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[1] The Southern Ocean exerts a strong influence on
global biogeochemical cycles and air-sea gas fluxes.
Significant progress has been made towards understanding
the general patterns of circulation and biological productivity
in this region, but the small-scale dynamics of surface water
gases remain poorly resolved. Here we present new data
documenting unprecedented spatial and temporal variability
of Southern Ocean biogenic gases during the spring
phytoplankton bloom. Using real-time underway mass
spectrometry, we observed significant changes in surface
water O2/Ar, pCO2, and dimethylsulfide (DMS) concen-
trations over time scales of days to weeks and sub-km spatial
scales. Our results demonstrate a tight coupling between
physical and biological processes controlling Southern
Ocean gas distributions, and highlight the distinct
biogeochemical dynamics governing gas cycling in open
water and ice-covered regions. Citation: Tortell, P. D., and

M. C. Long (2009), Spatial and temporal variability of biogenic

gases during the Southern Ocean spring bloom,Geophys. Res. Lett.,

36, L01603, doi:10.1029/2008GL035819.

1. Introduction

[2] Global ocean surveys have identified a strong
Southern Ocean sink for atmospheric CO2 [Takahashi et
al., 2002], and large sources of the climate-active gas
dimethylsulfide (DMS) in this region (waters south of
50�S) [Kettle et al., 1999]. The distribution of these and
other biogenic gases are determined by coupled biological
and physical processes operating across a range of spatial
and temporal scales. Surface ocean CO2 concentrations are
set by the balance between water column photosynthesis
and respiration (i.e., net community production; NCP), and
by physical dynamics which are sensitive to climate change
[Sarmiento et al., 1998]. Oceanic DMS originates from
phytoplankton-derived dimethylsulfionioproprionate (DMSP),
and its subsequent conversion to DMS through a variety of
trophic pathways [Stefels et al., 2007]. Surface water DMS
concentrations are influenced by climate-sensitive variables
such as mixed layer depth [Simó and Dachs, 2002], while
atmospheric DMS can, in turn, modulate the planetary
albedo through the formation of backscattering sulfate
aerosols and cloud-condensation nuclei [Charlson et al.,
1987].

[3] Recent work has illuminated the broad-scale patterns
of Southern Ocean productivity through measurements of
mixed layer biological oxygen accumulation (DO2/Ar)
[Reuer et al., 2007] and time-series analysis of remotely
sensed ocean color [Arrigo et al., 2008]. Iron and/or light
limitation restricts phytoplankton growth over much of the
region [Boyd, 2002], but mesoscale Fe fertilization can
occur where frontal boundaries interact with deep sea
bathymetric features [Debaar et al., 1995; Sokolov and
Rintoul, 2007] and in seasonal ice zones [Sedwick and
DiTullio, 1997]. Particularly high rates of primary produc-
tivity are observed in coastal Antarctic polynyas such as the
Ross Sea [Arrigo et al., 2008], and field programs have
documented extreme spatial and temporal variability in
these regions [Hales and Takahashi, 2004].
[4] With the exception ofCO2, the fine-scale (<10–100Km)

distribution and variability of Southern Ocean gases remain
poorly described, particularly in ice-covered regions. Here
we present a new data set of Southern Ocean CO2, O2/Ar
and DMS distributions obtained with ship-board mass
spectrometry. Results obtained from twomeridional transects
demonstrate unprecedented spatial variability in surface
water biogenic gases, and a rapid evolution from winter to
summer-time regimes during the initiation of the spring
phytoplankton bloom. Spatial analysis of gas distributions
demonstrates significantly different scales of variability in
open water and ice covered zones, providing insight into the
underlying physical and biogeochemical processes driving
gas dynamics in these contrasting regions.

2. Methods

[5] Underway data were collected on the RVIB Nathaniel
B. Palmer (cruise NPB06-08) as part of the Controls on Ross
Sea Algal Community Structure (CORSACS) program.
Measurements were made on a transit from New Zealand
to the Ross Sea polynya between Nov. 2 and Nov. 12, 2006
and on the return transit from Dec. 2 to Dec. 10, 2006. The
southbound and northbound transects sampled the region
between 177�E and 173�W from 53� to 75�S, and overlapped
within <2� longitude over a time interval of 20–37 days.
[6] Dissolved gas analysis was conducted using mem-

brane inlet mass spectrometry as described previously
[Gueguen and Tortell, 2008]. Briefly, surface seawater from
the ship’s intake system (�5 m depth) was pumped through
a sampling cuvette and gases extracted through a silicone
membrane into the ion source of a quadropole mass spec-
trometer for continuous flow analysis. Ion current measure-
ments of CO2, O2, Ar, and DMS were calibrated to absolute
concentrations for CO2 and DMS, and an atmospheric
saturation ratio, DO2/Ar, following Gueguen and Tortell
[2008]. As defined in previous studies [Craig and Hayward,
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1987], DO2/Ar represents biological O2 saturation which is
largely insensitive to physical processes such as warming,
bubble injection, and atmospheric pressure changes. During
underway analysis, gas concentrations were measured every
�30 seconds (mean spatial resolution of �50 to 300 m), and
averaged into one minute temporal bins for alignment
with temperature, salinity and chlorophyll a fluorescence
measurements obtained from the ship’s underway sensors.
[7] Daily sea-ice concentrations were derived from

Advanced Microwave Scanning Radiometer - Earth
Observing System (AMSR-E) data, gridded at 12.5 �
12.5 km resolution [Cavalieri and Comiso, 2004]. The
sea-ice zone (SIZ) was defined as the region south of the
transition between open water and ice covered regions
(>10% coverage) at �64.5�S. Chlorophyll a concentrations
were obtained from 8-day mean SeaWiFS imagery (http://
oceancolor.gsfc.nasa.gov/cgi/level3.pl). We calculated bio-
logically-induced air-sea O2 fluxes from mixed layer DO2/
Ar data using the methodology of Reuer et al. [2007], in
conjunction with NCEP/NCAR reanalysis wind speed data
[Kalnay et al., 1996] and the piston velocity parameterization
ofWanninkhof [1992]. Under the assumption of steady-state
productivity and minimal vertical exchange across the base
of the mixed layer, calculated O2 fluxes provide an estimate
of net community production (NCP) over the characteristic
residence time of mixed layer O2. Wind speed and mixed
layer depth data are used to derive a time-dependent
weighting function for daily piston velocities based on
fraction of the mixed layer ventilated on any given day
[Reuer et al., 2007]. We obtained mixed layer estimates
(defined as a 0.125 change in sq) from the global climatol-
ogy of Samuels and Cox, available through the National
Center for Atmospheric Research (www.dss.ucar.edu/data).
Uncertainty in the mixed layer depths affects the relative
weighting of daily piston velocity values, but the resulting
potential errors in NCP calculations are small compared to
those associated with the wind speed-dependent parameter-
ization of piston velocities [see Reuer et al., 2007].
[8] We quantified the spatial variability of gases and

hydrographic parameters using a semivariogram analysis
which examines variance as a function of the lag distance
separating samples [Doney et al., 2003]. The empirical
semivariogram is defined as the sum of squared deviations
at a particular lag distance, normalized by twice the number
of data points separated by that distance. We calculated the
value of this function across a range of lag distances, and
fit the resulting curves with a spherical model describing
the increase in sample variance, Vd, with increasing lag
distance, d:

Vd ¼ co þ s2 � co
� �

* 3=2*d=r � 0:5* d=rð Þ3
� �

ð1Þ

The y intercept, or ‘nugget’ (co), represents the amount of
unresolved variance at spatial scales below the sampling
resolution, while s2 approximates the maximum variance of
the data. The parameter r is the characteristic length scale
(‘range’) representing the distance beyond which samples
become uncorrelated. We derived least-squares estimates
and standard errors for co, s

2 and r for open water and SIZ
transects using a Marquardt-Levenberg non-linear regres-
sion algorithm. Prior to analysis, transect data were

interpolated to a regular sampling interval of 0.25 Km,
and temperature data from the open water region were
linearly detrended to remove the strong meridional gradient.

3. Results

[9] Our sampling transects coincided with the initiation
of Southern Ocean phytoplankton blooms in both open
waters and the SIZ. SeaWiFS imagery revealed chlorophyll
a concentrations of up to �1 mg L�1 north of the SIZ
(Figure 1a), similar to previous observations in the same
study region [Moore et al., 1999]. Analysis of the 10 year
SeaWiFS record (zonal-mean from 176�E – 172�W) indicates
that this early spring bloom is a consistent feature of our study
area. Typical dynamics of bloom initiation in the SIZ are less
certain since ocean color measurements are not available for
heavily ice covered regions. However, our underway chloro-
phyll a fluorescence measurements (Figure 1b) indicated the
rapid development of large, but highly localized phyto-
plankton blooms within the pack ice (�70�S) and at the
northern edge of the Ross Sea polynya (�74�S). Sea ice
concentrations decreased substantially in both of these
regions during the interval between our two survey transits.
[10] The open water phytoplankton bloom was associated

with significant hydrographic changes in the upper water
column, coupled to increasing day length and solar
irradiance during the early spring season. In the time
between our southbound and northbound transits, surface
water temperature increased by up to 2�C north of �64�S
(Figure 1c) and climatological mixed layers show signifi-
cant shoaling in the open ocean region (from 160 ± 78 m to
62 ± 14 m). In contrast, sea surface temperature and
climatological mixed layer depths demonstrated much
smaller temporal variability in the SIZ. The dominant
hydrographic change in this region was a significant de-
crease in ice cover. The decrease in percent ice cover was
highly correlated to the small temperature increases ob-
served in the SIZ (Pearson correlation, r = 0.66, p < 0.001).
[11] Significant changes in biogenic gas distributions

were coupled with increased phytoplankton biomass across
our entire survey region. On the pre-bloom southbound
transit through open ocean waters, mean DO2/Ar and pCO2

were close to atmospheric equilibrium in the open water
region (0.64% and 375 ppm, respectively, Figures 1d and
1e), and NCP derived from biologically induced air-sea O2

fluxes ranged from ��5 to + 40 mmol m�2 d�1 (Figure 1d,
inset). On the northbound return transit, open water DO2/Ar
increased by a mean value of 1.7% (range �0.9 to 4%),
while NCP ranged from �20–70 mmol m�2 d�1. Increased
biological activity on the northbound transect was also
evident in significant pCO2 drawdown and DMS accumu-
lation. On average, pCO2 decreased by 15 matm in the open
water region, with a maximum drawdown of >30 matm at
some locations. Concentrations of DMS more than doubled
north of 64�S, with a mean increase of �2 nM. The
accumulation of O2 was highly correlated to pCO2 draw-
down and, to a lesser extent, with chlorophyll a increases
north of the SIZ (Table 1). In contrast, DMS accumulation
showed a weak (but statistically significant) positive corre-
lation with CO2 drawdown in this region, but no statistically
significant relationship with chlorophyll a or DO2/Ar
increases (Table 1).
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[12] Dissolved gas distributions in the SIZ displayed
significantly greater spatial and temporal heterogeneity than
in the open ocean. On both southbound and northbound
sampling transects, sharp gradients in O2/Ar and pCO2

existed across the transition from open water to the SIZ
(�64�–66�S), accompanied by significant DMS accumu-
lation (Figure 1f, inset). During our initial survey, DO2/Ar
was strongly undersaturated (<�20%) south of 65�
(Figure 1d), while pCO2 exceeded atmospheric equilibrium
by up to 60 ppm (Figure 1e). Elevated pCO2 reflects deep
water convection and net winter time respiration under the
sea ice, and potentially, CO2 rejection during sea ice forma-
tion [Nomura et al., 2006].
[13] A significant increase in biological oxygen satura-

tion indicated the onset of net autotrophic production in the
SIZ. In the interval between our southbound and north-
bound surveys, DO2/Ar increased by an average value of
3.6%, with particularly large increases (up to 17%) associ-
ated with elevated chlorophyll a fluorescence at �70� and
74�S. Net productivity was observed even in regions with
persistent ice cover (>80%) where there was no detectable
increase in surface water chlorophyll a levels. This result
suggests a significant contribution of ice algae to water
column productivity. The mean pCO2 drawdown in the SIZ
(16 ppm) was similar to the open water region, but draw-
down as high as �120 ppm was observed at the northern
boundary of the Ross Sea polynya (�74�S). DMS showed
significant accumulation (>10 nM) at the boundaries of the
SIZ (�64� and 74�S) and in regions of ice retreat within the
ice pack (71� and 71.5�) (Figure 1f). The DMS ‘hot-spot’ at
�71.5�S (highlighted on Figure 1f) was particularly note-
worthy for its high concentration and small spatial scale.
Concentrations increased from <3 nM to �40 nM over a
spatial scale of <5 Km, coincident with an increase in
chlorophyll a fluorescence and DO2/Ar, and a drawdown
of pCO2. This feature highlights the extreme spatial hetero-
geneity of DMS concentrations in the SIZ. Across the entire
SIZ, increased O2/Ar was highly correlated to pCO2 draw-
down and chlorophyll a increases (Table 1) indicating that
biological activity rather than physical effects (e.g. melt
water dilution) exerted a dominant control on CO2 and O2

distributions in the SIZ. DMS accumulation was also
coupled to biological activity as judged by statistically
significant correlations with O2/Ar and chlorophyll a
increases and pCO2 drawdown (Table 1).

Figure 1. Surface water property distributions along two
Southern Ocean transects, Nov.–Dec. 2006. Chlorophyll a
concentrations were derived from (a) SeaWiFS 8-day mean
composite data and (b) ship-based underway fluorometric
analysis. Black and red lines on panel Figure 1a show the
ship’s position on the southbound and northbound transits,
respectively, while white areas denote the presence of sea
ice or cloud cover. Black symbols show results from the
Southward transect, while red symbols show the Northward
transect data. (c) Arrows show the approximate positions of
the Northern Sub-Antarctic Front (NSAF), Southern Sub-
Antarctic Front (SSAF), Polar Front (PF) and Southern
Antarctic Circumpolar Current Front (ACCF) as defined by
[Budillon and Rintoul, 2003]. (d, inset) Net community
production derived from biologically-induced O2 fluxes
(mmol m�2 d�1) for the region north of 63�S. (e) Dashed
horizontal line shows the current atmospheric pCO2 level
(�380 ppm). (f, inset) Greater detail for the latitudinal range
indicated, while the asterisk highlights a region of
particularly intense DMS accumulation.

Table 1. Pearson Correlation Coefficients for Parameters in Open

Water and Ice-Covered Regionsa

SST Chl a pCO2 DO2/Ar

Chl a .37b/.23c

pCO2 nsd/�.41e �.54e/�.89e

DO2/Ar nsd/.50e .62e/.77e �.88e/�.90e

DMS .33b/.18c nsd/.50e .30b/�.52d nsd/.48e

aTime-normalized rates of change were computed for each parameter
(i.e., D parameter/D time) and averaged into 0.1� zonal bins. The first and
second entries for each cell show the correlation coefficients for these
temporal parameter changes in open water (n = 74) and the sea-ice zone
(n = 81), respectively.

bp < 0.005.
cp < 0.05.
dp > 0.05; not statistically significant.
ep < .0001.
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[14] Semivariogram analysis demonstrated significant
differences in spatial variability among all parameters in
open waters and the SIZ (Figure 2). Temperature showed
greater variability in the open water region, likely due to the
presence of strong frontal boundaries between 55 and 65�S,

and the thermal inertial effects of ice in the SIZ. In contrast,
chlorophyll a and all gases showed significantly greater spatial
heterogeneity in the SIZ, with s2 values up to 4.5 fold higher
than in the open water region. Characteristic length scales
(r) varied between 70 and 326 Km. Length scales were
slightly smaller in the open water region for temperature and
CO2, but larger for chlorophyll a, DO2/Ar and DMS. For
most parameters, spherical model fits were unable to accu-
rately capture the true nugget value (co) owing to a steep
initial rise in variance at length scales <10 Km (see DMS,
Figure 2e). We thus estimated the nugget values using the
mean standard deviation computed at the smallest length
scale of our observations (0.25 Km). On average, nugget
values were <10% of the s2 values, indicating that our
observations resolved nearly all of the variability in the
measured variables.

4. Discussion and Conclusions

[15] Recent analysis of remotely sensed global ocean
color [Doney et al., 2003] has demonstrated that sub-
mesocale variability (i.e. <10 Km) dominates over much
of the oligotrophic ocean, and contributes significantly (up
to 30%) to the total variability of high productivity regions.
This sub-mesoscale structure is not well represented in
many remote sensing data products, and cannot be ade-
quately resolved with discrete hydrographic sampling. By
comparison, our high resolution ship-board analysis cap-
tured more than 90% of the total spatial variance in net
community production and biogenic gas distributions in the
Southern Ocean.
[16] Resolution of sub-mesoscale gas distributions pro-

vides insight into the underlying biogeochemical dynamics
which drive surface ocean variability. In the open water
region north of the SIZ, frontal boundaries appear to be an
important mechanism affecting gas distributions, as
evidenced by the sharp changes in biological oxygen fluxes
(�10–70 mmol m�2 d�1) we observed across the northern
and southern Sub-Antarctic fronts (56�–60�S) and, to a
lesser extent, across the Polar Front (�62�S). Previous
large-scale surveys have identified a meriodional NCP
gradient in the Southern Ocean [Reuer et al., 2007] and
this has been attributed to the geographic pattern of aeolian
Fe fluxes [Cassar et al., 2007]. Our results suggest that sub-
mesoscale mixing processes may drive equally large local
gradients of NCP and other biogenic gases during the early
spring-time growing season.
[17] In the SIZ, increased biological activity and gas

cycling appears tightly coupled to ice melt during the early
growing season. Ice melt can stimulate biological activity
in underlying waters by enhancing vertical stratification
[Mitchell and Holm-Hansen, 1991], and/or through Fe
fertilization [Sedwick and DiTullio, 1997]. In addition,

Figure 2. Spatial semivariograms for chlorophyll a, sea-
surface temperature and gases along the northbound transect
in openwaters and the SIZ (labeled on figure). Solid thin lines
represent the computed standard deviation for each parameter
over a range of sampling lag distances. Thicker dashed lines
show the best-fit regression equations for the spherical model
with parameter estimates given below each curve. See methods
for additional details of the model fits and parameter values.
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previous work has suggested that significant gas cycling
may occur in the sea ice itself [Delille et al., 2007]. It is
presently unclear to what extent ice covered regions may be
a net source or sink of various biogenic gases, since these
regions are chronically under-sampled with respect to their
potential spatial and temporal variability. The Antarctic SIZ
is a potential source of CO2 to the atmosphere due the
accumulation of high winter-time pCO2 [Bakker et al.,
1997]. Our results demonstrate, however, that intense
pCO2 undersaturation can develop in the short interval
following ice retreat, limiting early season CO2 efflux.
The high DMS concentrations we observed in the SIZ are
consistent with recent field observations [Delille et al.,
2007; Kiene et al., 2007], and suggest that sea-ice commu-
nities play an important role in Antarctic DMS production.
More extensive surveys will be needed to characterize the
abundance and persistence of DMS ‘hot-spots’ in the SIZ
and their quantitative influence on regional air-sea fluxes.
[18] The distribution of biogenic gases we observed south

of New Zealand may be representative of the broader
Southern Ocean, given the similarity in phytoplankton
productivity and sea-ice dynamics across Antarctic subre-
gions [Arrigo et al., 2008]. Our results thus have implica-
tions for understanding regional biogeochemical budgets,
particularly in terms of quantifying net annual air-sea flux of
biogenic gases and the relative contribution of the SIZ to
Southern Ocean productivity. These research questions are
particularly pressing in light of possible decreases in Ant-
arctic sea-ice cover over the coming century [Curran et al.,
2003] and predicted changes in SIZ gas fluxes under
various global warming scenarios [Gabric et al., 2003].
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