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Abstract

The Redfield Ratio serves as a conceptual frametaolikk cycles of carbon, oxygen
and nitrogen during respiration and photosynthiesie ocean. Spatial variations in C:O:N
ratios have been widely studied in the ocean anddi scale variations in the ratios have also
been examined. There are many fewer studies séthariations at high frequencies over time
periods from daily to monthly. Here, autonomowsasurements of dissolved nitrate, oxygen
and total inorganic carbon (TG@hich is derived from pCg&and estimates of alkalinity) from
sensors on the M1 and M2 moorings, off Monterey,Bzglifornia are examined.
Measurements were made from April to August 200Bese measurements are used to examine
the linkages between nitrogen, oxygen and carbolingywith the Redfield Ratio as a
framework for the analysis. Concentrations of TCxygen and nitrate were high pass filtered
to remove low frequency changes driven by watersrsaanges. Daily cycles in each property
are apparent with maxima or minima at the end ghglat that are consistent with biological
production of oxygen or uptake of TG@nd nitrate. Ratio’s of the changes in thesedjieles
approach values expected from the Redfield valadyg & upwelling cycles. However, periods
are frequently seen where the utilization of nérsitis substantially lower than expected when
compared to observed changes in T@Ooxygen. During these periods, fixed nitrogarstrbe
supplied from other sources such as ammonium @, orat is obtained by vertically migrating
phytoplankton from deeper waters. These migratimgoplankton must then return to the

surface where inorganic carbon is consumed andesxiggproduced.

-2-



26

27

28

29

30

31

Acknowledgements

This work was supported by the David and Lucilekdad Foundation. Efforts of Gernot
Friederich, Francisco Chavez, Luke Coletti, CaRdé&amoto, Mike Kelley, Paul Coenen and

Mark Chaffey to support sensor deployments on the MR and MSE moorings are greatly

appreciated.



32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

Introduction

Redfield (1934) observed that the concentratiordisgfolved nitrate, oxygen and
inorganic carbon are present in the water andanktbn in nearly constant proportions. This
observation has evolved towards an understandatgdh average, production or respiration of
organic matter in the sea approximates the follgvaquation:

106 CQ + 16 HNQ + 1HPO, + 122 HO € (CH:O)os (NH3)16 HsPOL + 138 QG (1)

The stoichiometric ratio 106C:16N:1P:-138@ termed the Redfield Ratio. This concept of
closely linked elemental ratios in the biogeochaaycles of the ocean has served as one of the
foundations of biogeochemical research in the gé&drlyears since Redfield presented the
concept (Falkowski, 2000). The oceanographic comiyilnas expanded on these concepts
primarily by collecting samples in surveys that ngpan the global ocean and then measuring
concentrations in these samples on board ship shore to examine the processes that regulate
marine biogeochemistry. These results generaltjirco the Redfield assessment, but have also
led to revisions. For example, Anderson (1995pssted that the oxygen coefficient be revised
from -138 to -150. It is also clear that evenrénased elemental ratio’s are not fixed and
abundant information on elemental cycling can brevdd from anomalies relative to the mean
values of the Redfield Ratio. Spatial variabilityelemental ratios has been reported by
Anderson and Sarmiento (1994) and Li and Peng (20@:tails of the spatial variability in

nutrient ratio’s have been used to estimate thieajldistribution of anthropogenic carbon
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(Gruber and Sarmiento, 1997), nitrogen fixation8eh et al., 2007), denitrification (Tyrell

and Lucas, 2002) and ocean mixing (Broecker, 19T#ere have been fewer studies of the
variations in elemental ratio’s in time. Temparhlnges on decadal scale in the elemental ratios
found near the euphotic zone (Karl et al., 2001) iardeep waters (Pahlow and Riebesell, 2000)
have been discussed. Decadal scale changesReti®ld Ratio are, however, difficult to

detect, particularly in deep water, because ofdhg residence times of the chemicals (Keller et
al., 2002). Seasonal changes in C:N ratio’s haenimoted in the North Atlantic, which appear

to reflect overconsumption of N during rapid groWitortzinger et al., 2001). Although the
community has gained greater insights, the prosasse create the near constancy in elemental
ratio’s continue to be examined (Lenton and Wat2000; Klausmeier et al., 2004).

It is now possible to measure nitrate (JohnsonGuwidtti, 2002; Johnson et al., 2006;
Kortzinger et al., 2008a), oxygen (Tengberg et281Q6; Kortzinger et al., 2008b) and pCO2
(Friederich et al., 1995; Friederich et al., 20R@rtzinger et al., 2008a; 2008b; Hood and
Merlivat, 2001) on oceanographic moorings for yieaig periods of time without substantial
degradation in sensor performance. Each of tblesmicals is closely linked through Eq. (1) to
the primary production and respiration of orgaradon. For example, it has been
demonstrated that diel cycles in concentrationitodte can be used to provide near-daily
estimates of primary production for sustained (geperiods (Johnson et al., 2006). Diel
variations in oxygen and inorganic carbon are atse to examine temporal changes in primary

productivity (Odum, 1958; Yates et al., 2007). edapacity for long-term, autonomous
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observations of multiple chemicals now allows tihgdges between chemical cycles to be
monitored continuously (Johnson et al., 2007).

Here, | examine measurements of nitrate, oxygenirardanic that were reported by in
situ sensors on the M1 and M2 moorings offshorglafiterey Bay, California. These are highly
instrumented moorings (Chavez et al., 1997) the¢ liieeen maintained since 1989.
Measurements dipCQ,, the difference in sea and air p&@ave been made since 1993 on
these moorings (Friederich et al., 1995). Thesasmme@ments have been used to examine long-
term changes in air-sea gas exchange of @Wen by processes such as El Nino (Friederich et
al., 2002). Measurements of nitrate concentratiothe moorings began in 2002 using optical
nitrate sensors (Johnson and Coletti, 2002). Thessssurements have been used to examine
daily to annual changes in primary production (damet al., 2006). Dissolved oxygen
measurements using the Aanderaa Optode systemghdrgret al., 2006) became operational
on both moorings in April 2006. This paper usesRedfield model as a framework to interpret
the daily variations in the ratio’s of total disgedl inorganic carbon (TGQR whose
concentration is inferred from pGQlissolved oxygen and nitrate. The analysis fesws the
period from April 2006 through August 2006. Howewbese measurements all continue, with
some interruptions, through the present. The diaalelivered to the Internet at several web

pages located &ttp://www.mbari.orgvhere they are available for analysis by the comityu

Methods
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The M1 and M2 mooring locations are 36.74 122.022 W (1200 m depth) and
36.697N, 122.378 W (1800 m depth) offshore of Monterey Bay (Fig. These moorings are
20 and 50 km offshore, respectively. In additeome data collected at the MSE mooring are
shown. It was located at 38N\, 122.9W (3300 m depth), which is 115 km offshore..

Nitrate was measured at 1 m depth using ISUS aigansors (Johnson and Coletti,
2002). The mooring data, including the completeawNiolet spectrum measured by ISUS, are
transmitted to shore hourly. Nitrate concentratiare calculated using the measured light
absorption spectrum from 217 to 240 nm and a libeaeline estimate. Biofouling of the optics
was inhibited with a copper anti-fouling shieldhellSUS sensor calculates nitrate concentration
using the algorithm described in Johnson and G@RA02). A revised algorithm that
substantially improves the accuracy of UV nitrateasurements has been developed (Sakamoto
et al., 2009). All of the data reported here weocessed with that new algorithm. This
involves correcting the bromide molar absorptigtie the in situ temperature. The salinity
measured with the CTD is then used to predict bdenon concentration using the known
bromide to chlorinity ratio (Morris and Riley, 196@&nd the temperature corrected bromide
molar absorptivities are used to calculate the pP&csrum due to bromide. This bromide
spectrum is subtracted from the observed UV spectiNitrate is determined by fitting the
bromide corrected sea water spectra with the naddsorptivities of nitrate, which are

temperature independent, and an absorbance basgwine a linear function of wavelength.
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The accuracy of nitrate concentrations calculat#d thie revised algorithm is significantly
improved relative to the original algorithm, as windoy an extensive set of comparisons
between sensor data and nitrate measurements m#delaboratory (Sakamoto et al., 2009). In
relatively clear water, such as that found in MoeyeBay and with little fouling of the sensor,
which is achieved in the AUV by rinsing the optifore each mission, concentrations
computed with the revised algorithm should be amteuto <lumol L™ nitrate.

The pCQ difference between seawater and ApGO, = pCQ, sw— pCQ, air) Was
measured as described in Friederich et al., (18962). The pC®swwas estimated from
ApCO, by assuming that pCQyr was constant at 3§atm. Titration alkalinity (TA) was
estimated from the observed salinity and tempesgdiiLee et al., 2006). TGQvas then
calculated using the CO2SYS_MACRO_PC Excel sprestgbrogram (Pierrot et al., 2006)
with the observed T and S and the estimates of;p§g@nd TA as inputs. Oxygen was
measured with an Aanderaa Oxygen Optode (Tengleldg €006) at 1 m depth. The Optode
measures oxygen partial pressure and the in ditutgand temperature were used to compute
oxygen concentration using algorithms supplied laypderaa. The Optode was protected from
fouling with a copper mesh pad as suggested bynteufacturer. Chlorophyll fluorescence
was measured with a WetLabs WetStar fluorometezamh mooring. Temperature and Salinity

were measured with SeaBird Model 37 conductiveyperature and depth (CTD) sensors.

Results and Discussion



132

133 The results for temperature and salinity on theavid M2 moorings are shown in Figure
134 2. Daily average chlorophyll and hourly valuesitfate, oxygen and total inorganic carbon

135 concentrations are shown in Figure 3. Chloropivgé binned to daily averages because of the
136 large diurnal cycle produced by daytime fluoreseequenching (Falkowski and Kiefer, 1985).
137 In principle, nighttime values of chlorophyll fluescence are most useful, but most samples near
138 the moorings are collected during the day when cjuieg is most severe. Daily averages are
139 used here, as a compromise. To assess the acafitheychemical data, concentrations of

140 nitrate, oxygen and TCOneasured in the NE Pacific during the World Oc€anulation

141  Experiment (WOCE) are superimposed on Figures datan The WOCE data were obtained
142 from the eWOCE electronic atlas (Schlitzer, 200Q¥ktracting all oxygen, TC£and nitrate

143 data from the upper 200 m and collected withinktbe bounded by 30 to 39°N, 138 to 118°W.
144  All concentrations were converted from mol'kip mol I* units and TC@was normalized to a
145 salinity of 33.4, typical of the values observedha& moorings. Agreement between the nitrate
146 and TCQ data estimated for the mooring and the WOCE olas@mns (Fig. 4c) is reasonable.
147 The mooring oxygen data (Fig. 4a) have a highegedahan do the WOCE data at similar values
148 of total inorganic carbon. This is likely a resoitvery high rates of primary production in

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

150 creates oxygen concentrations that exceed atmasgwgrilibrium values by as much as 150%

151 (Fig. 5). The surface oxygen concentrations inMl@CE data, which are all from lower
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productivity offshore waters, remain near 100%hef atmospheric equilibrium values due to
low rates of primary production in offshore watarsl rapid outgassing of dissolved oxygen.
Air-sea gas exchange has a much slower impact @y DEcause of the dissociation of carbonic
acid and gas exchange does not appear to biastigacison of mooring and WOCE data.

Much of the variability in properties seen in Figsi2 and 3 is created by a sequence of
upwelling events that bring cold, salty, nutrieitfarwater to the surface. During upwelling
events, the M1 mooring lies directly in the patlanfupwelled plume of water that originates
near Point Afio Nuevo, to the north of Monterey BRgsenfeld et al., 1994; Breaker and
Broenkow, 1994; Fitzwater et al., 2003). In sgapwelling events, the plume reaches the M2
mooring about 1 day after reaching M1. The temppadierns in temperature at M1 and M2 are
generally similar. There is one upwelling evendtin late May and early June which,
apparently, did not reach M2 as there is no coordimg temperature or salinity signal (Figure
2).

These upwelling events lead to large changes imada concentrations (Figure 3).
During these events, concentrations of nitrategeryand total inorganic carbon are highly
correlated at each mooring (Figure 4). Theseetations are driven by both physical mixing of
waters with different properties and by in situgwotion or respiration of fixed organic carbon.
The effects of physical and biological processebwhk chemical concentrations are difficult to
separate in this dynamic environment because kot similar signatures. Upwelled waters are

enriched in nitrate and TG@nd depleted in oxygen as a result of respiraifarganic matter.
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This produces chemical concentrations that arelyhigdrrelated when deep water mixes with
surface waters. The same signals are produceachyuptake of nitrate and inorganic carbon
and production of oxygen during daily photosynthesid respiration cycles.

One line of evidence that points to high local satéprimary production is the high
degree of oxygen saturation. The oxygen concéotra¢aches values well above saturation
with respect to atmospheric oxygen. Percent siduraf oxygen is as high as 160% (Figure 5).
Local heating can also create supersaturationegperature changes of more tharf@0wvould
be required to change saturation by 160%. Localiihg appears to change temperature by less
than 3C. The high percent saturation implies that loatés of primary production must be an
important process in controlling surface oxygencamtration.

Diel cycles in nitrate concentration are regulaibgerved with in situ sensors (Johnson et
al., 2006). These cycles are produced by nitrptake during daylight and resupply during the
dark. The daily cycle can be used as a quan®atigtric of net primary production (Johnson et
al., 2006). This analysis of diel patterns invelvegh pass filtering the data so that only signals
with a period shorter than 33 hours remain in thiadet. The high pass filter removes low
frequency changes in the data that might resuth fnoixing of multiple water masses. In the
following section, the data sets that result adigplying a high pass filter to all of the chemical

measurements are examined.

High Pass Filtered Chemical Concentrations.
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The high pass filtered concentrations of nitratgigen and TC®at the M1 mooring are
shown in Fig. 6. The changes in each chemicalemnation are highly correlated (Fig. 7). The
amplitude of changes in nitrate are about one tehthe values observed for oxygen and BCO
However, the slopes of the high pass filtered priyperoperty plots, which were determined
from Model Il linear regressions to account foroesrin each variable (Laws, 1997), are
significantly different than the values expecteamhirthe Redfield Ratio (Table 1).

The discrepancy in the O CO; slope at both moorings, relative to the Redficdtie,
can likely be explained by the effects of gas ergea A piston velocity of 2 md(10 cm H) is
a typical gas exchange rate constant at modestspedds (Wanninkhof et al., 2009). Air-sea
gas exchange at this rate would remove 20 to 408tecbxygen saturation anomaly on a daily
basis with a mixed layer depth of 5 to 10 m, typafahe spring and summer near M1. The rate
of air-sea gas exchange for T&Will be about 10x lower due to the reaction ofbcar dioxide
with carbonate ion and it will be relatively unaffed by gas exchange over the same time
period. As a result, gas exchange will bias thgger anomalies low, relative to the Redfield
value, by about the amount shown in Table 1. éf@xTCO, ratio suggested by Anderson
(1995) were used, rather than Redfield, the an@malould be larger, but still explainable by
gas exchange processes.

To understand the reasons for the discrepancigeeinbserved NQTCO, or NG;:0;

slopes, relative to the Redfield value, it is neeeg to examine the data more closely. Fig. 8

-12 -



212 shows one example of the unfiltered and filtereeincistry data at the M1 mooring for the period
213 from July 9 to July 16. The plot of the high-pé#ered data has been scaled using the Redfield
214 Ratio (oxygen and TC£anomaly ranges are the same) so that a concenttange in each

215 property that follows Eq. 1 would span the saméiecarrange. Concentration changes driven
216 by photosynthesis are oriented up (ie., the comagon scale for @has the opposite sign as for
217 NOjz and TCQ). The dotted vertical lines mark the end of eda in GMT, which corresponds
218 to 1700 local time and is near the end of dayligiithe example shown in Fig. 8 shows behavior
219 thatis typical of much of the data set. The plegins during a period of strong, upwelling

220 favorable winds that have brought cold, nitraté+maater to the surface. Chlorophyll

221 concentrations (Fig. 8c) are low in the freshly efled water. The wind began to weaken on
222  July 10 and chlorophyll concentrations increasgidig. As chlorophyll increases, diel cycles
223 develop in nitrate, oxygen and T¢@Mat scale closely to the values expected fronRigfield

224 Ratio (Fig. 8b). The N@TCO,; ratio during this period is 0.12+0.01 (13:106)swhat closer
225 to the Redfield value than the overall mean valu@ @73+0.002 (7.7:106) at M1.

226 Figure 9 shows the chemical concentrations and kingh-pass filtered values during a
227 subsequent period from July 21 to July 30. Nitcecentrations drop to low values neauM

228 on July 25 and remain low for several days. Altjffouitrate concentration is low and its diel
229 cycle is very small after the July 25, the diellegoof TCQ and oxygen continue with large

230 amplitudes. The large diel cycles in both TG@d oxygen are unlikely to be the result of

231 sensor fouling, as the two systems are completelgpendent. The NOTCO,; ratio is

-13-
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0.021+0.007 (2.2:106) for July 25 to 28 and 0.076@8 (8:106) for the period July 21 to July
30. There is nearly complete decoupling of nitfeden the carbon and oxygen cycles for three
days and the mean ratio for the entire period @iaibne half of the Redfield value. Such
decoupling of nitrate from oxygen and carbon cygimapparent for short periods throughout
the data set. This leads to the low value of tg NCO; ratio for the entire data set.

The concentration of chlorophyll increases durimg period with low nitrate (Fig. 9c)
indicating that there is net production of orgamiatter. There are multiple reasons why nitrate
might be decoupled from the oxygen and Bp@§xcles while organic carbon is produced. Other
sources of fixed nitrogen, such as ammonia or uméght fuel production of organic matter.
Alternatively, a population consisting of dinofldigées might be capable of migrating vertically
to the nitracline to acquire nitrate and then metorthe surface where photosynthesis takes
place. These two processes cannot be resolvadhvdtdata that are available, but it would
certainly be feasible to instrument moorings tofputher constraints on these processes. For
example, it is now possible to measure dissolveshania on moorings in a nearly routine

manner (Plant et al., 2009).

Biomass Production
Daily estimates of net production of organic mattere calculated from the amplitude of
the high-pass filtered concentrations. To caleuthe amplitude, the minimum values of high-

pass filtered nitrate and TG@maximum for oxygen) were found each day for tegqal from

-14 -



252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

2200 to 0300 GMT (1500 to 2000 PDT) and the mearceotration for the three hour period
centered on that time was calculated. Maximuma&{minimum for oxygen) were found each
day between 1100 to 1600 GMT (0400 to 0900 PDT)thadnean concentration for the three
hour period centered on that time was again cakdlaThe diel amplitude due to primary
production was set as the difference of these @hoes for each chemical. These diel
amplitudes for nitrate and oxygen were then cometd carbon units using the Redfield Ratio.
The results are shown in Fig. 10 for M1 and M2.

Each of the daily amplitudes of the high-passrétenitrate, oxygen and TGO
concentrations is an independent estimate of thproduction of organic matter (Johnson et al.,
2006). TCQ and, to a lesser extent, @ased production values are larger than the eibased
production estimates (Fig. 10). There is alsoexsmple (M2, mid- to late-July; Fig. 10) where
oxygen amplitude is high and the carbon and nitatplitudes are much lower. This may
reflect fouling of the oxygen sensor, althoughegan returning values consistent with its early
performance without any cleaning.

The daily estimates of new production can be usgatddict the accumulation of

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

Bi=Bi1 + At x NCP —A¢ X L x By (2)
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where B is biomass in carbon units, NCP is theydsstimate of net community production of
carbon derived from the diel amplitude of nitrairygen or TCQ measurements (Fig. 10), and
At is a one hour time step. L is the rate constamliokss of biomass due to all factors including
grazing, sinking, and removal by horizontal adwatti The amplitude of the nitrate diel cycle is
a reflection of net production that incorporatessdived nitrate from surface waters, while the
amplitudes of oxygen and TG@vould reflect production from all fixed nitrogeowgces.
Integration of Eq. 2 was begun with an initial besa value of zero.

The biomass values calculated using NCP derived thee TCQ concentrations are
shown in Fig. 11 for M1 and M2. Carbon biomass e@sverted to chlorophyll units using a
constant C:chlorophyll ratio (by weight) of 60 (&sbn et al., 2006). L is not constrained
directly by the chemical observations. It wasref@re, adjusted by comparing the predicted
chlorophyll with the values observed at each mapand minimizing the sum of the squared
errors. A value of 0.6 tis near the optimum at both M1 and M2 and thateélas been used to
compute the predicted chlorophyll concentratior®aghin Fig. 11. The estimates of
chlorophyll that are derived from NCP values basedhe diel cycle of TC®are in good
agreement with the observed, daily mean valueslofaphyll with an B = 0.45 at M1 and &=
0.25 at M2. The predicted chlorophyll values captiearly all of the major bloom cycles seen
at both moorings (Fig. 11). These results dematesthat it is possible to use in situ chemical

observations to determine how much carbon is predieach day and, with a single adjustable
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parameter that relates to biomass loss, to alstighithe temporal course of biomass standing
stocks over periods of multiple months.

Similar results for biomass standing stocks ar@diousing the high pass filtered data for
dissolved oxygen when it is converted to carbomswnsing the Redfield Ratio. For example, the
R? between chlorophyll modeled with productivity basm oxygen daily amplitude and
observed values is 0.48 at M1. However, the timese of biomass predicted using high pass
filtered nitrate concentrations is somewhat difféfer the period of this study. The modeled
chlorophyll values determined using T€&nhd nitrate, after conversion to carbon equivalent
using the Redfield Ratio, are plotted versus edltran Fig. 12. While the two values are
highly correlated (R= 0.47), the slope of a line fitted to all of tiketa is 0.45, rather than the
expected value of 1. If the value of L is optindzesing growth rates based on nitrate, the best
fit value is 0.33 @, rather than 0.6 Hwhen TCO2 daily amplitudes are used. The dielesyc
based on nitrate concentrations predict, on ave@gg about one half of the biomass
accumulation predicted from TG@ycles. Presumably, the remainder of the biomass
accumulation is derived from fixed nitrogen sourct®er than the nitrate that is found in surface
waters. These sources might include ammonium miceémigration to obtain nitrate at greater
depths.

Figure 13 shows the sequence of events during aellipg period in May 2006 at the
M2 mooring. Nitrate concentrations increase fraameero values to 18V in two main

pulses. TCQincreases in parallel with nitrate and it cleatyws diel cycles with minima at

-17 -



310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

sunset on most days. Growth rates based on dltades of TCQ and NQ' increase within

the nutrient rich, upwelled water from near zertuga before onset of the upwelling event. As
growth rates increase, both the modeled and obg$eherophyll concentrations increase at
similar rates. Observed chlorophyll and valueslehed using TC@diel cycles continue to
increase while dissolved nitrate is present to fweivth. The chlorophyll concentration declines
in late May, as nitrate is depleted. The growtlkesdiased on nitrate track the values based on
TCO, near the beginning of the upwelling period. Hoemas biomass increases, the growth
rates based on TG@xceed those based on nitrate. Either the pranépdn are growing with
C:N ratio’s that are nearly double the Redfielduealor recycled nitrogen in the form of

ammonia is also serving as a significant N source.

Limits of detection

In order to assess the lower limits of productibwhich diel chemical cycles can be
detected, oxygen sensor data from the MSE moowhah was deployed at 115 km off the
coast, is considered. High-pass filtered oxygda tam M1, M2 and MSE from November
2006 to May 2007 are shown in Fig. 14 a-c. Ongdayap in the MSE data occurred when the
sensor fouled, which was diagnosed as a rapidaser@ diel amplitude, followed by a drop to
near zero oxygen concentration. After the sensw eleaned and the anti-fouling copper mesh

was replaced, the sensor began to return measutesigrlar to values observed before the
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fouling event. Clear diel cycles with maxima née end of daylight are seen at the MSE
mooring, as well as at M1 and M2, throughout tegq (Fig. 14 d-e). The mean values of the
diel amplitude for the November to May period anewsn in Fig. 15a as a function of distance
from the coast and as a histogram diel amplitudeded at each mooring is shown Fig. 15 b-d.
The amplitude at the MSE mooring (2.2+ 0.4 mmeh® d*, 95% ClI) is a factor of 5 lower

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

detection is probably around 0.5 to 1 mmalr®® d™.

In conclusion, the results shown here demonsthatiethe daily cycles of inorganic
carbon, oxygen and nitrate are often closely caupleatios near those expected from Redfield
(Eq. 1). However, there is also significant dedmgpof the observed parameters over short time
periods. This is particularly true for the C:NioatBecause only nitrate was sensed, which is
one of many possible forms of fixed nitrogen, tesoupling does not demonstrate that organic
matter is produced with distinctly non-Redfieldieamposition. Rather, it most likely indicates
that, even in dynamic, coastal upwelling ecosystemntiate present in surface waters is not
always the dominant fixed nitrogen source for ppldokton. In Monterey Bay, only about one
half of the required nitrogen appears to be sugdmlieectly from surface waters during the time

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

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

95% confidence limits for the ratio are shown.

Ratio Redfield M1 M2

NO3:TCO, 0.15 (16:106) 0.073+0.002 (7.7:106 0.071+0.003:106)
NOs:0; -0.12 (16:138) | -0.095+0.003 (13:13B8) -0£0602 (10:138)
02 TCO, -1.30 (138:106) | -0.77+0.02 (81:106) -0.93+0(98:106)
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Figure Legends

Figure 1. Mooring locations offshore of MonteregyB California. Depth contours in

meters.

Figure 2. Temperature (a) and salinity (b) atNfieand M2 moorings.

Figure 3. Daily mean values of chlorophyll at M& (a) and M2 (b) moorings. Hourly

values of nitrate (c, d), dissolved oxygen (el 3CQ (g, h) at M1 and M2.

Figure 4. Dissolved oxygen is plotted versus T@Dte M1 (a) and M2 (b) moorings.
Nitrate is plotted versus TCO2 at the M1 (a) and(®2moorings. Red dots in (a) and (c) show
near surface values for the same parameters iNEnRacific obtained during the WOCE

program (Schlitzer, 2000).

Figure 5. Oxygen percent saturation with respeetttnospheric solubility at the M1

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

Figure 6. High pass filtered concentrations ofaté (a), oxygen (b) and TGQx) at the

M1 mooring.
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Figure 7. High pass filtered concentrations ofaté (a) and TC&(b) vs. high pass
filtered concentration of oxygen and the high ddssed concentration of nitrate vs. high pass
filtered concentration of TC{(c) at the M1 mooring. Panels d, e and f aresttree for the M2
mooring. Red lines are Model Il regression linged to the data. Slopes of the regressions are

shown in each panel.

Figure 8. Concentrations of nitrate (black lir®ygen (red line) and -1 x TCO2 (green
line) from 7/9/2006 to 7/16/2006 (a). High pad#tefed concentrations of the same properties
are shown in (b). The axes for each property eated to span a similar range when normalized
to the Redfield Ratio and each scale is orientetthabchanges driven by uptake during primary
production are oriented up. Daily average estimatehlorophyll are shown in (c) for the same

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

Figure 9. As in Figure 8 for the period 7/21/2@06&/30/2006.

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

and TCQ (green line) at the M1 mooring (a) and M2 moorihp
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Figure 11. Observed chlorophyll concentrationsiddmes) and values computed from
EqQ. (2) using net community production values ested from the TC@diel amplitude (dashed
lines) are shown for the M1 mooring (a) and thert®ring (b). A single high value of the
TCO; diel amplitude, which was observed on 5/21/20@8(tmol C nd™?) and which is
offscale in Figure 10, was replaced by the averdgke two adjacent values for the model

calculations.

Figure 12. Chlorophyll computed from Eq. (2) usdigl amplitudes derived from nitrate
observations are plotted versus chlorophyll comgpériem Eq. (2) using TC@diel amplitudes.
The dashed line is a Model Il regression with slogkb+0.06 (95% CI). The solid line has slope

1.

Figure 13. Nitrate (dashed line) and T{®olid line) concentrations observed at the M2
mooring from 5/1/2006 to 6/5/2006 (a). Diel amyudiés of nitrate, after conversion to carbon
units using the Redfield Ratio (dashed line) andT (3olid line) are shown for the same time
period (b). Observed daily mean chlorophyll val(sesdid line) and values computed from Eq. 2

using the diel amplitudes derived from T€@ashed line) are shown for the same time period

(c).
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Figure 14. High-pass filtred oxygen concentratifsom 11/1/2006 to 5/10/2007 (a) and
1/10/2007 to 1/20/2007 (b) at the M1 mooring. Pa® and (d) are the same at the M2

mooring. Panels (e) and (f) are the same at thE M8oring.

Figure 15. Mean diel oxygen amplitudes at M1, M@ 8SE versus distance from Moss
Landing (a). Error bars are 95% confidence intistvilistograms of the diel oxygen amplitudes
at M1 (b), M2 (c) and MSE (d) are also shown. Tean and 95% confidence intervals are

shown on each panel.
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Fig. 8
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Figure 10
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Fig. 12
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