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Abstract

It is now possible to make highly resolved vertical (,1 m) and horizontal (3 m at constant depth and ,400 m
when undulating from surface to 100 m) measurements of nitrate concentration in the upper ocean using sensors
deployed on propeller-driven autonomous underwater vehicles (AUVs). The ability to make such highly resolved
measurements opens the possibility of detecting small-scale anomalies in nutrient fields that are created by locally
high rates of primary production. We employed an in situ ultraviolet spectrophotometer optical nitrate sensor and
Sea-Bird oxygen sensor mounted on the Monterey Bay Aquarium Research Institute Dorado AUV to investigate
the spatial variability of nitrate and oxygen in Monterey Bay, California. The Dorado conducts missions up to
100 km in length. A very simplified diffusion and reaction model for nitrate, ignoring horizontal processes and
advection and assuming steady state, would require that consumption rate 5 KZ 3 h2NO {

3 /hZ2 (KZ 5 vertical
eddy diffusion coefficient). Water column regions exhibiting elevated nitrate uptake rates are identified from
anomalies in the second derivatives of the vertical concentration profiles relative to the second derivative of
conservative properties. The relationship between chlorophyll a fluorescence and the inferred productivity rates
exhibits coherent spatial variability across the bay.

Patchiness in plankton distributions is a characteristic
feature of the upper ocean (Martin 2003, 2005). The role of
nutrients in regulating patchy distributions remains poorly
understood. Moored nutrient sensors have only recently
reached a state such that they can generate time series data
that provide useful information on ecosystem processes
(McGillicuddy et al. 1998; Sakamoto et al. 2004; Johnson et
al. 2006). The ability to make high-spatial-resolution
measurements of nutrient distributions in both horizontal
and vertical dimensions within the ocean could provide
important insights into the interaction of phytoplankton
and their environment. However, mapping nutrient distri-
butions at the same scales at which chlorophyll fluores-
cence intensity can be measured has been a challenge
(Martin 2003). Underway mapping of surface nutrient
distributions is feasible using shipboard chemical analyzers
(Sakamoto et al. 1998; Woodward and Rees 2001).
Relatively few such studies have been made that incorpo-
rate vertical resolution because of the difficulty in pumping
water from depth while ships are underway. Specialized
pumping systems are required in this case to deliver
seawater to shipboard laboratories. Hales and Takahashi

(2004) reported on an extensive set of nutrient and
inorganic carbon measurements using a SeaSoar system
with an integral pump to deliver water to the ship. Hales et
al. (2005) demonstrated measurements with vertical reso-
lution in nutrient measurements of several meters using
submersible pumps towed behind a slowly moving ship to
supply high-speed, automated chemical analyzers (Hales et
al. 2004) operated in shipboard laboratories. The results
reported by Hales et al. (2005) clearly demonstrate the
novel and important insights that can be obtained with
high-resolution nutrient measurements. However, such
work can be quite labor-intensive, with personnel required
to operate the ship, the pumping system and the laboratory
analyzers.

Propeller-driven autonomous underwater vehicles
(AUVs) are capable of making high-resolution surveys of
ocean properties in relatively short times. These capabilities
have been combined with physical sensors to study
turbulence (Goodman et al. 2006) and with bio-optical
sensors to study distributions of organisms (Brown et al.
2004; Moline et al. 2005). AUVs with similar sensors have
also been used to study the coupling between ocean physics
and biology (Yu et al. 2002; Ryan et al. 2005). Statham et
al. (2005) have extended the sensor suite utilized on AUVs
to include a reagent-based chemical analyzer that was used
to measure dissolved manganese in a fjord. It is now
feasible to include optical nutrient sensors (Johnson and
Coletti 2002) in the suite of sensors mounted on AUVs.
Such systems can greatly reduce the number of personnel
required for repeated high-resolution chemical measure-
ments. In this paper, the focus is on analyzing a set of
nitrate and dissolved oxygen measurements made from the
Monterey Bay Aquarium Research Institute (MBARI)
Dorado AUV. We present data from a series of repeated
occupations of a (primarily) north-to-south transect across
Monterey Bay. A special emphasis is placed on exploring
the feasibility of deriving phytoplankton metabolic rates
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along this transect using small-scale spatial variability
detected with chemical sensors.

Methods

The measurements reported here were made with a
Dorado AUV (Sibenac et al. 2002) constructed at MBARI.
The Dorado is a 53-cm-diameter, 3.9-m-length platform. It
can make up to 100-km-length transects while undulating
to a depth of 500 m and traveling at 5.5 km h21

(1.5 m s21). The Dorado is equipped with a sensor suite
that includes dual Sea-Bird conductivity and temperature
sensors, an in situ ultraviolet spectrophotometer (ISUS)
nitrate sensor (Johnson and Coletti 2002), a Sea-Bird 43
oxygen sensor, and a HobiLabs HS2, which is a chlorophyll
a fluorometer and dual channel backscatter sensor for
particle abundance (Sibenac et al. 2002). The sensors, with
the exception of the HS2, are placed in a continuously
pumped sample stream. The HS2 is flush-mounted in the
hull and observes water flowing past the AUV. Chlorophyll
fluorescence is reported here in the native units of the HS2,
which reach maximum values during these transects of
,0.03 on an arbitrary scale. An approximate conversion of
these arbitrary units to chlorophyll concentration (mg L21)
is HS2 value/0.0007, which makes the largest chlorophyll
fluorescence values approximately equivalent to 40 mg
chlorophyll L21. When undulating to 100-m depth, the
typical horizontal distance required for a complete down
and up cycle is about 800 m. The Dorado surfaces to
obtain a global positioning system fix at approximately 4-
km intervals and navigation is interpolated between fixes
using known speed and direction. The Dorado is operated
in a completely unattended mode, with the vehicle released
by its tender in late afternoon and retrieved at the end of its
mission the following morning.

The ISUS nitrate sensor was operated at 0.7 Hz on these
missions. Data from the other sensors were logged at a
higher frequency of 4 Hz. At the end of each mission, a
series of scripts download the data and produce a merged
data file in the Ocean Data View (ODV; Schlitzer 2007)
format with all sensor data decimated to the frequency of
the ISUS nitrate data. This file contains about 17,000
observations for each mission discussed here. In addition, a
Matlab mat file is produced with the complete data set for
each sensor. All of the analyses performed here are based
on the ODV file with all sensor data at a common sampling
frequency. The scripts apply a constant lag term for each
sensor in the pumped sample stream that was based on an
estimate of the plumbed volume to each sensor and the
seawater flow rate. Because of changes in plumbing of the
system and pump speed, this lag correction was not
completely accurate. An additional lag correction was
applied for each sensor by examining offsets between data
collected on up and down profiles on each mission.

The ISUS sensor calculates nitrate concentration using
the algorithm described in Johnson and Coletti (2002). We
have recently developed a revised algorithm that substan-
tially improves the accuracy of ultraviolet (UV) nitrate
measurements (C. Sakamoto et al. unpubl.). All of the data
reported here were reprocessed with that new algorithm.

This involves correcting the bromide molar absorptivities,
which dominates the sea salt spectrum, to the in situ
temperature. Although the nitrate spectrum is insensitive to
temperature, the bromide spectrum is quite temperature-
sensitive. This occurs because the bromide absorption band
in the deep UV (,230 nm) results from a charge transfer to
solvent complex (Jortner et al. 1964) and the interaction
with solvent is temperature-dependent. In the revised
algorithm, the salinity and temperature measured with the
conductivity-temperature-depth (CTD) sensor are used to
predict the in situ bromide spectrum using the well-known
bromide to chlorinity ratio (Morris and Riley 1966) and
bromide molar absorptivities measured as a function of
temperature in the laboratory (C. Sakamoto et al. unpubl.).
This bromide spectrum is then subtracted from the
observed UV spectrum. Nitrate is determined by fitting
the bromide-corrected seawater spectra with the molar
absorptivities of nitrate, which are temperature-indepen-
dent, and an absorbance baseline that is a linear function of
wavelength. These recomputed nitrate concentrations are
then substituted into the merged ODV file. The accuracy of
nitrate concentrations calculated with the revised algorithm
is significantly improved relative to the original algorithm,
as shown by an extensive set of comparisons between
sensor data and nitrate measurements made in the
laboratory (C. Sakamoto et al. unpubl.). In relatively clear
water, such as that found in Monterey Bay, and with little
fouling of the sensor, which is achieved in the AUV by
rinsing the optics before each mission, concentrations
computed with the revised algorithm should be accurate
to ,1 mmol L21 nitrate.

Results and discussion

Our focus in this paper is on repeated transects of 44-km
length made across Monterey Bay by the Dorado AUV.
These transects begin in water depths of approximately 15 m
at the northern side of the bay and end in water depths near
50 m to the south (Fig. 1). The transects pass near the M1
mooring at the mouth of the bay, which is also equipped
with an ISUS nitrate sensor at the surface (Johnson et al.
2006). During upwelling events, the M1 mooring is in the
path of an upwelled plume of water that originates near
Point Año Nuevo, to the north of Monterey Bay (Breaker
and Broenkow 1994; Rosenfeld et al. 1994; Fitzwater et al.
2003). The water at the northern end of the transect lies in a
feature that has been termed an upwelling shadow (Graham
and Largier 1997). Water in the upwelling shadow often has
higher chlorophyll concentrations than does the remainder
of the bay (Ryan et al. 2008).

AUV transects are nominally made at 4-week intervals
each year, although this schedule is often altered to
accommodate process-oriented studies. Here we focus on
a comparison of two seasonal periods consisting of four
transects during June and July of 2005 (day of the year
[YD] 161, 175, 182, and 203) and two transects in October
and December of 2005 (YD 301 and 350). The June to July
transects were selected because the mission was repeated at
slightly greater than normal frequency, and the October
and December transects were selected to represent a lower
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productivity period in the same year. The June/July
transects began during a period of relatively strong
upwelling that slowly weakened (Fig. 2). The October to
December period was characterized by weak upwelling or
downwelling (Fig. 2). Each transect began near local sunset
(04:00 h GMT, 21:00 h PDT in June and July and 01:00 h
GMT, 17:00 h PST in October and December), and ended
8 h later, before sunrise. The diel amplitude of chlorophyll
fluorescence quenching, which affects fluorometer-based
measurements of chlorophyll during daylight (Falkowski
and Kolber, 1995), is largely avoided by this timing.

Nitrate measurements from four of the transects (YD
161, 203, 301, and 350; corresponding calendar days are 10

June 2005, 22 July 2005, 28 October 2005, and 16
December 2005) are plotted vs. temperature and salinity
in Fig. 3. The deep nitrate concentrations (typically
.20 mmol L21) have a consistent relationship with both
temperature and salinity over the 6-month period, which
implies the persistence of a relatively constant deep-water
end-member in the bay. However, in waters nearer to the
surface, the nitrate concentrations have larger variability at
constant temperature or salinity. Nitrate concentrations
vary by about 10 mmol L21 in waters at 12uC and by as
much as 20 mmol L21 in waters with a uniform salinity. As
we discuss below, these differences appear to be driven
primarily by changes in the rates of biologically driven
nitrate utilization, as well as by local heating and cooling of
surface waters.

Distributions along transect

The distributions of temperature, salinity, nitrate, and
chlorophyll fluorescence observed along the cross-bay
transect are shown in Figs. 4–7 for YD 161, 203, 301,
and 350. During the relatively strong upwelling conditions

Fig. 1. Location of the AUV transect in Monterey Bay,
California (solid line) and the M1 mooring (closed circle). Depth
contours are 100 m, 500 m, and 1000 m.

Fig. 2. Upwelling index (m3 upwelled s21 [100 m] 21 coastline) at 36uN, 122uW, calculated from wind speed and direction. Daily
values are shown as open circles, and the solid line is a 5-d running mean. Vertical dashed lines show times of the six AUV transects.
Upwelling index values were downloaded from http://www.pfeg.noaa.gov.

Fig. 3. Nitrate concentration plotted vs. (a) temperature and
(b) salinity for AUV missions on YD 161, 203, 301, and 350
in 2005.
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on YD 161 (Fig. 4), the surface water near the M1 mooring
is cold (10.5uC) and it has high nitrate concentrations
(highest values of 14 mmol L21 at 20 km near M1) and a
mean over the entire transect of 5.9 mmol L21 in the upper
5 m. The high concentrations near M1 reflect the presence
of the upwelling plume that originates near Point Año

Nuevo (Rosenfeld et al. 1994; Fitzwater et al. 2003; Chase
et al. 2005). The northern and southern ends of the transect
are warmer, are nitrate-depleted, and have higher chloro-
phyll fluorescence intensity. Highest chlorophyll fluores-
cence is generally present near the surface in a 10–20-m-
thick layer on this transect. A subsurface chlorophyll

Fig. 4. (a) Temperature, (b) salinity, (c) nitrate, and (d) chlorophyll fluorescence intensity vs. depth and distance along the AUV
transect on YD 161. Each measurement location is shown as a black dot on the temperature panel. These dots form a series of sawtoothed
lines that track the AUV undulations. Distance is the elapsed distance from the northern end of the transect.

Fig. 5. As in Fig. 4 for the AUV transect on YD 203.
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fluorescence intensity maximum was not found. By YD 203
(Fig. 5), upwelling intensity has diminished considerably
and nitrate concentrations in surface waters are near zero
across the entire transect (mean value of 0.12 mmol L21 in
the upper 5 m). Chlorophyll fluorescence intensities are
lower and form a subsurface maximum near the nitracline,
which was identified visually as the sharp gradient in nitrate
concentration. The standard deviation for the ,5-m nitrate

data is 1.4 mmol L21 on the YD 203 transect and, with n 5
1690, the 95% confidence interval (CI) is 0.06 mmol L21.
However, uncertainty in the calibration of the ISUS and in
the spectral deconvolution algorithm add an additional,
systematic uncertainty of 0.5 to 1 mmol L21 that would
occur as an absolute offset in all of the data for a given
transect (C. Sakamoto et al. unpubl.). One should not
consider the results more accurate than 1 mmol L21 without

Fig. 6. As in Fig. 4 for the AUV transect on YD 301.

Fig. 7. As in Fig. 4 for the AUV transect on YD 350.
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simultaneous laboratory measurements of nitrate to
calibrate these potential systematic uncertainties. During
late autumn, nitrate is relatively low in surface waters, but
not completely depleted. Nitrate concentrations in the
upper 5 m average 2.0 mmol L21 on YD 301 (Fig. 6) and
3.1 mmol L21 on YD 350 (Fig. 7). If there are systematic
offsets in these concentrations, they will be towards higher
concentrations, because there are coherent patches along
each transect with zero nitrate concentrations. A negative
offset would not be possible. We therefore consider these
values to likely be higher than the YD 203 concentrations,
particularly on YD 350. Despite the modest amounts of
nitrate, there is little chlorophyll fluorescence detected on
either transect, and the chlorophyll fluorescence maximum
is near the surface and not in a subsurface maximum at the
nitracline as on YD 203.

It is clear that there is an abundance of descriptive data
that are obtained from the spatial and temporal variability
that is detected along the cross-bay transect with in situ
sensors. However, the capability of the AUV and chemical
sensor combination to perform repeat missions with a
relatively low overhead in terms of technical support would
rapidly outstrip our capability for descriptive analyses of
the information. For example, the Dorado AUV has
completed more than 150 missions since 2003. The six
transects described here represent ,4% of the available
data. Our primary interest, therefore, is in exploring the
potential for using the biogeochemical data to obtain more
quantitative metrics of ecosystem processes and metrics
that can be produced as a standard product. One possible
metric might be measurement of the abundance of
dissolved nitrate. However, mean concentrations of nutri-
ent chemicals such as nitrate are not a direct indicator of
ecosystem processes, as can be seen by the very low
chlorophyll fluorescence intensities on YD 301 and 350,
despite the presence of modest nitrate concentrations. This
may occur because limitation of phytoplankton growth is
created by low light availability during deep mixing
(Kudela and Dugdale 2000), or by low concentrations of
other micronutrients, such as iron (Bruland et al. 2001;
Johnson et al. 2001; Chase et al. 2005), which we do not
measure autonomously.

The influence of biological processes on nitrate concen-
tration can be seen in the plots of nitrate vs. temperature or
salinity for each of the four transects shown in Fig. 8. In
these plots, each data point is colored in proportion to the
chlorophyll fluorescence intensity that was measured at the
same time as nitrate. Nitrate concentrations exhibit nearly
linear relationships with temperature and salinity in the deep
portions of each transect (Fig. 8). Nitrate behaves as an
essentially conservative tracer at these depths. Nearer the
surface, deviations in nitrate concentration from linearity
with temperature or salinity occur. Highest chlorophyll
fluorescence intensities are seen in the regions of the plots
where the data appear to deviate most strongly below a
linear relationship. If we presume that the deeper, linear
trends with temperature and salinity can be extrapolated
towards the surface, the deviations indicate uptake of nitrate
as the phytoplankton biomass increases. The relationship of
nitrate with temperature appears to be complicated by the

effects of local heating and cooling, as well as nitrate uptake.
This is illustrated by data for YD 350 (Fig. 8g), where the
nitrate and temperature data show concave downward
curvature. Air temperature preceding this AUV transect
had been exceptionally cold, with nighttime lows near 0uC
for many of the 10 d prior to the transect. The concave
pattern appears to be because of surface cooling. On the
other hand, local heating creates warm, low-nutrient surface
water on many days (e.g., Fig. 8c). For this reason, we focus
primarily on the nitrate and salinity relationship to identify
regions where biological activity affects nitrate distributions.

Fig. 8. Concentrations of nitrate are plotted vs. temperature
and salinity for YD (a, b) 161, (c, d) 203, (e, f) 301, and (g, h) 350.
Each data point is colored by the chlorophyll fluorescence
intensity that was measured simultaneously. The solid line is the
least squares line NO {

3 5 12.989 + 17.236 3 (S 2 33.25), which
was fitted to deep samples.
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During the time frame of this study there are no significant
local factors affecting salinity in surface waters, such as
freshwater inputs caused by rainfall events or flow from
surrounding rivers.

The nitrate and salinity plots show a consistent, linear
relationship in deep water (Figs. 3, 8). The linear trend line
extrapolates to a low-salinity (32.5), nitrate-depleted water
mass that would be characteristic of the California Current
surface waters (Collins et al. 2003). The high-salinity (34),
high-nitrate (27 mmol L21) water is characteristic of the
upwelling source water mass found in Monterey Bay
(Pennington and Chavez 2000). The deep trend line
observed on the AUV transects in Monterey Bay is a
linear mixing curve between California Current waters,
which are completely depleted in nitrate, and the upwelling
source waters with higher salinity and high nitrate
concentrations. Near-surface deviations from the linear
relationship observed in deep water must be driven to a
large extent by biological uptake, because the points that
fall furthest from the trend line tend to have the highest
chlorophyll fluorescence intensity on each transect (Fig. 8).

Metabolic rate estimates

If the majority of new production in surface waters is
derived from the supply of nutrients from below the
euphotic zone (Dugdale and Goering 1967), then high rates
of primary productivity should occur in areas with the
largest nutrient inputs from vertical eddy diffusion. A
method to distinguish regions of high nutrient uptake is to
examine the vertical concentration gradient for depths
where large changes occur in the slope—the second
derivative—of a shallowing nutrient profile. A simple
diffusion and reaction model for nitrate can be derived
from the tracer conservation equation (Sarmiento and
Gruber 2006). The model, which ignores horizontal
processes and vertical advection and presumes a steady
state, would require that regions of high nitrate second
derivative are areas of elevated nutrient removal:

NO{
3 consumption rate ~ KZ | L2NO{

3

�
LZ2 ð1Þ

The vertical eddy diffusion coefficient KZ is presumed to
be constant. We can use the high vertical and horizontal
resolution in the AUV data to identify areas of Monterey
Bay with high nitrate consumption rates by mapping the
second derivatives of the vertical concentration profiles.
Similarly, for oxygen,

O2 production rate ~ {KZ | L2O2

�
LZ2 ð2Þ

where a calculation of oxygen production requires a minus
sign on the right-hand side of the equation.

We calculated second derivatives for each property (P)
by fitting a quadratic equation in depth to seven data
points centered on each data point (a running quadratic fit
in the same manner as a running mean):

P ~ a z b | Z z c | Z2 ð3Þ

The second derivative is then 2 3 c. More points were not

used to calculate the second derivative because the
quadratic is a relatively stiff equation that will not
reproduce sharp changes in profiles when fitted over a
broad depth range. As a result of the short fit window,
these second derivatives are somewhat noisy, and a five-
point running mean was used to further smooth the results.
Also, the second derivative was not calculated if the depth
range spanned by the seven points was less than 1.5 m,
which frequently occurred near the top or bottom of an
undulation as the AUV reduced its vertical velocity from
typical rates near 0.5 m s21.

The Monterey Bay area is a region of strong coastal
upwelling, and one might expect that vertical advection
would dominate over vertical eddy diffusion. However,
upwelling is localized to a few geographic areas (Rosenfeld et
al. 1994; Chase et al. 2005) and the effects of upwelling
through most of the bay are produced by lateral transport of
the upwelled plume (e.g., Graham and Largier 1997). A
scaling analysis of the expected importance of various
transport mechanisms was made using observed gradients
of properties and the expected values for horizontal and
vertical velocities and horizontal (Okubo, 1971) and vertical
(Carter and Gregg 2002; Kunze et al. 2002) eddy diffusion
coefficients. This analysis (data not shown) suggests that
vertical diffusion will dominate transport in areas away from
centers of active upwelling, except when horizontal velocities
are greater than about 0.1 m s21. Horizontal advection will
then clearly dominate transport. Although short-term
horizontal velocities approach 0.5 m s21, the average
velocities over several days are typically much smaller
(Graham and Largier 1997). It will require several days for
phytoplankton processes to deplete nutrients at rates typical
of Monterey Bay (Johnson et al. 2006). We therefore base
our analysis on the premise that, because of the lower mean
horizontal velocities over multiple days, vertical diffusion
will dominate nitrate transport to the euphotic zone.
Further, vertical distributions of biologically active chemi-
cals such as nitrate and oxygen are anisotropic, with highest
nitrate at depth and lowest values near the surface. Such
resilient anisotropy is not present in horizontal distributions
in most cases. Averaging over time or horizontal distance
will tend to minimize horizontal gradients but not vertical
gradients. This should again minimize the influence of
horizontal transport.

The profiles of salinity, oxygen, nitrate, and temperature
and their second derivatives are shown in Fig. 9 for vertical
profiles by the AUV at 35 and at 5 km along the transect
on YD 161. The second derivatives of salinity, oxygen, and
nitrate in the upper 30 m are also contoured in Fig. 10 for
the YD 161 transect. Several points are apparent in these
plots. First, the second-derivative maximum for nitrate and
minimum for oxygen are often displaced above the second-
derivative maximum of salinity. This offset is apparent over
most of the YD 161 transect, with the exception of the first
10 km in relatively shallow water (Fig. 10). The vertical
profiles at 35 km (Fig. 9a–d) were selected to illustrate this
behavior. The high second derivatives of nitrate and oxygen
in this region of the transect are not simply produced by
interleaving of water masses with different properties, an
effect that Craig (1974) called ‘‘masquerading.’’ If this were
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the case, the extrema in second derivatives of all properties
would be coincident. The second-derivative maximum for
nitrate and minimum for oxygen must be produced by
biogeochemical processes that alter chemical distributions,
in addition to physical processes. In the first 10 km of the
transect, however, the second derivatives of all four
properties have coincident extrema (Figs. 9e–h, 10). In
these shallow waters (,20 m), physical stirring of the water
column appears to create interleaving and synchronized
second derivatives. The distributions of chlorophyll fluo-
rescence intensity along the transect support this interpre-
tation. From 30 to 40 km, the large positive second
derivatives of nitrate and negative second derivatives of
oxygen are not mirrored by corresponding salinity second
derivatives (Fig. 10). This is, however, the region of largest
chlorophyll fluorescence intensity, which is indicative of
highest biomass and oxygen production and consumption
of nitrate. In the inner 10 km of the transect, the
chlorophyll fluorescence intensity is low and there does
not appear to be sufficient biomass to support large
amounts of nitrate consumption or oxygen production
(Fig. 10). Physical stirring must dominate.

The second derivative of temperature does have extrema
coincident with those of nitrate and oxygen (Fig. 9). The
close correlation between structure in temperature and
biogeochemical properties must result from the input of
solar energy that simultaneously drives local heating and
photosynthesis. Nitrate and temperature values measured
on the M1 mooring during the week of the YD 161 transect
are shown in Fig. 11. As nitrate is drawn down each day by
phytoplankton uptake (Johnson et al. 2006), temperature
increases near the surface because of local heating. Nitrate
concentration changes have a much weaker correlation
with salinity; often there is no correlation with salinity
(Fig. 11d). This confirms that the linked changes in
temperature and nitrate are a result of local heating and
primary production, rather than water mass changes.
Because of the confounding influence of local heating on
temperature, we focus on salinity as a tracer of mixing
processes.

It is clear from the mooring nitrate data in Fig. 11 that
there is a strong diel cycle in chemical properties driven by
biogeochemical processes during the time of the AUV
surveys, as noted previously (Johnson et al. 2006). The

Fig. 9. Vertical profiles of (a) salinity, (b) oxygen, (c) nitrate, and (d) temperature at 35-km
distance along the YD 161 transect are shown as solid lines. Second derivatives of each property
are plotted as dotted lines. Vertical profiles at 5 km along the transect for (e) salinity, (f) oxygen,
(g) nitrate, and (h) temperature and their second derivatives are also shown. Note that the scales
for oxygen and temperature second derivatives are reversed so that values corresponding to
oxygen production, nitrate consumption, and heat input all lie on the right-hand side of the axis.
The horizontal line passes near the maximum second derivative of nitrate and the minimum
values of the oxygen and temperature second derivatives.
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assumption of a steady state in Eqs. 1 and 2 must introduce
some error. However, we proceed with this assumption for
the following reason. The distributions of nitrate and
oxygen and their second derivatives were always measured
at night and reflect the period in the diel cycle where
photosynthesis is expected to be low or zero. The changes
in nitrate and oxygen between each 24-h nighttime period
are much smaller than the photoperiod fluctuations
(Fig. 11), and most likely reflect the magnitude of net
nitrate utilization in the entire euphotic zone and not just
the near surface. The changes in variables at this time scale
occur over several day periods. Presumably, the biases in
estimating metabolic rates from a steady-state model are
reduced because of the timing of the sample period. As
mentioned above, the influences of horizontal transport are
also likely to be reduced when averaged over several days.

Calculation of the biogeochemical rates requires knowl-
edge of the vertical eddy diffusion coefficient. Hales et al.
(2005) used coincident measurements of KZ and vertical
nutrient distributions to calculate instantaneous chemical
fluxes from the first derivatives. It is also feasible to
measure instantaneous values of KZ with sensors deployed
on an AUV (Goodman et al. 2006), but the Dorado vehicle
is not similarly equipped. The eddy diffusion coefficient can
be estimated from the equation (Osborn 1980)

KZ v 0:2e
�

N2 ð4Þ

where e is the turbulence energy dissipation rate and N is
the Brunt-Vaisala frequency. N can be calculated from the
density gradient and e could be estimated from current

shear detected with the AUV’s digital velocity log (Fong
and Jones 2006). However, directly measured KZ values
and values estimated from Eq. 4 vary by three orders of
magnitude in the upper water column (e.g., Carter and
Gregg 2002; Kunze et al. 2002; Hales et al. 2005). If
metabolic rates were estimated using such KZ values, they
would have unrealistic high variability because of the high
frequency fluctuations in KZ. The chemical distributions in
the water column that produce the second derivatives must
reflect the effects of phytoplankton processes over time
scales on the order of several days given rates at which
phytoplankton consume nutrients (Johnson et al. 2006). A
calculation of metabolic rates from chemical distributions
should use a value of KZ that is scaled over the same time
frame required for metabolic processes to structure
chemical properties.

An extensive set of measurements of KZ in Monterey Bay
has been made in several studies (Carter and Gregg 2002;
Kunze et al. 2002; L. Goodman pers. comm.). Observed
values range over three orders of magnitude and reach
1022 m2 s21, particularly over the Monterey Canyon,
where diapycnal mixing is extremely high. Based on the
values of KZ in the upper 100 m of Monterey Bay that were
observed in each of these studies, we have adopted a value
of 3 3 1024 m2 s21. This value implies that the root mean
square time for vertical eddy diffusion to transport
chemicals over a distance of 5 m, which is a characteristic
vertical distance scale for structure in the second derivatives
(Fig. 10), is Z2/(2 3 KZ) 5 0.5 d (Mann and Lazier 2006).
This calculation indicates that vertical eddy diffusion
coefficients need to be averaged over time scales of

Fig. 10. Contoured sections of the second derivatives of (a) oxygen, (b) salinity, and (c)
nitrate are shown with (d) the contoured section of chlorophyll fluorescence intensity for the
AUV transect on YD 161. Solid contour lines overlain on chlorophyll fluorescence intensity (d)
correspond to nitrate second derivative values of 0.2 mmol m25.

Mapping metabolism with chemical sensors 2245



approximately 1 d to represent the net effects of diffusive
transport, and it supports our choice of using a constant
eddy diffusion coefficient.

The rates of nitrate consumption from Eq. 1 and oxygen
production from Eq. 2 were both converted to units of
carbon production (mg C m23 d21) using the Redfield
C:NO {

3 ratio of 106/16 and a modified Redfield C : O2

ratio of 106 : 150 (Anderson 1995). Contour plots of the
carbon production rates derived from second derivatives of
nitrate and oxygen for the YD 161 AUV transect are shown
along with contoured sections of chlorophyll fluorescence
intensity in Fig. 12. The estimates of carbon production
derived from the second derivatives of nitrate and oxygen
show similar distributions along the section. A model II
regression (Laws 1997) of the carbon production rates
derived from nitrate vs. those derived from oxygen has a
slope of 1.38 6 0.02 (95% CI, r 5 0.63). The nitrate-based
estimate is likely slightly higher than the oxygen-based
estimate because losses of dissolved O2 by equilibration
with the atmosphere will reduce the productivity signature.

Superimposed on the contoured plot of chlorophyll
fluorescence intensity is the 250 mg C m23 d21 contour line
for the rate derived from the nitrate second derivative
(Fig. 12b). The regions with the highest apparent rates of
carbon production are generally coincident with the areas
of highest chlorophyll fluorescence intensity on the section,
but there are also notable differences. For example, the
nitrate second derivative (or apparent C production) values
are high from 1 to 10 km along the transect, whereas
chlorophyll fluorescence intensities are low. As we dis-
cussed above, this region also has large second derivatives
of salinity, and the apparently large estimates of carbon
production in the first 10 km are an artifact caused by
physical interleaving of water with different properties.
This general level of correspondence is similar for all six of
the AUV transects. Given the large number of assumptions
that are inherent in the estimate of metabolic rates, the
moderate coincidence of the spatial distributions of the
nitrate and oxygen second derivatives with that of
chlorophyll fluorescence intensity is not surprising. There
are other processes affecting the chemical distributions and
phytoplankton biomass (e.g., grazing or export of biomass
and vertical migration). However, a major factor altering
the nitrate and oxygen distributions must be the linked
biological uptake of nitrogen and production of oxygen as
particulate organic matter is produced.

Averaging carbon production rates over multiple AUV
missions should further minimize errors introduced by the
assumptions that are inherent in Eqs. 1 and 2. For
example, averaging should reduce biases introduced by
assumptions of steady state and might also be expected to
minimize the effects of horizontal processes, because
frontal positions should move in response to changes in
wind stress. We therefore averaged the second derivative of
nitrate from the four June and July AUV transects and the
two October to December transects and converted these
means to carbon production rates. These mean rates are
contoured along the cross-bay transect in Fig. 13 along
with the mean section of chlorophyll fluorescence intensity
for the summer and late fall time periods. The inferred rates

Fig. 11. (a) Nitrate, (b) temperature, and (c) salinity
measured at 1 m depth on the M1 mooring over 1 week in June
2005. Grey bars (a) show dark period. (d) Nitrate plotted vs.
salinity (triangles) and temperature (circles).
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of carbon production are substantially larger in the upper
10 m during June and July (223 6 28 mg C m23 d21, 95%
CI) than in October and December (37 6 12 mg C
m23 d21). These seasonal differences in metabolic rates
determined from the AUV data reflect observed seasonal
changes in the primary production of Monterey Bay
averaged over 8 yr (Fig. 14; Pennington and Chavez
2000). The rates measured by the 14C method and averaged
over 8 yr decrease by a factor of 3.5 from summer to
winter. Spatial variations in the inferred carbon production
rates are also apparent, with highest rates in the shallow
water at the northern and southern ends of the transect.
Although we noted the artifacts in carbon production rates
on YD 161 at the northern end of the transect, high mean
rates on the inshore ends of the transect are in agreement
with in situ and remote sensing observations that show
persistent high chlorophyll in the inner parts of the bay
(Graham and Largier 1997; Ryan et al. 2008).

The second derivative of nitrate in subsurface waters is
negative, which indicates production of nitrate (Fig. 9c).
This production could include both a flux of nitrate from
deep waters and nitrification (e.g., Wankel et al. 2007) that,
at steady state, supplies the nitrate consumed in the surface
layer. Similarly for temperature, there is a negative second
derivative near the surface indicating production of heat
and a positive second derivative at depth, which is a sink
for the heat (Fig. 9d). If our assumptions of approximate
steady state and constant KZ are correct, then the supply of
nitrate from deep waters must balance consumption near
the surface. Summer rates of nitrate supply (expressed as C

supply using the Redfield ratio) and averaged from 10 to
60 m were 246 6 6 mg C m23 d21, and late fall rates were
22 6 7 mg C m23 d21 (Fig. 13). These rates indicate an
approximate balance between nitrate consumption (ex-
pressed as carbon production) (10 m 3 223 5 2230 6
280 mg C m22 d21) and supply (50 m 3 246 5 22300 6
300 mg C m22 d21) during summer. Fall rates of con-
sumption (370 6 120 mg C m22 d21) and supply (2100 6
350 mg C m22 d21) are also similar. This compari-
son supports our assumptions of steady state and a
constant value of KZ when AUV data are averaged over
multiple transects to obtain a view of spatial variability in
rates.

The assumption of steady state appears to hold for
individual days when apparent rates of C production are
averaged over the entire AUV transect. The integrated rates
of C production determined from the nitrate second
derivative in the upper 10 m and in the depth range from
10 to 60 m are plotted vs. day of year in Fig. 14. On each of
the six transects there is a near equivalence between the two
integrals, indicating that rates of consumption and supply
are in balance. Further, the rate of C production in the
upper 10 m has a magnitude and temporal pattern that is
generally similar to the multiyear (1989 to 1996) mean
annual cycle of 14C primary production (Pennington and
Chavez, 2000) that has been measured at the M1 mooring
site (Fig. 14). The agreement again suggests that the
assumptions that we have made are reasonable when
AUV data are averaged over a sufficiently large area for
transects on a single day.

Fig. 12. Carbon production values derived from (a) nitrate and (b) oxygen second
derivatives for the AUV transect on YD 161. The chlorophyll fluorescence intensity is shown
(c, d). The contour line in (c) corresponds to the 250 mg C m23 d21 production value, derived
from nitrate distributions. The contour line in (d) corresponds to the 200 mg C m23 d21

production value, derived from oxygen distributions.
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Routine mapping of nitrate and oxygen concentration
from autonomous vehicles is now feasible. These systems
can generate impressively large data sets with relatively
little effort once the sensors and platforms are integrated.
By analogy to ocean color satellites, the challenge then is to
develop quantitative products that can be routinely
produced from the observations. The results presented
here illustrate some of the potential to use AUVs equipped

with chemical sensors to generate estimates of the spatial
and temporal variability in plankton rate processes. The
results also illustrate the issues that must be overcome to
make these results truly quantitative. For example,
calculation of rates is directly dependent on assumptions
that we make about physical processes. The vertical eddy
diffusion coefficient KZ directly affects the rate calcula-
tions. Ultimately, the most effective use of tools such as

Fig. 13. Contoured sections of the mean carbon production estimated from the nitrate
second derivative (A) and chlorophyll fluorescence intensity (B) for four AUV transects in June
and July. Contoured sections of the mean carbon production estimated from the nitrate second
derivative (C) and chlorophyll fluorescence intensity (D) for two AUV transects in October and
December. The 250 mg C m23 d21 contour for C production is shown as a black line in (B)
and (D).
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AUV and chemical sensor combinations may be to
incorporate their results into data-driven, inverse models
(Schlitzer, 2002). Until such improved methods of data
treatment are possible, the approach that we have used
serves as a basis to examine variability in plankton rate
processes.
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