the

R E S U L T S

Figures 3, 4, and 5 Average annual cycles with upwelling jet station (M1) in green, the in-bay station (C1) in red, and the 
offshore station (M2) in blue. The raw data were averaged as a canonical year then smoothed with a 14 day Stineman 
interpolation followed by a 9 point moving average. The vertical black lines divide the upwelling, fall oceanic and winter periods.
Surface temperature (3A) is coldest during the upwelling period and warmest during fall at all stations. Temperature at 60 m 
(4A) however is warmest in winter. Peak surface salinity occurs in Jul-Aug (3B), well after the coldest temperatures, and the 
CC-influenced M2 is much fresher than the inshore stations which are very similar. Freshwater runoff is seen as a winter and 
spring freshening of C1 versus M1 surface salinity (3B). 60 m salt (4B) cycles similarly, but 2 months in advance of the surface 
at all three stations. Mixed layer depth (3C) is deepest in winter/offshore and shallowest in summer/onshore. Nitrate exhibits 
strong seasonal cycles at 60 m at all stations (4D), but not at C1 or M2 at 0 m (3D), apparently due to biological drawdown at 
C1 and drawdown and mixing at M2. Average surface nitrate (3D) is usually >3 uM, even offshore at M2. At all stations 
dissolvable iron (3E) is highest in winter, declines over the upwelling period and is lowest during the late upwelling and fall oceanic 

period. C1 iron shows the strongest seasonal cycle reflecting winter input from the shelf or shore, while M2 iron is low year-round and only 1 nM in Jul-Sep. Surface 
primary production and chlorophyll (3G-H) peak late in the upwelling period, with the highest values at C1, M1 and M2, respectively.   Primary production peak occurs 
offshore later.    This ‘offshore later’ trend can be seen inin several parameters and apparently reflects seasonal development of the CUS.  Centric diatom carbon (3I) is 
highest during the upwelling period when it dominates phytoplankton carbon at all stations. Pennate diatom (3J), dinoflagellate (3K) and picophytoplankton (3L) carbon 
are all highest during the late upwelling or oceanic periods. 60 m chlorophyll (4D) is much higher at C1 than M1 or M2, perhaps indicating elevated POC export at this 
station. Surface oxygen (3F) is highest while 60 m oxygen is lowest (4E) during the upwelling and oceanic periods, reflecting oxygen evolution during photosynthesis at 
the surface and seasonal shoaling of the oxygen minimum at 60 m. The curves for 60 m apparent oxygen usage (4F) are essentially the inverse of those for 60 m oxygen 
and are very similar to 60 m salinity and nitrate, suggesting that  AOU in this environment is controlled by upwelling and seasonal shoaling of the oxygen minimum rather 
than remineralization.  Figure 5 ratios phytoplankton and nutrient parameters. Productivity indices  (productivity/chlorophyll) (5A) are much higher at M1 and M2, 
suggesting  that growth of phytoplankton at C1 is limited. C1 has the lowest nitrate/iron ratio (5D) of the three stations, which could be nitrate limited. M2 
carbon/chlorophyll ratios (5B) are higher than at C1 and M1 and peak Jul-Sep, possibly reflecting iron stress which does not depress the M2 productivity indices (5A). 
Interestingly, CTD fluorescence/chlorophyll (5C) is also higher at M2, perhaps again suggesting iron stress. Nitrate:phosphate and nitrate:silicate ratios (5E-F) are always 
below Redfield (106C:16N:P:Si), indicating phosphate and silicate are not limiting. Figure 6 seasonal phytoplankton epifluorescence microscopy by station. Abundances 
decrease from spring/nearshore to winter/offshore, with non-diatom carbon relatively more important in winter and offshore. 

Figure 1  

Figure 2

Figure 3 Figure 4 Figure 5

Figure 6
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A B S T R A C T

Shipboard occupations of three stations within the coastal upwelling system near 
Monterey Bay, California, have been made each 2-3 weeks over the past 16 years. 
The system is characterized by strong spatial and short-term temporal structure. In 
this poster we smooth temporal variations to explore seasonal phytoplankton 
dynamics and differences between the three stations. Phytoplankton dynamics are 
controlled by seasonal upwelling, currents, mixing and phytoplankton:nutrient 
coupling.

Phytoplankton carbon is dominated by diatoms year-round, and diatom 
abundance cycles account for most of the seasonal change in phytoplankton carbon. 
Mar-Jul is an upwelling period rich in nutrients with peak phytoplankton productivity, 
biomass and centric diatom carbon.  Aug-Oct is an ‘oceanic’ period influenced by the 
California Current with moderate though declining nutrient, phytoplankton 
productivity and biomass values, but peak pennate diatom, dinoflagellate and 
picophytoplankton carbon. A Nov-Feb winter period is influenced by storm-related 
onshore transport, downwelling and deep mixing, with low macronutrients but high 
iron, low productivity and biomass, and less but still dominant diatom carbon.

S U M M A R Y

Sixteen years of time series data are averaged and smoothed to examine seasonal 
station to station differences in phytoplankton and nutrient measurements.
Nearshore during spring and summer are the most productive; offshore during 
winter is the least productive.
Diatoms dominate, especially nearshore during the upwelling period. 
Centric diatoms peak several months earlier than pennate diatoms, dinoflagellates 
and picophytoplankton.
Surface nitrate averages >3 uM, and phosphate and silicate are present in excess 
of Redfield. 
The nearshore diatom-dominated flora at C1 may be nitrate limited and show 
elevated POC sinking, even at 3-5 uM NO3. 
The offshore picoplankton-domnated flora at M2 does not appear nutrient limited, 
even at 1-2 nM  iron, though there is evidence of iron stress.
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the upwelling jet station (M1) experiences nearly fresh upwelled water (1-3 da). The 
in-Bay station (C1) receives aged upwelled water (1-3 wk). Offshore station (M2) has 
upwelled water mixed with CC water. During the fall and winter, station to station 
differences are less pronounced.  Time series for selected parameters,  Figure 2, with

stations averaged. The series 
are characterized by strong 
short-term fluctuations (blue 
dots), seasonal cycles (red 
line), interannual fluctuations 
(red line), and small residual 
trends (green line). We 
collapse the years and smooth 
the data to focus on (1) 
seasonal pattern and (2) 
station to station differences. 
We place emphasis on (3) 
phytoplankton taxa and (4) 
p h y t o p l a n k t o n : n u t r i e n t 
coupling.

I N T R O D U C T I O N 

The coastal upwelling system (CUS) off western 
North America lies within an eastern boundary 
current region, as shown in the SeaWIFS 
(Figure 1A, inset, and C) and AVHRR (Figure 
1B) images. Off Monterey Bay, nearshore 
hydrography can be divided into three regions 
and seasons. In spring and summer, 
northwesterly winds drive a near-surface coastal 
upwelling jet across the mouth of Monterey Bay. 
Inside the bay, a cyclonic eddy recirculates 
upwelled water. Offshore, CUS and CC waters 
mix across a region of fronts and eddies called 
the coastal transition zone (CTZ). In fall, coastal 
upwelling relaxes and CC influence increases in 
all three areas. In winter, with onset of southerly 
storm winds that drive onshore transport and 
downwelling, surface waters are influenced by 
the CC and deep mixing.  Cruises to these 
regions were conducted every 2-3 weeks 
(Figure 1B - C).    In  spring and  summer  the

R E S U L T S

Figures 3, 4, and 5 Average annual cycles with upwelling jet station (M1) in green, the in-bay station (C1) in red, and the 
offshore station (M2) in blue. The raw data were averaged as a canonical year then smoothed with a 14 day Stineman 
interpolation followed by a 9 point moving average. The vertical black lines divide the upwelling, fall oceanic and winter periods.
Surface temperature (3A) is coldest during the upwelling period and warmest during fall at all stations. Temperature at 60 m 
(4A) however is warmest in winter. Peak surface salinity occurs in Jul-Aug (3B), well after the coldest temperatures, and the 
CC-influenced M2 is much fresher than the inshore stations which are very similar. Freshwater runoff is seen as a winter and 
spring freshening of C1 versus M1 surface salinity (3B). 60 m salt (4B) cycles similarly, but 2 months in advance of the surface 
at all three stations. Mixed layer depth (3C) is deepest in winter/offshore and shallowest in summer/onshore. Nitrate exhibits 
strong seasonal cycles at 60 m at all stations (4D), but not at C1 or M2 at 0 m (3D), apparently due to biological drawdown at 
C1 and drawdown and mixing at M2. Average surface nitrate (3D) is usually >3 uM, even offshore at M2. At all stations 
dissolvable iron (3E) is highest in winter, declines over the upwelling period and is lowest during the late upwelling and fall oceanic 

period. C1 iron shows the strongest seasonal cycle reflecting winter input from the shelf or shore, while M2 iron is low year-round and only 1 nM in Jul-Sep. Surface 
primary production and chlorophyll (3G-H) peak late in the upwelling period, with the highest values at C1, M1 and M2, respectively.   Primary production peak occurs 
offshore later.    This ‘offshore later’ trend can be seen inin several parameters and apparently reflects seasonal development of the CUS.  Centric diatom carbon (3I) is 
highest during the upwelling period when it dominates phytoplankton carbon at all stations. Pennate diatom (3J), dinoflagellate (3K) and picophytoplankton (3L) carbon 
are all highest during the late upwelling or oceanic periods. 60 m chlorophyll (4D) is much higher at C1 than M1 or M2, perhaps indicating elevated POC export at this 
station. Surface oxygen (3F) is highest while 60 m oxygen is lowest (4E) during the upwelling and oceanic periods, reflecting oxygen evolution during photosynthesis at 
the surface and seasonal shoaling of the oxygen minimum at 60 m. The curves for 60 m apparent oxygen usage (4F) are essentially the inverse of those for 60 m oxygen 
and are very similar to 60 m salinity and nitrate, suggesting that  AOU in this environment is controlled by upwelling and seasonal shoaling of the oxygen minimum rather 
than remineralization.  Figure 5 ratios phytoplankton and nutrient parameters. Productivity indices  (productivity/chlorophyll) (5A) are much higher at M1 and M2, 
suggesting  that growth of phytoplankton at C1 is limited. C1 has the lowest nitrate/iron ratio (5D) of the three stations, which could be nitrate limited. M2 
carbon/chlorophyll ratios (5B) are higher than at C1 and M1 and peak Jul-Sep, possibly reflecting iron stress which does not depress the M2 productivity indices (5A). 
Interestingly, CTD fluorescence/chlorophyll (5C) is also higher at M2, perhaps again suggesting iron stress. Nitrate:phosphate and nitrate:silicate ratios (5E-F) are always 
below Redfield (106C:16N:P:Si), indicating phosphate and silicate are not limiting. Figure 6 seasonal phytoplankton epifluorescence microscopy by station. Abundances 
decrease from spring/nearshore to winter/offshore, with non-diatom carbon relatively more important in winter and offshore. 
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A B S T R A C T

Shipboard occupations of three stations within the coastal upwelling system near 
Monterey Bay, California, have been made each 2-3 weeks over the past 16 years. 
The system is characterized by strong spatial and short-term temporal structure. In 
this poster we smooth temporal variations to explore seasonal phytoplankton 
dynamics and differences between the three stations. Phytoplankton dynamics are 
controlled by seasonal upwelling, currents, mixing and phytoplankton:nutrient 
coupling.

Phytoplankton carbon is dominated by diatoms year-round, and diatom 
abundance cycles account for most of the seasonal change in phytoplankton carbon. 
Mar-Jul is an upwelling period rich in nutrients with peak phytoplankton productivity, 
biomass and centric diatom carbon.  Aug-Oct is an ‘oceanic’ period influenced by the 
California Current with moderate though declining nutrient, phytoplankton 
productivity and biomass values, but peak pennate diatom, dinoflagellate and 
picophytoplankton carbon. A Nov-Feb winter period is influenced by storm-related 
onshore transport, downwelling and deep mixing, with low macronutrients but high 
iron, low productivity and biomass, and less but still dominant diatom carbon.

S U M M A R Y

Sixteen years of time series data are averaged and smoothed to examine seasonal 
station to station differences in phytoplankton and nutrient measurements.
Nearshore during spring and summer are the most productive; offshore during 
winter is the least productive.
Diatoms dominate, especially nearshore during the upwelling period. 
Centric diatoms peak several months earlier than pennate diatoms, dinoflagellates 
and picophytoplankton.
Surface nitrate averages >3 uM, and phosphate and silicate are present in excess 
of Redfield. 
The nearshore diatom-dominated flora at C1 may be nitrate limited and show 
elevated POC sinking, even at 3-5 uM NO3. 
The offshore picoplankton-domnated flora at M2 does not appear nutrient limited, 
even at 1-2 nM  iron, though there is evidence of iron stress.
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A

the upwelling jet station (M1) experiences nearly fresh upwelled water (1-3 da). The 
in-Bay station (C1) receives aged upwelled water (1-3 wk). Offshore station (M2) has 
upwelled water mixed with CC water. During the fall and winter, station to station 
differences are less pronounced.  Time series for selected parameters,  Figure 2, with

stations averaged. The series 
are characterized by strong 
short-term fluctuations (blue 
dots), seasonal cycles (red 
line), interannual fluctuations 
(red line), and small residual 
trends (green line). We 
collapse the years and smooth 
the data to focus on (1) 
seasonal pattern and (2) 
station to station differences. 
We place emphasis on (3) 
phytoplankton taxa and (4) 
p h y t o p l a n k t o n : n u t r i e n t 
coupling.

I N T R O D U C T I O N 

The coastal upwelling system (CUS) off western 
North America lies within an eastern boundary 
current region, as shown in the SeaWIFS 
(Figure 1A, inset, and C) and AVHRR (Figure 
1B) images. Off Monterey Bay, nearshore 
hydrography can be divided into three regions 
and seasons. In spring and summer, 
northwesterly winds drive a near-surface coastal 
upwelling jet across the mouth of Monterey Bay. 
Inside the bay, a cyclonic eddy recirculates 
upwelled water. Offshore, CUS and CC waters 
mix across a region of fronts and eddies called 
the coastal transition zone (CTZ). In fall, coastal 
upwelling relaxes and CC influence increases in 
all three areas. In winter, with onset of southerly 
storm winds that drive onshore transport and 
downwelling, surface waters are influenced by 
the CC and deep mixing.  Cruises to these 
regions were conducted every 2-3 weeks 
(Figure 1B - C).    In  spring and  summer  the

R E S U L T S

Figures 3, 4, and 5 Average annual cycles with upwelling jet station (M1) in green, the in-bay station (C1) in red, and the 
offshore station (M2) in blue. The raw data were averaged as a canonical year then smoothed with a 14 day Stineman 
interpolation followed by a 9 point moving average. The vertical black lines divide the upwelling, fall oceanic and winter periods.
Surface temperature (3A) is coldest during the upwelling period and warmest during fall at all stations. Temperature at 60 m 
(4A) however is warmest in winter. Peak surface salinity occurs in Jul-Aug (3B), well after the coldest temperatures, and the 
CC-influenced M2 is much fresher than the inshore stations which are very similar. Freshwater runoff is seen as a winter and 
spring freshening of C1 versus M1 surface salinity (3B). 60 m salt (4B) cycles similarly, but 2 months in advance of the surface 
at all three stations. Mixed layer depth (3C) is deepest in winter/offshore and shallowest in summer/onshore. Nitrate exhibits 
strong seasonal cycles at 60 m at all stations (4D), but not at C1 or M2 at 0 m (3D), apparently due to biological drawdown at 
C1 and drawdown and mixing at M2. Average surface nitrate (3D) is usually >3 uM, even offshore at M2. At all stations 
dissolvable iron (3E) is highest in winter, declines over the upwelling period and is lowest during the late upwelling and fall oceanic 

period. C1 iron shows the strongest seasonal cycle reflecting winter input from the shelf or shore, while M2 iron is low year-round and only 1 nM in Jul-Sep. Surface 
primary production and chlorophyll (3G-H) peak late in the upwelling period, with the highest values at C1, M1 and M2, respectively.   Primary production peak occurs 
offshore later.    This ‘offshore later’ trend can be seen inin several parameters and apparently reflects seasonal development of the CUS.  Centric diatom carbon (3I) is 
highest during the upwelling period when it dominates phytoplankton carbon at all stations. Pennate diatom (3J), dinoflagellate (3K) and picophytoplankton (3L) carbon 
are all highest during the late upwelling or oceanic periods. 60 m chlorophyll (4D) is much higher at C1 than M1 or M2, perhaps indicating elevated POC export at this 
station. Surface oxygen (3F) is highest while 60 m oxygen is lowest (4E) during the upwelling and oceanic periods, reflecting oxygen evolution during photosynthesis at 
the surface and seasonal shoaling of the oxygen minimum at 60 m. The curves for 60 m apparent oxygen usage (4F) are essentially the inverse of those for 60 m oxygen 
and are very similar to 60 m salinity and nitrate, suggesting that  AOU in this environment is controlled by upwelling and seasonal shoaling of the oxygen minimum rather 
than remineralization.  Figure 5 ratios phytoplankton and nutrient parameters. Productivity indices  (productivity/chlorophyll) (5A) are much higher at M1 and M2, 
suggesting  that growth of phytoplankton at C1 is limited. C1 has the lowest nitrate/iron ratio (5D) of the three stations, which could be nitrate limited. M2 
carbon/chlorophyll ratios (5B) are higher than at C1 and M1 and peak Jul-Sep, possibly reflecting iron stress which does not depress the M2 productivity indices (5A). 
Interestingly, CTD fluorescence/chlorophyll (5C) is also higher at M2, perhaps again suggesting iron stress. Nitrate:phosphate and nitrate:silicate ratios (5E-F) are always 
below Redfield (106C:16N:P:Si), indicating phosphate and silicate are not limiting. Figure 6 seasonal phytoplankton epifluorescence microscopy by station. Abundances 
decrease from spring/nearshore to winter/offshore, with non-diatom carbon relatively more important in winter and offshore. 
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A B S T R A C T

Shipboard occupations of three stations within the coastal upwelling system near 
Monterey Bay, California, have been made each 2-3 weeks over the past 16 years. 
The system is characterized by strong spatial and short-term temporal structure. In 
this poster we smooth temporal variations to explore seasonal phytoplankton 
dynamics and differences between the three stations. Phytoplankton dynamics are 
controlled by seasonal upwelling, currents, mixing and phytoplankton:nutrient 
coupling.

Phytoplankton carbon is dominated by diatoms year-round, and diatom 
abundance cycles account for most of the seasonal change in phytoplankton carbon. 
Mar-Jul is an upwelling period rich in nutrients with peak phytoplankton productivity, 
biomass and centric diatom carbon.  Aug-Oct is an ‘oceanic’ period influenced by the 
California Current with moderate though declining nutrient, phytoplankton 
productivity and biomass values, but peak pennate diatom, dinoflagellate and 
picophytoplankton carbon. A Nov-Feb winter period is influenced by storm-related 
onshore transport, downwelling and deep mixing, with low macronutrients but high 
iron, low productivity and biomass, and less but still dominant diatom carbon.

S U M M A R Y

Sixteen years of time series data are averaged and smoothed to examine seasonal 
station to station differences in phytoplankton and nutrient measurements.
Nearshore during spring and summer are the most productive; offshore during 
winter is the least productive.
Diatoms dominate, especially nearshore during the upwelling period. 
Centric diatoms peak several months earlier than pennate diatoms, dinoflagellates 
and picophytoplankton.
Surface nitrate averages >3 uM, and phosphate and silicate are present in excess 
of Redfield. 
The nearshore diatom-dominated flora at C1 may be nitrate limited and show 
elevated POC sinking, even at 3-5 uM NO3. 
The offshore picoplankton-domnated flora at M2 does not appear nutrient limited, 
even at 1-2 nM  iron, though there is evidence of iron stress.
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the upwelling jet station (M1) experiences nearly fresh upwelled water (1-3 da). The 
in-Bay station (C1) receives aged upwelled water (1-3 wk). Offshore station (M2) has 
upwelled water mixed with CC water. During the fall and winter, station to station 
differences are less pronounced.  Time series for selected parameters,  Figure 2, with

stations averaged. The series 
are characterized by strong 
short-term fluctuations (blue 
dots), seasonal cycles (red 
line), interannual fluctuations 
(red line), and small residual 
trends (green line). We 
collapse the years and smooth 
the data to focus on (1) 
seasonal pattern and (2) 
station to station differences. 
We place emphasis on (3) 
phytoplankton taxa and (4) 
p h y t o p l a n k t o n : n u t r i e n t 
coupling.

I N T R O D U C T I O N 

The coastal upwelling system (CUS) off western 
North America lies within an eastern boundary 
current region, as shown in the SeaWIFS 
(Figure 1A, inset, and C) and AVHRR (Figure 
1B) images. Off Monterey Bay, nearshore 
hydrography can be divided into three regions 
and seasons. In spring and summer, 
northwesterly winds drive a near-surface coastal 
upwelling jet across the mouth of Monterey Bay. 
Inside the bay, a cyclonic eddy recirculates 
upwelled water. Offshore, CUS and CC waters 
mix across a region of fronts and eddies called 
the coastal transition zone (CTZ). In fall, coastal 
upwelling relaxes and CC influence increases in 
all three areas. In winter, with onset of southerly 
storm winds that drive onshore transport and 
downwelling, surface waters are influenced by 
the CC and deep mixing.  Cruises to these 
regions were conducted every 2-3 weeks 
(Figure 1B - C).    In  spring and  summer  the

R E S U L T S

Figures 3, 4, and 5 Average annual cycles with upwelling jet station (M1) in green, the in-bay station (C1) in red, and the 
offshore station (M2) in blue. The raw data were averaged as a canonical year then smoothed with a 14 day Stineman 
interpolation followed by a 9 point moving average. The vertical black lines divide the upwelling, fall oceanic and winter periods.
Surface temperature (3A) is coldest during the upwelling period and warmest during fall at all stations. Temperature at 60 m 
(4A) however is warmest in winter. Peak surface salinity occurs in Jul-Aug (3B), well after the coldest temperatures, and the 
CC-influenced M2 is much fresher than the inshore stations which are very similar. Freshwater runoff is seen as a winter and 
spring freshening of C1 versus M1 surface salinity (3B). 60 m salt (4B) cycles similarly, but 2 months in advance of the surface 
at all three stations. Mixed layer depth (3C) is deepest in winter/offshore and shallowest in summer/onshore. Nitrate exhibits 
strong seasonal cycles at 60 m at all stations (4D), but not at C1 or M2 at 0 m (3D), apparently due to biological drawdown at 
C1 and drawdown and mixing at M2. Average surface nitrate (3D) is usually >3 uM, even offshore at M2. At all stations 
dissolvable iron (3E) is highest in winter, declines over the upwelling period and is lowest during the late upwelling and fall oceanic 

period. C1 iron shows the strongest seasonal cycle reflecting winter input from the shelf or shore, while M2 iron is low year-round and only 1 nM in Jul-Sep. Surface 
primary production and chlorophyll (3G-H) peak late in the upwelling period, with the highest values at C1, M1 and M2, respectively.   Primary production peak occurs 
offshore later.    This ‘offshore later’ trend can be seen inin several parameters and apparently reflects seasonal development of the CUS.  Centric diatom carbon (3I) is 
highest during the upwelling period when it dominates phytoplankton carbon at all stations. Pennate diatom (3J), dinoflagellate (3K) and picophytoplankton (3L) carbon 
are all highest during the late upwelling or oceanic periods. 60 m chlorophyll (4D) is much higher at C1 than M1 or M2, perhaps indicating elevated POC export at this 
station. Surface oxygen (3F) is highest while 60 m oxygen is lowest (4E) during the upwelling and oceanic periods, reflecting oxygen evolution during photosynthesis at 
the surface and seasonal shoaling of the oxygen minimum at 60 m. The curves for 60 m apparent oxygen usage (4F) are essentially the inverse of those for 60 m oxygen 
and are very similar to 60 m salinity and nitrate, suggesting that  AOU in this environment is controlled by upwelling and seasonal shoaling of the oxygen minimum rather 
than remineralization.  Figure 5 ratios phytoplankton and nutrient parameters. Productivity indices  (productivity/chlorophyll) (5A) are much higher at M1 and M2, 
suggesting  that growth of phytoplankton at C1 is limited. C1 has the lowest nitrate/iron ratio (5D) of the three stations, which could be nitrate limited. M2 
carbon/chlorophyll ratios (5B) are higher than at C1 and M1 and peak Jul-Sep, possibly reflecting iron stress which does not depress the M2 productivity indices (5A). 
Interestingly, CTD fluorescence/chlorophyll (5C) is also higher at M2, perhaps again suggesting iron stress. Nitrate:phosphate and nitrate:silicate ratios (5E-F) are always 
below Redfield (106C:16N:P:Si), indicating phosphate and silicate are not limiting. Figure 6 seasonal phytoplankton epifluorescence microscopy by station. Abundances 
decrease from spring/nearshore to winter/offshore, with non-diatom carbon relatively more important in winter and offshore. 

Figure 1  

Figure 2

Figure 3 Figure 4 Figure 5

Figure 6

A C K N O W L E D G M E N T S

Funding from the David and 

Lucile Packard Foundation.  

We thank the crew of the Point 

Lobos, Ken Johnson and Lab 

for the iron data, Kurt Buck for 

the taxanomic data and 

Carmen Castro for the AOU 

information.

Michisaki	2005	

A B S T R A C T

Shipboard occupations of three stations within the coastal upwelling system near 
Monterey Bay, California, have been made each 2-3 weeks over the past 16 years. 
The system is characterized by strong spatial and short-term temporal structure. In 
this poster we smooth temporal variations to explore seasonal phytoplankton 
dynamics and differences between the three stations. Phytoplankton dynamics are 
controlled by seasonal upwelling, currents, mixing and phytoplankton:nutrient 
coupling.

Phytoplankton carbon is dominated by diatoms year-round, and diatom 
abundance cycles account for most of the seasonal change in phytoplankton carbon. 
Mar-Jul is an upwelling period rich in nutrients with peak phytoplankton productivity, 
biomass and centric diatom carbon.  Aug-Oct is an ‘oceanic’ period influenced by the 
California Current with moderate though declining nutrient, phytoplankton 
productivity and biomass values, but peak pennate diatom, dinoflagellate and 
picophytoplankton carbon. A Nov-Feb winter period is influenced by storm-related 
onshore transport, downwelling and deep mixing, with low macronutrients but high 
iron, low productivity and biomass, and less but still dominant diatom carbon.

S U M M A R Y

Sixteen years of time series data are averaged and smoothed to examine seasonal 
station to station differences in phytoplankton and nutrient measurements.
Nearshore during spring and summer are the most productive; offshore during 
winter is the least productive.
Diatoms dominate, especially nearshore during the upwelling period. 
Centric diatoms peak several months earlier than pennate diatoms, dinoflagellates 
and picophytoplankton.
Surface nitrate averages >3 uM, and phosphate and silicate are present in excess 
of Redfield. 
The nearshore diatom-dominated flora at C1 may be nitrate limited and show 
elevated POC sinking, even at 3-5 uM NO3. 
The offshore picoplankton-domnated flora at M2 does not appear nutrient limited, 
even at 1-2 nM  iron, though there is evidence of iron stress.
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the upwelling jet station (M1) experiences nearly fresh upwelled water (1-3 da). The 
in-Bay station (C1) receives aged upwelled water (1-3 wk). Offshore station (M2) has 
upwelled water mixed with CC water. During the fall and winter, station to station 
differences are less pronounced.  Time series for selected parameters,  Figure 2, with

stations averaged. The series 
are characterized by strong 
short-term fluctuations (blue 
dots), seasonal cycles (red 
line), interannual fluctuations 
(red line), and small residual 
trends (green line). We 
collapse the years and smooth 
the data to focus on (1) 
seasonal pattern and (2) 
station to station differences. 
We place emphasis on (3) 
phytoplankton taxa and (4) 
p h y t o p l a n k t o n : n u t r i e n t 
coupling.

I N T R O D U C T I O N 

The coastal upwelling system (CUS) off western 
North America lies within an eastern boundary 
current region, as shown in the SeaWIFS 
(Figure 1A, inset, and C) and AVHRR (Figure 
1B) images. Off Monterey Bay, nearshore 
hydrography can be divided into three regions 
and seasons. In spring and summer, 
northwesterly winds drive a near-surface coastal 
upwelling jet across the mouth of Monterey Bay. 
Inside the bay, a cyclonic eddy recirculates 
upwelled water. Offshore, CUS and CC waters 
mix across a region of fronts and eddies called 
the coastal transition zone (CTZ). In fall, coastal 
upwelling relaxes and CC influence increases in 
all three areas. In winter, with onset of southerly 
storm winds that drive onshore transport and 
downwelling, surface waters are influenced by 
the CC and deep mixing.  Cruises to these 
regions were conducted every 2-3 weeks 
(Figure 1B - C).    In  spring and  summer  the

R E S U L T S

Figures 3, 4, and 5 Average annual cycles with upwelling jet station (M1) in green, the in-bay station (C1) in red, and the 
offshore station (M2) in blue. The raw data were averaged as a canonical year then smoothed with a 14 day Stineman 
interpolation followed by a 9 point moving average. The vertical black lines divide the upwelling, fall oceanic and winter periods.
Surface temperature (3A) is coldest during the upwelling period and warmest during fall at all stations. Temperature at 60 m 
(4A) however is warmest in winter. Peak surface salinity occurs in Jul-Aug (3B), well after the coldest temperatures, and the 
CC-influenced M2 is much fresher than the inshore stations which are very similar. Freshwater runoff is seen as a winter and 
spring freshening of C1 versus M1 surface salinity (3B). 60 m salt (4B) cycles similarly, but 2 months in advance of the surface 
at all three stations. Mixed layer depth (3C) is deepest in winter/offshore and shallowest in summer/onshore. Nitrate exhibits 
strong seasonal cycles at 60 m at all stations (4D), but not at C1 or M2 at 0 m (3D), apparently due to biological drawdown at 
C1 and drawdown and mixing at M2. Average surface nitrate (3D) is usually >3 uM, even offshore at M2. At all stations 
dissolvable iron (3E) is highest in winter, declines over the upwelling period and is lowest during the late upwelling and fall oceanic 

period. C1 iron shows the strongest seasonal cycle reflecting winter input from the shelf or shore, while M2 iron is low year-round and only 1 nM in Jul-Sep. Surface 
primary production and chlorophyll (3G-H) peak late in the upwelling period, with the highest values at C1, M1 and M2, respectively.   Primary production peak occurs 
offshore later.    This ‘offshore later’ trend can be seen inin several parameters and apparently reflects seasonal development of the CUS.  Centric diatom carbon (3I) is 
highest during the upwelling period when it dominates phytoplankton carbon at all stations. Pennate diatom (3J), dinoflagellate (3K) and picophytoplankton (3L) carbon 
are all highest during the late upwelling or oceanic periods. 60 m chlorophyll (4D) is much higher at C1 than M1 or M2, perhaps indicating elevated POC export at this 
station. Surface oxygen (3F) is highest while 60 m oxygen is lowest (4E) during the upwelling and oceanic periods, reflecting oxygen evolution during photosynthesis at 
the surface and seasonal shoaling of the oxygen minimum at 60 m. The curves for 60 m apparent oxygen usage (4F) are essentially the inverse of those for 60 m oxygen 
and are very similar to 60 m salinity and nitrate, suggesting that  AOU in this environment is controlled by upwelling and seasonal shoaling of the oxygen minimum rather 
than remineralization.  Figure 5 ratios phytoplankton and nutrient parameters. Productivity indices  (productivity/chlorophyll) (5A) are much higher at M1 and M2, 
suggesting  that growth of phytoplankton at C1 is limited. C1 has the lowest nitrate/iron ratio (5D) of the three stations, which could be nitrate limited. M2 
carbon/chlorophyll ratios (5B) are higher than at C1 and M1 and peak Jul-Sep, possibly reflecting iron stress which does not depress the M2 productivity indices (5A). 
Interestingly, CTD fluorescence/chlorophyll (5C) is also higher at M2, perhaps again suggesting iron stress. Nitrate:phosphate and nitrate:silicate ratios (5E-F) are always 
below Redfield (106C:16N:P:Si), indicating phosphate and silicate are not limiting. Figure 6 seasonal phytoplankton epifluorescence microscopy by station. Abundances 
decrease from spring/nearshore to winter/offshore, with non-diatom carbon relatively more important in winter and offshore. 
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A B S T R A C T

Shipboard occupations of three stations within the coastal upwelling system near 
Monterey Bay, California, have been made each 2-3 weeks over the past 16 years. 
The system is characterized by strong spatial and short-term temporal structure. In 
this poster we smooth temporal variations to explore seasonal phytoplankton 
dynamics and differences between the three stations. Phytoplankton dynamics are 
controlled by seasonal upwelling, currents, mixing and phytoplankton:nutrient 
coupling.

Phytoplankton carbon is dominated by diatoms year-round, and diatom 
abundance cycles account for most of the seasonal change in phytoplankton carbon. 
Mar-Jul is an upwelling period rich in nutrients with peak phytoplankton productivity, 
biomass and centric diatom carbon.  Aug-Oct is an ‘oceanic’ period influenced by the 
California Current with moderate though declining nutrient, phytoplankton 
productivity and biomass values, but peak pennate diatom, dinoflagellate and 
picophytoplankton carbon. A Nov-Feb winter period is influenced by storm-related 
onshore transport, downwelling and deep mixing, with low macronutrients but high 
iron, low productivity and biomass, and less but still dominant diatom carbon.

S U M M A R Y

Sixteen years of time series data are averaged and smoothed to examine seasonal 
station to station differences in phytoplankton and nutrient measurements.
Nearshore during spring and summer are the most productive; offshore during 
winter is the least productive.
Diatoms dominate, especially nearshore during the upwelling period. 
Centric diatoms peak several months earlier than pennate diatoms, dinoflagellates 
and picophytoplankton.
Surface nitrate averages >3 uM, and phosphate and silicate are present in excess 
of Redfield. 
The nearshore diatom-dominated flora at C1 may be nitrate limited and show 
elevated POC sinking, even at 3-5 uM NO3. 
The offshore picoplankton-domnated flora at M2 does not appear nutrient limited, 
even at 1-2 nM  iron, though there is evidence of iron stress.
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the upwelling jet station (M1) experiences nearly fresh upwelled water (1-3 da). The 
in-Bay station (C1) receives aged upwelled water (1-3 wk). Offshore station (M2) has 
upwelled water mixed with CC water. During the fall and winter, station to station 
differences are less pronounced.  Time series for selected parameters,  Figure 2, with

stations averaged. The series 
are characterized by strong 
short-term fluctuations (blue 
dots), seasonal cycles (red 
line), interannual fluctuations 
(red line), and small residual 
trends (green line). We 
collapse the years and smooth 
the data to focus on (1) 
seasonal pattern and (2) 
station to station differences. 
We place emphasis on (3) 
phytoplankton taxa and (4) 
p h y t o p l a n k t o n : n u t r i e n t 
coupling.

I N T R O D U C T I O N 

The coastal upwelling system (CUS) off western 
North America lies within an eastern boundary 
current region, as shown in the SeaWIFS 
(Figure 1A, inset, and C) and AVHRR (Figure 
1B) images. Off Monterey Bay, nearshore 
hydrography can be divided into three regions 
and seasons. In spring and summer, 
northwesterly winds drive a near-surface coastal 
upwelling jet across the mouth of Monterey Bay. 
Inside the bay, a cyclonic eddy recirculates 
upwelled water. Offshore, CUS and CC waters 
mix across a region of fronts and eddies called 
the coastal transition zone (CTZ). In fall, coastal 
upwelling relaxes and CC influence increases in 
all three areas. In winter, with onset of southerly 
storm winds that drive onshore transport and 
downwelling, surface waters are influenced by 
the CC and deep mixing.  Cruises to these 
regions were conducted every 2-3 weeks 
(Figure 1B - C).    In  spring and  summer  the

R E S U L T S

Figures 3, 4, and 5 Average annual cycles with upwelling jet station (M1) in green, the in-bay station (C1) in red, and the 
offshore station (M2) in blue. The raw data were averaged as a canonical year then smoothed with a 14 day Stineman 
interpolation followed by a 9 point moving average. The vertical black lines divide the upwelling, fall oceanic and winter periods.
Surface temperature (3A) is coldest during the upwelling period and warmest during fall at all stations. Temperature at 60 m 
(4A) however is warmest in winter. Peak surface salinity occurs in Jul-Aug (3B), well after the coldest temperatures, and the 
CC-influenced M2 is much fresher than the inshore stations which are very similar. Freshwater runoff is seen as a winter and 
spring freshening of C1 versus M1 surface salinity (3B). 60 m salt (4B) cycles similarly, but 2 months in advance of the surface 
at all three stations. Mixed layer depth (3C) is deepest in winter/offshore and shallowest in summer/onshore. Nitrate exhibits 
strong seasonal cycles at 60 m at all stations (4D), but not at C1 or M2 at 0 m (3D), apparently due to biological drawdown at 
C1 and drawdown and mixing at M2. Average surface nitrate (3D) is usually >3 uM, even offshore at M2. At all stations 
dissolvable iron (3E) is highest in winter, declines over the upwelling period and is lowest during the late upwelling and fall oceanic 

period. C1 iron shows the strongest seasonal cycle reflecting winter input from the shelf or shore, while M2 iron is low year-round and only 1 nM in Jul-Sep. Surface 
primary production and chlorophyll (3G-H) peak late in the upwelling period, with the highest values at C1, M1 and M2, respectively.   Primary production peak occurs 
offshore later.    This ‘offshore later’ trend can be seen inin several parameters and apparently reflects seasonal development of the CUS.  Centric diatom carbon (3I) is 
highest during the upwelling period when it dominates phytoplankton carbon at all stations. Pennate diatom (3J), dinoflagellate (3K) and picophytoplankton (3L) carbon 
are all highest during the late upwelling or oceanic periods. 60 m chlorophyll (4D) is much higher at C1 than M1 or M2, perhaps indicating elevated POC export at this 
station. Surface oxygen (3F) is highest while 60 m oxygen is lowest (4E) during the upwelling and oceanic periods, reflecting oxygen evolution during photosynthesis at 
the surface and seasonal shoaling of the oxygen minimum at 60 m. The curves for 60 m apparent oxygen usage (4F) are essentially the inverse of those for 60 m oxygen 
and are very similar to 60 m salinity and nitrate, suggesting that  AOU in this environment is controlled by upwelling and seasonal shoaling of the oxygen minimum rather 
than remineralization.  Figure 5 ratios phytoplankton and nutrient parameters. Productivity indices  (productivity/chlorophyll) (5A) are much higher at M1 and M2, 
suggesting  that growth of phytoplankton at C1 is limited. C1 has the lowest nitrate/iron ratio (5D) of the three stations, which could be nitrate limited. M2 
carbon/chlorophyll ratios (5B) are higher than at C1 and M1 and peak Jul-Sep, possibly reflecting iron stress which does not depress the M2 productivity indices (5A). 
Interestingly, CTD fluorescence/chlorophyll (5C) is also higher at M2, perhaps again suggesting iron stress. Nitrate:phosphate and nitrate:silicate ratios (5E-F) are always 
below Redfield (106C:16N:P:Si), indicating phosphate and silicate are not limiting. Figure 6 seasonal phytoplankton epifluorescence microscopy by station. Abundances 
decrease from spring/nearshore to winter/offshore, with non-diatom carbon relatively more important in winter and offshore. 
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A B S T R A C T

Shipboard occupations of three stations within the coastal upwelling system near 
Monterey Bay, California, have been made each 2-3 weeks over the past 16 years. 
The system is characterized by strong spatial and short-term temporal structure. In 
this poster we smooth temporal variations to explore seasonal phytoplankton 
dynamics and differences between the three stations. Phytoplankton dynamics are 
controlled by seasonal upwelling, currents, mixing and phytoplankton:nutrient 
coupling.

Phytoplankton carbon is dominated by diatoms year-round, and diatom 
abundance cycles account for most of the seasonal change in phytoplankton carbon. 
Mar-Jul is an upwelling period rich in nutrients with peak phytoplankton productivity, 
biomass and centric diatom carbon.  Aug-Oct is an ‘oceanic’ period influenced by the 
California Current with moderate though declining nutrient, phytoplankton 
productivity and biomass values, but peak pennate diatom, dinoflagellate and 
picophytoplankton carbon. A Nov-Feb winter period is influenced by storm-related 
onshore transport, downwelling and deep mixing, with low macronutrients but high 
iron, low productivity and biomass, and less but still dominant diatom carbon.

S U M M A R Y

Sixteen years of time series data are averaged and smoothed to examine seasonal 
station to station differences in phytoplankton and nutrient measurements.
Nearshore during spring and summer are the most productive; offshore during 
winter is the least productive.
Diatoms dominate, especially nearshore during the upwelling period. 
Centric diatoms peak several months earlier than pennate diatoms, dinoflagellates 
and picophytoplankton.
Surface nitrate averages >3 uM, and phosphate and silicate are present in excess 
of Redfield. 
The nearshore diatom-dominated flora at C1 may be nitrate limited and show 
elevated POC sinking, even at 3-5 uM NO3. 
The offshore picoplankton-domnated flora at M2 does not appear nutrient limited, 
even at 1-2 nM  iron, though there is evidence of iron stress.
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the upwelling jet station (M1) experiences nearly fresh upwelled water (1-3 da). The 
in-Bay station (C1) receives aged upwelled water (1-3 wk). Offshore station (M2) has 
upwelled water mixed with CC water. During the fall and winter, station to station 
differences are less pronounced.  Time series for selected parameters,  Figure 2, with

stations averaged. The series 
are characterized by strong 
short-term fluctuations (blue 
dots), seasonal cycles (red 
line), interannual fluctuations 
(red line), and small residual 
trends (green line). We 
collapse the years and smooth 
the data to focus on (1) 
seasonal pattern and (2) 
station to station differences. 
We place emphasis on (3) 
phytoplankton taxa and (4) 
p h y t o p l a n k t o n : n u t r i e n t 
coupling.

I N T R O D U C T I O N 

The coastal upwelling system (CUS) off western 
North America lies within an eastern boundary 
current region, as shown in the SeaWIFS 
(Figure 1A, inset, and C) and AVHRR (Figure 
1B) images. Off Monterey Bay, nearshore 
hydrography can be divided into three regions 
and seasons. In spring and summer, 
northwesterly winds drive a near-surface coastal 
upwelling jet across the mouth of Monterey Bay. 
Inside the bay, a cyclonic eddy recirculates 
upwelled water. Offshore, CUS and CC waters 
mix across a region of fronts and eddies called 
the coastal transition zone (CTZ). In fall, coastal 
upwelling relaxes and CC influence increases in 
all three areas. In winter, with onset of southerly 
storm winds that drive onshore transport and 
downwelling, surface waters are influenced by 
the CC and deep mixing.  Cruises to these 
regions were conducted every 2-3 weeks 
(Figure 1B - C).    In  spring and  summer  the

R E S U L T S

Figures 3, 4, and 5 Average annual cycles with upwelling jet station (M1) in green, the in-bay station (C1) in red, and the 
offshore station (M2) in blue. The raw data were averaged as a canonical year then smoothed with a 14 day Stineman 
interpolation followed by a 9 point moving average. The vertical black lines divide the upwelling, fall oceanic and winter periods.
Surface temperature (3A) is coldest during the upwelling period and warmest during fall at all stations. Temperature at 60 m 
(4A) however is warmest in winter. Peak surface salinity occurs in Jul-Aug (3B), well after the coldest temperatures, and the 
CC-influenced M2 is much fresher than the inshore stations which are very similar. Freshwater runoff is seen as a winter and 
spring freshening of C1 versus M1 surface salinity (3B). 60 m salt (4B) cycles similarly, but 2 months in advance of the surface 
at all three stations. Mixed layer depth (3C) is deepest in winter/offshore and shallowest in summer/onshore. Nitrate exhibits 
strong seasonal cycles at 60 m at all stations (4D), but not at C1 or M2 at 0 m (3D), apparently due to biological drawdown at 
C1 and drawdown and mixing at M2. Average surface nitrate (3D) is usually >3 uM, even offshore at M2. At all stations 
dissolvable iron (3E) is highest in winter, declines over the upwelling period and is lowest during the late upwelling and fall oceanic 

period. C1 iron shows the strongest seasonal cycle reflecting winter input from the shelf or shore, while M2 iron is low year-round and only 1 nM in Jul-Sep. Surface 
primary production and chlorophyll (3G-H) peak late in the upwelling period, with the highest values at C1, M1 and M2, respectively.   Primary production peak occurs 
offshore later.    This ‘offshore later’ trend can be seen inin several parameters and apparently reflects seasonal development of the CUS.  Centric diatom carbon (3I) is 
highest during the upwelling period when it dominates phytoplankton carbon at all stations. Pennate diatom (3J), dinoflagellate (3K) and picophytoplankton (3L) carbon 
are all highest during the late upwelling or oceanic periods. 60 m chlorophyll (4D) is much higher at C1 than M1 or M2, perhaps indicating elevated POC export at this 
station. Surface oxygen (3F) is highest while 60 m oxygen is lowest (4E) during the upwelling and oceanic periods, reflecting oxygen evolution during photosynthesis at 
the surface and seasonal shoaling of the oxygen minimum at 60 m. The curves for 60 m apparent oxygen usage (4F) are essentially the inverse of those for 60 m oxygen 
and are very similar to 60 m salinity and nitrate, suggesting that  AOU in this environment is controlled by upwelling and seasonal shoaling of the oxygen minimum rather 
than remineralization.  Figure 5 ratios phytoplankton and nutrient parameters. Productivity indices  (productivity/chlorophyll) (5A) are much higher at M1 and M2, 
suggesting  that growth of phytoplankton at C1 is limited. C1 has the lowest nitrate/iron ratio (5D) of the three stations, which could be nitrate limited. M2 
carbon/chlorophyll ratios (5B) are higher than at C1 and M1 and peak Jul-Sep, possibly reflecting iron stress which does not depress the M2 productivity indices (5A). 
Interestingly, CTD fluorescence/chlorophyll (5C) is also higher at M2, perhaps again suggesting iron stress. Nitrate:phosphate and nitrate:silicate ratios (5E-F) are always 
below Redfield (106C:16N:P:Si), indicating phosphate and silicate are not limiting. Figure 6 seasonal phytoplankton epifluorescence microscopy by station. Abundances 
decrease from spring/nearshore to winter/offshore, with non-diatom carbon relatively more important in winter and offshore. 
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A B S T R A C T

Shipboard occupations of three stations within the coastal upwelling system near 
Monterey Bay, California, have been made each 2-3 weeks over the past 16 years. 
The system is characterized by strong spatial and short-term temporal structure. In 
this poster we smooth temporal variations to explore seasonal phytoplankton 
dynamics and differences between the three stations. Phytoplankton dynamics are 
controlled by seasonal upwelling, currents, mixing and phytoplankton:nutrient 
coupling.

Phytoplankton carbon is dominated by diatoms year-round, and diatom 
abundance cycles account for most of the seasonal change in phytoplankton carbon. 
Mar-Jul is an upwelling period rich in nutrients with peak phytoplankton productivity, 
biomass and centric diatom carbon.  Aug-Oct is an ‘oceanic’ period influenced by the 
California Current with moderate though declining nutrient, phytoplankton 
productivity and biomass values, but peak pennate diatom, dinoflagellate and 
picophytoplankton carbon. A Nov-Feb winter period is influenced by storm-related 
onshore transport, downwelling and deep mixing, with low macronutrients but high 
iron, low productivity and biomass, and less but still dominant diatom carbon.

S U M M A R Y

Sixteen years of time series data are averaged and smoothed to examine seasonal 
station to station differences in phytoplankton and nutrient measurements.
Nearshore during spring and summer are the most productive; offshore during 
winter is the least productive.
Diatoms dominate, especially nearshore during the upwelling period. 
Centric diatoms peak several months earlier than pennate diatoms, dinoflagellates 
and picophytoplankton.
Surface nitrate averages >3 uM, and phosphate and silicate are present in excess 
of Redfield. 
The nearshore diatom-dominated flora at C1 may be nitrate limited and show 
elevated POC sinking, even at 3-5 uM NO3. 
The offshore picoplankton-domnated flora at M2 does not appear nutrient limited, 
even at 1-2 nM  iron, though there is evidence of iron stress.
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the upwelling jet station (M1) experiences nearly fresh upwelled water (1-3 da). The 
in-Bay station (C1) receives aged upwelled water (1-3 wk). Offshore station (M2) has 
upwelled water mixed with CC water. During the fall and winter, station to station 
differences are less pronounced.  Time series for selected parameters,  Figure 2, with

stations averaged. The series 
are characterized by strong 
short-term fluctuations (blue 
dots), seasonal cycles (red 
line), interannual fluctuations 
(red line), and small residual 
trends (green line). We 
collapse the years and smooth 
the data to focus on (1) 
seasonal pattern and (2) 
station to station differences. 
We place emphasis on (3) 
phytoplankton taxa and (4) 
p h y t o p l a n k t o n : n u t r i e n t 
coupling.

I N T R O D U C T I O N 

The coastal upwelling system (CUS) off western 
North America lies within an eastern boundary 
current region, as shown in the SeaWIFS 
(Figure 1A, inset, and C) and AVHRR (Figure 
1B) images. Off Monterey Bay, nearshore 
hydrography can be divided into three regions 
and seasons. In spring and summer, 
northwesterly winds drive a near-surface coastal 
upwelling jet across the mouth of Monterey Bay. 
Inside the bay, a cyclonic eddy recirculates 
upwelled water. Offshore, CUS and CC waters 
mix across a region of fronts and eddies called 
the coastal transition zone (CTZ). In fall, coastal 
upwelling relaxes and CC influence increases in 
all three areas. In winter, with onset of southerly 
storm winds that drive onshore transport and 
downwelling, surface waters are influenced by 
the CC and deep mixing.  Cruises to these 
regions were conducted every 2-3 weeks 
(Figure 1B - C).    In  spring and  summer  the

R E S U L T S

Figures 3, 4, and 5 Average annual cycles with upwelling jet station (M1) in green, the in-bay station (C1) in red, and the 
offshore station (M2) in blue. The raw data were averaged as a canonical year then smoothed with a 14 day Stineman 
interpolation followed by a 9 point moving average. The vertical black lines divide the upwelling, fall oceanic and winter periods.
Surface temperature (3A) is coldest during the upwelling period and warmest during fall at all stations. Temperature at 60 m 
(4A) however is warmest in winter. Peak surface salinity occurs in Jul-Aug (3B), well after the coldest temperatures, and the 
CC-influenced M2 is much fresher than the inshore stations which are very similar. Freshwater runoff is seen as a winter and 
spring freshening of C1 versus M1 surface salinity (3B). 60 m salt (4B) cycles similarly, but 2 months in advance of the surface 
at all three stations. Mixed layer depth (3C) is deepest in winter/offshore and shallowest in summer/onshore. Nitrate exhibits 
strong seasonal cycles at 60 m at all stations (4D), but not at C1 or M2 at 0 m (3D), apparently due to biological drawdown at 
C1 and drawdown and mixing at M2. Average surface nitrate (3D) is usually >3 uM, even offshore at M2. At all stations 
dissolvable iron (3E) is highest in winter, declines over the upwelling period and is lowest during the late upwelling and fall oceanic 

period. C1 iron shows the strongest seasonal cycle reflecting winter input from the shelf or shore, while M2 iron is low year-round and only 1 nM in Jul-Sep. Surface 
primary production and chlorophyll (3G-H) peak late in the upwelling period, with the highest values at C1, M1 and M2, respectively.   Primary production peak occurs 
offshore later.    This ‘offshore later’ trend can be seen inin several parameters and apparently reflects seasonal development of the CUS.  Centric diatom carbon (3I) is 
highest during the upwelling period when it dominates phytoplankton carbon at all stations. Pennate diatom (3J), dinoflagellate (3K) and picophytoplankton (3L) carbon 
are all highest during the late upwelling or oceanic periods. 60 m chlorophyll (4D) is much higher at C1 than M1 or M2, perhaps indicating elevated POC export at this 
station. Surface oxygen (3F) is highest while 60 m oxygen is lowest (4E) during the upwelling and oceanic periods, reflecting oxygen evolution during photosynthesis at 
the surface and seasonal shoaling of the oxygen minimum at 60 m. The curves for 60 m apparent oxygen usage (4F) are essentially the inverse of those for 60 m oxygen 
and are very similar to 60 m salinity and nitrate, suggesting that  AOU in this environment is controlled by upwelling and seasonal shoaling of the oxygen minimum rather 
than remineralization.  Figure 5 ratios phytoplankton and nutrient parameters. Productivity indices  (productivity/chlorophyll) (5A) are much higher at M1 and M2, 
suggesting  that growth of phytoplankton at C1 is limited. C1 has the lowest nitrate/iron ratio (5D) of the three stations, which could be nitrate limited. M2 
carbon/chlorophyll ratios (5B) are higher than at C1 and M1 and peak Jul-Sep, possibly reflecting iron stress which does not depress the M2 productivity indices (5A). 
Interestingly, CTD fluorescence/chlorophyll (5C) is also higher at M2, perhaps again suggesting iron stress. Nitrate:phosphate and nitrate:silicate ratios (5E-F) are always 
below Redfield (106C:16N:P:Si), indicating phosphate and silicate are not limiting. Figure 6 seasonal phytoplankton epifluorescence microscopy by station. Abundances 
decrease from spring/nearshore to winter/offshore, with non-diatom carbon relatively more important in winter and offshore. 

Figure 1  

Figure 2

Figure 3 Figure 4 Figure 5

Figure 6

A C K N O W L E D G M E N T S

Funding from the David and 

Lucile Packard Foundation.  

We thank the crew of the Point 

Lobos, Ken Johnson and Lab 

for the iron data, Kurt Buck for 

the taxanomic data and 

Carmen Castro for the AOU 

information.

Monterey	Bay	Mean	Annual	Cycle		

A B S T R A C T

Shipboard occupations of three stations within the coastal upwelling system near 
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this poster we smooth temporal variations to explore seasonal phytoplankton 
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Diatoms dominate, especially nearshore during the upwelling period. 
Centric diatoms peak several months earlier than pennate diatoms, dinoflagellates 
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Surface nitrate averages >3 uM, and phosphate and silicate are present in excess 
of Redfield. 
The nearshore diatom-dominated flora at C1 may be nitrate limited and show 
elevated POC sinking, even at 3-5 uM NO3. 
The offshore picoplankton-domnated flora at M2 does not appear nutrient limited, 
even at 1-2 nM  iron, though there is evidence of iron stress.
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differences are less pronounced.  Time series for selected parameters,  Figure 2, with

stations averaged. The series 
are characterized by strong 
short-term fluctuations (blue 
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line), interannual fluctuations 
(red line), and small residual 
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collapse the years and smooth 
the data to focus on (1) 
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We place emphasis on (3) 
phytoplankton taxa and (4) 
p h y t o p l a n k t o n : n u t r i e n t 
coupling.
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The coastal upwelling system (CUS) off western 
North America lies within an eastern boundary 
current region, as shown in the SeaWIFS 
(Figure 1A, inset, and C) and AVHRR (Figure 
1B) images. Off Monterey Bay, nearshore 
hydrography can be divided into three regions 
and seasons. In spring and summer, 
northwesterly winds drive a near-surface coastal 
upwelling jet across the mouth of Monterey Bay. 
Inside the bay, a cyclonic eddy recirculates 
upwelled water. Offshore, CUS and CC waters 
mix across a region of fronts and eddies called 
the coastal transition zone (CTZ). In fall, coastal 
upwelling relaxes and CC influence increases in 
all three areas. In winter, with onset of southerly 
storm winds that drive onshore transport and 
downwelling, surface waters are influenced by 
the CC and deep mixing.  Cruises to these 
regions were conducted every 2-3 weeks 
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Figures 3, 4, and 5 Average annual cycles with upwelling jet station (M1) in green, the in-bay station (C1) in red, and the 
offshore station (M2) in blue. The raw data were averaged as a canonical year then smoothed with a 14 day Stineman 
interpolation followed by a 9 point moving average. The vertical black lines divide the upwelling, fall oceanic and winter periods.
Surface temperature (3A) is coldest during the upwelling period and warmest during fall at all stations. Temperature at 60 m 
(4A) however is warmest in winter. Peak surface salinity occurs in Jul-Aug (3B), well after the coldest temperatures, and the 
CC-influenced M2 is much fresher than the inshore stations which are very similar. Freshwater runoff is seen as a winter and 
spring freshening of C1 versus M1 surface salinity (3B). 60 m salt (4B) cycles similarly, but 2 months in advance of the surface 
at all three stations. Mixed layer depth (3C) is deepest in winter/offshore and shallowest in summer/onshore. Nitrate exhibits 
strong seasonal cycles at 60 m at all stations (4D), but not at C1 or M2 at 0 m (3D), apparently due to biological drawdown at 
C1 and drawdown and mixing at M2. Average surface nitrate (3D) is usually >3 uM, even offshore at M2. At all stations 
dissolvable iron (3E) is highest in winter, declines over the upwelling period and is lowest during the late upwelling and fall oceanic 

period. C1 iron shows the strongest seasonal cycle reflecting winter input from the shelf or shore, while M2 iron is low year-round and only 1 nM in Jul-Sep. Surface 
primary production and chlorophyll (3G-H) peak late in the upwelling period, with the highest values at C1, M1 and M2, respectively.   Primary production peak occurs 
offshore later.    This ‘offshore later’ trend can be seen inin several parameters and apparently reflects seasonal development of the CUS.  Centric diatom carbon (3I) is 
highest during the upwelling period when it dominates phytoplankton carbon at all stations. Pennate diatom (3J), dinoflagellate (3K) and picophytoplankton (3L) carbon 
are all highest during the late upwelling or oceanic periods. 60 m chlorophyll (4D) is much higher at C1 than M1 or M2, perhaps indicating elevated POC export at this 
station. Surface oxygen (3F) is highest while 60 m oxygen is lowest (4E) during the upwelling and oceanic periods, reflecting oxygen evolution during photosynthesis at 
the surface and seasonal shoaling of the oxygen minimum at 60 m. The curves for 60 m apparent oxygen usage (4F) are essentially the inverse of those for 60 m oxygen 
and are very similar to 60 m salinity and nitrate, suggesting that  AOU in this environment is controlled by upwelling and seasonal shoaling of the oxygen minimum rather 
than remineralization.  Figure 5 ratios phytoplankton and nutrient parameters. Productivity indices  (productivity/chlorophyll) (5A) are much higher at M1 and M2, 
suggesting  that growth of phytoplankton at C1 is limited. C1 has the lowest nitrate/iron ratio (5D) of the three stations, which could be nitrate limited. M2 
carbon/chlorophyll ratios (5B) are higher than at C1 and M1 and peak Jul-Sep, possibly reflecting iron stress which does not depress the M2 productivity indices (5A). 
Interestingly, CTD fluorescence/chlorophyll (5C) is also higher at M2, perhaps again suggesting iron stress. Nitrate:phosphate and nitrate:silicate ratios (5E-F) are always 
below Redfield (106C:16N:P:Si), indicating phosphate and silicate are not limiting. Figure 6 seasonal phytoplankton epifluorescence microscopy by station. Abundances 
decrease from spring/nearshore to winter/offshore, with non-diatom carbon relatively more important in winter and offshore. 
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elevated POC sinking, even at 3-5 uM NO3. 
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even at 1-2 nM  iron, though there is evidence of iron stress.
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Figures 3, 4, and 5 Average annual cycles with upwelling jet station (M1) in green, the in-bay station (C1) in red, and the 
offshore station (M2) in blue. The raw data were averaged as a canonical year then smoothed with a 14 day Stineman 
interpolation followed by a 9 point moving average. The vertical black lines divide the upwelling, fall oceanic and winter periods.
Surface temperature (3A) is coldest during the upwelling period and warmest during fall at all stations. Temperature at 60 m 
(4A) however is warmest in winter. Peak surface salinity occurs in Jul-Aug (3B), well after the coldest temperatures, and the 
CC-influenced M2 is much fresher than the inshore stations which are very similar. Freshwater runoff is seen as a winter and 
spring freshening of C1 versus M1 surface salinity (3B). 60 m salt (4B) cycles similarly, but 2 months in advance of the surface 
at all three stations. Mixed layer depth (3C) is deepest in winter/offshore and shallowest in summer/onshore. Nitrate exhibits 
strong seasonal cycles at 60 m at all stations (4D), but not at C1 or M2 at 0 m (3D), apparently due to biological drawdown at 
C1 and drawdown and mixing at M2. Average surface nitrate (3D) is usually >3 uM, even offshore at M2. At all stations 
dissolvable iron (3E) is highest in winter, declines over the upwelling period and is lowest during the late upwelling and fall oceanic 

period. C1 iron shows the strongest seasonal cycle reflecting winter input from the shelf or shore, while M2 iron is low year-round and only 1 nM in Jul-Sep. Surface 
primary production and chlorophyll (3G-H) peak late in the upwelling period, with the highest values at C1, M1 and M2, respectively.   Primary production peak occurs 
offshore later.    This ‘offshore later’ trend can be seen inin several parameters and apparently reflects seasonal development of the CUS.  Centric diatom carbon (3I) is 
highest during the upwelling period when it dominates phytoplankton carbon at all stations. Pennate diatom (3J), dinoflagellate (3K) and picophytoplankton (3L) carbon 
are all highest during the late upwelling or oceanic periods. 60 m chlorophyll (4D) is much higher at C1 than M1 or M2, perhaps indicating elevated POC export at this 
station. Surface oxygen (3F) is highest while 60 m oxygen is lowest (4E) during the upwelling and oceanic periods, reflecting oxygen evolution during photosynthesis at 
the surface and seasonal shoaling of the oxygen minimum at 60 m. The curves for 60 m apparent oxygen usage (4F) are essentially the inverse of those for 60 m oxygen 
and are very similar to 60 m salinity and nitrate, suggesting that  AOU in this environment is controlled by upwelling and seasonal shoaling of the oxygen minimum rather 
than remineralization.  Figure 5 ratios phytoplankton and nutrient parameters. Productivity indices  (productivity/chlorophyll) (5A) are much higher at M1 and M2, 
suggesting  that growth of phytoplankton at C1 is limited. C1 has the lowest nitrate/iron ratio (5D) of the three stations, which could be nitrate limited. M2 
carbon/chlorophyll ratios (5B) are higher than at C1 and M1 and peak Jul-Sep, possibly reflecting iron stress which does not depress the M2 productivity indices (5A). 
Interestingly, CTD fluorescence/chlorophyll (5C) is also higher at M2, perhaps again suggesting iron stress. Nitrate:phosphate and nitrate:silicate ratios (5E-F) are always 
below Redfield (106C:16N:P:Si), indicating phosphate and silicate are not limiting. Figure 6 seasonal phytoplankton epifluorescence microscopy by station. Abundances 
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offshore station (M2) in blue. The raw data were averaged as a canonical year then smoothed with a 14 day Stineman 
interpolation followed by a 9 point moving average. The vertical black lines divide the upwelling, fall oceanic and winter periods.
Surface temperature (3A) is coldest during the upwelling period and warmest during fall at all stations. Temperature at 60 m 
(4A) however is warmest in winter. Peak surface salinity occurs in Jul-Aug (3B), well after the coldest temperatures, and the 
CC-influenced M2 is much fresher than the inshore stations which are very similar. Freshwater runoff is seen as a winter and 
spring freshening of C1 versus M1 surface salinity (3B). 60 m salt (4B) cycles similarly, but 2 months in advance of the surface 
at all three stations. Mixed layer depth (3C) is deepest in winter/offshore and shallowest in summer/onshore. Nitrate exhibits 
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primary production and chlorophyll (3G-H) peak late in the upwelling period, with the highest values at C1, M1 and M2, respectively.   Primary production peak occurs 
offshore later.    This ‘offshore later’ trend can be seen inin several parameters and apparently reflects seasonal development of the CUS.  Centric diatom carbon (3I) is 
highest during the upwelling period when it dominates phytoplankton carbon at all stations. Pennate diatom (3J), dinoflagellate (3K) and picophytoplankton (3L) carbon 
are all highest during the late upwelling or oceanic periods. 60 m chlorophyll (4D) is much higher at C1 than M1 or M2, perhaps indicating elevated POC export at this 
station. Surface oxygen (3F) is highest while 60 m oxygen is lowest (4E) during the upwelling and oceanic periods, reflecting oxygen evolution during photosynthesis at 
the surface and seasonal shoaling of the oxygen minimum at 60 m. The curves for 60 m apparent oxygen usage (4F) are essentially the inverse of those for 60 m oxygen 
and are very similar to 60 m salinity and nitrate, suggesting that  AOU in this environment is controlled by upwelling and seasonal shoaling of the oxygen minimum rather 
than remineralization.  Figure 5 ratios phytoplankton and nutrient parameters. Productivity indices  (productivity/chlorophyll) (5A) are much higher at M1 and M2, 
suggesting  that growth of phytoplankton at C1 is limited. C1 has the lowest nitrate/iron ratio (5D) of the three stations, which could be nitrate limited. M2 
carbon/chlorophyll ratios (5B) are higher than at C1 and M1 and peak Jul-Sep, possibly reflecting iron stress which does not depress the M2 productivity indices (5A). 
Interestingly, CTD fluorescence/chlorophyll (5C) is also higher at M2, perhaps again suggesting iron stress. Nitrate:phosphate and nitrate:silicate ratios (5E-F) are always 
below Redfield (106C:16N:P:Si), indicating phosphate and silicate are not limiting. Figure 6 seasonal phytoplankton epifluorescence microscopy by station. Abundances 
decrease from spring/nearshore to winter/offshore, with non-diatom carbon relatively more important in winter and offshore. 
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A B S T R A C T

Shipboard occupations of three stations within the coastal upwelling system near 
Monterey Bay, California, have been made each 2-3 weeks over the past 16 years. 
The system is characterized by strong spatial and short-term temporal structure. In 
this poster we smooth temporal variations to explore seasonal phytoplankton 
dynamics and differences between the three stations. Phytoplankton dynamics are 
controlled by seasonal upwelling, currents, mixing and phytoplankton:nutrient 
coupling.

Phytoplankton carbon is dominated by diatoms year-round, and diatom 
abundance cycles account for most of the seasonal change in phytoplankton carbon. 
Mar-Jul is an upwelling period rich in nutrients with peak phytoplankton productivity, 
biomass and centric diatom carbon.  Aug-Oct is an ‘oceanic’ period influenced by the 
California Current with moderate though declining nutrient, phytoplankton 
productivity and biomass values, but peak pennate diatom, dinoflagellate and 
picophytoplankton carbon. A Nov-Feb winter period is influenced by storm-related 
onshore transport, downwelling and deep mixing, with low macronutrients but high 
iron, low productivity and biomass, and less but still dominant diatom carbon.

S U M M A R Y

Sixteen years of time series data are averaged and smoothed to examine seasonal 
station to station differences in phytoplankton and nutrient measurements.
Nearshore during spring and summer are the most productive; offshore during 
winter is the least productive.
Diatoms dominate, especially nearshore during the upwelling period. 
Centric diatoms peak several months earlier than pennate diatoms, dinoflagellates 
and picophytoplankton.
Surface nitrate averages >3 uM, and phosphate and silicate are present in excess 
of Redfield. 
The nearshore diatom-dominated flora at C1 may be nitrate limited and show 
elevated POC sinking, even at 3-5 uM NO3. 
The offshore picoplankton-domnated flora at M2 does not appear nutrient limited, 
even at 1-2 nM  iron, though there is evidence of iron stress.
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the upwelling jet station (M1) experiences nearly fresh upwelled water (1-3 da). The 
in-Bay station (C1) receives aged upwelled water (1-3 wk). Offshore station (M2) has 
upwelled water mixed with CC water. During the fall and winter, station to station 
differences are less pronounced.  Time series for selected parameters,  Figure 2, with

stations averaged. The series 
are characterized by strong 
short-term fluctuations (blue 
dots), seasonal cycles (red 
line), interannual fluctuations 
(red line), and small residual 
trends (green line). We 
collapse the years and smooth 
the data to focus on (1) 
seasonal pattern and (2) 
station to station differences. 
We place emphasis on (3) 
phytoplankton taxa and (4) 
p h y t o p l a n k t o n : n u t r i e n t 
coupling.

I N T R O D U C T I O N 

The coastal upwelling system (CUS) off western 
North America lies within an eastern boundary 
current region, as shown in the SeaWIFS 
(Figure 1A, inset, and C) and AVHRR (Figure 
1B) images. Off Monterey Bay, nearshore 
hydrography can be divided into three regions 
and seasons. In spring and summer, 
northwesterly winds drive a near-surface coastal 
upwelling jet across the mouth of Monterey Bay. 
Inside the bay, a cyclonic eddy recirculates 
upwelled water. Offshore, CUS and CC waters 
mix across a region of fronts and eddies called 
the coastal transition zone (CTZ). In fall, coastal 
upwelling relaxes and CC influence increases in 
all three areas. In winter, with onset of southerly 
storm winds that drive onshore transport and 
downwelling, surface waters are influenced by 
the CC and deep mixing.  Cruises to these 
regions were conducted every 2-3 weeks 
(Figure 1B - C).    In  spring and  summer  the

R E S U L T S

Figures 3, 4, and 5 Average annual cycles with upwelling jet station (M1) in green, the in-bay station (C1) in red, and the 
offshore station (M2) in blue. The raw data were averaged as a canonical year then smoothed with a 14 day Stineman 
interpolation followed by a 9 point moving average. The vertical black lines divide the upwelling, fall oceanic and winter periods.
Surface temperature (3A) is coldest during the upwelling period and warmest during fall at all stations. Temperature at 60 m 
(4A) however is warmest in winter. Peak surface salinity occurs in Jul-Aug (3B), well after the coldest temperatures, and the 
CC-influenced M2 is much fresher than the inshore stations which are very similar. Freshwater runoff is seen as a winter and 
spring freshening of C1 versus M1 surface salinity (3B). 60 m salt (4B) cycles similarly, but 2 months in advance of the surface 
at all three stations. Mixed layer depth (3C) is deepest in winter/offshore and shallowest in summer/onshore. Nitrate exhibits 
strong seasonal cycles at 60 m at all stations (4D), but not at C1 or M2 at 0 m (3D), apparently due to biological drawdown at 
C1 and drawdown and mixing at M2. Average surface nitrate (3D) is usually >3 uM, even offshore at M2. At all stations 
dissolvable iron (3E) is highest in winter, declines over the upwelling period and is lowest during the late upwelling and fall oceanic 

period. C1 iron shows the strongest seasonal cycle reflecting winter input from the shelf or shore, while M2 iron is low year-round and only 1 nM in Jul-Sep. Surface 
primary production and chlorophyll (3G-H) peak late in the upwelling period, with the highest values at C1, M1 and M2, respectively.   Primary production peak occurs 
offshore later.    This ‘offshore later’ trend can be seen inin several parameters and apparently reflects seasonal development of the CUS.  Centric diatom carbon (3I) is 
highest during the upwelling period when it dominates phytoplankton carbon at all stations. Pennate diatom (3J), dinoflagellate (3K) and picophytoplankton (3L) carbon 
are all highest during the late upwelling or oceanic periods. 60 m chlorophyll (4D) is much higher at C1 than M1 or M2, perhaps indicating elevated POC export at this 
station. Surface oxygen (3F) is highest while 60 m oxygen is lowest (4E) during the upwelling and oceanic periods, reflecting oxygen evolution during photosynthesis at 
the surface and seasonal shoaling of the oxygen minimum at 60 m. The curves for 60 m apparent oxygen usage (4F) are essentially the inverse of those for 60 m oxygen 
and are very similar to 60 m salinity and nitrate, suggesting that  AOU in this environment is controlled by upwelling and seasonal shoaling of the oxygen minimum rather 
than remineralization.  Figure 5 ratios phytoplankton and nutrient parameters. Productivity indices  (productivity/chlorophyll) (5A) are much higher at M1 and M2, 
suggesting  that growth of phytoplankton at C1 is limited. C1 has the lowest nitrate/iron ratio (5D) of the three stations, which could be nitrate limited. M2 
carbon/chlorophyll ratios (5B) are higher than at C1 and M1 and peak Jul-Sep, possibly reflecting iron stress which does not depress the M2 productivity indices (5A). 
Interestingly, CTD fluorescence/chlorophyll (5C) is also higher at M2, perhaps again suggesting iron stress. Nitrate:phosphate and nitrate:silicate ratios (5E-F) are always 
below Redfield (106C:16N:P:Si), indicating phosphate and silicate are not limiting. Figure 6 seasonal phytoplankton epifluorescence microscopy by station. Abundances 
decrease from spring/nearshore to winter/offshore, with non-diatom carbon relatively more important in winter and offshore. 
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Shipboard occupations of three stations within the coastal upwelling system near 
Monterey Bay, California, have been made each 2-3 weeks over the past 16 years. 
The system is characterized by strong spatial and short-term temporal structure. In 
this poster we smooth temporal variations to explore seasonal phytoplankton 
dynamics and differences between the three stations. Phytoplankton dynamics are 
controlled by seasonal upwelling, currents, mixing and phytoplankton:nutrient 
coupling.

Phytoplankton carbon is dominated by diatoms year-round, and diatom 
abundance cycles account for most of the seasonal change in phytoplankton carbon. 
Mar-Jul is an upwelling period rich in nutrients with peak phytoplankton productivity, 
biomass and centric diatom carbon.  Aug-Oct is an ‘oceanic’ period influenced by the 
California Current with moderate though declining nutrient, phytoplankton 
productivity and biomass values, but peak pennate diatom, dinoflagellate and 
picophytoplankton carbon. A Nov-Feb winter period is influenced by storm-related 
onshore transport, downwelling and deep mixing, with low macronutrients but high 
iron, low productivity and biomass, and less but still dominant diatom carbon.

S U M M A R Y

Sixteen years of time series data are averaged and smoothed to examine seasonal 
station to station differences in phytoplankton and nutrient measurements.
Nearshore during spring and summer are the most productive; offshore during 
winter is the least productive.
Diatoms dominate, especially nearshore during the upwelling period. 
Centric diatoms peak several months earlier than pennate diatoms, dinoflagellates 
and picophytoplankton.
Surface nitrate averages >3 uM, and phosphate and silicate are present in excess 
of Redfield. 
The nearshore diatom-dominated flora at C1 may be nitrate limited and show 
elevated POC sinking, even at 3-5 uM NO3. 
The offshore picoplankton-domnated flora at M2 does not appear nutrient limited, 
even at 1-2 nM  iron, though there is evidence of iron stress.
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the upwelling jet station (M1) experiences nearly fresh upwelled water (1-3 da). The 
in-Bay station (C1) receives aged upwelled water (1-3 wk). Offshore station (M2) has 
upwelled water mixed with CC water. During the fall and winter, station to station 
differences are less pronounced.  Time series for selected parameters,  Figure 2, with

stations averaged. The series 
are characterized by strong 
short-term fluctuations (blue 
dots), seasonal cycles (red 
line), interannual fluctuations 
(red line), and small residual 
trends (green line). We 
collapse the years and smooth 
the data to focus on (1) 
seasonal pattern and (2) 
station to station differences. 
We place emphasis on (3) 
phytoplankton taxa and (4) 
p h y t o p l a n k t o n : n u t r i e n t 
coupling.

I N T R O D U C T I O N 

The coastal upwelling system (CUS) off western 
North America lies within an eastern boundary 
current region, as shown in the SeaWIFS 
(Figure 1A, inset, and C) and AVHRR (Figure 
1B) images. Off Monterey Bay, nearshore 
hydrography can be divided into three regions 
and seasons. In spring and summer, 
northwesterly winds drive a near-surface coastal 
upwelling jet across the mouth of Monterey Bay. 
Inside the bay, a cyclonic eddy recirculates 
upwelled water. Offshore, CUS and CC waters 
mix across a region of fronts and eddies called 
the coastal transition zone (CTZ). In fall, coastal 
upwelling relaxes and CC influence increases in 
all three areas. In winter, with onset of southerly 
storm winds that drive onshore transport and 
downwelling, surface waters are influenced by 
the CC and deep mixing.  Cruises to these 
regions were conducted every 2-3 weeks 
(Figure 1B - C).    In  spring and  summer  the
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Figures 3, 4, and 5 Average annual cycles with upwelling jet station (M1) in green, the in-bay station (C1) in red, and the 
offshore station (M2) in blue. The raw data were averaged as a canonical year then smoothed with a 14 day Stineman 
interpolation followed by a 9 point moving average. The vertical black lines divide the upwelling, fall oceanic and winter periods.
Surface temperature (3A) is coldest during the upwelling period and warmest during fall at all stations. Temperature at 60 m 
(4A) however is warmest in winter. Peak surface salinity occurs in Jul-Aug (3B), well after the coldest temperatures, and the 
CC-influenced M2 is much fresher than the inshore stations which are very similar. Freshwater runoff is seen as a winter and 
spring freshening of C1 versus M1 surface salinity (3B). 60 m salt (4B) cycles similarly, but 2 months in advance of the surface 
at all three stations. Mixed layer depth (3C) is deepest in winter/offshore and shallowest in summer/onshore. Nitrate exhibits 
strong seasonal cycles at 60 m at all stations (4D), but not at C1 or M2 at 0 m (3D), apparently due to biological drawdown at 
C1 and drawdown and mixing at M2. Average surface nitrate (3D) is usually >3 uM, even offshore at M2. At all stations 
dissolvable iron (3E) is highest in winter, declines over the upwelling period and is lowest during the late upwelling and fall oceanic 

period. C1 iron shows the strongest seasonal cycle reflecting winter input from the shelf or shore, while M2 iron is low year-round and only 1 nM in Jul-Sep. Surface 
primary production and chlorophyll (3G-H) peak late in the upwelling period, with the highest values at C1, M1 and M2, respectively.   Primary production peak occurs 
offshore later.    This ‘offshore later’ trend can be seen inin several parameters and apparently reflects seasonal development of the CUS.  Centric diatom carbon (3I) is 
highest during the upwelling period when it dominates phytoplankton carbon at all stations. Pennate diatom (3J), dinoflagellate (3K) and picophytoplankton (3L) carbon 
are all highest during the late upwelling or oceanic periods. 60 m chlorophyll (4D) is much higher at C1 than M1 or M2, perhaps indicating elevated POC export at this 
station. Surface oxygen (3F) is highest while 60 m oxygen is lowest (4E) during the upwelling and oceanic periods, reflecting oxygen evolution during photosynthesis at 
the surface and seasonal shoaling of the oxygen minimum at 60 m. The curves for 60 m apparent oxygen usage (4F) are essentially the inverse of those for 60 m oxygen 
and are very similar to 60 m salinity and nitrate, suggesting that  AOU in this environment is controlled by upwelling and seasonal shoaling of the oxygen minimum rather 
than remineralization.  Figure 5 ratios phytoplankton and nutrient parameters. Productivity indices  (productivity/chlorophyll) (5A) are much higher at M1 and M2, 
suggesting  that growth of phytoplankton at C1 is limited. C1 has the lowest nitrate/iron ratio (5D) of the three stations, which could be nitrate limited. M2 
carbon/chlorophyll ratios (5B) are higher than at C1 and M1 and peak Jul-Sep, possibly reflecting iron stress which does not depress the M2 productivity indices (5A). 
Interestingly, CTD fluorescence/chlorophyll (5C) is also higher at M2, perhaps again suggesting iron stress. Nitrate:phosphate and nitrate:silicate ratios (5E-F) are always 
below Redfield (106C:16N:P:Si), indicating phosphate and silicate are not limiting. Figure 6 seasonal phytoplankton epifluorescence microscopy by station. Abundances 
decrease from spring/nearshore to winter/offshore, with non-diatom carbon relatively more important in winter and offshore. 
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A B S T R A C T

Shipboard occupations of three stations within the coastal upwelling system near 
Monterey Bay, California, have been made each 2-3 weeks over the past 16 years. 
The system is characterized by strong spatial and short-term temporal structure. In 
this poster we smooth temporal variations to explore seasonal phytoplankton 
dynamics and differences between the three stations. Phytoplankton dynamics are 
controlled by seasonal upwelling, currents, mixing and phytoplankton:nutrient 
coupling.

Phytoplankton carbon is dominated by diatoms year-round, and diatom 
abundance cycles account for most of the seasonal change in phytoplankton carbon. 
Mar-Jul is an upwelling period rich in nutrients with peak phytoplankton productivity, 
biomass and centric diatom carbon.  Aug-Oct is an ‘oceanic’ period influenced by the 
California Current with moderate though declining nutrient, phytoplankton 
productivity and biomass values, but peak pennate diatom, dinoflagellate and 
picophytoplankton carbon. A Nov-Feb winter period is influenced by storm-related 
onshore transport, downwelling and deep mixing, with low macronutrients but high 
iron, low productivity and biomass, and less but still dominant diatom carbon.

S U M M A R Y

Sixteen years of time series data are averaged and smoothed to examine seasonal 
station to station differences in phytoplankton and nutrient measurements.
Nearshore during spring and summer are the most productive; offshore during 
winter is the least productive.
Diatoms dominate, especially nearshore during the upwelling period. 
Centric diatoms peak several months earlier than pennate diatoms, dinoflagellates 
and picophytoplankton.
Surface nitrate averages >3 uM, and phosphate and silicate are present in excess 
of Redfield. 
The nearshore diatom-dominated flora at C1 may be nitrate limited and show 
elevated POC sinking, even at 3-5 uM NO3. 
The offshore picoplankton-domnated flora at M2 does not appear nutrient limited, 
even at 1-2 nM  iron, though there is evidence of iron stress.
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the upwelling jet station (M1) experiences nearly fresh upwelled water (1-3 da). The 
in-Bay station (C1) receives aged upwelled water (1-3 wk). Offshore station (M2) has 
upwelled water mixed with CC water. During the fall and winter, station to station 
differences are less pronounced.  Time series for selected parameters,  Figure 2, with

stations averaged. The series 
are characterized by strong 
short-term fluctuations (blue 
dots), seasonal cycles (red 
line), interannual fluctuations 
(red line), and small residual 
trends (green line). We 
collapse the years and smooth 
the data to focus on (1) 
seasonal pattern and (2) 
station to station differences. 
We place emphasis on (3) 
phytoplankton taxa and (4) 
p h y t o p l a n k t o n : n u t r i e n t 
coupling.

I N T R O D U C T I O N 

The coastal upwelling system (CUS) off western 
North America lies within an eastern boundary 
current region, as shown in the SeaWIFS 
(Figure 1A, inset, and C) and AVHRR (Figure 
1B) images. Off Monterey Bay, nearshore 
hydrography can be divided into three regions 
and seasons. In spring and summer, 
northwesterly winds drive a near-surface coastal 
upwelling jet across the mouth of Monterey Bay. 
Inside the bay, a cyclonic eddy recirculates 
upwelled water. Offshore, CUS and CC waters 
mix across a region of fronts and eddies called 
the coastal transition zone (CTZ). In fall, coastal 
upwelling relaxes and CC influence increases in 
all three areas. In winter, with onset of southerly 
storm winds that drive onshore transport and 
downwelling, surface waters are influenced by 
the CC and deep mixing.  Cruises to these 
regions were conducted every 2-3 weeks 
(Figure 1B - C).    In  spring and  summer  the

R E S U L T S

Figures 3, 4, and 5 Average annual cycles with upwelling jet station (M1) in green, the in-bay station (C1) in red, and the 
offshore station (M2) in blue. The raw data were averaged as a canonical year then smoothed with a 14 day Stineman 
interpolation followed by a 9 point moving average. The vertical black lines divide the upwelling, fall oceanic and winter periods.
Surface temperature (3A) is coldest during the upwelling period and warmest during fall at all stations. Temperature at 60 m 
(4A) however is warmest in winter. Peak surface salinity occurs in Jul-Aug (3B), well after the coldest temperatures, and the 
CC-influenced M2 is much fresher than the inshore stations which are very similar. Freshwater runoff is seen as a winter and 
spring freshening of C1 versus M1 surface salinity (3B). 60 m salt (4B) cycles similarly, but 2 months in advance of the surface 
at all three stations. Mixed layer depth (3C) is deepest in winter/offshore and shallowest in summer/onshore. Nitrate exhibits 
strong seasonal cycles at 60 m at all stations (4D), but not at C1 or M2 at 0 m (3D), apparently due to biological drawdown at 
C1 and drawdown and mixing at M2. Average surface nitrate (3D) is usually >3 uM, even offshore at M2. At all stations 
dissolvable iron (3E) is highest in winter, declines over the upwelling period and is lowest during the late upwelling and fall oceanic 

period. C1 iron shows the strongest seasonal cycle reflecting winter input from the shelf or shore, while M2 iron is low year-round and only 1 nM in Jul-Sep. Surface 
primary production and chlorophyll (3G-H) peak late in the upwelling period, with the highest values at C1, M1 and M2, respectively.   Primary production peak occurs 
offshore later.    This ‘offshore later’ trend can be seen inin several parameters and apparently reflects seasonal development of the CUS.  Centric diatom carbon (3I) is 
highest during the upwelling period when it dominates phytoplankton carbon at all stations. Pennate diatom (3J), dinoflagellate (3K) and picophytoplankton (3L) carbon 
are all highest during the late upwelling or oceanic periods. 60 m chlorophyll (4D) is much higher at C1 than M1 or M2, perhaps indicating elevated POC export at this 
station. Surface oxygen (3F) is highest while 60 m oxygen is lowest (4E) during the upwelling and oceanic periods, reflecting oxygen evolution during photosynthesis at 
the surface and seasonal shoaling of the oxygen minimum at 60 m. The curves for 60 m apparent oxygen usage (4F) are essentially the inverse of those for 60 m oxygen 
and are very similar to 60 m salinity and nitrate, suggesting that  AOU in this environment is controlled by upwelling and seasonal shoaling of the oxygen minimum rather 
than remineralization.  Figure 5 ratios phytoplankton and nutrient parameters. Productivity indices  (productivity/chlorophyll) (5A) are much higher at M1 and M2, 
suggesting  that growth of phytoplankton at C1 is limited. C1 has the lowest nitrate/iron ratio (5D) of the three stations, which could be nitrate limited. M2 
carbon/chlorophyll ratios (5B) are higher than at C1 and M1 and peak Jul-Sep, possibly reflecting iron stress which does not depress the M2 productivity indices (5A). 
Interestingly, CTD fluorescence/chlorophyll (5C) is also higher at M2, perhaps again suggesting iron stress. Nitrate:phosphate and nitrate:silicate ratios (5E-F) are always 
below Redfield (106C:16N:P:Si), indicating phosphate and silicate are not limiting. Figure 6 seasonal phytoplankton epifluorescence microscopy by station. Abundances 
decrease from spring/nearshore to winter/offshore, with non-diatom carbon relatively more important in winter and offshore. 
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General	Trends	in	the	Phytoplankton	

•  Upwelling	
–  Peak	phytoplankton	carbon	(centric	

diatoms)	
	
•  Oceanic	

–  Peak	pennate	diatom	and	flagellate	
carbon	

•  Winter	
–  Low	biomass	
–  Downwelling/Deep	Mixing	

•  Carbon	dominated	by	phytoplankton	year	–	
round.	



A B S T R A C T

Shipboard occupations of three stations within the coastal upwelling system near 
Monterey Bay, California, have been made each 2-3 weeks over the past 16 years. 
The system is characterized by strong spatial and short-term temporal structure. In 
this poster we smooth temporal variations to explore seasonal phytoplankton 
dynamics and differences between the three stations. Phytoplankton dynamics are 
controlled by seasonal upwelling, currents, mixing and phytoplankton:nutrient 
coupling.

Phytoplankton carbon is dominated by diatoms year-round, and diatom 
abundance cycles account for most of the seasonal change in phytoplankton carbon. 
Mar-Jul is an upwelling period rich in nutrients with peak phytoplankton productivity, 
biomass and centric diatom carbon.  Aug-Oct is an ‘oceanic’ period influenced by the 
California Current with moderate though declining nutrient, phytoplankton 
productivity and biomass values, but peak pennate diatom, dinoflagellate and 
picophytoplankton carbon. A Nov-Feb winter period is influenced by storm-related 
onshore transport, downwelling and deep mixing, with low macronutrients but high 
iron, low productivity and biomass, and less but still dominant diatom carbon.

S U M M A R Y

Sixteen years of time series data are averaged and smoothed to examine seasonal 
station to station differences in phytoplankton and nutrient measurements.
Nearshore during spring and summer are the most productive; offshore during 
winter is the least productive.
Diatoms dominate, especially nearshore during the upwelling period. 
Centric diatoms peak several months earlier than pennate diatoms, dinoflagellates 
and picophytoplankton.
Surface nitrate averages >3 uM, and phosphate and silicate are present in excess 
of Redfield. 
The nearshore diatom-dominated flora at C1 may be nitrate limited and show 
elevated POC sinking, even at 3-5 uM NO3. 
The offshore picoplankton-domnated flora at M2 does not appear nutrient limited, 
even at 1-2 nM  iron, though there is evidence of iron stress.
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the upwelling jet station (M1) experiences nearly fresh upwelled water (1-3 da). The 
in-Bay station (C1) receives aged upwelled water (1-3 wk). Offshore station (M2) has 
upwelled water mixed with CC water. During the fall and winter, station to station 
differences are less pronounced.  Time series for selected parameters,  Figure 2, with

stations averaged. The series 
are characterized by strong 
short-term fluctuations (blue 
dots), seasonal cycles (red 
line), interannual fluctuations 
(red line), and small residual 
trends (green line). We 
collapse the years and smooth 
the data to focus on (1) 
seasonal pattern and (2) 
station to station differences. 
We place emphasis on (3) 
phytoplankton taxa and (4) 
p h y t o p l a n k t o n : n u t r i e n t 
coupling.

I N T R O D U C T I O N 

The coastal upwelling system (CUS) off western 
North America lies within an eastern boundary 
current region, as shown in the SeaWIFS 
(Figure 1A, inset, and C) and AVHRR (Figure 
1B) images. Off Monterey Bay, nearshore 
hydrography can be divided into three regions 
and seasons. In spring and summer, 
northwesterly winds drive a near-surface coastal 
upwelling jet across the mouth of Monterey Bay. 
Inside the bay, a cyclonic eddy recirculates 
upwelled water. Offshore, CUS and CC waters 
mix across a region of fronts and eddies called 
the coastal transition zone (CTZ). In fall, coastal 
upwelling relaxes and CC influence increases in 
all three areas. In winter, with onset of southerly 
storm winds that drive onshore transport and 
downwelling, surface waters are influenced by 
the CC and deep mixing.  Cruises to these 
regions were conducted every 2-3 weeks 
(Figure 1B - C).    In  spring and  summer  the

R E S U L T S

Figures 3, 4, and 5 Average annual cycles with upwelling jet station (M1) in green, the in-bay station (C1) in red, and the 
offshore station (M2) in blue. The raw data were averaged as a canonical year then smoothed with a 14 day Stineman 
interpolation followed by a 9 point moving average. The vertical black lines divide the upwelling, fall oceanic and winter periods.
Surface temperature (3A) is coldest during the upwelling period and warmest during fall at all stations. Temperature at 60 m 
(4A) however is warmest in winter. Peak surface salinity occurs in Jul-Aug (3B), well after the coldest temperatures, and the 
CC-influenced M2 is much fresher than the inshore stations which are very similar. Freshwater runoff is seen as a winter and 
spring freshening of C1 versus M1 surface salinity (3B). 60 m salt (4B) cycles similarly, but 2 months in advance of the surface 
at all three stations. Mixed layer depth (3C) is deepest in winter/offshore and shallowest in summer/onshore. Nitrate exhibits 
strong seasonal cycles at 60 m at all stations (4D), but not at C1 or M2 at 0 m (3D), apparently due to biological drawdown at 
C1 and drawdown and mixing at M2. Average surface nitrate (3D) is usually >3 uM, even offshore at M2. At all stations 
dissolvable iron (3E) is highest in winter, declines over the upwelling period and is lowest during the late upwelling and fall oceanic 

period. C1 iron shows the strongest seasonal cycle reflecting winter input from the shelf or shore, while M2 iron is low year-round and only 1 nM in Jul-Sep. Surface 
primary production and chlorophyll (3G-H) peak late in the upwelling period, with the highest values at C1, M1 and M2, respectively.   Primary production peak occurs 
offshore later.    This ‘offshore later’ trend can be seen inin several parameters and apparently reflects seasonal development of the CUS.  Centric diatom carbon (3I) is 
highest during the upwelling period when it dominates phytoplankton carbon at all stations. Pennate diatom (3J), dinoflagellate (3K) and picophytoplankton (3L) carbon 
are all highest during the late upwelling or oceanic periods. 60 m chlorophyll (4D) is much higher at C1 than M1 or M2, perhaps indicating elevated POC export at this 
station. Surface oxygen (3F) is highest while 60 m oxygen is lowest (4E) during the upwelling and oceanic periods, reflecting oxygen evolution during photosynthesis at 
the surface and seasonal shoaling of the oxygen minimum at 60 m. The curves for 60 m apparent oxygen usage (4F) are essentially the inverse of those for 60 m oxygen 
and are very similar to 60 m salinity and nitrate, suggesting that  AOU in this environment is controlled by upwelling and seasonal shoaling of the oxygen minimum rather 
than remineralization.  Figure 5 ratios phytoplankton and nutrient parameters. Productivity indices  (productivity/chlorophyll) (5A) are much higher at M1 and M2, 
suggesting  that growth of phytoplankton at C1 is limited. C1 has the lowest nitrate/iron ratio (5D) of the three stations, which could be nitrate limited. M2 
carbon/chlorophyll ratios (5B) are higher than at C1 and M1 and peak Jul-Sep, possibly reflecting iron stress which does not depress the M2 productivity indices (5A). 
Interestingly, CTD fluorescence/chlorophyll (5C) is also higher at M2, perhaps again suggesting iron stress. Nitrate:phosphate and nitrate:silicate ratios (5E-F) are always 
below Redfield (106C:16N:P:Si), indicating phosphate and silicate are not limiting. Figure 6 seasonal phytoplankton epifluorescence microscopy by station. Abundances 
decrease from spring/nearshore to winter/offshore, with non-diatom carbon relatively more important in winter and offshore. 
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What	role	do	
nutrients	play	in	

limiTng	
phytoplankton	

growth?		

A B S T R A C T

Shipboard occupations of three stations within the coastal upwelling system near 
Monterey Bay, California, have been made each 2-3 weeks over the past 16 years. 
The system is characterized by strong spatial and short-term temporal structure. In 
this poster we smooth temporal variations to explore seasonal phytoplankton 
dynamics and differences between the three stations. Phytoplankton dynamics are 
controlled by seasonal upwelling, currents, mixing and phytoplankton:nutrient 
coupling.

Phytoplankton carbon is dominated by diatoms year-round, and diatom 
abundance cycles account for most of the seasonal change in phytoplankton carbon. 
Mar-Jul is an upwelling period rich in nutrients with peak phytoplankton productivity, 
biomass and centric diatom carbon.  Aug-Oct is an ‘oceanic’ period influenced by the 
California Current with moderate though declining nutrient, phytoplankton 
productivity and biomass values, but peak pennate diatom, dinoflagellate and 
picophytoplankton carbon. A Nov-Feb winter period is influenced by storm-related 
onshore transport, downwelling and deep mixing, with low macronutrients but high 
iron, low productivity and biomass, and less but still dominant diatom carbon.

S U M M A R Y

Sixteen years of time series data are averaged and smoothed to examine seasonal 
station to station differences in phytoplankton and nutrient measurements.
Nearshore during spring and summer are the most productive; offshore during 
winter is the least productive.
Diatoms dominate, especially nearshore during the upwelling period. 
Centric diatoms peak several months earlier than pennate diatoms, dinoflagellates 
and picophytoplankton.
Surface nitrate averages >3 uM, and phosphate and silicate are present in excess 
of Redfield. 
The nearshore diatom-dominated flora at C1 may be nitrate limited and show 
elevated POC sinking, even at 3-5 uM NO3. 
The offshore picoplankton-domnated flora at M2 does not appear nutrient limited, 
even at 1-2 nM  iron, though there is evidence of iron stress.
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the upwelling jet station (M1) experiences nearly fresh upwelled water (1-3 da). The 
in-Bay station (C1) receives aged upwelled water (1-3 wk). Offshore station (M2) has 
upwelled water mixed with CC water. During the fall and winter, station to station 
differences are less pronounced.  Time series for selected parameters,  Figure 2, with

stations averaged. The series 
are characterized by strong 
short-term fluctuations (blue 
dots), seasonal cycles (red 
line), interannual fluctuations 
(red line), and small residual 
trends (green line). We 
collapse the years and smooth 
the data to focus on (1) 
seasonal pattern and (2) 
station to station differences. 
We place emphasis on (3) 
phytoplankton taxa and (4) 
p h y t o p l a n k t o n : n u t r i e n t 
coupling.
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The coastal upwelling system (CUS) off western 
North America lies within an eastern boundary 
current region, as shown in the SeaWIFS 
(Figure 1A, inset, and C) and AVHRR (Figure 
1B) images. Off Monterey Bay, nearshore 
hydrography can be divided into three regions 
and seasons. In spring and summer, 
northwesterly winds drive a near-surface coastal 
upwelling jet across the mouth of Monterey Bay. 
Inside the bay, a cyclonic eddy recirculates 
upwelled water. Offshore, CUS and CC waters 
mix across a region of fronts and eddies called 
the coastal transition zone (CTZ). In fall, coastal 
upwelling relaxes and CC influence increases in 
all three areas. In winter, with onset of southerly 
storm winds that drive onshore transport and 
downwelling, surface waters are influenced by 
the CC and deep mixing.  Cruises to these 
regions were conducted every 2-3 weeks 
(Figure 1B - C).    In  spring and  summer  the
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Figures 3, 4, and 5 Average annual cycles with upwelling jet station (M1) in green, the in-bay station (C1) in red, and the 
offshore station (M2) in blue. The raw data were averaged as a canonical year then smoothed with a 14 day Stineman 
interpolation followed by a 9 point moving average. The vertical black lines divide the upwelling, fall oceanic and winter periods.
Surface temperature (3A) is coldest during the upwelling period and warmest during fall at all stations. Temperature at 60 m 
(4A) however is warmest in winter. Peak surface salinity occurs in Jul-Aug (3B), well after the coldest temperatures, and the 
CC-influenced M2 is much fresher than the inshore stations which are very similar. Freshwater runoff is seen as a winter and 
spring freshening of C1 versus M1 surface salinity (3B). 60 m salt (4B) cycles similarly, but 2 months in advance of the surface 
at all three stations. Mixed layer depth (3C) is deepest in winter/offshore and shallowest in summer/onshore. Nitrate exhibits 
strong seasonal cycles at 60 m at all stations (4D), but not at C1 or M2 at 0 m (3D), apparently due to biological drawdown at 
C1 and drawdown and mixing at M2. Average surface nitrate (3D) is usually >3 uM, even offshore at M2. At all stations 
dissolvable iron (3E) is highest in winter, declines over the upwelling period and is lowest during the late upwelling and fall oceanic 

period. C1 iron shows the strongest seasonal cycle reflecting winter input from the shelf or shore, while M2 iron is low year-round and only 1 nM in Jul-Sep. Surface 
primary production and chlorophyll (3G-H) peak late in the upwelling period, with the highest values at C1, M1 and M2, respectively.   Primary production peak occurs 
offshore later.    This ‘offshore later’ trend can be seen inin several parameters and apparently reflects seasonal development of the CUS.  Centric diatom carbon (3I) is 
highest during the upwelling period when it dominates phytoplankton carbon at all stations. Pennate diatom (3J), dinoflagellate (3K) and picophytoplankton (3L) carbon 
are all highest during the late upwelling or oceanic periods. 60 m chlorophyll (4D) is much higher at C1 than M1 or M2, perhaps indicating elevated POC export at this 
station. Surface oxygen (3F) is highest while 60 m oxygen is lowest (4E) during the upwelling and oceanic periods, reflecting oxygen evolution during photosynthesis at 
the surface and seasonal shoaling of the oxygen minimum at 60 m. The curves for 60 m apparent oxygen usage (4F) are essentially the inverse of those for 60 m oxygen 
and are very similar to 60 m salinity and nitrate, suggesting that  AOU in this environment is controlled by upwelling and seasonal shoaling of the oxygen minimum rather 
than remineralization.  Figure 5 ratios phytoplankton and nutrient parameters. Productivity indices  (productivity/chlorophyll) (5A) are much higher at M1 and M2, 
suggesting  that growth of phytoplankton at C1 is limited. C1 has the lowest nitrate/iron ratio (5D) of the three stations, which could be nitrate limited. M2 
carbon/chlorophyll ratios (5B) are higher than at C1 and M1 and peak Jul-Sep, possibly reflecting iron stress which does not depress the M2 productivity indices (5A). 
Interestingly, CTD fluorescence/chlorophyll (5C) is also higher at M2, perhaps again suggesting iron stress. Nitrate:phosphate and nitrate:silicate ratios (5E-F) are always 
below Redfield (106C:16N:P:Si), indicating phosphate and silicate are not limiting. Figure 6 seasonal phytoplankton epifluorescence microscopy by station. Abundances 
decrease from spring/nearshore to winter/offshore, with non-diatom carbon relatively more important in winter and offshore. 
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CTD	Sampling	
•  Nutrients		
•  Chlorophyll	a	

Cruise:	Collec?ng	Seawater		



Cruise:	Filtering	Seawater		

Filtering	
•  Dissolved		
Nutrients	
	
•  Chlorophyll	a	



Cruise:	Plankton	Tow	



Cruise:	Collec?ng	Plankton!	



In	Situ	Profiles	from	CTD	



Observing	





Monterey	Bay	Climatologies	
Monterey	Bay	Archive	Data	(CTD,	MOORINGS)	
	

HISTORICAL	DATA	



RESOURCES	

•  Data!	Monterey	Bay	
•  Monterey	Bay	Satellite	Temperature,	
Chlorophyll,	Surface	current	overlays	

•  Monterey	Bay	Real	Time	Data		
•  Monterey	Bay	Phytoplankton	IndenTficaTon	
•  Monterey	Bay	Phytoplankton	Monitoring	
•  ROV	and	Towed	Sled	Videos	of	the	benthos	
•  Background	



How	many	people	live	within	50	miles	
of	the	coast	of	Monterey	Bay?		



Coupled	Human-Natural	Systems	
•  Commercial	Fisheries	
•  Commercial	shipping	
•  Harbors	
•  Agriculture	
•  Military	Bases	
•  Tourism/RecreaTon	

–  BoaTng	
–  Fishing	
–  Diving	
–  InterTdal	collecTng	
–  Surfing	
–  Nature/Ecotourism	

	


