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a b s t r a c t

Coastal upwelling events in the California Current System can transport subsurface waters with high

levels of carbon dioxide (CO2) to the sea surface near shore. As these waters age and are advected

offshore, CO2 levels decrease dramatically, falling well below the atmospheric concentration beyond

the continental shelf break. In May 2007 we observed an upwelling event off the coast of northern

California. During the upwelling event subsurface respiration along the upwelling path added

�35 mmol kg�1 of dissolved inorganic carbon (DIC) to the water as it transited toward shore causing

the waters to become undersaturated with respect to Aragonite. Within the mixed layer, pCO2 levels

were reduced by the biological uptake of DIC (up to 70%), gas exchange (up to 44%), and the addition of

total alkalinity through CaCO3 dissolution in the undersaturated waters (up to 23%). The percentage

contribution of each of these processes was dependent on distance from shore. At the time of

measurement, a phytoplankton bloom was just beginning to develop over the continental shelf.

A box model was used to project the evolution of the water chemistry as the bloom developed. The

biological utilization of available nitrate resulted in a DIC decrease of �200 mmol kg�1, sea surface

pCO2 near �200 ppm, and an aragonite saturation state of �3. These results suggest that respiration

processes along the upwelling path generally increase the acidification of the waters that are being

upwelled, but once the waters reach the surface biological productivity and gas exchange reduce that

acidification over time.

& 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Seasonal upwelling in the California Current System (CCS)
brings dense water with high partial pressures of carbon dioxide
(pCO24600 ppm) to the sea surface and into contact with the
atmosphere near shore (Hales et al., 2005a; van Geen et al., 2000;
Feely et al., 2008). The large gradient in pCO2 (DpCO24200 ppm)
between the upwelled waters and the atmosphere results in the
exchange of CO2 across the air–sea interface causing these near
shore upwelling regions to be local sources of CO2 to the atmo-
sphere (Hales et al., 2005b). As upwelled waters age and are
advected offshore sea surface pCO2 drops dramatically, reaching
levels significantly lower than the atmospheric concentration
seaward of the shelf break (Hales et al., 2005b; van Geen et al.,
2000; Feely et al., 2008). Hence, this water transitions from a near
shore regional source to an offshore regional sink for atmospheric
CO2. Processes that may be important in this transition and
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influence the carbon characteristics of upwelled water include
biological productivity/respiration, calcium carbonate dissolu-
tion/precipitation, and air–sea gas exchange. Here we use obser-
vations from an upwelling event off the coast of northern
California in May, 2007, to determine the importance of each of
these processes in transforming the carbon characteristics of the
upwelled water during various stages of the upwelling process.

The California Current System (CCS) is an eastern boundary
current (EBC) system that flows along the west coast of the U.S.
and southern Canada (Hickey, 1979; Hickey and Banas, 2008).
Throughout the spring and summer seasons the mean winds are
directed equatorward along the coast resulting in offshore Ekman
transport at the coastline (Allen et al., 1995; Huyer et al., 1979;
Huyer, 1983; Lentz, 1992; Strub et al., 1987a, b). To compensate
for the offshore surface flow, nutrient and carbon rich, subsurface,
coastal water is upwelled onto the continental shelf. During
periods of strong equatorward wind stress this subsurface water
can be upwelled into the euphotic zone (upwelling events)
providing the nutrients necessary to stimulate phytoplankton
blooms (MacIsaac et al., 1985).

The primary productivity that is stimulated by seasonal
upwelling in EBC systems is what makes these regions some of
the most productive areas in the world’s ocean, accounting for
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Fig. 1. (a) The NACP West Coast Cruise study region with plus signs representing station locations. The two triangles near shore, by Lines 5 and 6, indicate the locations of

the National Data Buoy Center (NDBC) (http://www.ndbc.noaa.gov/) buoys where wind data were collected. (b) 10 m wind speeds from NDBC buoy #46027 near Line

5 and (c) from NDBC buoy #46022 near Line 6 are shown. Negative (positive) wind speeds indicate upwelling (downwelling) favorable conditions. The shaded region in

each figure indicates when the line was occupied during the cruise.
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�10–15% of the global ocean new production (Chavez and
Toggweiler, 1995). In most EBC systems, the nutrients that fuel
primary productivity during upwelling events are generally the
byproducts of organic matter decomposition. In the CCS, �1/3 of
the upwelled nutrients are preformed; these are the nutrients
that were present when the water was last at the sea surface
(Hales et al., 2005b). These preformed nutrients are what allow
phytoplankton to reduce sea surface pCO2 to levels significantly
below atmospheric concentrations in the CCS (Hales et al., 2005b;
van Geen et al., 2000).

In addition to nutrients, primary producers are sensitive to the
carbon characteristics of upwelled waters, yet few studies in the
CCS have included rigorous carbonate chemistry analysis (Hales
et al., 2005b; Ianson et al., 2003). In the May and the June of 2007
the North American Carbon Program West Coast Cruise was con-
ducted to document the carbon and nutrient characteristics of
coastal water along the continental shelf of western North
America during the upwelling season. Thirteen cross-shelf trans-
ects between Queen Charlotte Sound, Canada, and San Gregorio
Baja California Sur, Mexico, were sampled for water mass char-
acteristics (Fig. 1a). During the cruise an upwelling event off the
coast of northern California brought waters undersaturated with
respect to aragonite to the sea surface (Feely et al., 2008). Here we
evaluate how biological productivity/respiration, calcium carbo-
nate dissolution/precipitation, and gas exchange were influencing
the carbon characteristics of these waters as they were trans-
ported toward shore, upwelling into the mixed layer, and
advected offshore over time.
2. Measurements and methods

At each station, conductivity, temperature, and pressure mea-
surements were made over the full water column and discrete
water samples were collected from 12-l Niskin-type bottles for
dissolved inorganic carbon (DIC), Total Alkalinity (TA), oxygen,
and nutrient analysis. DIC was analyzed by gas extraction and
coulometry using a modified Single-Operator Multi-Metabolic
Analyzer (SOMMA) system with a precision of 71.5 mmol kg�1
(Johnson et al., 1985, 1987, 1993; Johnson, 1992; Wilke et al.,
1993). Seawater TA was measured using the method of acidi-
metric titration described by Dickson et al. (2003), at a precision
of 72 mmol kg�1. Oxygen concentrations were determined with
a precision of 70.2 mmol kg�1 using the whole-bottle titration
technique of Carpenter (1965) with modifications by Culberson
and Knapp (1991). Titrations were completed using an MBARI-
designed automated oxygen titrator and the MBARI oxygen
program written by Gernot Friedrich (MBARI). Nutrient samples
were analyzed with a continuous flow analyzer using the WOCE
hydrographic program protocols (Gordon et al., 1992) at a preci-
sion of 0.2 mmol kg�1 for nitrate, 0.03 mmol kg�1 for phosphate,
and 0.2 mmol kg�1 for silicic acid.
3. Calculations

3.1. Mixed layer depth criterion

To define a mixed layer depth criterion that could be used at
each station in the northern California region various ranges in
potential density difference (Dsy) between the sea surface and
the underlying water were evaluated. For each Dsy criterion the
standard deviation of the resulting mixed layer depths was
compared to the mean mixed layer depth. Any Dsy criterion
resulting in a standard deviation value that was less than the
mean mixed layer depth was considered appropriate (Lentz,
1992). From the range of appropriate Dsy criteria that were
determined, 0.035 had the smallest standard deviation and is
used here.

3.2. Carbon transformations during water transit

In order to isolate changes in DIC mediated from biological
processes, on each transect, we determined the change in con-
centration of non-conservative properties (NO3

� and TA) along
density surfaces relative to an offshore source or reference station
(e.g. DNO3

�
¼NO3station

� –NO3source
� ). Before making these calcula-

tions, the DIC, NO3
� , and TA data were salinity normalized to the

http://www.ndbc.noaa.gov/
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mean salinity in the upper 350 m to account for minor changes in
salinity that occur along the density surface as it upwells and
warms. At each station, data were linearly interpolated onto 0.1sy
levels so that changes along density surfaces could be evaluated.
In order to use changes in non-conservative properties as proxies
for biological processes, conservative water mass characteristics
must not be changing along density surfaces. The introduction of
a new water mass along the upwelling path could easily be
misinterpreted as a chemical process. T–S plots were used to
determine if water inshore of the selected source station was the
same on the density surfaces outcropping over the continental
shelf.

The production of organic biomass and oxygen during photo-
synthesis requires the assimilation of CO2 and nutrients at
specific, well known ratios (Redfield et al., 1963). A more recent
evaluation of these ratios by Anderson and Sarmiento (1994) is
used here:

HPO4
2�
þ16NO3

�
þ117CO2þ170H2Oþ18Hþ2

C117H359O286N16P1þ170O2 (1)

The uptake of CO2 and nutrients during photosynthesis influ-
ences the concentration of TA (Eq. (2)) and DIC (Eq. (3)). The
biological uptake of 16 mmol kg�1 NO3

� and 1 mmol kg�1 HPO4
2�

from seawater also requires the uptake of 18 mmol kg�1 Hþ for
charge neutrality, increasing the TA by 18 mmol kg�1 (Eq. (1)).
However, the uptake of 1 mmol kg�1 HPO4

2� reduces TA resulting
in a decrease of 1 mmol kg�1 in TA. The net influence of biological
productivity on TA is an increase of 17 mmol kg�1 for every
16 mmol kg�1 NO3

� assimilated (RðTA=NO3Þ
¼ �17 : 16). Accompa-

nying the assimilation of 16 mmol kg�1 NO3
� is the uptake of

117 mmol kg�1 CO2, giving a stoichiometric DIC:NO3
� assimilation

ratio of RðDIC=NO3Þ
¼ 117 : 16. This process also results in the

production of 170 mmol kg�1 of O2 giving a stoichiometric
O2:NO3

� assimilation ratio of RðO2=NO3Þ
¼ �170 : 16:

TA¼[HCO3
�]þ2[CO3

2�]þ[B(OH)4
�]þ[HPO4

2�]þ
2[PO4

3�]þ?þ[OH�]�[Hþ] (2)

DIC¼[CO2]þ[H2CO3]þ[HCO3
�]þ[CO3

2�] (3)

The stoichiometric relationships between DIC, TA, and NO3
�

during photosynthesis, as well as the reverse process of respira-
tion, made it possible to use changes in the concentration of
nitrate (DNO3

�) to infer changes in DIC (Eq. (4)) and TA (Eq. (5))
driven by organic matter (O.M.) production/respiration:

DDICO:M: ¼ RðDIC=NO3Þ
DNO�3 ð4Þ

DTAO:M: ¼ RðTA=NO3Þ
DNO�3 ð5Þ

Calcium carbonate (CaCO3) precipitation and dissolution
(Eq. (6)) also have an influence on the DIC and TA of seawater,
and changes in DIC caused by these processes can be estimated
using DTA. The uptake of 1 mmol kg�1 CO3

2� during calcification
results in a 2 mmol kg�1 decrease in TA and a 1 mmol kg�1

decrease in DIC. After subtracting DTAO.M. from the measured
DTA (Eq. (7)) the remaining changes in TA along the density
surface ðDTACaCO3

Þ were used to determine the influence of
calcium carbonate precipitation/dissolution on DIC (Eq. (8)):

Ca2þ
þCO3

2�2CaCO3(s) (6)

DTACaCO3
¼DTA�DTAO:M: ð7Þ

DDICCaCO3
¼ 0:5� DTACaCO3

ð8Þ

After accounting for the biologically driven changes in DIC
(DDICO.M. and DDICCaCO3

), we subtracted them from the measured
DIC changes (DDIC¼DICstation�DICsource). This left a residual
component reflecting all of the processes that were not consid-
ered in this analysis (Eq. (9)). The uncertainty in these calcula-
tions is discussed in the Appendix:

DDICresidual ¼DDIC�DDICOO:M:�DDICCaCO3
ð9Þ

3.3. Carbon transformations in the mixed layer

The photosynthetic uptake of CO2 during phytoplankton
blooms can have a dramatic influence on sea surface DIC during
upwelling events in the CCS (Hales et al., 2005b; van Geen et al.,
2000). To evaluate the magnitude of this influence we compared
NO3
� , TA, and DIC samples from the mixed layers of stations

sampled over the continental shelf on Lines 5 and 6 (Fig. 1a) to
samples taken from a reference depth below the mixed layer. The
reference depth for a given station was selected as the nearest
seaward, neighboring station with a sample on the same density
surface. Due to the upward tilt of isopycnals near-shore and the
coarse across-shelf sampling, reference depths were generally
deeper than the mixed layer depths. Concentration differences
between the reference sample and the mixed layer sample reflect
the net changes that occurred from the time the water left the
reference location until the time of measurement. This means that
the net community production estimated below will include
a component of respiration below the mixed layer, but this
contribution is very small compared to the mixed layer changes.

In the mixed layer, gas exchange and net biological productiv-
ity influence the oxygen content of the water. The change in
oxygen (DO2) between the reference depth and the mixed layer
therefore reflects how much oxygen has been gained by these
processes and can be used to determine how long the water has
been in the mixed layer. Using a box model approach, the change
in oxygen over time is equal to the sources of oxygen minus the
sinks:

hðDO2=DtÞ ¼ B RðO2=NO3Þ
þF ð10Þ

B¼ hðDNO�3 =DtÞ ð11Þ

where h is the mixed layer depth, Dt is the mixed layer age, B is
the net community production (NCP) rate term and F is the gas
exchange term. The NCP rate term is derived from DNO3

� , the
mixed layer depth and the mixed layer age (Eq. (11)). This gives
two equations and two unknowns (B and Dt). Biological produc-
tivity and gas exchange influence the oxygen concentration of the
mixed layer simultaneously; however, the simple box model
(Eq. (10)) requires these processes to be considered indepen-
dently in order to solve for Dt. Combining Eqs. (10) and (11) and
using a fixed time step we created a more sophisticated model
that works backward in time, incrementally calculating the
oxygen gained from gas exchange and biological productivity
during each time step:

DO2ðt ¼ nÞ ¼ ðBinitial RðO2=NO3Þ
þFðt ¼ nÞÞt=h ð12Þ

Fðt ¼ nÞ ¼ kðt ¼ nÞð½O2�hðt ¼ nÞ�½O2�satÞ ð13Þ

½O2�hðt ¼ nþ1Þ ¼ ½O2�hðt ¼ nÞ�DO2ðt ¼ nÞ ð14Þ

where k is the gas transfer velocity, [O2]h is the oxygen concen-
tration in the mixed layer, [O2]sat is the oxygen saturation
concentration and (t¼nþ1) is the next model iteration going
backward in time. For each time step the gas exchange term is
calculated (Eq. (13)) and used in Eq. (12) to determine how much
oxygen the mixed layer gained during that time step. The oxygen
gain (DO2) is then used to update the mixed layer oxygen
concentration for the next time step (Eq. (14)). Over time the



Fig. 2. Section plots of DIC for (a) Line 5 and (b) Line 6 contoured at 25 mmol kg�1.

Black dots indicate the depths where samples were taken at each station and thick

black lines represent two of the sy surfaces that were outcropping over the

continental shelf and slope region at the time of sampling.
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mixed layer oxygen concentration is reduced to what it was when
the water initially upwelled into mixed layer from the reference
depth. The number of time steps necessary to reach this point is
then used to determine the age of the mixed layer. When the
mixed layer age (Dt) is determined, if Binitial is not equal to B, then
Binitial is adjusted and the model is re-run until there is a match.
Using this iterative method we were able to solve for Dt and B.

Model input parameters include an initial, fixed biological
productivity term (Binitialp1 g C m�1 d�1), chosen based on
literature values from the region (Chavez et al., 1991; Dugdale
et al., 2006; Pilskaln et al., 1996), 10 min National Data Buoy
Center (NDBC) winds (http://www.ndbc.noaa.gov/) converted
from 5 to 10 m using the factor applied by Jiang et al. (2008), a
fixed O2 Schmidt number, and a fixed mixed layer saturation
concentration of oxygen ([O2]sat). The O2 Schmidt number (kine-
matic viscosity/diffusion coefficient) is calculated from the
laboratory determined diffusion coefficients of Wise and
Houghton (1966) and kinematic viscosity. The mixed layer
saturation concentration of oxygen ([O2]sat) is calculated using
the temperature and salinity fit of Garcia and Gordon (1992). Gas
transfer velocities (k) are calculated from the 10 min winds and
the Schmidt number using the relationship of Nightingale et al.
(2000) and are used to determine the gas exchange term (F)
during each time step (13). The quadratic parameterization of gas
transfer velocity with the wind speed of Nightingale et al. (2000)
has been corroborated in recent studies on air–sea gas exchange
(Wanninkhof et al., 2009; Sweeney et al., 2007), providing sup-
port for our choice to use this parameterization.

Once the mixed layer age is determined the net exchange of
CO2 between the sea surface and the atmosphere over this time
period is calculated in a similar model. Input parameters for this
model include a CO2 solubility constant calculated from the
laboratory temperature and salinity fit of Weiss (1974), the same
10 min NDBC winds (http://www.ndbc.noaa.gov/) used in the
oxygen model, and a fixed CO2 Schmidt number calculated using
the temperature relationship of Wanninkhof (1992) based on
diffusion coefficients determined experimentally by Jahne et al.
(1987). At the start of each 10 min time step the CO2 gas exchange
term (F) is calculated (Eq. (15)) using the Nightingale et al. (2000)
parameterization with 10 min buoy winds and the CO2 Schmidt
number. The CO2 flux is then converted into a concentration of
DIC lost due to gas exchange (DDICGas). The DDICGas, DDICO.M., and
DDICCaCO3

for that time step are then subtracted from DICh to
update the mixed layer DIC concentration for the next time step
(Eq. (16)). The TAh is also updated for changes resulting from net
biological productivity and CaCO3 dissolution (Eq. (17)):

Fðt ¼ nÞ ¼ kðt ¼ nÞ CðpCO2ðt ¼ nÞ�pCO2ðatmÞÞ ð15Þ

DIChðt ¼ nþ1Þ ¼DIChðt ¼ nÞ�DDICO:M:ðt ¼ nÞ�DDICGasðt ¼ nÞ�DDICCaCO3ðt ¼ nÞ

ð16Þ

TAhðt ¼ nþ1Þ ¼ TAhðt ¼ nÞ�DTAO:M:ðt ¼ nÞ�DTACaCO3ðt ¼ nÞ ð17Þ

where k is the gas transfer velocity, C is the CO2 solubility
constant (Weiss, 1974), and pCO2(atm) is the atmospheric partial
pressure of CO2 from the Carbon Dioxide Information Analysis
Center (CDIAC). The updated TAh and DICh are used in the CDIAC
pCO2 program of Lewis and Wallace (1998) with equilibrium
constants from Mehrbach et al. (1973) as re-fit by Dickson and
Millero (1987) to re-equilibrate the carbonate system and deter-
mine the equilibrium pCO2 for the flux calculation in the next
time step. This process is repeated over the age of mixed layer and
at the end of this process DDICGas terms are summed to yield the
total loss of DIC to the atmosphere by gas exchange. Uncertainty
in the model output is discussed in the Appendix.
4. Results

4.1. Carbon transformations during water transit

During the cruise, two of the thirteen cross-shelf transects
(Lines 5 and 6) were conducted off the coast of northern California
where an upwelling event was occurring (Fig. 1a). Two days prior
to sampling on Line 5, the winds reversed from a �4-day
relaxation period to upwelling favorable conditions and initiated
an upwelling event (Fig. 1b). By the time Line 6 was sampled the
winds had been upwelling favorable for �4 days (Fig. 1c) and had
weakened relative to the winds observed at the beginning of
the reversal. On both transects upwelled water was outcropping
near shore over the continental shelf (Fig. 2a and b). On Line 5,
the surface concentrations of DIC (�2175 mmol kg�1), pCO2

(�1000 ppm), and nitrate (�30 mmol kg�1) over the continental
shelf were high and decreased rapidly moving offshore. On Line 6,
the surface concentrations of DIC (�2135 mmol kg�1), pCO2

(�775 ppm), and nitrate (�25 mmol kg�1) over the continental
shelf were notably lower but increased seaward of the slope
before decreasing rapidly offshore. Beyond �60 km from shore
surface waters on both transects were nearly devoid of nitrate
and undersaturated with respect to pCO2.

http://www.ndbc.noaa.gov/
http://www.ndbc.noaa.gov/
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Density surfaces upwelling over the continental shelf in this
region originated from between 125 and 350 m depth offshore
(Fig. 2a and b). The conservative and non-conservative water mass
characteristics of offshore water within this depth range were
homogeneous over a broad spatial scale ranging from the coast of
Washington to central California. As a result, waters upwelling at
the coastline throughout the study region originated from the
same offshore water mass and initially had the same property
concentrations. Acoustic Doppler Current Profiler (ADCP) data
between 350 m and the surface indicate that north south flow
velocities in this region were generally �0.1 m s�1, suggesting
localized advection. The along shore advection of coastal waters
causes signals resulting from biological and physical processes in
Fig. 3. (a, b) DDIC, (c, d) DDICO.M., (e, f) DDICCaCO3
, and (g, h) DDICresidual for Lines 5 and 6

data were interpolated onto and thick black lines represent two of the sy surfaces t

sampling.
one location to be transported to other locations within the region.
As a result, the near shore observations made on each transect
largely reflect a regionally integrated (up to �30 km) signal rather
than immediately local processes. Regions of higher north south
current velocities (0.5 m s�1) were restricted to the shelf and slope
region where transient currents as well as the seasonal equator-
ward jet and undercurrent generally reside (Hickey, 1979, 1998).
Even with more rapid currents near shore there was not enough
time for water on one line to be transported to an adjacent line by
the time sampling occurred, which prevented the ship from
tracking the same patch of water over time.

The cross-shelf spatial patterns of DDIC (Fig. 3a and b) and
DNO3

� were very similar to each other on each transect and DNO3
�

contoured at 75 mmol kg�1. Black dots indicate the depths of sy surfaces that the

hat were outcropping over the continental shelf and slope region at the time of
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was used to estimate the organic matter production/respiration
component (Eq. (4)) of the total DIC changes. This resulted in
spatial patterns of DDICO.M. (Fig. 3c and d), which were very
similar to the patterns of DDIC, indicating that organic matter
processes were responsible for a majority of the DIC changes.
Regions of elevated DDICO.M. indicate areas where respiration was
occurring in the water column, while low DDICO.M. values indicate
regions where biological productivity was occurring. On Line
5 the waters outcropping over the continental shelf originated
from the offshore respiration region where DDICO.M. values were
high. By the time these waters reached the sea surface the
DDICO.M. values had been greatly reduced as a result of biological
productivity. On Line 6 the isopycnals influenced by respiration
outcropped seaward of the shelf break and waters outcropping
over the continental shelf had very low DDICO.M. values as a result
of biological productivity.

After correcting the DTA for changes caused by organic matter
production/respiration (Eq. (7)), the DTACaCO3

was converted to
DDICCaCO3

(Eq. (8)) for each transect. On Line 5 there was a smooth
gradient of increasing DDICCaCO3

along the upwelling path
(Fig. 3e) with the highest value located near shore in surface
waters over the continental shelf. On Line 6 DDICCaCO3

concentra-
tions were elevated over a large region of surface and subsurface
waters (Fig. 3f), extending well offshore from the continental shelf
but were not as high as those observed on Line 5. After accounting
for the organic matter and CaCO3 process contributions to the
DDIC, the remaining pattern (Fig. 3g and h) reflects the changes in
DIC caused by other processes DDICresidual ¼DDIC�DDICO:M:�

DDICCaCO3
. Most of the DDICresidual values along the isopycnals

upwelling over the continental shelf were within 75 mmol kg�1

of zero, indicating that majority of the DIC transformations could
be accounted for by the biological processes included in this
analysis.
4.2. Carbon transformations in the mixed layer

Biological contributions to DDIC (DDICO.M. and DDICCaCO3
)

within the mixed layer were calculated with Eqs. (4) and (8)
Table 1

Net community production (NCP) rates and mixed layer ages (Dt).

NCP (g C m�2 d�1) Dt (days)

Line 5
Near-shore 0.670.9 0.2270.04

Mid-shelf 1575 0.3670.07

Shelf break 371 0.770.2

Line 6
Near-shore 0.770.3 3.170.7

Mid-shelf 2.870.9 3.070.6

Shelf break 471 4.170.6

Table 2

Mixed layer depths (h) and mixed layer DDIC, DNO3
� , DTA, DDICO.M., DDICCaCO3

, DDICG

h (m) DDIC
(lmol kg�1)

DNO3
�

(lmol kg�1)
DTA
(lmol kg�1)

Line 5
Near-shore 7 12 0 10

Mid-shelf 15 �19 �4 8

Shelf break 12 �22 �2 4

Line 6
Near-shore 25 �11 �1 9

Mid-shelf 37 �17 �3 3

Shelf break 80 �11 �2 7
where DNO3
� and DTA were determined using a reference station

below the mixed layer as the source water. In order to estimate
the influence of gas exchange on the mixed layer DDIC we first
had to determine how long the water had been in contact with
the atmosphere at the time of measurement. To do this we used
changes in the oxygen concentration of the mixed layer relative to
a reference station below the mixed layer as a proxy for time
evolution. This allowed us to determine mixed layer ages (Dt) and
net community production (NCP) rates for the three stations over
the continental shelf on each transect (Table 1). On Line 5 the
mixed layer ages ranged from 0.22 to 0.7 days and increased
moving away from shore. On Line 6 the mixed layer ages were
larger, ranging from 3.0 to 4.1 days, and also increased moving
offshore. The NCP rates on Line 5 ranged from 0.6 to
15 g C m�2 d�1, with the highest rate at the second station from
shore where a bloom was developing. On Line 6 NCP rates were
lower ranging from 0.7 to 4 g C m�2 d�1, and increased moving
away from shore.

The NCP rates and the mixed layer ages were then used in a
similar model to determine the total amount of DIC lost from each
mixed layer by gas exchange (DDICGas). Subtracting the organic
matter, CaCO3, and gas exchange components from the measured
DDIC left a residual component (DDICresidual) representing the
mixed layer DIC changes caused by processes that were not
considered here (Table 2). On both transects biological productiv-
ity was responsible for most of the DIC transformations at the
mid-shelf and shelf break stations. At the near-shore stations on
both lines this was not the case. On Line 5, CaCO3 dissolution
accounted for most of the DDIC at the near-shore station and on
Line 6, gas exchange was the more dominant process. Gas
exchange had a larger influence on the DDIC than biological
productivity at the near-shore stations on both lines.

For each time step in the CO2 gas exchange model TA and DIC
were used to calculate sea surface pCO2 and aragonite and calcite
saturation states (OAr, OCa) using the program of Lewis
and Wallace (1998) with equilibrium constants from Mehrbach
et al. (1973) as re-fit by Dickson and Millero (1987). From the
time the water left the reference depth until the time we
measured it, the pCO2 had decreased as a result of biological
productivity, CaCO3 dissolution, and gas exchange at all stations
evaluated (Table 3). The reference depth samples for waters
outcropping at the near-shore and mid-shelf stations on Line
5 were undersaturated with respect to aragonite (OAro1). By the
time we sampled the mixed layer at the mid-shelf station the
water had been returned to saturated conditions but the near-
shore station mixed layer was still undersaturated. On Line 6,
reference depth samples for all three of the stations over the
continental shelf were undersaturated with respect to aragonite.
Saturation was restored at the near-shore and mid-shelf stations
by the time of measurement but not at the shelf break station
where the upwelled water had the lowest source water OAr. All
stations on Lines 5 and 6 were supersaturated with respect to
as, and DDICresidual.

DDICO.M.

(lmol kg�1)
DDICCaCO3

(lmol kg�1)

DDICGas

(lmol kg�1)
DDICresidual

(lmol kg�1)

�2 5 �3 1276

�29 2 �3 1177

�16 1 �4 �376

�7 4 �9 178

�19 0 �6 877

�16 3 �7 978



Table 3
pCO2 (matm), OAr, DIC (mmol kg�1), TA (mmol kg�1), NO3

� (mmol kg�1), and O2 (mmol kg�1) concentrations from the mixed layer at the time of measurement and from the

reference station (Ref.) below the mixed layer. Reference station depths are given in parentheses.

Line 5 Near-shore Near-shore Mid-shelf Mid-shelf Shelf break Shelf break
Mixed layer Ref. (89 m) Mixed layer Ref. (60 m) Mixed layer Ref. (80 m)

pCO2 1004 1075 699 939 656 784

XAr 0.8 0.8 1.2 0.9 1.2 1.0

DIC 2226 2225 2174 2204 2130 2149

TA 2263 2254 2259 2251 2223 2219

NO�3 30 30 24 28 20 22

O2 139 126 198 150 218 177

Line 6 Near-shore Near-shore Mid-shelf Mid-shelf Shelf break Shelf break
Mixed layer Ref. (150 m) Mixed layer Ref. (150 m) Mixed layer Ref. (185 m)

pCO2 738 872 735 912 875 1123

XAr 1.1 0.9 1.1 0.9 0.9 0.7

DIC 2202 2213 2194 2218 2221 2244

TA 2277 2268 2271 2268 2275 2268

NO�3 27 28 25 28 30 32

O2 179 155 174 155 160 101
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calcite at the beginning of the upwelling event, as well as at the
time of measurement.
5. Discussion

5.1. Carbon transformations during water transit

Organic matter production/respiration accounted for the
majority of DIC changes that occurred along density surfaces
during the observed upwelling event with CaCO3 dissolution, also
providing a small contribution. Spatial patterns of DDICCaCO3

were
distinct from the patterns in DDICO.M. on both transects, confirm-
ing that these changes were being controlled by different
processes (CaCO3 precipitation/dissolution and organic matter
respiration/production, respectively). Even though different
processes were responsible for these DIC changes, they were not
entirely unrelated. On both transects organic matter respiration
caused the waters to become undersaturated with respect to
aragonite. This initiated the dissolution of CaCO3 particles, caus-
ing an increase in TA, and therefore an increase in DICCaCO3 , along
the upwelling path.

After accounting for organic matter and CaCO3 contributions to
the observed DDIC, there was a small amount of residual DDIC
caused by processes that were not considered in this analysis.
On Line 6, residual DIC along density surfaces outcropping over
the continental shelf was generally within the uncertainty limits
(75 mmol kg�1); however, on Line 5 there was a distinct region
of elevated residual DIC in water overlying the continual shelf
(Fig. 3g). Potential sources of this excess DIC could be denitrifica-
tion, selective nutrient remineralization, and cross isopycnal
mixing (Hales et al., 2005a).

The removal of NO3
� from sediment pore-waters through the

process of denitrification is one mechanism that would cause a
residual DIC signal. DDICO.M. was estimated using DNO3

� and
Eq. (4). But in the case of denitrification, Eq. (4) does not hold
because NO3

� has become the oxidant and therefore will not be
produced or consumed with DIC at the Anderson and Sarmiento
(1994) ratio RðDIC=NO3Þ

. The DNO3
� signal over the continental shelf

suggests that �1 mmol kg�1 NO3
� was removed from the water,

likely through the process of denitrification. Scaling this DNO3
�

signal to DDICO.M. using Eq. (4) results in the false consumption of
�7 mmol kg�1 DIC. Considering the uncertainty in these esti-
mates, denitrification could be responsible for the entirety of the
residual DIC signal on Line 5 (�9 mmol kg�1). Another mechan-
ism that could be contributing to the residual DIC signal on Line
5 is the preferential degradation of carbon relative to nitrogen in
organic matter overlying the shelf (Wetz et al., 2008). Both the
process of denitrification and selective respiration would be
accompanied by a low oxygen signal as oxygen-poor waters
diffused out of sediments or as oxygen was utilized during the
respiration of organic matter. Scatter plots of NO3

� vs. DIC and
NO3
� vs. O2 at the three shelf stations on Line 5 show deviations in

property–property trends for samples taken from within the
residual DIC feature matching what would be expected from
either of these processes (Fig. 4a and b). These findings suggest
that the residual DIC overlying the continental shelf is likely due
to denitrification with a small contribution potentially coming
from the selective C:N respiration of organic matter.

Irreversible cross isopycnal mixing is another mechanism that
could account for residual DIC within the near shore region. This
mixing is caused by turbulence in the bottom boundary layer
during upwelling events and can account for �25% of upwelled
nitrate in shallower waters (Hales et al., 2005a). The nitrate added
to lighter density surfaces through this mechanism must also be
accompanied by DIC. A simple mixing calculation using the
data from Line 5 and 25% volume of dense water overlying the
continental shelf with 75% volume of water from a lighter
density surface results in a mix with an N/C ratio that is very
similar to that in the individual components (�0.014). The resulting
DNO3

�/DDIC on the lighter isopycnal however is an order of
magnitude larger and matches the Anderson and Sarmiento (1994)
ratio (16/117; 0.14). The same result is true for a 50% contribution of
denser water in the mixing calculation as well as with a different set
of density surfaces entirely. Consequently this type of irreversible
cross isopycnal mixing may easily be misinterpreted as a biological
respiration signal but does not account for DDICresidual.

5.2. Carbon transformations in the mixed layer

The NCP rates derived here are comparable to previously
reported values (0.18–7.50 g C m�2 d�1) off the coast of Califor-
nia during the upwelling season (Chavez et al., 1991; Dugdale
et al., 2006; Franck et al., 2005; Pilskaln et al., 1996). The role of
organic matter production in mixed layer DDIC increased moving
away from shore with the highest contribution at the mid-shelf
stations on both lines (Table 2). On Line 5 the DDICCaCO3

contribution decreased and DDICGas increased slightly moving



Fig. 5. DNO3
� vs. DDIC�TA for (a) Line 5 and (b) Line 6. Least squares linear

regression fits for samples collected at offshore stations (dashed) and at the three

near shore stations (solid) are shown. The Anderson and Sarmiento (1994)

RðDIC=NO3 Þ
nutrient assimilation stoichiometry is also plotted (thick solid). Circles

represent samples that were collected at offshore stations and squares represent

the samples that were collected at the shelf break, mid-shelf, and near-shore

stations.

Fig. 4. (a) NO3
� vs. DIC and (b) NO3

� vs. O2 using samples taken from the near-

shore, mid-shelf, and shelf break stations on Line 5. Open circles indicate samples

that were collected from within the DDICresidual patch over the continental shelf.

The line in each plot shows the Anderson and Sarmiento (1994) nutrient

stoichiometry (RðDIC=NO3 Þ
¼117:16; RðO2=NO3 Þ

¼170:16).

A.J. Fassbender et al. / Continental Shelf Research 31 (2011) 1180–1192 1187
away from shore while on Line 6 the DDICCaCO3
contribution was

sporadic and DDICGas decreased moving offshore. DDICO.M. was
significantly larger than DDICGas and DDICCaCO3

on both transects
except at the near-shore stations. Near shore, gas exchange
was more dominant in the DIC transformations than biological
productivity and on Line 5 CaCO3 dissolution played the largest
role in the DIC transformation. The notable loss of DIC through gas
evasion at the near-shore stations was likely driven by the large
differences in pCO2 between the sea surface and the atmosphere
(4600 ppm). Larger DDICGas values were observed on Line 6 than
on Line 5 due to the longer timescales over which the mixed
layers on Line 6 had been in contact with the atmosphere.

Residuals were large on both lines but were within or near the
uncertainty limits at all stations on Line 6 and at the shelf break
station on Line 5. Elevated residuals at the near-shore and mid-
shelf stations on Line 5 may be due to the excess carbon over the
continental shelf. If the water containing excess DIC relative to
NO3
� over the continental shelf was upwelled to the sea surface at

the shoreline and advected offshore it could show up as residual
DIC in the mixed layer analysis of the near shore stations. This
source of carbon may also be responsible for the higher residuals
in the mid-shelf and shelf break stations on Line 6, assuming
advection transported the signal southward and offshore
over time.

Another potential reason for the elevated mixed layer resi-
duals on Line 5 may come from the use of a fixed DIC to NO3

�

assimilation ratio when determining DDICO.M.. Biological produc-
tivity in upwelling regions is highly variable and nutrient assim-
ilation ratios can vary widely depending on the maturity of a
bloom, available nitrate, and available iron among other things
(Dugdale et al., 2006; Franck et al., 2005; Hutchins and Bruland,
1998; Kudela and Dugdale, 2000; Kudela et al., 1997). After
removing the CaCO3 influence on DDIC (DDIC�TA¼DDIC�
DDICCaCO3

) and plotting DNO3
� vs. DDIC�TA for Line 5 (Fig. 5a) a

transition in the slope of the trend line can be seen between the
stations seaward of the shelf break and the stations over the shelf.
A decrease in the DDIC�TA:DNO3

� ratio over the shelf means that
the DDICO.M. values were likely overestimated in the mixed layer
analyses for these stations, which could explain the ‘‘missing’’



Table 4

Mixed layer DNO3
� , DDICO.M. determined using the Anderson and Sarmiento (1994) C:N assimilation ratio, DDICO.M. determined using the slope of the DNO3

� vs. DDIC�TA

trend line, the difference between the two DDICO.M. calculations, and the recalculated DDICresidual.

Line 5 DNO3
�

(lmol kg�1)
DDICO.M. A&S
(lmol kg�1)

DDICO.M. Data
(lmol kg�1)

DDICO.M.(Data)–

DDICO.M.(A&S)

(lmol kg�1)

DDICresidual Data
(lmol kg�1)

Near-shore �0.2 �2 �1 1 1176

Mid-shelf �3.9 �29 �22 7 477

Shelf break �2.2 �16 �12 4 �776
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source of �11 mmol kg�1 DIC at the near-shore and mid-shelf
stations on Line 5. On Line 6 the slope of the data trend (Fig. 5b)
was slightly elevated in the near shore region, likely due to the
extensive gas exchange near shore.

To estimate how large of an influence the fixed nutrient
assimilation ratio had on the Line 5 DIC residuals, we used the
DNO3

� for each mixed layer and calculated the associated DDICO.M.

using the slope of the DDIC�TA:DNO3
� trend line (5.5) for samples

taken over the continental shelf (Table 4). Using the new DDICO.M.

values, residuals were recalculated resulting in a significantly
lower residual for the mid-shelf station but only a minimal
reduction at the near-shore station (Table 4). As a result, fixed
nutrient assimilation ratios could only account for some of the
excess carbon in the Line 5 mixed layers. The remaining residual
DIC at the near-shore station likely originated from the excess DIC
overlying the sediments (�9 mmol kg�1) as previously discussed.

Waters upwelling from reference depths of the near-shore,
mid-shelf, and shelf break stations were undersaturated with
respect to aragonite on both transects. By the time we sampled
the mixed layers of these stations, �0.22–4.1 days after the onset
of upwelling, saturation had been restored at most stations due to
a combination of biological productivity, gas exchange, and CaCO3

dissolution. If these waters initially upwelled with the saturation
states found at the reference or source water depths, surface
waters over the entire continental shelf in the northern California
region would have been undersaturated with respect to aragonite.

5.3. Projections of continued biological productivity in aged

upwelled waters

During the occupation of Lines 5 and 6 a phytoplankton bloom
was developing over the continental shelf but sampling
concluded before all of the available nutrients had been utilized.
By constructing a box model we estimate how continued primary
productivity, until nutrient exhaustion, would have influenced
the carbon characteristics of this water as it aged and was
advected offshore. The model takes a Lagrangian approach,
allowing gas exchange and biological productivity to occur
simultaneously. Mixed layer depths were kept constant and the
previously determined NCP rates were used to parameterize
biological uptake of the remaining NO3

� at the near-shore, mid-
shelf, and shelf break stations.

Two simulations were also run for each station by applying the
same box model used in the projection analysis, excluding the
biological productivity component. The first of the two simula-
tions involved instantaneously moving offshore, subsurface water
to the surface and allowing gas exchange to occur. The second
simulation involved moving water from just below the mixed
layer to the surface and allowing gas exchange to occur (the same
scenario as the projection analysis but without the biological
activity). Both simulations used water from the same density
surface found in the mixed layer at the station being evaluated.
Differences between the two simulations for each station are due
to the processes that occurred along the upwelling path.
Results for the projection and simulation runs for each station
are shown in Fig. 6. By the time all remaining NO3

� had been
consumed in the projection analysis for each station, mixed layer
DIC concentrations had been reduced by �200 mmol kg�1 and
sea surface pCO2 levels were �200 ppm, well below the atmo-
spheric level. As a result of the drastic reductions in DIC and sea
surface pCO2, the aragonite saturation state (OAr) more than
tripled at each station. The projections neglect further CaCO3

dissolution so the increases in OAr were caused solely by reduc-
tions in DIC and increases in TA, which were driven by gas
exchange and biological productivity.

Large differences in the evolution of pCO2 and OAr over time
between the simulations and the projection for each station are
due to biological productivity. In the simulation runs only the
near-shore stations on each line achieved OAr41.5 and pCO2

levels near the atmospheric concentration and these values were
only reached due to the long simulation timescales for the near-
shore stations. Timescales for the projection and simulation runs
were determined by how quickly the remaining NO3

� could be
exhausted at the previously determined NCP rates for each
station. On both lines, the near-shore station had the lowest
NCP rate so it took significantly longer for biology to exhaust all
available NO3

� at these stations in the model. As a result of the
longer timescales, more CO2 was lost to the atmosphere leading
to higher OAr values and lower pCO2 values in the near-shore
simulation runs. Due to these variable timescales the final OAr and
pCO2 levels reached in the simulations for a given station cannot
be directly compared to those from other stations.

The timescales determined here, using fixed NCP rates to
exhaust the remaining nutrients, are likely extreme overesti-
mates. Nutrient assimilation rates, and thus NCP rates, generally
increase over the course of bloom development, resulting in
the complete exhaustion of nutrients in less than 10 days
(Dugdale et al., 2006; MacIsaac and Dugdale 1969; Zimmerman
et al., 1987). To test whether our simulation and projection results
were significantly biased by the long timescales we performed a
check by instantaneously removing all of the available nitrate that
remained in the water at the time of measurement. To do this
we took the nitrate concentration in the mixed layer at the
time of measurement, converted it to units of DIC using
RðDIC=NO3Þ

and then subtracted this from the measured DIC. We
also corrected the TA for changes that occur as nitrate is
consumed using RðTA=NO3Þ

and then re-equilibrated the carbonate
system to determine the final carbon characteristics of the
upwelled water. This calculation gave almost identical results to
the model projection results at all stations (Table 5). The rapid
biological uptake of DIC quickly reduced gas exchange rates in the
projection analyses, and preformed nutrients in the water
allowed the biology to draw the pCO2 below the atmospheric
level. Therefore, as the water aged it became a sink for atmo-
spheric CO2, counteracting the CO2 efflux that occurred at the
onset of upwelling when pCO2 levels were high (�1000 ppm). As
a result the net CO2 exchange over the time period of nutrient
assimilation was negligible.



Fig. 6. pCO2 (ppm) and OAr vs. time (day) for the projection and simulation analyses at the near-shore, mid-shelf, and shelf break stations on (a) Line 5 and (b) Line 6. Black

lines show results of the projection analyses, blue lines show results of the simulation analyses that used water from below the mixed layer, and red lines show results of

the simulation analyses that used offshore subsurface water. The short green lines at the beginning of each projection show what happened within the mixed layer from

the time waters initially upwelled until the time of measurement. Green circles show the pCO2 and OAr at each station after instantaneously removing the remaining

available nitrate, leaving no time for gas exchange. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)
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6. Conclusions

The results of these analyses indicate that organic matter
production and respiration had the largest influence on DIC
transformations during each phase of the May 2007 upwelling
event. The respiration of organic matter along the upwelling path
caused waters to become undersaturated with respect to arago-
nite. This initiated the dissolution of CaCO3 particles and resulted
in a source of TA along the transit path. Over the continental shelf,
where upwelling waters were outcropping, most surface waters
had been returned to (super)saturated conditions by the time of
measurement as a result of CaCO3 dissolution, gas exchange, and
biological productivity within the mixed layers. At the near-shore
stations on each line, gas exchange and CaCO3 dissolution played
larger roles in the DIC transformations; however, at the mid-shelf
and shelf break stations biological productivity dominated the
DIC transformations (Table 6). By the time all of the available
NO3� had been consumed in the projection analyses sea surface
pCO2 values were well below atmospheric level (�200 ppm) and
OAr were �3. In this analysis biological productivity rapidly
reduced the DpCO2 between the sea surface and the atmosphere
until pCO2 levels fell well below the atmospheric concentration.
As a result, the net gas exchange in the forward projections was
found to be negligible, indicating that the transition of coastal



Table 5
Mixed layer pCO2 (matm), OAr, DIC (mmol kg�1), TA (mmol kg�1), NO3

�

(mmol kg�1), and OCa at the time of measurement (ML), at the end of the

projection analysis (Proj.), and after instantaneously removing the remaining

available NO3
� (Inst.).

Near-shore Mid-shelf Shelf break

ML Proj. Inst. ML Proj. Inst. ML Proj. Inst.

Line 5
pCO2 1004 228 205 699 211 211 656 237 233

XAr 0.8 2.7 2.9 1.2 2.9 2.9 1.2 2.7 2.7

DIC 2226 2024 2003 2174 2000 2000 2130 1988 1984

TA 2263 2286 2286 2259 2280 2280 2223 2243 2243

NO3
� 30 0 0 24 0 0 20 0 0

XCa 1.3 4.3 4.6 1.8 4.6 4.6 1.9 4.2 4.3

Line 6
pCO2 738 204 195 735 204 204 875 188 189

XAr 1.1 3.0 3.1 1.1 3.0 3.0 0.9 3.1 3.1

DIC 2200 2012 2003 2194 2012 2012 2221 2001 2002

TA 2277 2297 2297 2271 2297 2297 2275 2302 2302

NO3
� 27 0 0 25 0 0 30 0 0

XCa 1.7 4.7 4.8 1.7 4.7 4.7 1.5 4.9 4.9

Table 6

DDICO.M., DDICCaCO3
, DDICGas, and DDICresidual expressed as percentages of the total

DDIC. The largest percentages for each station are highlighted in bold.

Line 5 Line 6

Near-
shore

Mid-
shelf

Shelf
break

Near-
shore

Mid-
shelf

Shelf
break

%DDICO.M. 8 63 70 34 57 45

%DDICCaCO3
23 4 2 18 0 7

%DDICGas 12 8 15 44 19 21

%DDICresidual 57 25 13 5 24 27
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upwelled waters from near shore sources to offshore sinks for
atmospheric CO2 is largely controlled by the rapid biological
reduction of DIC in upwelled waters.

The aragonite saturation horizon in the North Pacific Ocean is
the shallowest in the world ocean and is shoaling as the oceans
continue to absorb anthropogenic CO2 from the atmosphere
(Feely et al., 2004). Ocean–carbon cycle models that do not
include coastal upwelling indicate that the sea surface will not
be undersaturated with respect to aragonite until �2100 (Orr
et al., 2005); however, Feely et al. (2004) have shown that coastal
upwelling in the CCS is already exposing planktonic communities
in the northern California region to waters that are undersatu-
rated with respect to aragonite. The most recent review articles
concerning the biological responses of calcifying marine organ-
isms to ocean acidification indicate that a vast majority of
organisms are adversely affected when exposed to undersatu-
rated waters (Doney et al., 2009; Fabry et al., 2008; Guinotte and
Fabry, 2008). Many of these studies have focused on infaunal
adult organisms; however, the early life states of some calcifying
species involve planktonic larval stages that may be more
sensitive (Todgham and Hofmann 2009; O’Donnel et al., 2009;
Green et al., 2004). Recent work on larvae of the purple sea urchin
Strongylocentrotus purpuratus, a benthic invertebrate found in
coastal ecosystems along the west coast of North America, has
shown that low pH and high pCO2 conditions cause physiological
changes in the larvae, which reduce their ability to tolerate
environmental stress (Todgham and Hofmann 2009; O’Donnel
et al., 2009). These findings suggest the adaptability of some
coastal marine species to ocean acidification may be dependent
on larval resilience in regions where undersaturated waters
upwell to the sea surface.

Our observations indicate that a natural, respiration derived,
acidification of at least �35 mmol kg�1 DIC can occur in the
waters that upwell along the coast of northern California. These
waters currently hold �31 mmol kg�1 of anthropogenic DIC
(Feely et al., 2008), indicating that humans may have already
doubled the acidification of these waters relative to preindustrial
times. Currently, primary producers are modifying the carbon
characteristics of the upwelled waters at a rate that significantly
reduces the stress of aragonite undersaturation over the course of
a few days. In the future, when these upwelled waters contain
even more anthropogenic CO2, more biological productivity will
be required in order to achieve low enough pCO2 levels for
aragonite to be saturated. Because the CO2 reduction of upwelled
water is primarily biologically controlled there is potential that it
will also be sensitive to increasing pCO2 levels and decreasing OAr

and/or OCa. Further research is necessary to determine how this
mechanism will change in the future as the oceans continue to
absorb anthropogenic CO2 and saturation horizons continue
to shoal.
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Appendix

Error analysis

Standard error propagation methods were used to propagate
uncertainties in the sample measurements and in the Anderson
and Sarmiento (1994) nutrient assimilation ratios (P/N/Corg/O2¼

1/1671/117714/170710). NDBC (http://www.ndbc.noaa.gov/)
ARES Payload accuracy guidelines (http://www.ndbc.noaa.gov/
rsa.shtml) were used to determine the uncertainty in winds from
NDBC buoys 46027 and 46022 (Fig. 1a). Wind errors were
propagated through piston velocity calculations (Nightingale
et al., 2000) resulting in piston velocity errors ranging from 20%
to 40%. The median error (�25%) was selected for further error
propagation.

Relative errors in the piston velocity (25%) and mixed layer
depth (20%) were used to determine the relative error
((0.22

þ0.252)0.5
�0.32) in the cumulative oxygen gas exchange

for each time step in the mixed layer oxygen model. Because these
relative errors were fixed, for each time step in the model there

http://www.ndbc.noaa.gov/
http://www.ndbc.noaa.gov/rsa.shtml
http://www.ndbc.noaa.gov/rsa.shtml
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was a 32% uncertainty in the total amount of oxygen gained from
gas exchange. Uncertainty in the ([O2]h�[O2]sat) term was negli-
gible compared to the other uncertainties in the gas exchange
calculation, and was therefore omitted from the error analysis.
Uncertainty in the cumulative biological productivity term was
determined using the relative errors in DNO3

� , R(O2/No3), and in the
mixed layer depth. The cumulative gas exchange and the biological
productivity term uncertainties were then combined with the
oxygen measurement uncertainty (70.2 mmol kg�1) to calculate
a total uncertainty (*) in [O2]h(t¼nþ1) for each time step in the
oxygen model:

*½O2�hðt ¼ nþ1Þ ¼ *½O2�
2

hðmeas:Þ þ*DO2
2Gasðt ¼ nÞ þ*DO2

2O:M:ðt ¼ nÞ

� �0:5

ðA1Þ

Mixed layer ages were determined when [O2]h equaled
[O2]reference. This solution was almost explicit due to the small
time step in the model; however, due to uncertainties in the
calculated [O2]h for each time step, as well as the uncertainty in
the offshore [O2]reference measurement (70.2 mmol kg�1), the
range of possible mixed layer residence times was much larger
than the time step limitations. Uncertainty in the mixed layer age
depended on the first and last time steps during which the error
bars for the calculated [O2]h were within the uncertainty limits
of [O2]reference. The difference between these and the time step
at which [O2]h equaled [O2]reference gave the error bars for Dt.
The mean of these error bars was propagated with the uncertainty
in DDICO.M. to derive an uncertainty in the NCP rate (NCP¼
DDICO.M./Dt).

Similarly, in the CO2 gas exchange model uncertainties in the
cumulative gas exchange, biological, and calcite dissolution terms
were calculated for each time step and propagated with the DIC
measurement error (71.5 mmol kg�1) to get a total error in the
calculated mixed layer DICh (Eq. (A2)). The same approach was
taken to calculate the error in TAh for each time step (Eq. (A3)).
At the end of the model run, errors in TAh and DICh (�4 and
�3 mmol kg�1, respectively) were used to determine how sensi-
tive the pCO2 calculation was to uncertainties in these input
parameters. Uncertainty in the input parameters resulted in a
2.5% uncertainty in the calculated pCO2, which was insignificant
relative to errors in the piston velocity and the mixed layer depth:

*DIChðt ¼ nþ1Þ ¼ *DIC2
ðmeas:Þ þ*DDIC2

Gasðt ¼ nÞ

�

þ*DDIC2
O:M:ðt ¼ nÞ þ*DDIC2

CaCO3ðt ¼ nÞ

�0:5
ðA2Þ

*TAhðt ¼ nþ1Þ ¼ *TA2
ðmeas:Þ þ*DTA2

O:M:ðt ¼ nÞ þ*DTA2
CaCO3ðt ¼ nÞ

� �0:5

ðA3Þ

Summing the gas exchange terms from each time step over the
age of the mixed layer gave the total DIC loss due to gas exchange.
The calculation was also completed using the upper and lower
mixed layer age uncertainty limits, giving a range of uncertainty
in DDICGas. The mean of the DDICGas error bars was propagated to
determine the uncertainty in DDICresidual.
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