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Abstract 6 

The Redfield Ratio serves as a conceptual framework to link cycles of carbon, oxygen 7 

and nitrogen during respiration and photosynthesis in the ocean.  Spatial variations in C:O:N 8 

ratios have been widely studied in the ocean and decadal scale variations in the ratios have also 9 

been examined.  There are many fewer studies of these variations at high frequencies over time 10 

periods from daily to monthly.   Here, autonomous measurements of dissolved nitrate, oxygen 11 

and total inorganic carbon (TCO2 which is derived from pCO2 and estimates of alkalinity) from 12 

sensors on the M1 and M2 moorings, off Monterey Bay, California are examined.  13 

Measurements were made from April to August 2006.  These measurements are used to examine 14 

the linkages between nitrogen, oxygen and carbon cycling with the Redfield Ratio as a 15 

framework for the analysis.  Concentrations of TCO2, oxygen and nitrate were high pass filtered 16 

to remove low frequency changes driven by water mass changes.   Daily cycles in each property 17 

are apparent with maxima or minima at the end of daylight that are consistent with biological 18 

production of oxygen or uptake of TCO2 and nitrate.  Ratio’s of the changes in these diel cycles 19 

approach values expected from the Redfield values early in upwelling cycles.  However, periods 20 

are frequently seen where the utilization of nitrate N is substantially lower than expected when 21 

compared to observed changes in TCO2 or oxygen.  During these periods, fixed nitrogen must be 22 

supplied from other sources such as ammonium or urea, or it is obtained by vertically migrating 23 

phytoplankton from deeper waters.  These migrating phytoplankton must then return to the 24 

surface where inorganic carbon is consumed and oxygen is produced.   25 
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Introduction 32 

 33 

Redfield (1934) observed that the concentrations of dissolved nitrate, oxygen and 34 

inorganic carbon are present in the water and in plankton in nearly constant proportions.  This 35 

observation has evolved towards an understanding that, on average, production or respiration of 36 

organic matter in the sea approximates the following equation: 37 

106 CO2 + 16 HNO3 + 1H3PO4 + 122 H20 ��  (CH2O)106 (NH3)16 H3PO4 +  138 O2   (1) 38 

The stoichiometric ratio 106C:16N:1P:-138O2 is termed the Redfield Ratio.  This concept of 39 

closely linked elemental ratios in the biogeochemical cycles of the ocean has served as one of the 40 

foundations of biogeochemical research in the nearly 75 years since Redfield presented the 41 

concept (Falkowski, 2000).  The oceanographic community has expanded on these concepts 42 

primarily by collecting samples in surveys that now span the global ocean and then measuring 43 

concentrations in these samples on board ship or on shore to examine the processes that regulate 44 

marine biogeochemistry.  These results generally confirm the Redfield assessment, but have also 45 

led to revisions.  For example, Anderson (1995) suggested that the oxygen coefficient be revised 46 

from -138 to -150.  It is also clear that even the revised elemental ratio’s are not fixed and 47 

abundant information on elemental cycling can be derived from anomalies relative to the mean 48 

values of the Redfield Ratio.  Spatial variability in elemental ratios has been reported by 49 

Anderson and Sarmiento (1994) and Li and Peng (2002).   Details of the spatial variability in 50 

nutrient ratio’s have been used to estimate the global distribution of anthropogenic carbon 51 
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(Gruber and Sarmiento, 1997), nitrogen fixation (Deutsch et al., 2007), denitrification (Tyrell 52 

and Lucas, 2002) and ocean mixing (Broecker, 1974).  There have been fewer studies of the 53 

variations in elemental ratio’s in time.  Temporal changes on decadal scale in the elemental ratios 54 

found near the euphotic zone (Karl et al., 2001) and in deep waters (Pahlow and Riebesell, 2000) 55 

have been discussed.  Decadal scale changes in the Redfield Ratio are, however, difficult to 56 

detect, particularly in deep water, because of the long residence times of the chemicals (Keller et 57 

al., 2002).  Seasonal changes in C:N ratio’s have been noted in the North Atlantic, which appear 58 

to reflect overconsumption of N during rapid growth (Kortzinger et al., 2001).   Although the 59 

community has gained greater insights, the processes that create the near constancy in elemental 60 

ratio’s continue to be examined (Lenton and Watson, 2000; Klausmeier et al., 2004).   61 

It is now possible to measure nitrate (Johnson and Coletti, 2002; Johnson et al., 2006; 62 

Kortzinger et al., 2008a), oxygen (Tengberg et al., 2006; Kortzinger et al., 2008b) and pCO2 63 

(Friederich et al., 1995; Friederich et al., 2002; Kortzinger et al., 2008a; 2008b; Hood and 64 

Merlivat, 2001) on oceanographic moorings for year-long periods of time without substantial 65 

degradation in sensor performance.    Each of these chemicals is closely linked through Eq. (1) to 66 

the primary production and respiration of organic carbon.   For example, it has been 67 

demonstrated that diel cycles in concentration of nitrate can be used to provide near-daily 68 

estimates of primary production for sustained (years) periods (Johnson et al., 2006).   Diel 69 

variations in oxygen and inorganic carbon are also used to examine temporal changes in primary 70 

productivity (Odum, 1958; Yates et al., 2007).   The capacity for long-term, autonomous 71 
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observations of multiple chemicals now allows the linkages between chemical cycles to be 72 

monitored continuously (Johnson et al., 2007).   73 

Here, I examine measurements of nitrate, oxygen and inorganic that were reported by in 74 

situ sensors on the M1 and M2 moorings offshore of Monterey Bay, California.  These are highly 75 

instrumented moorings (Chavez et al., 1997) that have been maintained since 1989.  76 

Measurements of ∆pCO2, the difference in sea and air pCO2, have been made since 1993 on 77 

these moorings (Friederich et al., 1995).  These measurements have been used to examine long-78 

term changes in air-sea gas exchange of CO2 driven by processes such as El Nino (Friederich et 79 

al., 2002).  Measurements of nitrate concentration on the moorings began in 2002 using optical 80 

nitrate sensors (Johnson and Coletti, 2002).  These measurements have been used to examine 81 

daily to annual changes in primary production (Johnson et al., 2006).   Dissolved oxygen 82 

measurements using the Aanderaa Optode systems (Tengberg et al., 2006) became operational 83 

on both moorings in April 2006.  This paper uses the Redfield model as a framework to interpret 84 

the daily variations in the ratio’s of total dissolved inorganic carbon (TCO2), whose 85 

concentration is inferred from pCO2, dissolved oxygen and nitrate.  The analysis focuses on the 86 

period from April 2006 through August 2006. However, these measurements all continue, with 87 

some interruptions, through the present.  The data are delivered to the Internet at several web 88 

pages located at http://www.mbari.org where they are available for analysis by the community. 89 

 90 

Methods 91 
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The M1 and M2 mooring locations are 36.747° N, 122.022° W  (1200 m depth) and 93 

36.697°N, 122.378° W (1800 m depth) offshore of Monterey Bay (Fig. 1).  These moorings are 94 

20 and 50 km offshore, respectively.  In addition, some data collected at the MSE mooring are 95 

shown.  It was located at 36.2°N, 122.9°W (3300 m depth), which is 115 km offshore..      96 

Nitrate was measured at 1 m depth using ISUS nitrate sensors (Johnson and Coletti, 97 

2002). The mooring data, including the complete ultra-violet spectrum measured by ISUS, are 98 

transmitted to shore hourly.  Nitrate concentrations are calculated using the measured light 99 

absorption spectrum from 217 to 240 nm and a linear baseline estimate.  Biofouling of the optics 100 

was inhibited with a copper anti-fouling shield.  The ISUS sensor calculates nitrate concentration 101 

using the algorithm described in Johnson and Coletti (2002).  A revised algorithm that 102 

substantially improves the accuracy of UV nitrate measurements has been developed (Sakamoto 103 

et al., 2009).  All of the data reported here were reprocessed with that new algorithm.  This 104 

involves correcting the bromide molar absorptivities to the in situ temperature.  The salinity 105 

measured with the CTD is then used to predict bromide ion concentration using the known 106 

bromide to chlorinity ratio (Morris and Riley, 1966)  and the temperature corrected bromide 107 

molar absorptivities are used to calculate the UV spectrum due to bromide.  This bromide 108 

spectrum is subtracted from the observed UV spectrum.  Nitrate is determined by fitting the 109 

bromide corrected sea water spectra with the molar absorptivities of nitrate, which are 110 

temperature independent, and an absorbance baseline that is a linear function of wavelength.  111 
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The accuracy of nitrate concentrations calculated with the revised algorithm is significantly 112 

improved relative to the original algorithm, as shown by an extensive set of comparisons 113 

between sensor data and nitrate measurements made in the laboratory (Sakamoto et al., 2009).  In 114 

relatively clear water, such as that found in Monterey Bay and with little fouling of the sensor, 115 

which is achieved in the AUV by rinsing the optics before each mission, concentrations 116 

computed with the revised algorithm should be accurate to <1 µmol L-1 nitrate. 117 

The pCO2 difference between seawater and air (∆pCO2 = pCO2, SW – pCO2, Air) was 118 

measured as described in Friederich et al., (1995; 2002).   The pCO2, SW was estimated from 119 

∆pCO2 by assuming that pCO2, Air was constant at 380 µatm.  Titration alkalinity (TA) was 120 

estimated from the observed salinity and temperature (Lee et al., 2006).  TCO2 was then 121 

calculated using the CO2SYS_MACRO_PC Excel spreadsheet program (Pierrot et al., 2006) 122 

with the observed T and S and the estimates of pCO2, SW and TA as inputs.  Oxygen was 123 

measured with an Aanderaa Oxygen Optode (Tengberg et al., 2006) at 1 m depth.  The Optode 124 

measures oxygen partial pressure and the in situ salinity and temperature were used to compute 125 

oxygen concentration using algorithms supplied by Aanderaa.  The Optode was protected from 126 

fouling with a copper mesh pad as suggested by the manufacturer.   Chlorophyll fluorescence 127 

was measured with a WetLabs WetStar fluorometer on each mooring.  Temperature and Salinity 128 

were measured with SeaBird Model 37 conductivity, temperature and depth (CTD) sensors. 129 

 130 

Results and Discussion 131 
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 132 

The results for temperature and salinity on the M1 and M2 moorings are shown in Figure 133 

2.  Daily average chlorophyll and hourly values of nitrate, oxygen and total inorganic carbon 134 

concentrations are shown in Figure 3.   Chlorophyll was binned to daily averages because of the 135 

large diurnal cycle produced by daytime fluorescence quenching (Falkowski and Kiefer, 1985).  136 

In principle, nighttime values of chlorophyll fluorescence are most useful, but most samples near 137 

the moorings are collected during the day when quenching is most severe.  Daily averages are 138 

used here, as a compromise.  To assess the accuracy of the chemical data, concentrations of 139 

nitrate, oxygen and TCO2 measured in the NE Pacific during the World Ocean Circulation 140 

Experiment (WOCE) are superimposed on Figures 4a and 4c.  The WOCE data were obtained 141 

from the eWOCE electronic atlas (Schlitzer, 2000) by extracting all oxygen, TCO2 and nitrate 142 

data from the upper 200 m and collected within the box bounded by 30 to 39°N, 138 to 118°W.  143 

All concentrations were converted from mol kg-1 to mol l-1 units and TCO2 was normalized to a 144 

salinity of 33.4, typical of the values observed at the moorings.  Agreement between the nitrate 145 

and TCO2 data estimated for the mooring and the WOCE observations (Fig. 4c) is reasonable.  146 

The mooring oxygen data (Fig. 4a) have a higher range than do the WOCE data at similar values 147 

of total inorganic carbon.  This is likely a result of very high rates of primary production in 148 

coastal waters that create oxygen faster than outgassing can remove it.  Primary production 149 

creates oxygen concentrations that exceed atmospheric equilibrium values by as much as 150% 150 

(Fig. 5).  The surface oxygen concentrations in the WOCE data, which are all from lower 151 
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productivity offshore waters, remain near 100% of the atmospheric equilibrium values due to 152 

low rates of primary production in offshore waters and rapid outgassing of dissolved oxygen.  153 

Air-sea gas exchange has a much slower impact on TCO2 because of the dissociation of carbonic 154 

acid and gas exchange does not appear to bias the comparison of mooring and WOCE data. 155 

Much of the variability in properties seen in Figures 2 and 3 is created by a sequence of 156 

upwelling events that bring cold, salty, nutrient-rich water to the surface.  During upwelling 157 

events, the M1 mooring lies directly in the path of an upwelled plume of water that originates 158 

near Point Año Nuevo, to the north of Monterey Bay (Rosenfeld et al., 1994; Breaker and 159 

Broenkow, 1994; Fitzwater et al., 2003).   In strong upwelling events, the plume reaches the M2 160 

mooring about 1 day after reaching M1. The temporal patterns in temperature at M1 and M2 are 161 

generally similar.  There is one upwelling event at M1 in late May and early June which, 162 

apparently, did not reach M2 as there is no corresponding temperature or salinity signal (Figure 163 

2).   164 

These upwelling events lead to large changes in chemical concentrations (Figure 3).  165 

During these events, concentrations of nitrate, oxygen and total inorganic carbon are highly 166 

correlated at each mooring (Figure 4).   These correlations are driven by both physical mixing of 167 

waters with different properties and by in situ production or respiration of fixed organic carbon.  168 

The effects of physical and biological processes on bulk chemical concentrations are difficult to 169 

separate in this dynamic environment because both have similar signatures.  Upwelled waters are 170 

enriched in nitrate and TCO2 and depleted in oxygen as a result of respiration of organic matter.  171 
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This produces chemical concentrations that are highly correlated when deep water mixes with 172 

surface waters.  The same signals are produced by local uptake of nitrate and inorganic carbon 173 

and production of oxygen during daily photosynthesis and respiration cycles. 174 

One line of evidence that points to high local rates of primary production is the high 175 

degree of oxygen saturation.  The oxygen concentration reaches values well above saturation 176 

with respect to atmospheric oxygen.  Percent saturation of oxygen is as high as 160% (Figure 5).   177 

Local heating can also create supersaturation, but temperature changes of more than 20 °C would 178 

be required to change saturation by 160%.  Local heating appears to change temperature by less 179 

than 5°C.  The high percent saturation implies that local rates of primary production must be an 180 

important process in controlling surface oxygen concentration.   181 

Diel cycles in nitrate concentration are regularly observed with in situ sensors (Johnson et 182 

al., 2006).  These cycles are produced by nitrate uptake during daylight and resupply during the 183 

dark.  The daily cycle can be used as a quantitative metric of net primary production (Johnson et 184 

al., 2006).  This analysis of diel patterns involves high pass filtering the data so that only signals 185 

with a period shorter than 33 hours remain in the data set.  The high pass filter removes low 186 

frequency changes in the data that might result from mixing of multiple water masses.  In the 187 

following section, the data sets that result after applying a high pass filter to all of the chemical 188 

measurements are examined. 189 

 190 

High Pass Filtered Chemical Concentrations. 191 
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 192 

The high pass filtered concentrations of nitrate, oxygen and TCO2 at the M1 mooring are 193 

shown in Fig. 6.  The changes in each chemical concentration are highly correlated (Fig. 7).  The 194 

amplitude of changes in nitrate are about one tenth of the values observed for oxygen and TCO2.  195 

However, the slopes of the high pass filtered property-property plots, which were determined 196 

from Model II linear regressions to account for errors in each variable (Laws, 1997), are 197 

significantly different than the values expected from the Redfield Ratio (Table 1).      198 

The discrepancy in the O2:TCO2 slope at both moorings, relative to the Redfield value, 199 

can likely be explained by the effects of gas exchange.  A piston velocity of 2 m d-1 (10 cm h-1) is 200 

a typical gas exchange rate constant at modest wind speeds (Wanninkhof et al., 2009).  Air-sea 201 

gas exchange at this rate would remove 20 to 40% of the oxygen saturation anomaly on a daily 202 

basis with a mixed layer depth of 5 to 10 m, typical of the spring and summer near M1.   The rate 203 

of air-sea gas exchange for TCO2 will be about 10x lower due to the reaction of carbon dioxide 204 

with carbonate ion and it will be relatively unaffected by gas exchange over the same time 205 

period.  As a result, gas exchange will bias the oxygen anomalies low, relative to the Redfield 206 

value, by about the amount shown in Table 1.  If the O2:TCO2 ratio suggested by Anderson 207 

(1995) were used, rather than Redfield, the anomalies would be larger, but still explainable by 208 

gas exchange processes. 209 

To understand the reasons for the discrepancies in the observed NO3
-:TCO2 or NO3

-:O2 210 

slopes, relative to the Redfield value, it is necessary to examine the data more closely.  Fig. 8 211 
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shows one example of the unfiltered and filtered chemistry data at the M1 mooring for the period 212 

from July 9 to July 16.  The plot of the high-pass filtered data has been scaled using the Redfield 213 

Ratio (oxygen and TCO2 anomaly ranges are the same) so that a concentration change in each 214 

property that follows Eq. 1 would span the same vertical range.  Concentration changes driven 215 

by photosynthesis are oriented up (ie., the concentration scale for O2 has the opposite sign as for 216 

NO3
- and TCO2).  The dotted vertical lines mark the end of each day in GMT, which corresponds 217 

to 1700 local time and is near the end of daylight.   The example shown in Fig. 8 shows behavior 218 

that is typical of much of the data set.  The plot begins during a period of strong, upwelling 219 

favorable winds that have brought cold, nitrate-rich water to the surface.  Chlorophyll 220 

concentrations (Fig. 8c) are low in the freshly upwelled water.  The wind began to weaken on 221 

July 10 and chlorophyll concentrations increased rapidly.  As chlorophyll increases, diel cycles 222 

develop in nitrate, oxygen and TCO2 that scale closely to the values expected from the Redfield 223 

Ratio (Fig. 8b).  The NO3
-:TCO2 ratio during this period is 0.12±0.01 (13:106), somewhat closer 224 

to the Redfield value than the overall mean value of 0.073±0.002 (7.7:106) at M1.   225 

Figure 9 shows the chemical concentrations and their high-pass filtered values during a 226 

subsequent period from July 21 to July 30.  Nitrate concentrations drop to low values near 1 µM 227 

on July 25 and remain low for several days.  Although nitrate concentration is low and its diel 228 

cycle is very small after the July 25, the diel cycles of TCO2 and oxygen continue with large 229 

amplitudes.   The large diel cycles in both TCO2 and oxygen are unlikely to be the result of 230 

sensor fouling, as the two systems are completely independent. The NO3
-:TCO2 ratio is 231 
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0.021±0.007 (2.2:106) for July 25 to 28 and 0.076±0.008 (8:106) for the period July 21 to July 232 

30.  There is nearly complete decoupling of nitrate from the carbon and oxygen cycles for three 233 

days and the mean ratio for the entire period is about one half of the Redfield value.  Such 234 

decoupling of nitrate from oxygen and carbon cycling is apparent for short periods throughout 235 

the data set.  This leads to the low value of the NO3
-:TCO2 ratio for the entire data set.   236 

The concentration of chlorophyll increases during this period with low nitrate (Fig. 9c) 237 

indicating that there is net production of organic matter.  There are multiple reasons why nitrate 238 

might be decoupled from the oxygen and TCO2 cycles while organic carbon is produced.  Other 239 

sources of fixed nitrogen, such as ammonia or urea, might fuel production of organic matter.   240 

Alternatively, a population consisting of dinoflagellates might be capable of migrating vertically 241 

to the nitracline to acquire nitrate and then return to the surface where photosynthesis takes 242 

place.   These two processes cannot be resolved with the data that are available, but it would 243 

certainly be feasible to instrument moorings to put further constraints on these processes.  For 244 

example, it is now possible to measure dissolved ammonia on moorings in a nearly routine 245 

manner (Plant et al., 2009).   246 

 247 

Biomass Production 248 

Daily estimates of net production of organic matter were calculated from the amplitude of 249 

the high-pass filtered concentrations.  To calculate the amplitude, the minimum values of high-250 

pass filtered nitrate and TCO2 (maximum for oxygen) were found each day for the period from 251 
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2200 to 0300 GMT (1500 to 2000 PDT) and the mean concentration for the three hour period 252 

centered on that time was calculated.  Maximum values (minimum for oxygen) were found each 253 

day between 1100 to 1600 GMT (0400 to 0900 PDT) and the mean concentration for the three 254 

hour period centered on that time was again calculated.  The diel amplitude due to primary 255 

production was set as the difference of these two values for each chemical.  These diel 256 

amplitudes for nitrate and oxygen were then converted to carbon units using the Redfield Ratio.  257 

The results are shown in Fig. 10 for M1 and M2. 258 

Each of the daily amplitudes of the high-pass filtered nitrate, oxygen and TCO2 259 

concentrations is an independent estimate of the net production of organic matter (Johnson et al., 260 

2006).  TCO2 and, to a lesser extent, O2 based production values are larger than the nitrate based 261 

production estimates (Fig. 10).  There is also one example (M2, mid- to late-July; Fig. 10) where 262 

oxygen amplitude is high and the carbon and nitrate amplitudes are much lower.  This may 263 

reflect fouling of the oxygen sensor, although it began returning values consistent with its early 264 

performance without any cleaning.  265 

The daily estimates of new production can be used to predict the accumulation of 266 

biomass using the equation (Johnson et al., 2006): 267 

 268 

Bt = Bt-1 + ∆t × NCP – ∆t × L × Bt-1      (2) 269 

 270 
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where B is biomass in carbon units, NCP is the daily estimate of net community production of 271 

carbon derived from the diel amplitude of nitrate, oxygen or TCO2 measurements (Fig. 10), and 272 

∆t is a one hour time step.  L is the rate constant for loss of biomass due to all factors including 273 

grazing, sinking, and removal by horizontal advection.  The amplitude of the nitrate diel cycle is 274 

a reflection of net production that incorporates dissolved nitrate from surface waters, while the 275 

amplitudes of oxygen and TCO2 would reflect production from all fixed nitrogen sources.  276 

Integration of Eq. 2 was begun with an initial biomass value of zero. 277 

The biomass values calculated using NCP derived from the TCO2 concentrations are 278 

shown in Fig. 11 for M1 and M2.  Carbon biomass was converted to chlorophyll units using a 279 

constant C:chlorophyll ratio (by weight) of 60 (Johnson et al., 2006).  L is not constrained 280 

directly by the chemical observations.  It was, therefore, adjusted by comparing the predicted 281 

chlorophyll with the values observed at each mooring and minimizing the sum of the squared 282 

errors.  A value of 0.6 d-1 is near the optimum at both M1 and M2 and that value has been used to 283 

compute the predicted chlorophyll concentrations shown in Fig. 11.   The estimates of 284 

chlorophyll that are derived from NCP values based on the diel cycle of TCO2 are in good 285 

agreement with the observed, daily mean values of chlorophyll with an R2 = 0.45 at M1 and R2 = 286 

0.25 at M2.  The predicted chlorophyll values capture nearly all of the major bloom cycles seen 287 

at both moorings (Fig. 11).  These results demonstrate that it is possible to use in situ chemical 288 

observations to determine how much carbon is produced each day and, with a single adjustable 289 
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parameter that relates to biomass loss, to also predict the temporal course of biomass standing 290 

stocks over periods of multiple months.   291 

Similar results for biomass standing stocks are found using the high pass filtered data for 292 

dissolved oxygen when it is converted to carbon units using the Redfield Ratio.  For example, the 293 

R2 between chlorophyll modeled with productivity based on oxygen daily amplitude and 294 

observed values is 0.48 at M1.  However, the time course of biomass predicted using high pass 295 

filtered nitrate concentrations is somewhat different for the period of this study.  The modeled 296 

chlorophyll values determined using TCO2 and nitrate, after conversion to carbon equivalents 297 

using the Redfield Ratio, are plotted versus each other in Fig. 12.   While the two values are 298 

highly correlated (R2 = 0.47), the slope of a line fitted to all of the data is 0.45, rather than the 299 

expected value of 1.  If the value of L is optimized using growth rates based on nitrate, the best 300 

fit value is 0.33 d-1, rather than 0.6 d-1 when TCO2 daily amplitudes are used.  The diel cycles 301 

based on nitrate concentrations predict, on average, only about one half of the biomass 302 

accumulation predicted from TCO2 cycles.  Presumably, the remainder of the biomass 303 

accumulation is derived from fixed nitrogen sources other than the nitrate that is found in surface 304 

waters.  These sources might include ammonium or vertical migration to obtain nitrate at greater 305 

depths.   306 

Figure 13 shows the sequence of events during an upwelling period in May 2006 at the 307 

M2 mooring.  Nitrate concentrations increase from near zero values to 12 µM in two main 308 

pulses.  TCO2 increases in parallel with nitrate and it clearly shows diel cycles with minima at 309 
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sunset on most days.  Growth rates based on diel amplitudes of TCO2 and NO3
- increase within 310 

the nutrient rich, upwelled water from near zero values before onset of the upwelling event.  As 311 

growth rates increase, both the modeled and observed chlorophyll concentrations increase at 312 

similar rates.   Observed chlorophyll and values modeled using TCO2 diel cycles continue to 313 

increase while dissolved nitrate is present to fuel growth.  The chlorophyll concentration declines 314 

in late May, as nitrate is depleted. The growth rates based on nitrate track the values based on 315 

TCO2 near the beginning of the upwelling period.  However, as biomass increases, the growth 316 

rates based on TCO2 exceed those based on nitrate.  Either the phytoplankton are growing with 317 

C:N ratio’s that are nearly double the Redfield value, or recycled nitrogen in the form of 318 

ammonia is also serving as a significant N source. 319 

 320 

Limits of detection 321 

 322 

In order to assess the lower limits of production at which diel chemical cycles can be 323 

detected, oxygen sensor data from the MSE mooring, which was deployed at 115 km off the 324 

coast, is considered.  High-pass filtered oxygen data from M1, M2 and MSE from November 325 

2006 to May 2007 are shown in Fig. 14 a-c.  One large gap in the MSE data occurred when the 326 

sensor fouled, which was diagnosed as a rapid increase in diel amplitude, followed by a drop to 327 

near zero oxygen concentration.  After the sensor was cleaned and the anti-fouling copper mesh 328 

was replaced, the sensor began to return measurements similar to values observed before the 329 
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fouling event.  Clear diel cycles with maxima near the end of daylight are seen at the MSE 330 

mooring, as well as at M1 and M2, throughout this period (Fig. 14 d-e).  The mean values of the 331 

diel amplitude for the November to May period are shown in Fig. 15a as a function of distance 332 

from the coast and as a histogram diel amplitude observed at each mooring is shown Fig. 15 b-d.  333 

The amplitude at the MSE mooring (2.2± 0.4 mmol O2 m
-3 d-1, 95% CI) is a factor of 5 lower 334 

than at M1 and M2 and it is easily resolved during this period.  A lower limit to reliably 335 

detection is probably around 0.5 to 1 mmol O2 m
-3 d-1. 336 

In conclusion, the results shown here demonstrate that the daily cycles of inorganic 337 

carbon, oxygen and nitrate are often closely coupled in ratios near those expected from Redfield 338 

(Eq. 1).  However, there is also significant decoupling of the observed parameters over short time 339 

periods.  This is particularly true for the C:N ratio.  Because only nitrate was sensed, which is 340 

one of many possible forms of fixed nitrogen, this decoupling does not demonstrate that organic 341 

matter is produced with distinctly non-Redfieldian composition.  Rather, it most likely indicates 342 

that, even in dynamic, coastal upwelling ecosystems, nitrate present in surface waters is not 343 

always the dominant fixed nitrogen source for phytoplankton.    In Monterey Bay, only about one 344 

half of the required nitrogen appears to be supplied directly from surface waters during the time 345 

of this study.346 
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Table 1.  Ratio’s of high pass filtered chemical anomalies at the M1 and M2 

moorings estimated from data in Figure 7 using a Model II regression (Laws, 1997).  

95% confidence limits for the ratio are shown. 

Ratio Redfield M1 M2 

NO3
-:TCO2 0.15  (16:106) 0.073±0.002   (7.7:106) 0.071±0.002 (7.5:106) 

NO3
-:O2 -0.12    (16:138) -0.095±0.003     (13:138) -0.076±0.002   (10:138) 

O2:TCO2 -1.30  (138:106) -0.77±0.02   (81:106) -0.93±0.03 (98:106) 
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Figure Legends 441 

 442 

Figure 1.  Mooring locations offshore of Monterey Bay, California.  Depth contours in 443 

meters. 444 

 445 

Figure 2.  Temperature (a) and salinity (b) at the M1 and M2 moorings. 446 

 447 

Figure 3.  Daily mean values of chlorophyll at the M1 (a) and M2 (b) moorings.  Hourly 448 

values of nitrate (c, d), dissolved oxygen (e, f) and TCO2 (g, h) at M1 and M2. 449 

 450 

Figure 4.  Dissolved oxygen is plotted versus TCO2 at the M1 (a) and M2 (b) moorings.  451 

Nitrate is plotted versus TCO2 at the M1 (a) and M2 (b) moorings.  Red dots in (a) and (c) show 452 

near surface values for the same parameters in the NE Pacific obtained during the WOCE 453 

program (Schlitzer, 2000). 454 

 455 

Figure 5.  Oxygen percent saturation with respect to atmospheric solubility at the M1 456 

(black line) and M2 (red line) moorings. 457 

 458 

Figure 6.  High pass filtered concentrations of nitrate (a), oxygen (b) and TCO2 (c) at the 459 

M1 mooring. 460 
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 461 

Figure 7.  High pass filtered concentrations of nitrate (a) and TCO2 (b) vs. high pass 462 

filtered concentration of oxygen and the high pass filtered concentration of nitrate vs. high pass 463 

filtered concentration of TCO2 (c) at the M1 mooring.  Panels d, e and f are the same for the M2 464 

mooring.  Red lines are Model II regression lines fitted to the data.  Slopes of the regressions are 465 

shown in each panel. 466 

 467 

Figure 8.  Concentrations of nitrate (black line), oxygen (red line) and -1 x TCO2 (green 468 

line) from 7/9/2006 to 7/16/2006 (a).  High pass filtered concentrations of the same properties 469 

are shown in (b).  The axes for each property are scaled to span a similar range when normalized 470 

to the Redfield Ratio and each scale is oriented so that changes driven by uptake during primary 471 

production are oriented up.  Daily average estimates of chlorophyll are shown in (c) for the same 472 

period.  Time is GMT and local sunset is near 0300. 473 

 474 

Figure 9.  As in Figure 8 for the period 7/21/2006 to 7/30/2006. 475 

 476 

Figure 10.  Diel amplitude of the high-pass filtered nitrate (black line), oxygen (red line) 477 

and TCO2 (green line) at the M1 mooring (a) and M2 mooring (b).   478 

 479 
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Figure 11.  Observed chlorophyll concentrations (solid lines) and values computed from 480 

Eq. (2) using net community production values estimated from the TCO2 diel amplitude (dashed 481 

lines) are shown for the M1 mooring (a) and the M2 mooring (b).   A single high value of the 482 

TCO2 diel amplitude, which was observed on 5/21/2006 (128 mmol C m-3
 d

-1) and which is 483 

offscale in Figure 10, was replaced by the average of the two adjacent values for the model 484 

calculations.  485 

 486 

Figure 12.  Chlorophyll computed from Eq. (2) using diel amplitudes derived from nitrate 487 

observations are plotted versus chlorophyll computed from Eq. (2) using TCO2 diel amplitudes.  488 

The dashed line is a Model II regression with slope 0.45±0.06 (95% CI).  The solid line has slope 489 

1. 490 

 491 

Figure 13.  Nitrate (dashed line) and TCO2 (solid line) concentrations observed at the M2 492 

mooring from 5/1/2006 to 6/5/2006 (a).  Diel amplitudes of nitrate, after conversion to carbon 493 

units using the Redfield Ratio (dashed line) and TCO2 (solid line) are shown for the same time 494 

period (b).  Observed daily mean chlorophyll values (solid line) and values computed from Eq. 2 495 

using the diel amplitudes derived from TCO2 (dashed line) are shown for the same time period 496 

(c). 497 

 498 
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Figure 14.  High-pass filtred oxygen concentrations from 11/1/2006 to 5/10/2007 (a) and 499 

1/10/2007 to 1/20/2007 (b) at the M1 mooring.  Panels (c) and (d) are the same at the M2 500 

mooring.  Panels (e) and (f) are the same at the MSE mooring. 501 

 502 

Figure 15.  Mean diel oxygen amplitudes at M1, M2 and MSE versus distance from Moss 503 

Landing (a).  Error bars are 95% confidence intervals.  Histograms of the diel oxygen amplitudes 504 

at M1 (b), M2 (c) and MSE (d) are also shown.  The mean and 95% confidence intervals are 505 

shown on each panel. 506 
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Figure 6  515 
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Figure 7   517 
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Figure 9   521 
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Figure 10 523 
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