
Deep-Sea Research I 58 (2011) 241–259
Contents lists available at ScienceDirect
Deep-Sea Research I
0967-06

doi:10.1

n Corr

of Britis

Tel.: +1

E-m
1 Cu

Bank Dr
2 Cu

Mesa D
journal homepage: www.elsevier.com/locate/dsri
Spatial variability and temporal dynamics of surface water pCO2, DO2/Ar and
dimethylsulfide in the Ross Sea, Antarctica
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a b s t r a c t

We report results from two surveys of pCO2, biological O2 saturation (DO2/Ar) and dimethylsulfide

(DMS) in surface waters of the Ross Sea polynya. Measurements were made during early spring

(November 2006–December 2006) and mid-summer (December 2005–January 2006) using ship-board

membrane inlet mass spectrometry (MIMS) for high spatial resolution (i.e. sub-km) analysis. During the

early spring survey, the polynya was in the initial stages of development and exhibited a rapid increase

in open water area and phytoplankton biomass over the course of our �3 week occupation. We

observed a rapid transition from a net heterotrophic ice-covered system (supersaturated pCO2 and

undersaturated O2) to a high productivity regime associated with a Phaeocystis-dominated phyto-

plankton bloom. The timing of the early spring phytoplankton bloom was closely tied to increasing sea

surface temperature across the polynya, as well as reduced wind speeds and ice cover, leading to

enhanced vertical stratification. There was a strong correlation between pCO2, DO2/Ar, DMS and

chlorophyll a (Chl a) during the spring phytoplankton bloom, indicating a strong biological imprint on

gas distributions. Box model calculations suggest that pCO2 drawdown was largely attributable to net

community production, while gas exchange and shoaling mixed layers also exerted a strong control on

the re-equilibration of mixed layer O2 with the overlying atmosphere. DMS concentrations were closely

coupled to Phaeocystis biomass across the early spring polynya, with maximum concentrations

exceeding 100 nM.

During the summer cruise, we sampled a large net autotrophic polynya, shortly after the seasonal

peak in phytoplankton productivity. Both diatoms and Phaeocystis were abundant in the phytoplankton

assemblages during this time. Minimum pCO2 was less than 100 ppm, while DO2/Ar exceeded 30% in

some regions. Mean DMS concentrations were �2-fold lower than during the spring, although the

range of concentrations was similar between the two surveys. There was a significant correlation

between pCO2, DO2/Ar and Chl a across the summer polynya, but the strength of these correlations and

the slope of O2 vs. CO2 relationship were significantly lower than during the early spring. Summertime DMS

concentrations were not significantly correlated to phytoplankton biomass (Chl a), pCO2 or DO2/Ar. In

contrast to the early spring time, there were no clear temporal trends in summertime gas concentrations.

Rather, small-scale spatial variability, likely resulting from mixing and localized sea-ice melt, was clearly

evident in surface gas distributions across the polynya. Analysis of length-scale dependent variability

demonstrated that much of the spatial variance in surface water gases occurred at scales of o20 km,

suggesting that high resolution analysis is needed to fully capture biogeochemical heterogeneity in

this system.

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

The Ross Sea polynya is one of the most biologically productive
regions in the Southern Ocean (Smith and Gordon, 1997; Arrigo
et al., 1998b) and an important site of deep water formation
(Jacobs, 2004; Trumbore et al., 1991). By virtue of its high primary
productivity and seasonal ice cover, this region constitutes a
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strong sink for atmospheric CO2, with a significant capacity for
carbon transport into the ocean interior (Sandrini et al., 2007;
Arrigo et al., 2008). Large fluxes of the climate-active gas
dimethylsulfide (DMS) have also been documented in the Ross
Sea polynya (Ditullio and Smith, 1995; Kiene et al., 2007). DMS
concentrations in this region are among the highest in the world’s
oceans (Kettle et al., 1999), and the resulting sea-air DMS fluxes
constitute a significant source of sulfur aerosols to the atmo-
sphere (Gondwe et al., 2003). These aerosols backscatter incom-
ing solar radiation and act as cloud condensation nuclei,
influencing the atmospheric albedo (Boucher et al., 2003). The
factors governing the distribution of DMS and pCO2 in the Ross
Sea are therefore of significant biogeochemical and climate
relevance, and have been the focus of intensive field measure-
ment programs (Smith et al., 2000; DiTullio and Dunbar, 2003).

In the Ross Sea, as in all marine systems, variability in surface
water gas is generated by the interplay of ocean mixing, air-sea
exchange and biological cycling. Net community production
(NCP; i.e. photosynthesis minus respiration) consumes CO2 and
releases O2, effectively coupling these two gases in the mixed
layer. The magnitude of NCP depends upon surface ocean nutrient
supply and mean irradiance levels, both of which are strongly
influenced by vertical stratification and mixed layer depths
(MLD). Surface DMS concentrations are also influenced by mixed
layer dynamics, phytoplankton species composition and produc-
tivity, and photochemical processes (see reviews by Simó (2004)
and Stefels et al. (2007). This volatile compound is derived from
the algal metabolite dimethylsulfoniopropionate (DMSP), which
is released into the water column through various trophic
processes including algal excretion, zooplankton grazing and viral
lysis (Dacey and Wakeham, 1986; Belviso et al., 1990; Malin et al.,
1998), and subsequently cycled through the microbial loop (Kiene
and Linn, 2000; Zubkov et al., 2002). Empirical algorithms have
been developed to predict global DMS distributions based on
surface ocean Chl a concentrations, mixed layer depths and solar
radiation dose (Simo and Dachs, 2002; Vallina et al., 2007). These
algorithms perform relatively well over large spatial scales, but
they cannot resolve mesoscale and sub-mesoscale DMS variability
(Derevianko et al., 2009), which is apparent in many oceanic
regions (e.g. Kiene et al., 2007; Nemcek et al., 2008). This small-
scale variability results, in large part, from the rapid turnover of
DMS in the mixed layer, associated with high rates of biological
consumption and photo-oxidation (Simó et al., 2000; Toole et al.,
2004; Merzouk et al., 2006; del Valle et al., 2009).

Biogeochemical processes in the Ross Sea vary dramatically over
the course of the seasonal cycle in response to changing solar
irradiance, wind speeds and ice cover (Arrigo et al., 1998a). During
winter, cooling and brine rejection drive deep convection, resulting in
a vertically homogenous, net heterotrophic water column that is
supersaturated in pCO2 and undersaturated in O2 (Sweeney et al.,
2000). During this time, significant ice cover acts to restrict air-sea
exchange and thus limits the equilibration of surface waters with the
overlying atmosphere. As ice clears in spring and surface waters
warm, stratification and an increasing photoperiod promote high
rates of primary productivity causing rapid pCO2 drawdown, and O2

and DMS accumulation. As the growing season progresses, differences
in winds and sea-ice melt contributions drive regional variability in
sea ice cover and stratification. For example, very shallow (i.e.o15 m)
mixed layers are produced by ice melt in the NW polynya (e.g. Terra
Nova Bay) during summertime conditions (Arrigo et al., 1998a). This
region can exhibit extreme pCO2 drawdown (i.e. pCO2o100 ppm;
Sweeney et al., 2000) and typically supports phytoplankton commu-
nities dominated by diatoms rather than Phaeocystis antarctica, a
colonial haptophyte that is dominant elsewhere in the Ross Sea
polynya (DiTullio and Smith, 1996; Arrigo et al., 2000; Sweeney et al.,
2000). These two taxa have different C:N:P uptake stoichiometries,
rates of export production and DMS(P) production (Arrigo et al.,
2002). Stratification-induced patterns coupled with iron limitation
effects on diatom and Phaeocystis abundances (Sedwick et al., 2000)
can thus drive spatial variability in surface water biogeochemical
cycles (Arrigo et al., 1999, 2002).

In addition to large-scale gradients due to ice melt, stirring and
lateral advection can result in variability in mixing depths and gas
distributions over a range of scales. These processes have gained
recognition recently as important controls on mixed layer depth
(Boccaletti et al., 2007; Fox-Kemper et al., 2008; Thomas and
Ferrari, 2008) and primary productivity (Long et al., submitted for
publication-a), thus driving small-scale heterogeneity in surface
gas concentrations. Since biogeochemical and physical processes
are inherently non-linear, resolving this small-scale variability is
important to develop an accurate description picture of surface
ocean gas distributions and sea-air fluxes.

Biogeochemical sampling at discrete hydrographic stations
cannot adequately resolve sub-mesoscale variability in the Ross
Sea and other dynamic marine systems (Hales and Takahashi,
2004). To address this limitation, we and others have developed a
new approach to underway ship-board gas measurements using
membrane inlet mass spectrometry (MIMS, Kaiser et al., 2005;
Tortell, 2005). With this method, it is possible to simultaneously
examine variability in pCO2, DMS and O2/Ar at sub-km spatial
scales (Tortell and Long, 2009). The O2/Ar ratio provides informa-
tion on biological O2 cycling, since Ar normalization corrects for
physically induced changes in O2 saturation state such as tem-
perature changes and bubble injection (Craig and Hayward,
1987). Coupled measurements of O2/Ar and pCO2 thus provide
significant insight into surface water NCP and biological C cycling
in oceanic surface waters.

In this paper, we report the results of a two-year field survey of
dissolved gas concentrations in the Ross Sea polynya, using ship-
board MIMS for high resolution measurements of surface water
pCO2, DMS and O2/Ar. We conducted cruises during the austral
spring bloom and early summer phytoplankton growth seasons
under different physical, chemical and biological conditions, and
we compare and contrast the two field seasons in terms of gas
concentrations and hydrographic/biological variability. Our pri-
mary objective was to characterize the temporal and spatial
heterogeneity of surface water gases in the Ross Sea to gain
insight into seasonal biogeochemical dynamics and the relevant
scales of underlying variability.
2. Methods

Two underway surveys of the Ross Sea polynya were con-
ducted on board the R.V./IB Nathaniel B. Palmer as part of the
CORSACS program (Control on Ross Sea Algal Community Struc-
ture). The surveys were conducted during the early phytoplank-
ton growing season (November 11, 2006–December 4, 2006:
CORSACS II), when phytoplankton assemblages were dominated
by P. antarctica, and the later growth season (December 26, 2005–
January 24, 2006: CORSACS I) when blooms of both Phaeocystis

and diatoms were present. We note that the two cruises did not
occur contiguously over the same growing season; as a result
interannual variability could affect the interpretation of our
results. Below, we refer to CORSACS II (C2) as the early phyto-
plankton growing season and CORSACS I (C1) as the mid-season
period, following the bloom peak.

2.1. Continuous underway sampling system

Simultaneous underway measurements of pCO2, O2/Ar ratios and
DMS were conducted using membrane inlet mass spectrometry
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(MIMS) (Tortell, 2005). Seawater samples were obtained from the
ship’s uncontaminated underway system, located at the bow at a
nominal depth of �5 m. In order to reduce membrane permeability
changes due to temperature variability, water samples were intro-
duced into the cuvette at constant temperature (2.5 1C). Tempera-
ture equilibration of samples was achieved using a heat exchanger
(20 ft of 1/4 in stainless steel tubing) immersed in a temperature-
controlled water bath (VWR Scientific, USA). Data were collected
more than twice per minute, yielding an effective spatial resolution
of �100–200 m along the cruise track (with closer spacing during
transits through sea-ice or when towing underway sampling equip-
ment). Instrument response time, including membrane permeation
and ion detection, was less than 20 s for gases.

2.2. Calibration of dissolved gases

The instrument ion current intensities obtained at m/z (mass
to charge ratio) 32, 40, 44 and 62 were calibrated using equili-
brated seawater standards for CO2 and O2/Ar, and DMS seawater
standards. CO2 and DMS calibrations were performed once per
day, while DO2/Ar calibrations were performed several times per
day. This frequency was sufficient to constrain instrument drift.
The flow rate (�300 mL min–1) and sample temperature (2.5 1C)
during calibration were the same as during the underway data
acquisition, and approximately 500 mL of each standard was used
to calibrate the MIMS. DMS calibration was performed as
described by Nemcek et al. (2008).

For CO2, the primary standards consisted of 4 L polycarbonate
bottles with prefiltered seawater (o0.2 mm, Whatman Polycap
Capsule) gently bubbled through a diffusing stone with dry CO2 gas
mixtures (100, 380 and 800 ppm, balance air; Scott Specialty Gases,
CA). Prefilters were rinsed with 10% HCl and stored at 4 1C in between
uses. For C1, these CO2 seawater standards were kept in a flow-
through deck-board incubator at in-situ sea surface temperature (SST)
for at least 2 days prior to use. Discrete subsamples (500 mL) were
drawn into glass bottles from each primary standard for measure-
ment on the MIMS. The reproducibility of the standard measure-
ments was better than 0.3% over 5 days (see Gueguen and Tortell
(2008) for further details). For C2, CO2 standards were kept in a
laboratory temperature equilibration tank connected to the ship’s
flowing surface seawater supply. Subsamples were removed directly
from bottles via electronic switching valves (Valco Instruments)
connected to the seawater sampling system. After three point
calibration using the equilibrated seawater standards, pCO2 measure-
ments were calculated at in-situ temperature using empirical equa-
tions (Takahashi et al., 2009). The continuous pCO2 values obtained
by MIMS were in good agreement with those obtained by the
underway pCO2 LI-COR analyzer deployed on the R.V./IB Nathaniel

B. Palmer, with a mean offset of 1.4 and 4.9 matm for C1 and C2,
respectively.

For O2/Ar ratios, air-equilibrated standards consisted of 4 L poly-
carbonate bottles with prefiltered seawater (o0.2 mm, Whatman
Polycap Capsule) gently bubbled with ambient laboratory air through
a diffusing stone. For C1, standard bottles were maintained in a
temperature-controlled chamber at 0 (71)1C and 100% humidity for
at least 24 h prior to calibrations. For C2, temperature control was
achieved using the laboratory temperature equilibrator tank
described above for CO2 standards. O2/Ar measurements (the ratio
of ion currents at m/z 32 and 40) were expressed as a percent
saturation anomaly (DO2/Ar) (Emerson et al., 1999) relative to the
O2/Ar ratio measured in air-equilibrated seawater samples several
times per day

DO2=Ar¼ ½ðO2=ArÞmeas:=ðO2=ArÞsat:�1��100 ð1Þ

For C2, we collected a number of discrete calibration samples
for surface water O2/Ar ratios. These samples were collected from
5 m Niskin bottle casts using the procedure and equipment
described by Emerson et al. (1999). Samples were analyzed in
the laboratory via isotope ratio mass spectrometry (IRMS) several
months after collection as previously described (Emerson et al.,
1999). Comparison of our underway DO2/Ar measurements with
the discrete IRMS calibration samples showed very good agree-
ment between MIMS and IRMS data (see Fig. 7), with a mean
deviation of �0.18% (n¼10) between the two methods.

2.3. C–O stoichiometry

To examine the stoichiometric relationship between C and O in
the mixed layer we converted our DO2/Ar and pCO2 data to O2

and dissolved inorganic carbon (DIC) concentrations. We used the
strong linear relationship between DO2/Ar and O2 concentrations
derived from 4150 surface bottle casts over both C1 and C2
(r2
¼0.95) to calculate O2 concentrations from our high resolution

surface measurements. Similarly, we used a logarithmic fit
(r2
¼0.96) to surface bottle observations for C1 and C2 to convert

pCO2 into salinity-normalized DIC.

2.4. Sea-air gas fluxes

We used our surface concentration measurements and ship-
based wind-speed data to calculate sea-air fluxes for O2, CO2 and
DMS. We computed sea-air exchange of CO2 as

FCO2
¼ ð1�AÞkCO2

gðpCOsw
2 �pCOatm

2 Þ ð2Þ

where A is the fraction of sea surface covered by ice, g is the SST-
and salinity-dependent solubility of CO2 (Weiss, 1974), and kCO2

is
the gas transfer velocity (cm h�1), calculated as a function of
wind speed and the temperature-dependent Schmidt number
(Wanninkhof, 1992). We assume a constant value for pCO2

atm of
375 matm. O2 fluxes were computed as

FO2
¼ ð1�AÞkO2

ðDO2=ArÞO2sat

where kO2
is the piston velocity for sea-air O2 exchange and O2sat

is
the temperature and salinity dependent equilibrium O2 concen-
tration, calculated using the equations of Garcia and Gordon
(1992). For DMS, since atmospheric concentrations are often
assumed to be negligible, we compute sea-air flux as

FDMS ¼ ð1�AÞkDMSðDMSswÞ ð3Þ

where DMSsw is the concentration of DMS in the surface ocean
and kDMS is the piston velocity of Wanninkhof (1992), normalized
to the Schmidt number for DMS of Saltzman et al. (1993). Recent
work has suggested that the Wanninkhof (1992) formulation may
overestimate the piston velocity for DMS at wind speeds above
10 m s�1 (Vlahos and Monahan, 2009), and our sea-air fluxes may
thus represent upper bounds in regions of high wind speed.
Similarly, our flux calculations may be overestimates if atmo-
spheric DMS concentrations are non-negligible as we have
assumed. Non-negligible DMS concentrations could result from
a combination of high sea-air fluxes and a small atmospheric sink
term. Unfortunately, there are no direct atmospheric DMS mea-
surements from our cruise.

We computed the sea-air flux of CO2, O2 and DMS for each gas
concentration measurement along the cruise track. We forced the
computation with 24-h running-mean wind speed from the ship’s
anemometer and SSM/I ice concentration data (25 km resolution)
(Cavalieri et al., 1990) interpolated to the cruise track. We
calculated solubility and Schmidt numbers using ship-based SST
and salinity observations. To estimate a representative value of
sea-air exchange rates, we aggregated these flux estimates, made
approximately every �1 min, into daily means.
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2.5. Surface DMS by gas chromatography

During C1 and C2, discrete samples from Niskin bottles on the
CTD-Rosette were collected using standard sampling procedures
for the measurement of dissolved gases. During C2, additional
discrete samples were also collected using the same sampling
protocol from the ship’s continuous supply while the ship was on-
station for CTD-Rosette sampling. Samples from either the Niskin
bottles or continuous supply were transferred to BOD bottles
using silicone tubing and filled carefully to avoid trapping bubbles
in sample bottles. Samples for the analysis of DMS were then
collected following the small-volume, gravity-filtration metho-
dology of Kiene and Slezak (2006). A small aliquot of each sample
(r15 mL) was gravity-filtered through a 25 mm Whatman GF/F
filter and the filtrate collected for the immediate determination of
DMS. All sample processing was carried out in a cold room at
�0 1C. DMS was measured using a cryogenic purge and trap
system coupled to a Hewlett-Packard 5890 Series II gas chroma-
tograph fitted with a Chromosil 330 packed column (Supelco Inc.)
and flame photometric detector (DiTullio and Smith, 1995b). The
instrument was calibrated using both constant-temperature DMS
permeation devices (Vici Metronics) and DMSP standards
(Research Plus Inc.), with base hydrolysis using 2 mol L�1 sodium
hydroxide. The detection limit was 0.2 nM for 50 mL samples, and
the relative standard deviation was better than 9% for triplicate
standards.

2.6. Phytoplankton biomass and hydrographic data

Measurements of SST (�5 m) and salinity were logged con-
tinuously from the ship’s thermosalinograph (SeaBird Model
SBE-21) while continuous sea surface Chl a fluorescence (used
as a proxy for bulk phytoplankton biomass) was recorded by
ship’s underway sensor (Turner, 10-AU-005). These variables
were averaged into one minute sampling bins and aligned with
underway gas data.

Total phytoplankton biomass and taxonomic composition
were also assessed using HPLC analysis of Chl a and accessory
photosynthetic pigment concentrations. Seawater for pigment
analysis was obtained from the underway seawater system every
�20 km along the ship’s track. Samples were collected on glass
fiber filters (GF/F, nominal pore size 0.7 mm), frozen in liquid N2

and returned to the laboratory for subsequent analysis. In the
laboratory, pigments were extracted in 90% acetone for at least
24 h at 4 1C and quantified using the method described elsewhere
(DiTullio and Geesey, 2002). We used diagnostic marker pigments
for different phytoplankton groups (e.g. 19-Hex and Chlc3 for
Phaeocystis) to assess the taxonomic composition of phytoplank-
ton assemblages, employing the CHEMTAX algorithm as
described by Mackey et al. (1996).

2.7. Statistical analysis

Pair-wise Pearson correlation coefficients were computed to
examine the relationships between gases and other hydrographic
measurements along the ship’s track. To quantify the length
scales of spatial variability for gases and hydrographic parameters
along our cruise tracks, we used the approach of Hales and
Takahashi (2004), using a structure function to estimate inter-
polation errors associated with low resolution data sampling. For
this analysis, we selected a number of linear sections along our
cruise track that were 4200 km long and contained no data gaps.
For each of these track sections, data were sub-sampled at
increasing distance intervals, and the lower resolution data sets
were linearly interpolated to the spatial resolution of the original
measurements (�0.2 km). The difference between actual mea-
surements and interpolated values was used to derive a root
mean square error as a function of sampling distance. The
interpolation errors increase as sampling distance increases until
a plateau is reached, corresponding to the total variance of the
dataset. The increase in sampling error with increasing distance is
well described by a first-order exponential rise function:

Ex ¼ E1ð1�expð�x=xcharÞÞ ð4Þ

where Ex is the sampling error at distance x, EN is the asympto-
tically approached maximum sampling error and xchar is a
characteristic length scale at which �63% of EN is attained (see
Hales and Takahashi (2004) for further details and examples). We
used a Levenberg–Marquardt non-linear regression algorithm
(SigmaPlot) to fit this equation to our interpolation error curves
and obtain least-squares parameter values for EN and xchar.

2.8. Box model simulations

We used a simple 1-D box model to examine the relative
influence of sea-ice modulated gas exchange, NCP, and MLD on
the evolution of surface pCO2 and DO2/Ar during the Ross Sea
spring bloom. The model is not intended to represent the time-
dependent evolution of mixed layer pCO2 and DO2/Ar with full
accuracy. Rather, it provides an internally consistent framework
to examine how gas concentrations scale with respect to different
physical and biological forcing. The model results are thus
idealized solutions, intended to provide reference for the obser-
vations, and examine the time-dependent evolution of surface gas
concentrations in reference to mixed layer depth, gas exchange
and NCP. Comparing our observations with the calculated model
responses associated with a range of forcing permits inferences
regarding the likely influence of these variables on mixed layer
pCO2 and DO2/Ar.

The model, described in detail by Long (2010), is similar in
structure to that presented by Gruber et al. (1998). The time-
integrated mass balance of carbon and oxygen in the mixed layer
is defined by

@C

@t
¼ Jdiff þ Jentþ Jexþ Jncp

where the four right hand terms represent; fluxes due to turbu-
lent diffusion at the base of the mixed layer, entrainment
associated with changes in mixed layer depth, air-sea gas
exchange and net community production. In our simulations,
we neglected the turbulent diffusive flux term. This process acts
to drive mixed layer tracer concentrations back towards deep
water (i.e. wintertime) values, and thus diminish the rate of
change observed in surface waters. Although turbulent diffusion
across the base of the mixed layer is likely significant in a poorly
stratified system such as the Ross Sea, the magnitude of this
process is poorly constrained. We also neglect vertical entrain-
ment fluxes associated with mixed layer deepening, a process
which has the same effect on surface water tracers as vertical
diffusivity across the base of the mixed layer. We neglect this
entrainment flux since mixed layer depths showed a strong
shoaling trend during the early spring cruise, associated with
significant surface warming and decreased wind speeds. The
simplifying assumptions we used in our box model calculations
do not affect the conclusions we draw on the relative influence of
gas exchange, mixed layer depth and NCP on surface water O2 and
C budgets.

We used ship-based daily mean wind speeds and sea ice
concentrations from SSM/I (Cavalieri et al., 1990) interpolated to
cruise track to force the model, and ran calculations with a daily
time-step, spanning a range of NCP values and mixing depths.
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We used constant mixing depths and NCP for each individual
simulation, and performed repeated calculations using a range of
values for these variables. Calculations were performed separately
for the first 9 days of our survey prior to the onset of the large
phytoplankton bloom, and the last 10 days when phytoplankton
biomass increased rapidly (though non-monotonically) across the
polynya.
Fig. 2.
3. Results

3.1. Sea ice and hydrographic conditions

Our two surveys were conducted under contrasting hydro-
graphic and sea ice conditions in the Ross Sea polynya. During the
austral spring bloom (C2), the polynya was in the initial stages of
development, with significant ice cover (40–70%) across much of
the sampling region (Fig. 1a). During the �3 weeks of our survey,
the area of ice-free waters increased �3-fold, from 0.4 to 1.75
105 km2 (Long et al., submitted for publication-b). During the
summer season (C1 survey), much of the Ross Sea polynya was ice
free, with significant ice cover (450%) only observed along the
Ross Ice Shelf and in the Western region along Terra Nova Bay
(Fig. 1b).

Polynya surface waters were relatively homogeneous with
respect to SST and salinity (Figs. 2 and 3) during C2 cruise; SSTs
were generally within 1 1C of the freezing point across our survey
region (mean �1.770.2 1C), while salinity generally exceeded
Fig. 1.
34 (mean 34.470.14; Figs. 2 and 3). During this cruise, a number
of modest salinity excursions (Dsalinityo0.5) were observed in
regions with strong sea ice gradients (see Fig. 7). These hydro-
graphic characteristics indicate the presence of recently exposed
surface waters following wind-driven ice retreat, with limited
in-situ ice melting. The lower salinity signal observed in offshore
waters (Fig. 4c) likely reflects a limited advection/melting signal
in the developing polynya. The median mixed layer depth,
computed with a Dst 0.05 kg m�3 criterion, was 90 m during
the C2 cruise (765 std., range 11–347 m). The variability in
mixed layer depths was due in part to a warming of surface
waters and increased stratification during our cruise (discussed
below).

By comparison with the early season survey, SST and salinity
showed substantial variations during the mid-summer C1 cruise
(Figs. 2 and 3). SST ranged from ��1.5 to 3 1C (mean
0.370.8 1C), while salinity ranged from 32.6 to 34.5 (mean
34.2). Ice-melt played a significant role in structuring the spatial
variance of upper water column hydrography during this time, as
seen by a number of strong salinity gradients (41 unit salinity
change over o10 km) associated with rapid changes in ice cover
(see Fig. 9). High SST, low salinity waters (o33.5) were most
prominent along the Western portion of our survey region
(Fig. 4b, d), where ice melt and strong surface warming led to a
shallow MLD (�10 m) and strong vertical stratification (Long
et al., submitted for publication-b). Lower salinity waters were
also observed north of 741S and were associated with colder
waters in the transition through the ice pack into offshore waters
(Fig. 4b), likely reflecting an additional ice melt signal. Across the
entire summertime polynya, the median mixed layer depth (Dst

0.05 kg m�3) was 33 m (723 std., range 5–178 m).
3.2. Phytoplankton biomass and taxonomic distributions

We used two related variables to estimate phytoplankton
biomass in surface waters; Chl a concentrations measured at
discrete sampling stations, and in vivo Chl a fluorescence mea-
sured with flow-through sensors. For both cruises, there was a
strong linear correlation between these variables (r40.7,
po0.001). However, the slope of the fluorescence vs. Chl a

relationship for C2 (5.870.19) was significantly lower than for
C1 (8.470.41), indicating lower fluorescence yields per unit Chl a

in the early season phytoplankton assemblages (t-test, po0.001,
df¼906). This result is likely related to differences in photophy-
siological properties of the early and later season phytoplankton
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assemblages (see Section 4). Notwithstanding this seasonal differ-
ence, underway Chl a fluorescence data provide valuable information
on the fine-scale distribution of phytoplankton biomass along our
survey transects, and are used below to help interpret underway gas
measurements.

During the early season C2 survey, the mean HPLC-derived Chl
a concentration across our survey region was 1.6 mg L�1 (71.9),
ranging from 0.2 to 12.2 mg L�1. The frequency distribution of
surface Chl a fluorescence (Fig. 3d) was distinctly bi-modal. Low
Chl a fluorescence was observed in ice covered and recently
exposed waters north of �761S, while high values were observed
in the southern and central polynya where waters had been ice-
free longest (Fig. 4e). A comparable trend in temporal phyto-
plankton biomass was also evident in satellite imagery. Areally
integrated Chl a concentrations (derived from SeaWiFS 8-day
composites; http://oceancolor.gsfc.nasa.gov/cgi/l3) increased by
�15-fold across the polynya during our �3 week occupation
(from 0.2 to 2.7 mg L�1), in conjunction with a strong decrease in
sea ice cover (Long et al., submitted for publication-b).

During the mid-summer C1 survey, the mean surface water Chl a

concentration (1.170.9 mg L�1) was similar to that observed during
early spring. However, the range of values was significantly smaller
(0.1 to �5 mg L�1) and Chl a fluorescence data followed a log-normal
distribution (Fig. 3d). High surface Chl a fluorescence was observed in
the low salinity waters of Terra Nova Bay (NW polynya), along the
northern edge of the Ross Ice shelf west of 1801 and in the NE
quadrant of the polynya (Fig. 4f). In comparison to the early season
cruise, there were smaller temporal changes in surface Chl a

concentrations during the C1 survey. SeaWiFS-derived areally inte-
grated Chl a, (averaged over the entire polynya) decreased by a factor
of �2 during the cruise, indicating that we sampled during the initial
declining phase of the phytoplankton bloom.

As expected, we observed significant differences in the taxo-
nomic composition of early vs. mid-season phytoplankton

http://oceancolor.gsfc.nasa.gov/cgi/l3
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assemblages. During our early season C2 survey, colonial Phaeo-

cystis-dominated surface waters across nearly all of the polynya
south of 761S, comprising 490% of the total phytoplankton
assemblage at many sampling stations (Fig. 5). Phaeocystis abun-
dance was significantly lower north of 761S in regions with
increased ice cover, and south of 761N along the 1801 meridian.
Phytoplankton taxonomic distributions were more variable in the
later season polynya. In general, there was greater diatom pre-
valence during the C1 cruise, particularly in the highly stratified
western sector (e.g. Terra Nova Bay) where diatoms accounted for
480% of phytoplankton surface biomass in many areas (Fig. 5).
The highest relative Phaeocystis abundances during the mid-
summer survey were observed in the NE portion of the polynya,
and along parts of the Ross Ice Shelf. Mixed diatom/Phaeocystis

communities appeared throughout the southern/central region.
3.3. Surface water pCO2 and DO2/Ar

Frequency distribution plots of pCO2 and biological O2 satura-
tion (DO2/Ar) (Fig. 3c, e) clearly show the transition from a net
heterotrophic system during the early growth season survey (C2)
to a net autotrophic summertime regime (C1). At the beginning of
our spring-time survey, pCO2 values generally exceeded atmo-
spheric saturation, while DO2/Ar was significantly undersaturated
across most of the polynya (Fig. 3c, e). This CO2 supersaturation of
surface waters resulted in mean CO2 efflux to the overlying
atmosphere of 4.9710.6 mmol m�2 d�1 (range: �9.7 to 28.3).
The large range is due to the significant spatial/temporal varia-
bility of surface water pCO2, ice cover and wind speeds encoun-
tered during the C2 cruise. The corresponding mean O2 flux
during the C2 survey was �1397215 mmol m�2 d�1 (range
�1321 to 165 mmol m�2 d�1), indicating significant net invasion
of O2 into the undersaturated surface waters. Given the high
degree of residual O2 undersaturation, O2 flux data cannot be used
to infer rates of NCP using a steady-state, mixed layer mass
balance approach (Reuer et al., 2007).

In contrast to the early spring survey, pCO2 was well below
atmospheric saturation across most of the mid-summer (C1)
polynya (mean¼246754 matm, minimum �100 matm), and
DO2/Ar was supersaturated by as much as 30% (mean¼ +8.6%).
During this later season survey, the Ross Sea polynya acted as an
overall net CO2 sink, with a mean daily CO2 influx of
�13.179.4 mmol m�2 d�1 (range: �36.0 to �1.7). Due to
relatively constant wind speeds (6.372.8 m s�1) and uniformly
low sea ice coverage (Fig. 1b), the fluctuations in summer sea-air
CO2 exchange were mostly driven by spatial variability in surface
water pCO2. Mean O2 fluxes during the summer cruise were
52.2758.3 mmol m�2 d�1 (range �222 to 343 mmol m�2 d�1).

As discussed above for Chl a, much of the apparent variability in
pCO2 and O2/Ar during the early season C2 cruise reflected the
temporal evolution of surface water biogeochemistry rather than
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spatial patterns per se. Maximum pCO2 undersaturation and DO2/Ar
supersaturation during this cruise were observed in the central
polynya (Fig. 6a, c), where surface waters had been ice free longest
and phytoplankton blooms were most developed. The temporal
dynamics of early season CO2 and DO2/Ar distributions are evident
in Fig. 7 where underway gas data are plotted versus time (and cruise
track distance). All measurements between �500 and 4000 km along
the C2 cruise track were obtained within the polynya, while data
collected outside of these ranges are from the ship’s transit through
sea ice to/from New Zealand. During the initial �10 days of the early
season survey (before �November 21), there were no clear temporal
trends in surface water O2/Ar or pCO2. We did, however, encounter
several localized regions of significant pCO2 drawdown, O2/Ar accu-
mulation and increased Chl a (e.g. �500 and 1100 km along the
cruise track; Fig. 7a–c). These small-scale features were associated
with regions of ice retreat and, in one case (�500 km along the cruise
track), a sharp salinity and temperature gradient. During the last
week of November and into early December, pCO2 values fell steadily
across the polynya, reaching minimum values of �200 matm
(Fig. 7b). This pCO2 drawdown was coincident with a large and rapid
increase in Chl a fluorescence (Fig. 7a) and DO2/Ar accumulation to
values of �10% supersaturation (Fig. 7c). The most intense phase of
the CO2 drawdown (after November 26) corresponded to an extended
period of ice-free water in our sampling region. During this time,
surface water pCO2 decreased by over 20 matm d�1, while DO2/Ar
increased by �3% d�1.

As shown in Fig. 8, increased productivity across the early spring
polynya was coupled to a warming of surface waters. Temperature
increased by �0.1 1C d�1 during the period of maximum pCO2

drawdown (O2/Ar accumulation). This warming was, in turn, asso-
ciated with decreasing wind speeds (�0.5 m s�1 d�1) and sea ice
cover, leading to increased stratification of the mixed layer. MLDs
(computed with a density difference criterion—Ds¼0.05 kg m�3)
decreased by �573 m d�1 during the latter phases of our survey
(Long et al., submitted for publication-b). This stratification, combined
with increasing photoperiod, led to higher integrated irradiance levels
more favorable to phytoplankton growth. Given the strong increase in
productivity associated with mixed layer stratification, it is unlikely
that photoinhibition was a significant factor during the early bloom.

In contrast to the early season survey, we did not observe any
clear temporal trends in pCO2 and O2/Ar during the summertime
C1 cruise (Fig. 9). Rather, spatial heterogeneity dominated the gas
distributions during this time. A large seasonally integrated NCP
signal, as reflected in low pCO2, high DO2/Ar and high Chl a was
observed across much of the polynya, particularly in the southern
and western portion of our survey region (Figs. 4f, 6b, d). The
exception to this was a region north of 741S where ice cover was
significant. In this region, pCO2 exceeded atmospheric equili-
brium and DO2/Ar was undersaturated by up to �10%, reflecting
a net heterotrophic signal under sea ice. In many cases, large
changes in mid-summer pCO2 and O2/Ar were associated with
fine-scale changes in sea ice cover and salinity (e.g. �2600 km
along the cruise track; see Fig. 9). These features illustrate the
importance of ice melt-derived stratification in driving local
productivity gradients. Small-scale variability in pCO2 and DO2/Ar
was also observed, however, in the absence of sea ice cover. Fig. 10
illustrates the large spatial gradients we observed in summertime
gas concentrations in ice-free waters.

Fig. 10 also highlights the strong covariation of pCO2, DO2/Ar
and Chl a we observed in surface waters. Indeed, there was very
strong negative correlation between O2/Ar and pCO2 across the
entire polynya for both the C1 and C2 cruises (Tables 1 and 2).
However, the strength of the correlation, and the slope of the
O2/Ar–CO2 regression line were significantly higher during the
early growing season (Fig. 11a). This seasonal difference in slope
is even more apparent when pCO2 and DO2/Ar are converted to
DIC and O2 concentrations (Fig. 11b). During C1, the O2 vs. DIC
relationship was consistent with the expected photosynthetic
stoichiometry (170:117). During C2, however, polynya surface
waters exhibited a much greater change in O2 per unit DIC
change, i.e. higher O2 accumulation relative to DIC drawdown.
Moreover, there was significantly less scatter in the O2 vs. DIC
relationship in the C2 dataset, indicating a much tighter
C–O coupling in the early spring polynya. Similarly, Chl a
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concentrations also showed a stronger correlation with O2/Ar and
pCO2 during the early season cruise (Tables 1 and 2).
3.4. DMS distributions

Comparison of the MIMS-based underway DMS measurements
with purge and trap Gas Chromatographic (GC) data from 5 m
Niskin bottle samples (P. Lee and G. DiTullio, unpublished data)
showed good consistency between methods. Pearson correlation
coefficients (r) in the regression of MIMS-DMS vs. GC-DMS were
0.93 and 0.95 for C1 and C2, respectively (data not shown).
However, there was an offset in the absolute concentrations
measured by these methods. On average, MIMS measurements
were lower than GC measurements during the C1 cruise (regres-
sion slope¼0.7570.05), and higher than GC measurements
during C2 (slope 1.2270.07). Perfect agreement is not expected
between these measurements given the difference in sampling
methods (i.e. Niskin bottles vs. the ship’s seawater supply line)
and the high degree of small-scale patchiness observed in surface
DMS distributions. There have been recent suggestions that exact
DMS concentrations may be subject to some uncertainty due to
sample handling artifacts that may cause the lysis of Phaeocystis

colonies and subsequent release of DMS (del Valle et al., 2009).
Our MIMS-based measurements do not require the manipulation
and handling of discrete water samples, but it is possible that cell
lysis occurs in the ship’s seawater supply system, or in the pump
we use to deliver water through our sampling cuvette. This
would be particularly problematic during the C2 cruise when
colonial Phaeocystis was most abundant, and it may explain why
MIMS-based DMS concentrations were higher than conventional
GC-based measurements during the early season cruise. The
lower DMS values obtained by MIMS relative to GC during the
summertime cruise are more difficult to explain, and may be
related to offsets in the primary standards used to calibrate GC
and MIMS measurements. Notwithstanding some degree of
uncertainty in the absolute MIMS-based DMS concentrations,
the absolute discrepancy between GC and MIMS data is small
compared to the observed DMS variability, and it does not alter
the main conclusions we draw from our results.

Across our two surveys, DMS concentrations (based on MIMS)
ranged from below detection limit (o�1 nmol L�1) to
�150 nmol L�1. Average DMS concentrations during the early
season survey (19719 nmol L�1) were �2-fold higher than
mean concentrations during the later season (8.7713 nmol L�1).
Higher early season DMS concentrations, coupled with greater
mean wind speeds led to �2-fold higher sea-air fluxes during C2,
despite significantly greater sea ice cover. Mean sea-air DMS
fluxes across our sampling region were 0.0470.03 and
0.0270.02 mmol m�2 d�1 for C2 and C1, respectively.

During the early season survey, the spatial distribution of DMS
was influenced by the temporal dynamics of bloom development
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(Fig. 7). The highest concentrations were observed in the central
polynya which was sampled several weeks after ice retreat, while low
concentrations were observed during the early phase of our survey in
recently ice-free waters (Fig. 6e). During the later season C1 survey,
maximum DMS levels were observed in the central and eastern
portions of the polynya, while lower concentrations were observed in
the highly productive waters of the southwestern polynya (Fig. 6f).
Due to detector problems, DMS data are not available for the
northwest region of the C1 survey (near Terra Nova Bay). For both
cruises, low DMS concentrations (o10 nmol L�1) were found in the
northern polynya (i.e. north of �761S), while high DMS levels were
consistently observed along portions of the Ross Ice Shelf (Fig. 6e, f).

We observed significant small-scale patchiness in surface
water DMS distributions during both the early and later season
surveys. Several examples of this are shown in Fig. 10, where DMS
concentrations change by 450 nM on scales 510 km. In some
cases (e.g. �3500 km along the C2 cruise track; Fig. 7d), large
DMS excursions were related to fine-scale productivity gradients
as reflected in CO2, O2/Ar and Chl a fluorescence signals. In other
cases (e.g. �2600 km along the C1 cruise track; Fig. 10d), DMS
levels remained nearly constant despite large changes in other
gases and hydrographic variables.

During the early spring cruise, DMS concentrations were
strongly correlated to pCO2 O2/Ar and Chl a (Table 1), suggesting
a relationship with bulk primary productivity across the polyna.
In contrast, DMS was only weakly correlated to these variables
during the later season survey (Table 2). For C1, where phyto-
plankton taxonomic variability was greatest, high DMS concen-
trations were observed in regions dominated by both diatoms and
Phaeocystis (compare Figs. 5 and 6f), and there was no apparent
correlation between DMS levels and the relative or absolute
abundance of diatoms or Phaeocystis measured along the cruise
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track (ro0.15; data not shown). In contrast, DMS concentrations
were strongly correlated (r¼0.71) with absolute Phaeocystis

abundance during the C2 survey.

3.5. Length scales of variability

Fig. 12 shows an example of computed interpolation errors for one
of the 5 transects we examined. Characteristic length scales of
variability (xchar) were similar for all variables, ranging from �8 to
15 km (Table 3). This length scale corresponds to the distance below
which most of the spatial variability is observed, and the values we
obtained were consistent with that reported by Hales and Takahashi
(2004) in previous Ross Sea surveys of O2, pCO2, salinity and
temperature. The absolute value of the maximum interpolation error
(EN) varied strongly across the variables we measured (Table 3).
Errors were small for temperature and salinity (which showed the
smallest absolute variability across our transects), but much larger for
Chl a and gases. Given the relatively small number of transects we
analyzed, we could not quantitatively examine differences in spatial
variability between the two cruises.
4. Discussion

Our results document, with high resolution, spatial and tem-
poral heterogeneity in mixed layer gas concentrations that is
generated by coupled physical/biological processes. The early
season (C2) cruise captured the winter – spring transition, during
the time of rapid ice retreat and phytoplankton bloom initiation,
when the Ross Sea is clearly a non-steady-state system. These
early season blooms impart a de novo biogeochemical signature
on Ross Sea surface waters, since winter convection effectively
resets the water column and erases the imprint of biological
productivity from the previous growth season (Gordon et al.,
2000). In contrast, the C1 summer cruise occurred after the peak
of primary productivity in the polynya, when temporal changes in
phytoplankton biomass were relatively low, and the system
approaches a steady state in terms of gas fluxes. Gas distributions
during this later season period reflect both instantaneous pro-
ductivity and a cumulative biogeochemical signal that is influ-
enced by mixing and air-sea exchange (Long et al., submitted for
publication-a, submitted for publication-b). Below, we discuss our
results in the context of these controlling factors.
4.1. Early spring pCO2 and O2/Ar

Early season polynya waters sampled shortly after sea ice
retreat exhibit significant pCO2 supersaturation and O2/Ar under-
saturation, reflecting deep winter mixing and net heterotrophy.
Following the initial retreat of sea ice, both gas exchange and NCP
act to drive gas concentrations towards atmospheric equilibrium,



Fig. 10.

Table 1
Correlation coefficients between underway measured parameters during the

CORSACS II (spring-time survey).

DMS Chl a fluor. DO2/Ar pCO2 Salinity SST

DMS 1.00

Chl a fluor. 0.75 1.00

DO2/Ar 0.69 0.78 1.00

pCO2 �0.73 �0.81 �0.98 1.00

Salinity 0.25 0.12 0.08 �0.06 1.00

SST 0.39 0.50 0.79 �0.76 �0.19 1.00

Table 2
Correlation coefficients between underway measured parameters during the

CORSACS I (mid-summer) survey.

DMS Chl a fluor. DO2/Ar pCO2 Salinity SST

DMS 1.00

Chl a fluor. 0.34 1.00

DO2/Ar 0.22 0.33 1.00

pCO2 �0.03 �0.21 �0.88 1.00

Salinity �0.18 �0.14 �0.12 0.15 1.00

SST �0.09 �0.07 0.45 �0.42 �0.12
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and the polynya exhibits clear non-steady-state dynamics. The
efficiency of gas exchange depends on wind-speed, ice cover and
MLD, which can change rapidly over both space and time during
the early spring bloom. Moreover, ice cover and mixing depth
control the mean irradiance experienced by phytoplankton and
thus strongly influence NCP (Arrigo et al., 1998a). We used a
simple box model to explore the sensitivity of surface water pCO2

and DO2/Ar to ice-dependent gas exchange, MLD and NCP. Fig. 13
shows the calculated effect of MLD on the evolution of surface
water pCO2 and DO2/Ar with and without NCP (100 mmol O2

m�2 d�1). Irrespective of biological production, decreasing MLD
increases the efficiency of gas exchange since there is a smaller
volume of water exchanging with the atmosphere. Since air-sea
exchange of O2 occurs far more rapidly than for CO2, the temporal
evolution of DO2/Ar shows a strong MLD dependence, whereas
pCO2 does not. During the initial ‘pre-bloom’ phase (days 0–8 on
Fig. 13), the observed time course of DO2/Ar is consistent with
generally deep mixed layers (i.e. 4100 m) since shallow mixed
layers (e.g. 25 m) produce a time course of DO2/Ar equilibration
that is much faster than observed. In contrast, the observed time
course of DO2/Ar during the bloom initiation phase (after day 10),
can only be reproduced with significantly shallower MLD
(i.e. 5100 m). This analysis thus suggests that shoaling mixed
layers exert an important control on the rate of O2 accumulation
in surface waters during the early spring.

A key result of our analysis is that the MLD effect on the DO2/Ar
re-equilibration time-scale largely dominates over the biological
production signal during the early spring bloom under conditions
of O2 undersaturation. Even the high rates of NCP used in our
calculation exert only a small influence on the time course of DO2/Ar,
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particularly under conditions of deep mixing (compare solid and
dashed lines in Fig. 13). Under these early season, non-steady-state
conditions, gas exchange thus exerts a primary control on mixed
layer DO2/Ar. However, a biological imprint on DO2/Ar is apparent
towards the end of our survey (�day 18) after O2 reaches atmo-
spheric saturation (DO2/Ar¼0). After this equilibrium point is
achieved, NCP is the only process that can yield O2/Ar supersatura-
tion, while gas exchange acts to reduce O2 accumulation in the
mixed layer above its equilibrium value. Thus, gas exchange and NCP
act in opposition to move the system closer to a steady-state balance.

Since gas exchange is comparatively sluggish for CO2, biologi-
cal processes exert a larger role in driving mixed layer concentra-
tions than they do for O2. This can be seen in Fig. 13c, d, where gas
exchange alone (i.e. NCP¼0, solid lines on figure), cannot repro-
duce the observed evolution of surface water pCO2, even with a
shallow mixed layer. Rather, the combination of NCP and MLD
dictate the magnitude of pCO2 drawdown, with increasing inte-
grated drawdown per unit NCP at shallower MLD. This coupled
NCP–MLD effect is illustrated in Fig. 14 which shows the rate of
pCO2 drawdown in the mixed layer (estimated from a regression
of the log-transformed pCO2 time-course data) as a function of
these two variables. The thick black line plotted on the figure
represents the observed rate of mixed layer pCO2 drawdown
during the bloom phase (days 10–18; �11 ppm d�1). In our
simulation, this pCO2 drawdown is obtained over a range of
NCP from 30 to 140 mmol C m�2 d�1 and MLD of 5–30 m. Values
on the upper end of the NCP range and lower end of the MLD
range are not likely observed in the Ross Sea.
The analysis described above uses the daily mean wind speeds
and sea ice cover observed during our survey to drive air-sea
exchange parameterizations. We can, however, use our box model
to examine the sensitivity of mixed layer pCO2 and DO2/Ar
dynamics to the range of sea ice and wind conditions. Given the
weak contribution of gas exchange to the CO2 mass balance, these
variables have little effect on mixed layer pCO2 dynamics.
Assuming a 100 m mixed layer with 50 mmol m�2 d�1 NCP and
wind speeds ranging from 5 to 20 m s�1, there is no significant
effect of ice cover on surface pCO2 over 10 days. In contrast, ice
cover exerts a much stronger influence on the trajectory of mixed
layer DO2/Ar. For example, at high wind speeds (20 m s�1), we
calculate an increase of 9% in biological O2 saturation in the
absence of sea ice relative to 75% ice cover. This result applies
under conditions of O2 undersaturation, where the presence of
sea ice acts to limit the equilibration of DO2/Ar with the overlying
atmosphere. In a situation of strong net O2 production in ice-
covered waters, the presence of sea ice would act to increase the
accumulation of photosynthetically derived O2 in surface waters.
These calculations are based on a simple parameterization of the
sea-ice dependence of air-sea fluxes (inversely proportionately to
the fractional ice cover) which are still subject to significant
uncertainty. Nonetheless, our box model results clearly show the
much greater sensitivity of mixed layer DO2/Ar to wind speed and
sea ice cover.

Beyond the broad-scale evolution of pCO2 and DO2/Ar that is
driven by NCP, gas exchange and shoaling mixed layers, the
observed DO2/Ar and pCO2 distributions show a number of
small-scale features that deviate from the mean secular trend.
This small-scale variability reflects the convolution of spatial and
temporal heterogeneity in the early season polynya. Our data
were collected from a moving platform, and thus incorporate
significant variance due to spatial heterogeneity that is manifest
as excursions from the mean temporal evolution of the system.
Based on the analysis presented above, we can infer the nature of
the physical-biological mechanisms forcing these small-scale
excursions. Regions where both DO2/Ar is high and pCO2 is low
must have relatively shallow MLDs and/or greater NCP. Conver-
sely, low DO2/Ar and high pCO2 reflect more deeply mixed, less
productive regions, perhaps influenced by localized vertical
entrainment of deep water. Although we did not include entrain-
ment fluxes in our box model calculations, we found a clear
negative correlation between MLD and DO2/Ar for the early spring
cruise (DO2/Ar¼�3.9�MLD�0.077, r¼0.59). Since surface
macronutrients were replete during the spring cruise, NCP was
likely stimulated by enhanced light availability and/or micronu-
trient enrichment, which are in turn, tied to MLD dynamics. The
physical mechanisms forcing short-length-scale variability in
MLD may include sub-mesoscale restratification (Long et al.,
submitted for publication-a) or localized ice melt contributions.
These processes are discussed further in Section 4.4.
4.2. Summertime pCO2 and O2/Ar distributions

Net primary productivity in the Ross Sea remains high
throughout the summer months, well beyond the early spring
bloom period. This persistent high productivity is fueled by
abundant macronutrients and enhanced vertical stratification
associated with surface warming and ice melt. In localized ice-
melt regions, we observed DO2/Ar values approaching 30% above
atmospheric equilibrium, indicative of highly favorable conditions
for intense biological production. In addition to its affects on
surface buoyancy and vertical stratification, ice melt has also been
suggested as a potential source of Fe (Sedwick and DiTullio, 1997)
which has been suggested as an important limiting factor for
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Table 3
Computed length scales of variability based on interpolation analysis.

Length scale, wchar (km) Asymptotic error

DMS 14.573.4 11.174.0 (nM)

Chl a fluor. 10.671.8 7.372.7 (V)

DO2/Ar 9.571.9 2.570.3 (%)

pCO2 8.371.2 16.171.2 (matm)

Salinity 10.571.3 0.170.02 (psu)

SST 12.074.8 0.27 .05 (1C)

N¼5, std. error presented.
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summertime productivity in the Ross Sea (Coale et al., 2003;
Sedwick et al., 2000). During our C1 survey, however, there was
limited evidence of an ice effect on surface dissolved Fe levels
(Sedwick et al., submitted for publication). Thus, high productiv-
ity associated with local salinity anomalies (Fig. 9) likely reflected
the influence of ice melt on stratification and mean irradiance
levels in the mixed layer, rather than Fe fertilization.

Despite high rates of summertime net primary productivity,
air-sea fluxes and physical mixing act to decouple variance in
mixed layer gas concentrations from variance in active biological
processes. This uncoupling is reflected in the weak correlation
between DO2/Ar and phytoplankton biomass proxies (Chl a

fluorescence) across the summertime polynya (Table 2). This
weak correlation may be partly attributable to the greater
variability in Chl a fluorescence yields during the summertime
cruise, resulting from a larger range of phytoplankton taxonomic
composition and mixed layer light regimes across the polynya
during the later growth season. Similarly, greater variability in the
POC:Chl a ratio observed during C1 relative to C2 (Long et al.,
submitted for publication-a), could contribute to an uncoupling in
DO2/Ar from Ch la (note, however that some of the POC estimates
during C1 may include a significant detrital component). It is
likely, however, that much of the variability in the Chl a–O2/Ar
relationship results from the influence of gas exchanges on sur-
face water O2 dynamics. As the system approaches steady-state
conditions, changes in O2/Ar per unit NCP decline as sea-air flux
acts in opposition to photosynthetic O2 production in the
mixed layer.

As the Ross Sea polynya approaches a steady-state condition,
with biological O2 production balanced by sea-air fluxes, temporal
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variability becomes increasingly dominated by variability in wind
speeds. While air-sea gas fluxes clearly influence the summertime
pCO2 and O2/Ar distributions, differential gas exchange helps
explain the reduced correlation between pCO2 and O2/Ar
observed during the mid-summer cruise, and the seasonal differ-
ences in the pCO2 vs. O2/Ar slopes (Fig. 11a). The seasonal
difference of C–O stoichiometry can be understood more easily
when pCO2 and DO2/Ar data are converted to DIC and O2,
respectively. As shown in Fig. 11b, the overall DIC vs. O2 slope
during the summertime C1 cruise, was consistent with the
170:117 stoichiometry expected for photosynthesis. In contrast,
data from the early spring C2 cruise showed a significantly
greater rate of O2 accumulation per unit DIC. While the ratio of
CO2 and O2 piston velocities changes as a function of temperature
due to differential changes in Schmidt numbers for these gases,
the effect on gas exchange is minimal (o1%) and cannot account
for the change in slope we observe. Rather, this result can be
understood in terms of the more rapid gas exchange for O2

relative to pCO2, which acts to eliminate disequilibria in O2

disequilibria faster than for pCO2. Thus air-sea O2 exchange with
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the highly undersaturated early season surface waters can likely
explain much of the difference in C–O slopes between the two
cruises.

In addition to differential air-sea gas exchange, seasonal differ-
ences in the carbonate system buffering capacity influence the
coupling of mixed layer O2 and CO2. As pCO2 drawdown increases,
the rate of change of pCO2 per unit dissolved inorganic carbon
drawdown, i.e. the Revelle Factor, is reduced (15.3 and 18.2 for C1
and C2, respectively (Long et al., submitted for publication-a). The net
result is that biological C drawdown in the early spring produces a
correspondingly larger pCO2 drawdown than during the later sum-
mer period. This effect acts to partially offset the influence of
differential gas exchange discussed above.
4.3. DMS

Our measurements reveal a clear seasonal difference in DMS
concentrations that is consistent with previous reports from the Ross
Sea showing elevated spring-time values relative to the later growing
season (Kiene et al., 2007). One potential explanation for the higher
spring-time DMS concentrations is the increased biomass of
P. antarctica in phytoplankton assemblages. This species is a prolific
producer of the DMS precursor DMSP and has high cellular concen-
trations of DMSP-lyse (Stefels and Vanboekel, 1993; Stefels and
Dijkhuizen, 1996), the enzyme which catalyzes DMSP cleavage to
DMS and acrylate. Previous authors have attributed high spring-time
DMS concentrations to the abundance of Phaeocystis in Ross Sea
phytoplankton assemblages (Ditullio and Smith, 1995). In our C2
dataset, we found that surface DMS concentrations were, indeed,
tightly coupled to total Chl a concentrations and the biomass of
Phaeocystis. During the C1 cruise, however, we found no correlation
between DMS concentrations and the relative or absolute abundance
of Phaeocystis, suggesting that factors other than phytoplankton
taxonomy control surface DMS distributions across the summertime
polynya.

Numerous attempts have been made to link phytoplankton
taxonomy and production of DMSP to DMS concentrations. Yet
due to the complex series of biotic and abiotic interactions and
processes linking phytoplankton ecophysiology and DMS/P pro-
duction and consumption, the exact relationship remains uncer-
tain (Ayers and Cainey, 2007; Stefels et al., 2007). Results from
manipulative on-deck experiments conducted during the
CORSACS cruises show that changes in light, pCO2, iron and
temperature can have differential and non-linear effects on both
phytoplankton taxonomy and intracellular DMSP concentrations
(Rose et al., 2009; Feng et al., 2010; P. Lee et al., unpubl. data).
Such effects may serve to mask any overall relationship between
phytoplankton taxonomy and DMS concentrations.

Given the potentially variable roles of DMS(P) in cellular
metabolism, the relationship between phytoplankton biomass
and DMS should depend, in part, upon the physiological status
of cells. It has been proposed that DMS(P) and DMSO may
function as a cellular anti-oxidant system (Sunda et al., 2002)
under high light/low Fe/low CO2 conditions, such that the
abundance of these compounds may be related to oxidative stress
experienced by phytoplankton. Several lines of evidence suggest
that phytoplankton exhibited greater oxidative stress during the
later growth season (C1). Higher Chl a fluorescence yields during
the C1 cruise suggest excess light energy dissipation by phyto-
plankton. This idea is further supported by accessory photosyn-
thetic pigment data. The two xanthophyll pigments diatoxanthin
(DT) and diadinoxanthin (DD) dissipate excess energy through
non-radiative pathways, and the DT/DD ratio has been utilized as
a measure of non-photochemical quenching (NPQ) by cells
(Muller et al., 2001). We observed a higher ratio of diatoxanthin
(DT) to diadinoxanthin (DD) in summer phytoplankton assem-
blages (0.45 and 0.19 for C1 and C2, respectively), suggesting
higher NPQ and greater light stress during the summer growth
season. According to the hypothesized role of DMS(P) as a cellular
anti-oxidant (Sunda et al., 2002), increased light stress would lead
to higher summertime DMS production relative to spring time.
However, we found no systematic relationship between DMS
concentrations and Chl a fluorescence yields or DT:DD ratios
along either of our survey cruises, suggesting that water column
DMS concentrations were not directly related to these physiolo-
gical variables. This result is indicative of the complex balance of
production and consumption terms driving net DMS accumula-
tion (or loss) in the mixed layer.

While our observations provide no information on the rate of
dominant DMS production and consumption terms, results from
previous studies shed some light on the potential causes for increased
spring-time accumulation of DMS in the Ross Sea mixed layer. During
the early growth season, DMS accumulation in the mixed layer
appears to be coupled to phytoplankton biomass, suggesting a direct
production from Phaeocystis colonies or indirect bacterial conversion
of dissolved DMSP to DMS. Previous field studies suggest that DMS is
removed relatively slowly from the Ross Sea mixed layer during the
early bloom phase, with photo-oxidation acting as the dominant sink
term (Toole et al., 2004), and sea-air fluxes accounting for �10% of
DMS losses. del Valle et al. (2009) have recently argued that a small
DMS loss term during the early spring allows the accumulation of
high mixed layer DMS concentrations, consistent with our observa-
tions during the C2 cruise. As the growing season progresses, rate
measurements demonstrate a strong increase in bacterial DMS
consumption (BDMSC), likely in conjunction with increased DOC
supply through the microbial loop. del Valle et al. (2009) have
reported peak summertime BDMSC rates of up to �8 nmol L�1 d�1

(equivalent to 0.4 mmol m�2 d�1 for a homogeneous 50 m mixed
layer). These rates yield DMS turnover rates with respect to BDMSC
that are at least one order of magnitude greater than sea-air fluxes
(mean sea-air flux¼0.02 mmol m�2 d�1 for the C1 cruise). Such high
biological turnover rates would act to limit DMS accumulation in the
mixed layer and may partially explain the�2-fold lower DMS
concentrations we observed during the C1 cruise. Moreover, the rapid
turnover of DMS in the summertime mixed layer can explain the
weak coupling between DMS and phytoplankton biomass (either
total chlorophyll a, or Phaeocystis). During the C1 cruise, 95% of
surface DMS concentrations were o30 nM, and�75% were less than
10 nM (Fig. 3f). Given, the rapid biological consumption rates
observed during summer, these surface concentrations could turn-
over on the time scale of several days. This turnover time is
significantly faster than that of even rapidly sinking Phaeocystis

blooms, which may persist in surface waters for several weeks
(DiTullio et al., 2000). This discussion highlights the importance of
quantifying DMS source/sink terms to understand the dominant
factors controlling DMS concentrations in the Ross Sea. In future
studies, underway MIMS measurements could be used to identify, in
real-time, large gradients and ‘hot-spots’ of DMS where focused
process studies could be conducted. Direct measurements of
DMS(P/O) turnover rates, coupled with information on bacterial
abundance, productivity and taxonomic composition will provide
significant insight into the mechanistic controls on DMS dynamics in
marine surface waters.
4.4. Spatial heterogeneity

Over the past 15 years, our understanding of regional biogeo-
chemical cycles in the Ross Sea has increased significantly as a result
of several comprehensive field programs including AESOPS and
ROAVERRS (Smith and Anderson, 2003; DiTullio and Dunbar, 2003).
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By comparison, the processes driving sub-mesoscale variability in this
and other oceanic regions remain poorly understood, even though it
is now clear that such small-scale variability is pervasive in the
oceans (Doney et al., 2003). Our data and those of Hales and
Takahashi (2004), demonstrate that much of the variability in gas
distributions in the Ross Sea is concentrated at scales (o20 km) that
are well below the sampling resolution of typical hydrographic
surveys. Our interpolation analysis (Fig. 12) provides estimates for
the expected error associated with low resolution sampling. For
physical variables such as SST and salinity, these errors are largely
insignificant for most biogeochemical calculations, as discussed by
Hales and Takahashi (2004). However, the estimation errors asso-
ciated with the measured gases and Chl a are biogeochemically
significant. For example, the asymptotic errors for pCO2 and DO2/Ar
are on order 10% of measured signals. Since CO2 fluxes scale linearly
with pCO2, this would translate directly into an equivalent error in
air-sea flux calculations.

There are several physical processes that likely contribute to
the short-length-scale variability in the Ross Sea. Weak stratifica-
tion in polar regions permits significant vertical transport of
subsurface water masses which have chemical properties distinct
from those of surface waters. This vertical entrainment is further
enhanced by horizontal advection of buoyancy and lateral stir-
ring, which have been shown to drive much of the sub-mesoscale
variability in surface water pCO2 (Mahadevan et al., 2004). This
mechanism is also relevant for all of the gases we measured in the
Ross Sea. The model of Mahadevan et al. (2004) used a horizontal
resolution of 2 km�2 km. Our data suggest that significant
variability may extend to even smaller scales than this, associated
with (for example) ice-melt processes. Resolving variability at
these scales will be an important step towards fully understand-
ing the mechanistic controls on biogeochemical cycles in the Ross
Sea and other Antarctic polynya waters.
5. Conclusions

Using a novel analytical approach, we have characterized
previously undocumented fine-scale variability in pCO2, DO2/Ar
and DMS in the Ross Sea polynya that is coupled to heterogeneity
in the underlying physical and biological fields (e.g. sea ice cover
and Chl a). The length scales of this variability are not easily
captured using hydrographic surveys at discrete sampling sta-
tions. While fine-scale variability was apparent during both of our
surveys, broad-scale gas distributions exhibited significant differ-
ences between the early spring and summer. During the early
spring time, the net heterotrophic signal of recently ice-free
waters drives a strong air-sea exchange gradient which pushes
surface waters towards atmospheric equilibrium. This air-sea flux
exerts a particularly large effect on O2 relative to CO2, resulting in
high apparent rates of O2 increase per unit CO2 drawdown and a
C–O stoichiometry which differs significantly from a purely
biological signal. As the early spring bloom develops, enhanced
stratification (due to surface warming and decreased wind
speeds) increases the efficiency of air-sea exchange and stimu-
lates NCP in the shoaling mixed layer. These two effects drive the
system towards a steady state, where net O2 production (and CO2

consumption) is balanced by sea-air fluxes. As these conditions
persist into the later summer period, changes in surface gas
concentrations per unit NCP decrease, and additional spatial
variance is introduced from small-scale mixing processes.

Surface water DMS concentrations also show large seasonal
differences, with significantly higher concentrations observed
during the early growth season. The elevated spring-time DMS
concentrations may partly reflect the enhanced biomass of
Phaeocystis during this time. It is also likely, however, that
reduced DMS turnover rates are partially responsible for the
accumulation of high concentrations in the early season polynya.
Conversely, rapid biological consumption of DMS may act to
decouple DMS concentrations with biological productivity signals
(e.g. O2/Ar, pCO2, Chl a). Future studies coupling underway MIMS
measurements with focused process studies will provide signifi-
cantly new insight onto the importance of different environmen-
tal and ecological factors controlling DMS emissions from the
Ross Sea, and a more comprehensive understanding of this
region’s impact on global climate regulation.
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