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[1] The GasEx-2001 study took place aboard the NOAA Ship Ronald H. Brown in the
eastern equatorial Pacific in February and March 2001. As part of this experiment,
water column measurements were collected at noon each day near a drifting array of
near-surface instruments to examine the temporal evolution of the water column
chemistry. These measurements were used to construct carbon mass balance estimates
during this Lagrangian type study. Over a 13-day period, the net drop in mixed layer
dissolved inorganic carbon (DIC) was 6.5 mmol kg�1. The net precipitation during this
period resulted in a DIC decrease of 1.2 mmol kg�1. Entrainment added 0.3 mmol kg�1 of
DIC to the mixed layer from below giving a combined net physical effect that accounted
for �14% of the total change. Biological new production removed 1.1 mmol kg�1 (17%)
of DIC from the mixed layer. Air-sea gas exchange had the largest impact on the DIC
budget, accounting for 69% (4.5 mmol kg�1) of the total DIC removal from the mixed
layer during this period. The estimated mean gas transfer velocity based on the DIC mass
balance was 13.8 ± 3.6 cm hr�1 (K660 = 11.8 cm hr�1). The mean wind speed during this
period was 6.0 ± 1.3 m s�1. This gas transfer velocity is in excellent agreement with
estimates generated from atmospheric micro-meteorological CO2 flux measurements
collected on the same cruise. The agreement between the oceanic and atmospheric
approaches supports the validity of the gas transfer velocities determined for the
GasEx-2001 experiment. INDEX TERMS: 0312 Atmospheric Composition and Structure: Air/sea

constituent fluxes (3339, 4504); 3339 Meteorology and Atmospheric Dynamics: Ocean/atmosphere

interactions (0312, 4504); 4504 Oceanography: Physical: Air/sea interactions (0312); 4806 Oceanography:
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1. Introduction

[2] In 1998, NOAA’s Office of Global Programs (OGP)
initiated a program of process studies to improve quanti-
fication of air-sea CO2 fluxes and gas transfer velocity.
The ultimate goal of this effort is to be able to quantify
transfer velocities on a regional scale from remote sensing
such that, combined with regional sea–air CO2 partial
pressures (DpCO2), improved global air-sea fluxes can be
determined. To accomplish this goal, fluxes have to be
determined at the same (hourly) timescale as the variability
in environmental forcing. The first gas exchange experi-

ment, GasEx-98, occurred in the CO2 sink region of an
anticyclonic warm core ring in the eastern North Atlantic
during May and June of 1998 [Wanninkhof and McGillis,
1999; McGillis et al., 2001a, 2001b; Feely et al., 2002a].
Air-sea gas exchange was studied using a variety of direct
and indirect approaches.
[3] The GasEx-2001 study took place aboard the NOAA

Ship Ronald H. Brown in the eastern equatorial Pacific in
February and March 2001. The equatorial Pacific has long
been recognized as a significant source of CO2 to the
atmosphere due to upwelling of carbon rich water [e.g.,
Feely et al., 2002b]. This region may also be responsible for
up to 70% of the total global variability in air–sea CO2

fluxes because of the strong correlation between the up-
welling and the El Niño–Southern Oscillation (ENSO)
cycle [Le Quéré et al., 2000]. The low annual mean wind
speeds in the equatorial Pacific and high DpCO2 values,
offered a unique opportunity to directly determine the fluxes
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in a low wind stress environment and to elucidate the factors
controlling the flux. Most of the GasEx-2001 experiments
involved measurements taken by and around a drifting array
of near-surface instruments deployed at 3.00�S, 125.00�W
at 2335 UTC February 14, 2001. The GasEx array was
allowed to drift for approximately 14 days until 0800 UTC
March 1, 2001. Over this time period, the array drifted
approximately 731 km to 2.30�S, 131.54�W.
[4] Three specific studies were conducted as a part of

the GasEx-2001 water column program (Figure 1). First,
regional surveys of the study area were conducted at the
beginning and middle of the study period to examine the
spatial variability around the array. Second, casts were
made near the GasEx array at noon local time (2000 UTC)
each day to examine the temporal evolution of the water
column hydrography and carbon distributions over the
course of the experiment. Third, two intensive time series
studies were conducted with casts every 3 hours to
examine diurnal variations in the water column. These
studies were used to characterize the spatial and temporal
evolution of the ocean system over the course of the
experiment. This work will primarily focus on the second
of these studies, the daily noon casts, in an attempt to
derive a mean gas exchange value for the study based on a
mixed layer carbon budget. The large-scale physical
oceanographic setting and temporal evolution of the hy-
drographic conditions related to this study are described by
Johnson et al. [2004], so this work will primarily discuss
the geochemical signatures and variations in the mixed
layer. Although a number of other studies have examined
carbon budgets in the equatorial Pacific waters or used
mixed layer pCO2 measurements together with published
gas exchange parameterizations to derive CO2 fluxes, these
studies were not conducted in conjunction with the direct
flux measurement approaches available as part of this
study. The variety of measurements made on the GasEx
cruise provide a unique opportunity to directly evaluate the
CO2 flux estimates based on both air-side and water-side
measurements.
[5] Changes in mixed layer dissolved inorganic carbon

(DIC) concentrations are a function of air-sea gas exchange,
biological uptake/respiration, and horizontal and vertical
mixing processes. Chipman et al. [1993] studied DIC
distributions in a warm core eddy from the North Atlantic
in 1990 and found that biological utilization of carbon and

air-sea gas exchange were the predominant processes con-
trolling CO2 distributions in the mixed layer. Horizontal
mixing and vertical entrainment of DIC from depth into the
mixed layer were negligibly small. A DIC budget was also
constructed for the GasEx-98 study in a similar North
Atlantic eddy [Feely et al., 2002a]. The Feely et al. study
found that approximately 43% of the total change in DIC
was due to entrainment, 30% was due to biological uptake
and carbon export flux, and the remaining 27% was due to
air-sea exchange of CO2 (i.e., 0.84 mmol kg�1 d�1). Using
the GasEx-98 DIC budget for the 3-day period from
June 16–19, 1998, Feely et al. estimated a gas exchange
velocity of 19 ± 11 cm/hr for an average wind speed (U10)
of 9 m s�1. This estimate was consistent with estimates
based on the atmospheric eddy correlation studies of
Wanninkhof and McGillis [1999] and McGillis et al.
[2001a] on the same cruise.
[6] The GasEx-2001 study used the same basic approaches

to evaluate the DIC budget and gas exchange velocity in
an area with relatively low wind speeds and large positive
DpCO2 values. Although this study attempts to isolate a
relatively small signal from the large overall variability, it
provides an independent check on the direct flux measure-
ments. It also provides the only means available for
estimating the CO2 gas flux for the GasEx-2001 experi-
ment directly from seawater measurements. All of the
other gas exchange techniques used for this study were
based on atmospheric measurements. Consistency between
the micro-meteorological CO2 measurements in the atmo-
sphere and the CO2 loss from the water column suggest
that there are not any major unknown biases in the various
approaches.

2. Data

[7] Forty-one casts were conducted in the main study area
using a Seabird CTD 911plus/rosette system (Figure 1). All
casts were made within a few kilometers of the GasEx array
except when the regional surveys were being conducted.
Continuous profiles of temperature, salinity, pressure, and
oxygen were collected with estimated accuracies of
0.002�C, 0.003 PSS-78, 2 dbar, and 2 mmol kg�1, respec-
tively. Water samples were collected from 23 Niskin bottles
closed at 17 nominal pressures in the upper 500 m of the
water column.
[8] DIC measurements were made using a single

operator multiparameter metabolic analyzer (SOMMA)-
coulometer system based on the principles outlined by
Johnson et al. [1985, 1987]. The precision and accuracy
of the SOMMA TCO2 system is estimated to be about
±1.5 mmol kg�1 based on the analysis of duplicate samples
and certified reference materials (CRMs) prepared by
A. Dickson of Scripps Institution of Oceanography (J. G.
Reference material batch information, 2003, available at
http://www-mpl.ucsd.edu/people/adickson/CO2_QC/)
[Dickson et al., 2003].
[9] Discrete pCO2 measurements were made on 500-mL

samples using a non-dispersive infrared analyzer (NDIR)
following the techniques ofWanninkhof and Thoning [1993]
and Chen et al. [1995]. All samples were equilibrated to a
temperature of 20�C before analysis. The precision and
accuracy of the pCO2@20�C measurements in the mixed

Figure 1. Ship track (solid line) and hydrocast positions
during GasEx-2001. Hydrocasts include noon casts near the
GasEx array (circles), casts taken near the array during two
intensive sampling periods (crosses), and casts collected as
part of two regional surveys of the study area (stars). Figure
is adapted from Johnson et al. [2004].
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layer is estimated to be about ±0.64 matm based on the
analysis of 44 duplicate samples.
[10] Nutrient measurements were made by autoanalyzer

using the associated chemistry and standardization proce-
dures designed and utilized on the WOCE and JGOFS
programs [Gordon et al., 1993]. Accuracy is estimated to
be approximately 1% of full range, or 0.4 mmol kg�1 for
nitrate (NO3) and 0.03 mmol kg�1 for phosphate (PO4).
[11] Samples were also collected and analyzed for chlo-

rophyll (usually 11 depths from 0 to 200 m at every station),
productivity (14C uptake from seven depths between 0 and
�120 m at almost every station), and new production
(15NO3 and 14NH4 uptake from six depths between 0 and
�80 m at one station per day). The details of the biological
measurements, including techniques and results, are given
by Strutton et al. [2000].

3. Spatial Distribution of Carbon

[12] The distributions of water properties during the
GasEx-2001 experiment were typical of the eastern equa-
torial Pacific during weak La Niña conditions. To charac-
terize the near-field distribution of properties at the
beginning of the GasEx-2001 experiment, a series of hydro-
casts were conducted in a butterfly pattern centered on the
location (3�S, 125�W) where the drifting array would be
deployed (Figure 1). Sections of temperature (T), salinity
(S), DIC, and pCO2@20�C along the meridional axis of the
butterfly are shown in Figure 2. The strong tropical ther-
mocline that separates the warm near-surface layer (T >
25�C) from the equatorial 13�C thermostad shoals toward
the equator (Figure 2a). Surface waters were generally
colder closer to the equatorial upwelling and warmer to
the south.
[13] The salinity section shows more structure than

temperature, reflecting the large-scale circulation and
water flux patterns of the equatorial Pacific (Figure 2b).
The north end of the section shows the low-salinity
equatorial surface waters with higher-salinity waters to
the south. High- salinity subsurface water also approaches
the equator from the south while relatively fresh waters
move south, reflecting the mean geostrophic convergence
that feeds the Equatorial Undercurrent and supplies the
equatorial upwelling [Tsuchiya, 1968; Johnson and
McPhaden, 1999].
[14] The pCO2 of seawater is strongly affected by

changes in temperature. Examination of the pCO2 of the
waters normalized to a constant temperature shows the
changes in carbon chemistry along the section that are
independent of the temperature forcing (Figure 2c). Without
the temperature effect, the pCO2 distribution shows a sharp
increase within the thermocline and a shoaling of the
isopleths toward the equator. This rapid increase in pCO2

with depth primarily results from the decomposition of
organic matter in the water column [Volk and Hoffert,
1985]. Biological productivity in the surface waters, and
hence DIC uptake, in the equatorial Pacific is limited by
iron availability [Chavez and Barber, 1987; Coale et al.,
1996]. Most of the thermocline high CO2 signal reflects
organic matter decomposition that has occurred at higher
latitudes and was advected toward the equator [Chavez and
Barber, 1987].

[15] The thermodynamic response of seawater pCO2 to a
1-degree change in temperature is approximately 4.23%
[Takahashi et al., 1993]. The decrease in thermocline
temperatures with depth lowers the in situ pCO2 by nearly
300 matm at 200 m, thus generating a much weaker
vertical gradient in the in situ pCO2. Correcting the
pCO2 values to in situ conditions also increases the warm
surface pCO2 values by nearly 100 matm, making the
surface waters supersaturated with respect to the atmo-
sphere. This supersaturation reflects the excess carbon that
is stored in the recently upwelled waters. As the new
surface waters warm, the pCO2 increases, strengthening
the thermodynamic drive for CO2 to evade into the
atmosphere. Although biological production and air-sea
gas exchange work to decrease the surface pCO2 concen-
trations, warming of the waters over time counteracts this
to maintain the high seawater CO2 concentrations. Varia-
tions in near-surface pCO2 are discussed in detail in other
papers [DeGrandpre et al., 2004].
[16] Like pCO2, DIC is strongly affected by the bio-

logical pump [Volk and Hoffert, 1985]. As with the
pCO2@20�C, there is a rapid increase in DIC concen-
trations with depth in the thermocline (Figure 2d). How-
ever, some of the physical forcing, as evidenced by the
structure in the salinity section (e.g., the low surface
salinity at the north end of the section), is more prevalent
in DIC than in pCO2. DIC is a state variable; thus it is
not affected by changes in temperature and only reflects
true changes in the mass balance. DIC exhibits a rela-
tively strong increase in surface concentrations toward the
south, from a mean value of 2029 mmol kg�1 in the

Figure 2. Meridional sections of (a) temperature,
(b) salinity, (c) pCO2 measured at 20�C, and (d) dissolved
inorganic carbon from the north-south leg of the first
regional survey. Black dots indicate sample locations.
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upper 30 m at 2.25�S to 2046 mmol kg�1 at 3.75�S. This
increase likely reflects both water mass changes and
meridional gradients in biological productivity.
[17] The zonal changes in all four parameters are much

smaller than the meridional changes over the same distances
(Figure 3). However, there was a consistent decrease in all
parameters toward the west. Zonal changes in mean surface
layer DIC, for example, dropped from 2042 mmol kg�1 at
124.25�W to 2037 mmol kg�1 at 125.75�W. Similar merid-
ional and zonal gradients were observed in the second
butterfly survey conducted near the midpoint of the study
period.

4. Temporal Evolution of DIC

[18] The main portion of the GasEx-2001 study centered
on a floating array of instruments that were outfitted with a
drogue to remain with the same water mass as a Lagrangian
type study. Daily hydrocasts were collected within a few
kilometers of the array to characterize the evolution of the
water mass properties over the course of the experiment. By
constructing a DIC budget for the surface waters, the
temporal evolution of the DIC concentrations can be used
to estimate the carbon lost from the ocean due to gas
exchange during this study.
[19] Within the mixed layer, the daily changes in DIC

can be expressed as the sum of changes in DIC due
to evaporation and precipitation (DDICEP), vertical
mixing and entrainment (DDICmix), horizontal advection
(DDICadv), production/decomposition of dissolved organic

carbon (DDICDOC), production/decomposition of particu-
late organic carbon (DDICPOC), production/remineraliza-
tion of particulate inorganic carbon (DDICPIC), and air-sea
gas exchange (DDICexch),

DDICtotal ¼ DDICEP þ DDICmix þ DDICadv þ DDICDOC

þ DDICPOC þ DDICPIC þ DDICexch: ð1Þ

Because of the Lagrangian nature of this study, the horizontal
component is defined to be zero. Thus one can quantify the
effect of gas exchange on the DIC budget by correcting the
observed total change in DIC for the physical (DDICEP +
DDICmix) and biological (DDICDOC + DDICPOC + DDICPIC)
effects,

DDICexch ¼ DDICtotal � DDICEPð þ DDICmixÞphysical � DDICDOCð
þ DDICPOC þ DDICPICÞbiological: ð2Þ

In the following sections we will examine the individual
components of this relationship.

4.1. Total Changes in DIC

[20] Since air-sea gas exchange is limited to the waters
in direct contact with the surface, this work focuses on
variations within the mixed layer. Low wind-driven
turbulence and large diurnal variations in latent and
sensible heat fluxes can result in significant stratification
during the daylight hours that is quickly mixed out at
night [Ward et al., 2004]. Although this stratification can
impact the short-term (minutes to hours) carbon cycle and
fluxes [DeGrandpre et al., 2004], a water mass definition
that considers the larger-scale mixing that occurs over the
diurnal cycle is more appropriate for the longer-term
(days to weeks) DIC budget calculations. Unfortunately,
the standard definitions of mixed layer depth (e.g.,
changes in temperature, salinity, or density relative to
the surface, or depths where the vertical gradients of
these quantities exceed some values) did not work well
for our purposes with the entirety of measurements made
during GasEx-2001.
[21] For this work, the mixed layer is considered to be all

waters with a potential density (sq) less than 23.1 kg m�3.
This criterion was based on several observations. First,
mixed layer estimates based on DT or DS definitions for
nighttime casts collected as part of the two intensive studies
indicated that mixed layer depths were comparable to the
depth of sq = 23.1 kg m�3. Second, a section of potential
density as a function of time shows that the 23.1 kg m�3

surface was one of the lowest density surfaces present
throughout the experiment (Figure 4). Finally, a plot of
several physical and biogeochemical properties as a
function of potential density show relatively consistent
concentrations at densities less than 23.1 kg m�3, and
increasing scatter at higher densities (Figure 5).
[22] The average mixed layer depth determined for this

study was 42 ± 6 m. The temporal change in DIC concen-
tration was determined by averaging the sample values,
typically seven to nine bottles, collected in the mixed layer
from the daily noon casts conducted near the array. Al-
though the intensive studies at the beginning and middle of
the experiment indicate that there was a diurnal cycle of

Figure 3. Zonal sections of (a) temperature, (b) salinity,
(c) pCO2 measured at 20�C, and (d) dissolved inorganic
carbon from the east-west leg of the first regional survey.
Black dots indicate sample locations.
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approximately 1.5 mmol kg�1 in DIC, the potential bias
from a once-per-day sampling approach should be mini-
mized by the fact that the daily casts were always collected
as close to local noon (2000 UTC) as possible. The diurnal
DIC cycle primarily reflects the light-dark response of the
biological production, with local noon marking the mini-
mum daily DIC concentrations for both intensive study
periods.
[23] The total change in mixed layer DIC over the 13 days

of the experiment was a lowering from 2038 mmol kg�1,
when the array was first deployed, to 2031.5 mmol kg�1

when the array was recovered at the end of the experiment.
As noted in equation (1), this drop of 6.5 mmol kg�1

represents the cumulative effects of both the physical and
biological controls on DIC (Figure 6).

4.2. DIC Changes Due to Physical Factors

[24] The two dominant physical fluxes that must be
considered in a Lagrangian mixed layer DIC budget are
surface exchanges and vertical mixing and diffusion from
below. Since DIC concentrations increase rapidly with
depth below the mixed layer, vertical entrainment could
have a significant impact on the average mixed layer
concentrations. The GasEx-2001 site, however, has a rela-
tively low-energy environment with weak winds and a
strong tropical thermocline. The observed mixed layer
depths were very stable over the course of the experiment,
suggesting that vertical mixing was relatively small. To
quantify the potential vertical DIC fluxes, a simple one-
dimensional mixed-layer model (PWP) was run. The model
domain extended from the surface to 500 m at 1-m intervals
and was initialized with temperature, salinity, and DIC
profiles from a hydrocast conducted just prior to deploy-
ment of the GasEx array. The model was forced with
observed meteorological conditions and is described in
detail by Johnson et al. [2004]. Background vertical diffu-
sivity used in the model (Kz = 1 � 10�6 m2 s�1) is at the
lower end of the observed range of thermocline values
[Gregg, 1998]. The lower value was chosen because the
high-resolution forcing, short time step, short run-time, and
the Lagrangian nature of the run would all tend to minimize
the impact of vertical mixing on the budget. Upwelling is
prescribed in the model at a rate of 1 � 10�5 m s�1 based on
the observed thermocline shoaling of 13 m over the
15.5 days of that the ship was in the study region. Observed
and modeled temperature profiles at the end of the exper-
iment are in very good agreement, with temperature differ-
ences above the thermocline of only 0.05�C. Treating DIC

Figure 5. Scatterplots of (a) salinity, (b) dissolved
inorganic carbon, (c) dissolved oxygen, and (d) nitrate as
a function of potential density. Data are from stations
collected near the GasEx array. Horizontal lines indicate the
23.1 kg m�3 density surface.

Figure 4. Time series section of potential density (sq) in
the upper 60 m of the water column from casts taken near
the GasEx array. Black dots indicate sample locations. Figure 6. Plot of DIC concentrations as a function of time

from the noon casts collected near the GasEx array. Solid
circles are the measured DIC concentrations. Open circles
are the measured DIC concentrations after the physical
fluxes have been removed. The solid squares are the DIC
concentrations corrected for the physical fluxes and the
biological draw down based on new production estimates.
The solid inverted triangles are the DIC concentrations
corrected for the physical fluxes and the biological draw
down based on changes in dissolved inorganic nitrogen.
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as a passive tracer that is affected by physical mixing, but
not biology, the model predicts an increase in mixed layer
DIC of 0.4 mmol kg�1 over 15.5 days. These calculations
confirm that vertical mixing has a relatively minor role in
the budget for this study. Even if the vertical diffusivity
were increased by an order of magnitude the DDIC would
only increase by 0.05 mmol kg�1. While all of the DIC
increase is ostensibly attributed to entrainment at the base of
the mixed layer, this entrainment would be about 25% lower
in a model run without prescribed upwelling.
[25] Air-sea fluxes have a much stronger influence on the

mixed layer DIC concentrations than the physical fluxes
from below. Since the air-sea exchange of DIC is the
objective of this study, that component will be examined
later. Another surface flux that must be considered is the air-
sea exchange of water. Precipitation and evaporation dilute
or concentrate DIC in the same ratio as salinity. To remove
this effect from the total DIC signal, the mixed layer DIC
values were normalized to the salinity from the first hydro-
cast of the experiment. The first 6 days of the experiment
showed a small net decrease (�0.1%) in observed mixed
layer salinity. After day 52.8, salinity increased to reduce
the overall drop in salinity to �0.04% for the experiment.
This equates to approximately 0.8 mmol kg�1 decrease in
DIC due to dilution.
[26] Although the PWP model included observed meteo-

rological forcing using shipboard estimates of precipitation
and evaporation, it did not adequately reproduce the net
lowering of salinity observed during the first half of the
experiment. This deficiency most likely resulted from the
fact that the rain during the first few days of the experiment
was generally confined to isolated squalls which may not
have passed directly over the ship where the rainfall was
recorded. In the latter half of the experiment, there were
fewer rain squalls, and the modeled changes in salinity
resulting from a net evaporation agree very closely with the
observations.
[27] The net effects of the physical fluxes on the mixed

layer DIC can be seen in Figure 6. The DICphys values
show the DIC values after being corrected for the physical
fluxes. Most of the separation between the DIC and the
DICphys trends prior to day 52.8 result from a net freshening
of the mixed layer. After day 52.8 the net evaporation in the
mixed layer decreased the DIC dillution by about half.
Removing the effects of the physical fluxes reduces the net
drop in DIC over the 13 days of the experiment from 6.5 to
5.7 mmol kg�1.

4.3. DIC Changes Due to Biology

[28] Biological production and decomposition can affect
DIC concentrations in several ways. One direct effect on
DIC is the precipitation of particulate inorganic carbon
(PIC). The production of calcitic (e.g., coccoliths and
forams) and aragonitic (e.g., pteropods) plankton tests not
only decreases the DIC, but also decreases the total alka-
linity (TA) in a ratio of TA:DIC = 2:1 according to

2HCO�
3 þ Ca2þ ¼ CO2 þ CaCO3 þ H2O: ð3Þ

Since TA is a sensitive indicator of carbonate production
and is not strongly affected by the biological production of
organic matter, the DDICPIC term in the DIC budget can be

estimated from TA changes during the experiment.
Although there is some variability in the TA calculated
from DIC and pCO2, there is no clear trend over the time
frame of the experiment (Figure 7). Even when normalized
to a constant salinity, the slope of a linear fit is not
significantly different from zero (0.1 ± 1.0 mmol kg�1 d�1).
Thus DDICPIC is taken to be zero for these budget
calculations.
[29] There is also no observable trend in the dissolved

organic carbon (DOC) concentrations during the experiment
(Figure 7). Significant conversions of DIC to the dissolved
organic pool or the decomposition of DOC back to DIC
could impact the DIC budget, but the DDICDOC appears to
be zero within the precision of the measurements.
[30] The largest impact of biology on the DIC budget is

the production and export of particulate organic carbon
(DDICPOC). The observed production based on 14C incuba-
tions (average = 0.83 ± 0.23 mmol m�3 d�1) was very large
compared to the net changes observed in DIC. However,
much of that production is quickly recycled within the
mixed layer. The details of the productivity measurements
and the temporal changes in biological production are given
by Strutton et al. [2000]. New production estimates were
evaluated on 13 casts during this experiment using 15N
enrichment experiments. A mean profile of the f ratio (the
ratio of new production to 14C production) based on these
experiments showed a decrease from 0.165 at the surface
down to 0.04 at 60 m. The net result was roughly equivalent
to a new production of about 10% within the mixed layer
which would include direct remineralization of the particu-
late organic matter as well as any loss from DOC which was
then remineralized back to DIC. The DICphys&Cbio points on
Figure 6 were determined by correcting the DICphys for
new production by applying the observed f ratio profile to
the daily 14C production estimates in the mixed layer.
The net change in DIC after removing the physical and
biological fluxes during the experiment was a decrease of
4.5 mmol kg�1.
[31] An alternative approach for estimating new produc-

tion in the mixed layer is to examine the net change in

Figure 7. Plot of salinity normalized total alkalinity (filled
circles) and dissolved organic carbon (open circles) as a
function of time from the noon casts collected near the
GasEx array.
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inorganic nutrients over time. As a validation for the new
production estimates given above, the changes in inorganic
nitrogen were examined. First, the nitrate plus nitrite
values were normalized to a constant salinity in the same
way as the DIC samples. To convert the nitrogen to
carbon, the daily change in salinity normalized total
dissolved inorganic nitrogen (DN) was multiplied by a
C:N of 7.31 estimated by Anderson and Sarmiento [1994].
Figure 6 shows the DICphys&Nbio points determined by
correcting the DICphys for the nitrogen-based biological
production estimates. Although there is significant vari-
ability in the first half of the experiment, the net changes
agree very well with the productivity based estimates.

4.4. DIC Changes Due to Gas Exchange

[32] On the basis of the mass balance in equation (2),
the change in DICphys&Cbio over time reflects the loss of
CO2 from the mixed layer due to air-sea gas exchange. To
determine the average mixed layer DIC loss due to gas
exchange, the DICphys&Cbio data were fit as a linear
function of time. The resulting slope was �0.254 ±
0.055 mmol kg�1 d�1. Over this 13-day period, the net
drop in mixed layer DIC was 6.5 mmol kg�1. The net
precipitation during this period resulted in a DIC decrease
of 1.2 mmol kg�1. Entrainment of DIC from below the mixed
layer decreased the net physical effect to 0.9 mmol kg�1

(14%). Biological new production removed 1.1 mmol kg�1

(17%) of DIC from the mixed layer during the experiment.
Air-sea gas exchange had the largest impact on the DIC
budget, accounting for 69% (4.5 mmol kg�1) of the total DIC
removal from the mixed layer during this period.

5. Estimated Gas Transfer Velocity

[33] The estimated air-sea gas exchange can be used to
determine a gas transfer velocity (k) by rearranging the
standard flux equation,

k ¼ CO2 flux=sDf CO2: ð4Þ

The CO2 flux is determined by multiplying the slope of the
DIC concentration change by the average mixed layer depth
(42 ± 6 m). The solubility (s) can be estimated from Weiss
[1974] using the mean mixed layer temperature and salinity.
The mean DfCO2 for the experiment was 118 ± 2 matm
based on the shipboard underway pCO2 measurements
[DeGrandpre et al., 2004]. The estimated mean gas transfer
velocity for the period that the GasEx array was in the water
was 13.8 cm hr�1. The mean wind speed during this period
was 6.0 ± 1.3 m s�1.
[34] Calculating the errors for this estimate should be

reasonably straight forward. The three direct estimates that
go into these calculations are the slope of the mixed layer
DIC change, the mixed layer depth, and the DfCO2.
Although measured temperature and salinity values are used
to estimate the mean solubility, the errors in these measure-
ments do not make a significant difference to the final
number. Propagation of the estimated errors for each of
these terms leads to an uncertainty of 3.6 cm hr�1 in the
final gas transfer velocity. The largest single error in this
calculation is in the slope uncertainty. The error estimate
used for these calculations was the standard error of the

slope. Although some of the inadequacies in the budget
accounting are manifested as variability in the daily trends,
it is possible that there are systematic biases associated with
processes not considered in the budget calculations pre-
sented here. At this point, these systematic biases are
assumed to be small.
[35] To relate this estimated gas transfer velocity to

published results from other approaches, the results pre-
sented here must be normalized to a standard Schmidt
number (Sc) of 660 according to [Jähne et al., 1987;
Wanninkhof, 1992],

k660 ¼ kmeasured Scmeasured=660ð Þ0:5: ð5Þ

On the basis of a local Schmidt number of 482.5 for the
study region, the k660 from this study is 11.8 ± 3.1 cm hr�1

for a mean wind speed of 6 ± 1.3 m s�1. These results agree
well with the gas transfer velocity estimates based on eddy
correlation measurements made on this cruise (W. McGillis
et al., Air-sea CO2 exchange in the equatorial Pacific,
submitted to Journal of Geophysical Research, 2004)
(hereinafter referred to as McGillis et al., submitted
manuscript, 2004) and are also consistent with the
Wanninkhof [1992] wind speed formulation (Figure 8).

6. Conclusions

[36] The various estimates and formulations for the gas
transfer velocity as a function of wind speed are in reason-

Figure 8. Plot of gas transfer velocity (k660) as a function of
wind speed (U10). Dotted line shows Wanninkhof
[1992] relationship. Solid line shows McGillis et al.
[2001a] relationship. Dashed line shows Liss and Merlivat
[1986] relationship. Dash-dotted line shows GasEx-2001
relationship from McGillis et al. (submitted manuscript,
2004). Open circles and square with error bars show direct
covariance and dual tracer estimates, respectively, from
GasEx-98 study [McGillis et al., 2001b]. Stars show direct
covariance measurements from GasEx-2001 (McGillis et al.,
submitted manuscript, 2004). Open triangle with error bars
shows the estimate from DIC budget on GasEx-98 [Feely et
al., 2002a]. Solid diamond with error bars shows estimate
from this study using DIC budget. Figure is adapted from
McGillis et al. (submitted manuscript, 2004).
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able agreement at the mean wind speeds (6 m s�1) observed
during the GasEx-2001 experiment (Figure 8). Thus the
mean gas transfer velocity estimated in this study cannot
be used to distinguish between the different gas ex-
change formulations. However, the agreement between
the water-side CO2 loss estimates provided here and the
independent atmospheric micro-meteorological CO2 flux
estimates collected on the same cruise supports the
validity of the shorter-term approaches for directly eval-
uating the gas fluxes, which do indicate fluxes that are
not consistent with the published relationships (McGillis
et al., submitted manuscript, 2004). Future gas exchange
experiments should continue to include both water-side
and air-side flux estimates as independent checks on
these approaches.
[37] The GasEx-2001 cruise was designed to investigate

air-sea gas exchange processes using a variety of different
approaches. Many of the air-sea flux techniques used for
this study were based on micro-meteorological measure-
ments of atmospheric CO2. The comparable water side
changes are relatively large, but are complicated by non-
gas exchange processes that can affect the mixed layer
DIC concentrations. Budget estimates for mixed layer DIC
during the Lagrangian study period of the GasEx-2001
cruise indicated that, in contrast to previous North Atlantic
studies [Chipman et al., 1993; Feely et al., 2002a], the air-
sea gas flux was the largest contributor to the DIC draw-
down. The large upwelling signal in the eastern equatorial
Pacific provided ideal conditions for the estimation of gas
exchange from a carbon mass balance approach because
this signal dominated over other processes acting on the
mixed layer pCO2 values. A comprehensive suite of
measurements and ideal oceanographic conditions also
resulted in relatively small error estimates for this study
compared to previous studies. Although the situation of
having air-sea gas exchange be the dominant factor in a
carbon budget may be relatively uncommon based on
typical global patterns of air-sea gas exchange [Feely et
al., 2002b; Takahashi et al., 2002], the mass balance
approaches discussed here can be used to address a
number of other carbon cycle issues. For example, esti-
mates of net ecosystem production or the role of DOC in
ecosystem dynamics can be studied by using a reliable gas
exchange formulization and allowing one of the other
terms to be the unknown.
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