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Phytoplankton fluorescence, temperature and salinity were measured from December through February
using in situ instruments deployed at two locations in the southern Ross Sea, Antarctica during the austral
summers of three consecutive years (2003–2004, 2004–2005, and 2005–2006) to assess the short-term,
seasonal and interannual variations in phytoplankton biomass and oceanographic conditions. The sea-
sonal climatologies of physical forcing variables were also determined from satellite measurements,
and the data from the two sites compared to the 2000–2009 mean. In situ fluorometers were deployed
at three depths at 77�S, 172.7�E and 77.5�S, 180�. Significant differences between the two sites were con-
sistently observed, confirming the anticipated high level of spatial and temporal heterogeneity. Chloro-
phyll fluorescence was maximal in late December, and generally decreased rapidly to modest levels in
January and February. However, during 1 year (2003–2004) a secondary bloom was found, with summer
maxima being similar to those observed during spring. Fluorescence displayed a strong diel cycle, with
strong quenching during periods of maximum irradiance. The magnitude of this reduction was large
(the minimum average fluorescence was 25% of the daily mean) and decreased with depth. Fluorescence
varied interannually, with the absolute levels and temporal patterns being different among years. The
two sites had different temperature/salinity properties as measured at 24 m, and both variables changed
with time. During 2004–2005 we were able to continuously measure the photosynthetic quantum effi-
ciency of PSII (Fv/Fm) at 11 m, which revealed a minimum in December, and an increase in January,
whereas the absolute fluorescence (Fo) decreased simultaneously. We suggest that this reflected a mixing
event, whereby available irradiance increased, allowing a short period of growth in a more favorable opti-
cal environment. While substantial variations from the mean physical forcing were observed, the linkage
of these physical variations with fluorescence was not always clear. Short-term (over 24-h) changes in
fluorescence occurred, and were likely related to advective events. Wind events altered fluorescence in
the surface layer, and these redistributed phytoplankton in the surface. The variability in chlorophyll
fluorescence and physical forcing over a variety of scales in the Ross Sea provides insights into tempo-
ral–spatial coupling of phytoplankton.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

The Ross Sea is among the most productive regions in the Ant-
arctic (Smith and Comiso, 2008) and may represent a significant
carbon sink that has global impacts (Arrigo et al., 2008). It is known
to experience dramatic changes in phytoplankton biomass and
composition during the austral growing season. Growth is initiated
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in early November, and by the end of the month chlorophyll con-
centrations generally increase to 3 lg L�1 (Smith et al., 2000,
2003). Maximum biomass occurs in late December and can exceed
15 lg L�1. The spring bloom is normally dominated by the colonial
haptophyte Phaeocystis antarctica, whose biomass rapidly (in ca.
3 weeks) decreases by nearly an order-of-magnitude in early Janu-
ary (Smith et al., 2000; Smith and Asper, 2001), whereas areas
along the receding pack ice in particular exhibit a biomass increase
due to the growth of diatoms (Arrigo et al., 1999). By the end of
February growth usually ceases, as the ice cover spreads rapidly
over the entire continental shelf in March. This general scenario
is supported by the chlorophyll climatology generated from dis-
crete samples collected throughout the region from November
through February (Smith et al., 2003). However, the limited data
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only allow a seasonal climatology to be generated, and the shorter
(days to weeks) and event-scale variations remain largely
unknown.

Although this temporal pattern of biomass and composition has
been frequently observed, Peloquin and Smith (2007) found that
during some years both the quantitative and qualitative aspects
of the blooms differed from that of the ‘‘normal” pattern. Occasion-
ally the entire growing season is dominated by diatoms, with a
minor (albeit not insignificant) contribution from colonial P. ant-
arctica. In other years large secondary blooms occur (demonstrated
by SeaWiFS imagery), and these blooms are apparently dominated
by diatoms. These secondary blooms are puzzling, in that it has
been repeatedly shown that iron concentrations reach limiting lev-
els after the spring bloom (Martin et al., 1990; Sedwick and DiTul-
lio, 1997; Olson et al., 2000; Coale et al., 2003), and hence the
appearance of summer blooms suggests that iron is being provided
to support growth. Also, as P. antarctica apparently has a greater
demand for iron than diatoms (Sedwick et al., 2007), it was sug-
gested that its rapid demise was in part due to iron limitation
(Smith et al., 2000). However, this did not explain how diatoms
could grow under the ‘‘normal” conditions of iron limitation during
January–February, unless diatom iron requirements are greatly re-
duced, a characteristic not supported by available data (Coale et al.,
2003), or unidentified sources of iron exist. Smith et al. (2007)
found that icebergs provided substantial inputs of iron, but these
inputs were spatially restricted, and the blooms initiated are far
less extensive than the secondary blooms found in the Ross Sea.
Peloquin and Smith (2007) suggested that episodic intrusions of
MCDW from off the continental shelf that were driven into the
euphotic zone when interacting with dense High Salinity Shelf
Water in the southern Ross Sea supplied sufficient iron to fuel
the secondary blooms. Nevertheless, direct confirmation of such
enhanced iron supply is lacking.

Primary productivity in the Ross Sea is determined by condi-
tions in the polynya (an area of reduced ice cover surrounded by
concentrated ice) that forms in austral spring at the edge of the
Ross Ice Shelf and progressively expands northwards from Novem-
ber through January (Arrigo and van Dijken, 2003; Tremblay and
Smith, 2007). Two mechanisms control the generation and mainte-
nance of the polynya (Jacobs and Comiso, 1989; Markus, 1999). The
first is the southerly katabatic winds blowing from the ice shelf
onto the pack ice, advecting the ice northward and exposing open
water. The exposed seawater freezes quickly during autumn, win-
ter and early spring, and the new ice is in turn driven north by the
wind and the prevailing cyclonic circulation (Reddy and Arrigo,
2006), thickening as it ages and moves. The second mechanism
that may initiate and sustain the polynya is the advection of warm
(��0.5 �C) Modified Circumpolar Deep Water (MCDW) onto the
shelf. This warm water thus provides a heat source and aids in
melting the ice, especially during winter (Jacobs and Comiso,
1989). The large spatial expansion of the polynya in November–
December is largely driven by solar warming and is largely inde-
pendent of either wind or deep-water processes. The dynamics of
the polynya in turn control the phytoplankton blooms in the Ross
Sea (Smith and Nelson, 1985; Arrigo et al., 1998), which are
responsible for the production and export of large amounts of par-
ticulate matter over short time intervals (Asper and Smith, 1999).

Winds also vary on a variety of time scales in the Ross Sea. Kat-
abatic winds flow off the continent and can reach extreme speeds,
but these density-driven winds are strongest during non-summer
months (Bromwich and Kurtz, 1984; Bromwich et al., 1990); fur-
thermore, it is not known how far they extend over the ocean.
Storm frequency also decreases during summer in the Ross Sea,
as the path of mean low-pressure systems migrates to the north
(van Loon, 1967). In addition, there is a recent pattern indicating
a shortening of the summer season due to an intensification of
low-pressure systems southward in late summer/early autumn
(e.g., Turner et al., 2009). Regardless, storms occur at all times of
the year and represent a potential source of variability in space
and time for phytoplankton distribution and productivity.

Fluorescence has been used in a number of applications in bio-
logical oceanography. For example, it provides an estimate of chlo-
rophyll a, which in turn is a proxy for phytoplankton biomass (e.g.,
Lorenzen, 1966). However, chlorophyll fluorescence yields are var-
iable in nature (Falkowski and Kolber, 1995). That is, fluorescence
is reduced during the day relative to night (Owens et al., 1980;
Behrenfeld et al., 2006) and responds to a passage of clouds during
the day (Abbott et al., 1982). Diel fluorescence variations have been
identified and attributed to either diel changes in intracellular
chlorophyll concentrations or circadian rhythms (Owens et al.,
1980; Brand, 1982). In addition, photoinhibition of photosynthesis
at the ocean’s surface, as well as daily rhythm of non-photochem-
ical quenching, further modulate the observed fluorescence signal
(Schreiber and Bilger, 1986). Active fluorescence has been used to
assess photo-physiological state of the phytoplankton, especially
as it relates to nutrient availability and irradiance (Kromkamp
and Peene, 1999). Originally, pump-and-probe fluorometry was
used to determine phytoplankton quantum efficiencies (Mauzerall,
1972; Falkowski et al., 1986; Kolber et al., 1990), and this method
has been used in the Ross Sea in conjunction with a flow cytometer
to assess the photophysiology of individual genera (Olson et al.,
2000). Another method is pulse amplitude modulated fluorometry
(PAM), which measures photochemical efficiency (or Fv/Fm) of pho-
tosystem II (PSII) utilizing multiple turnover flashlets (Schreiber
and Bilger, 1986). Similarly, fast repetition rate fluorescence (FRRF)
measures phytoplankton quantum yield of PSII, but with single
turnover flashlets (Kolber et al., 1990; Greene et al., 1992), and
has been a widely used tool to assess the effects related to iron lim-
itation over large areas of the ocean (Greene et al., 1991; Behren-
feld et al., 1996). It has been well established that Fv/Fm is
positively correlated with nutrient availability and negatively cor-
related with nutrient stress (Greene et al., 1991; Falkowski et al.,
1992; Kolber and Falkowski, 1993; Behrenfeld et al., 1996; Sylvan
et al., 2007), and responds rapidly to nutrient inputs and changed
light conditions (Brunet et al., 2008).

The application of in situ fluorometers in polar areas is re-
stricted by the harshness of the environment. Ice presents a signif-
icant threat to mooring infrastructure/platforms, and complicates
the deployment, servicing, and recovery of these platforms in re-
mote environments. Despite these difficulties, given the substan-
tial seasonal and interannual changes in phytoplankton biomass
in coastal polar environments (e.g., Smith et al., 2006), the deploy-
ment of in situ fluorometers offer an efficient means to gain in-
sights into the oceanographic processes that regulate
phytoplankton biomass, such as lateral advection, vertical mixing,
growth and biological losses. Fukuchi et al. (1988) continuously
measured chlorophyll fluorescence in Breid Bay (East Antarctica)
and demonstrated a remarkable temporal variability in fluores-
cence over weeks to months, and Abbott et al. (2000) estimated
chlorophyll from optical transmission data collected from drifting
surface buoys in the Antarctic Circumpolar Current to deduce the
in situ growth rates as well as the role of advection in frontal pro-
cesses. However, few measurements of continuous fluorescence
have been made in ice-impacted, coastal waters of Antarctica.

Despite decades of observations, a full understanding of the sea-
sonal cycle of phytoplankton in the Ross Sea is lacking. For exam-
ple, while satellite images of enhanced pigment levels are used to
assess the seasonal patterns of standing stocks (e.g., Arrigo and
McClain, 1994; Arrigo et al., 2008; Smith and Comiso, 2008), they
also document extreme spatial variability on a variety of scales,
and the causes of these variations are largely unknown. Secondary
blooms are relatively common, but we do not know the physical
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forcing of such blooms. Biomass decreases rapidly after the spring
Phaeocystis bloom, but the causes for this reduction remain ob-
scure. Finally, the full seasonal impacts of iron on phytoplankton
productivity remain uncertain, despite the fact that low levels (less
than 0.3 nM) occur throughout all seasons (Sedwick et al.,
unpublished).

During the austral growing seasons in 2003–2005, we con-
ducted a program designed to assess the seasonal and interannual
variability of phytoplankton dynamics in the Ross Sea (IVARS). We
hypothesized that the pattern of fluorescence would be similar to
the seasonal climatology (Smith et al., 2003), but with variability
on shorter scales imposed by local physical processes. Our objec-
tives were to determine the seasonal temporal patterns of phyto-
plankton biomass, temperature and salinity in the polynya, and
bottom-anchored moorings were deployed to provide data on the
short-term (December through February) variations in oceano-
graphic and biological properties in the southern Ross Sea. These
moorings were designed to withstand the rigors of the ice-rich
environment and were equipped with physical and optical sensors
configured to acquire data required to address the uncertainties
associated with this dynamic and complex environment. We found
not only the expected seasonal progression in phytoplankton bio-
mass, but also significant short-term (on the order of hours to
days) and diel variations. We also concluded from the measure-
ments that during one of these years (2003–2004) a large bloom
of diatoms occurred during January–February, with a magnitude
that was similar to the initial, primary bloom. We also found
short-term variations in fluorescence and photo-physiological vari-
ables that were associated with wind events, indicating that these
short-term events may play a major role in the annual cycles of
phytoplankton in polar systems.
Fig. 1. Map showing the location of the moorings (Callinectes and Xiphius), as well as the
southern Ross Sea.
2. Materials and methods

Moorings were deployed at two locations in the southern Ross
Sea during 2003–2004, 2004–2005 and 2005–2006 (named Xiphi-
us, the eastern mooring, and Callinectes, the western mooring;
Fig. 1). They were bottom anchored, and the total depth of each
mooring was ca. 600 m. Each had a surface buoy to maintain the
sensors near the selected depths (Fig. 2). During 2004–2005 and
2005–2006 we had Microcat CTDs (SeaBird) on each mooring at
24 m; temperature and salinity was recorded each 5 min. Both
instruments were calibrated before and after deployment. In addi-
tion, three Wet Labs ECO-FLSB fluorometers were placed on each
mooring during late December from the USCGC Polar Star, USCGC
Polar Sea, or the RVIB N.B. Palmer (Table 1), and were recovered
in early February (the exact recovery date was dependent on cruise
logistics). Not all of the fluorometers functioned completely during
their deployment, so full data records of the fluorescence of the en-
tire euphotic zone and mixed layer are not available. Data were re-
corded at 10-min intervals and downloaded upon recovery. All
data are expressed on local and GMT time. Arbitrary units (AU)
are used to express the fluorometers’ output rather than convert-
ing to chlorophyll concentrations, in view of the extreme diel var-
iability and the fact that only two samples from the mooring’s
location were available for comparison.

The fluorometric data were compared to chlorophyll concentra-
tions by collecting discrete water samples using a CTD-rosette sys-
tem from the same depth as the sensors. All stations were within
100 m of the mooring. Complete fluorescence profiles were also
collected from the CTD casts using a Chelsea fluorometer. Water
samples for chlorophyll determinations were filtered through
Whatman GF/F filters (nominal pore size 0.7 lm) under low vac-
site of discrete stations occupied during the 3 years (two cruises each year) in the



Fig. 2. Diagram of the mooring and the instruments contained on each. During
2005–2006 the FRRF was placed near the surface (11 m) and the regular
fluorometer was placed at ca. 20 m.
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uum (1/3 atm). The filters were placed in centrifuge tubes, to
which 10 mL 90% acetone were added, and extracted at �20 �C
for 24 h in darkness (in the first 2 years of sampling sonication
was used to extract the filters more quickly). After extraction, the
samples were read on a Turner Designs Model 10AU fluorometer,
Table 1
Dates of deployment and recovery and depths of sampling of the fluorometers and Microca
of instrument depth; temperature (T) and salinity (S) data from CTD profiles.

Year Mooring
name

Date of deployment
(Julian Day)

Length of
deployment (Days)

Flourometers
2003–2004 Callinectes 362 38
2003–2004 Callinectes 362 38
2003–2004 Callinectes 362 38
2003–2004 Xiphius 363 37
2003–2004 Xiphius 363 37
2003–2004 Xiphius 363 37
2004–2005 Callinectes** 355 29
2004–2005 Callinectes 355 29
2004–2005 Callinectes 355 29
2004–2005 Xiphius 356 30
2004–2005 Xiphius 356 30
2005–2006 Callinectes 363 31
2005–2006 Callinectes 363 31
2005–2006 Callinectes 363 31
2005–2006 Xiphius 361 4***

2005–2006 Xiphius 361 32
2005–2006 Xiphius 361 32

CTDs
2004–2005 Callinectes 355 29
2004–2005 Xiphius 356 30
2005–2006 Callinectes 363 31
2005–2006 Xiphius 361 32

* Based on linear interpolation from closest depths.
** FRRF.
*** Instrument flooded on this date.
and chlorophyll was quantified using the acidification technique
(JGOFS, 1996). CTD profiles were also collected at all stations,
and mixed layer depths were estimated as the depth where rT

changed by 0.01 kg m�3 relative to a stable, surface value (Smith
et al., 2000). Daily ice concentrations were derived from satellite
passive microwave data using the enhanced Bootstrap algorithm
used for AMSR-E data and adapted for SSM/I data (e.g., Comiso
et al., 2003; Comiso and Parkinson, 2004) and provided by the Na-
tional Snow and Ice Center, Boulder, CO, USA (http://nsidc.org/
data/seaice_index/archives/index.html). Wind data (north and east
vectors of the wind fields; four times daily) were obtained from a
blend of QSCAT scatterometer data and NCEP analyses and NCEP
analyses at the location closest to the actual moorings (http://
dss.ucar.edu/datasets/ds744.4/) (Milliff et al., 2004). The wind
speed climatology was derived from QuikSCAT winds (http://pod-
aac.jpl.nasa.gov/DATA_CATALOG/quikscat.html).

During 2004–2005 we also deployed two FastTracka FRR fluo-
rometers (Chelsea Instruments, Ltd.) mounted at 11 m on the Cal-
linectes and Xiphius moorings. These fluorometers were equipped
with photosynthetically active radiation (PAR) sensors and pro-
vided continuous assessments of the photosynthetic quantum effi-
ciencies of phytoplankton via short pulses of actinic light (Kolber
et al., 1990). The maximum quantum efficiency of PSII (Fv/Fm)
was determined from the difference between the initial fluores-
cence (Fo) and light-saturated fluorescence (Fm), so that

Fv=Fm ¼ ðFo � FmÞ=Fm ð1Þ

The instruments were programmed to wake up every 3 h, make 50
measurements spaced 3.5 s apart, and then shut down to preserve
power. Each measurement sequence consisted of 100 separate 1-
ls long excitation flashlets at 2 ls time intervals, followed by 20
relaxation flashlets. Both light and dark chambers were activated
with 7 s delay on each chamber. We report here data from the light
chamber only due to problems with condensation on the detector
window in the dark chamber. Baseline and filtered seawater blank
calibrations were performed at all gain levels before and after instru-
ment deployment. No significant bio-fouling was observed. Data
t CTDs. All dates are in local (New Zealand) time. In situ samples collected within ±2 m

Depth of
instalment (m)

Chi, T or S at deployment
(lg L�1, �C or psu)

Chi, T or S at recovery
(lg L�1, �C or psu)

16 6.54* 7.49*

21 4.74 7.25
40 5.12 4.75
16 2.31 13.6
21 2.26 18.8
40 5.55 11.8*

11 8.67 0.66
23 7.35 0.51
40 2.38* 0.40
16 9.88* 0.28
21 9.19 0.27*

6 3.68 1.80
21 6.33 1.90*

40 5.29 2.13
6 3.42 –

26 5.26 0.79
40 4.88 0.48

24 �1.36, 34.527 �1.03, 34.493
24 �1.04, 34.384 �0.22, 34.384
24 �1.13, 34.302 �0.46, 34.411
24 �0.64, 34.462 �0.42, 34.189

http://nsidc.org/data/seaice_index/archives/index.html
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http://dss.ucar.edu/datasets/ds744.4/
http://dss.ucar.edu/datasets/ds744.4/
http://podaac.jpl.nasa.gov/DATA_CATALOG/quikscat.html
http://podaac.jpl.nasa.gov/DATA_CATALOG/quikscat.html
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were recorded internally and downloaded upon recovery. The down-
loaded data were processed using the Chelsea FRS Software (v.1.8),
with reference and baseline corrections. Fluorescence transient
parameters, including Fv/Fm, were calculated according to Kolber
et al. (1998). The FRRF at Callinectes operated for the entire deploy-
ment. Unfortunately, data from the instrument at Xiphius were
deemed unreliable due to flooding problems and are not reported.

Phytoplankton monthly pigment distributions were quantified
using standard monthly SeaWiFs chlorophyll products with 9 km
resolution generated by NASA’s ocean color processing group
(http://oceancolor.gsfc.nasa.gov) for the period November, 1997
to December, 2009. In addition, MODIS-Aqua images were com-
piled to extract sea surface temperature and pigment information
from pixels nearest to the two moorings. The weekly average and
standard error of pixels with valid values were computed with a
3 � 3 mask for the period November 2002 to December 2009.
QuikSCAT wind vector images obtained from NASA Ocean Vector
Winds Science Team (http://winds.jpl.nasa.gov/missions/quikscat)
were processed to generate weekly climatology of wind speeds
using data from 2000 to 2009. Winds from the Automatic Weather
Stations near Ross Island were obtained from http://amrc.ssec.wis-
c.edu/.
Fig. 3. Temporal patterns of daily ice concentrations at (a) 77�S, 172.5�W
(Callinectes) and (b) 77.8�S, 180� (Xiphius) for the 3 years of study. The solid line
represents a 5-point running mean. The dashed lines represent the dates of mooring
deployment in 2003–2004 for reference. Data obtained from the National Snow and
Ice Center.
3. Results

3.1. Variations in physical and hydrographic parameters

Physical and hydrographic conditions, as well as ice concentra-
tions, varied interannually, and differed between the two locations.
Annual ice cover in the east and west began to decrease at approx-
imately the same time, but summer ice concentrations were con-
sistently lower at Xiphius (where ice essentially disappeared)
than at Callinectes, where some residual ice (ca. 10%) was almost al-
ways observed (Fig. 3). In 2003–2004 ice remained at Callinectes
significantly longer than in the next 2 years, but this pattern was
not observed at Xiphius. Mean surface temperatures based on sta-
tion measurements made in December ranged from �0.96 �C in
2003–2004 to 0.10 in 2004–2005 (significantly different between
the 2 years; t-test, p < 0.001; Table 2), suggesting significant inter-
annual variability in either the solar heating or in the air–sea inter-
actions that remove ice. The observed mean temperature in 2004–
2005 was distinctly warmer (+0.10), while 2005–2006 was slightly
warmer than the 8-year mean derived from satellite observations,
and only 2003–2004 was similar to the 8-year mean (Fig. 4). Mixed
layer depths (Zmix) from the stations sampled were modest, with
late December and early February values between 19 and 42 m
(Table 2), but far less than the critical depths below which growth
was limited by irradiance (Nelson and Smith, 1991). No relation-
ship between Zmix and patterns of ice concentration or disappear-
ance were observed. Mixed layer nutrient concentrations were
far above growth limiting concentrations throughout all years (ni-
trate and silicic acid concentrations measured in early February
ranged from 17.1 to 19.5 lM and 47.7 to 70.5 lM, respectively; Ta-
ble 2). We have no estimates of iron concentrations, but a recent
study on the spatial and temporal variations of iron concentrations
suggest that dissolved Fe is low at all times during spring and sum-
mer (less than 0.3 nM; Sedwick et al., unpublished), potentially
inducing iron stress and/or growth limitation (Sedwick et al.,
2007). Particulate organic carbon and biogenic silica distributions
in December and February at the two sites reflected the removal
of nutrients and incorporation into autotrophic material (Table 3).
POC concentrations at Callinectes in December, 2003 were ca. twice
those observed during other sampling dates at the moorings, but in
December, 2004 POC levels at Xiphius were two-fold greater than
those at Callinectes. BSi concentrations in December, 2004 were
nearly six-fold greater at Xiphius than at Callinectes. However, by
February of the same growing season, both POC and BSi levels at
were only one-third those at Callinectes (Table 3), confirming a
marked change in both quantity of phytoplankton and functional
group composition. Spatial differences in 2005–2006 were much
less marked than in the previous 2 years.

In situ temperature and salinity values measured at 24 m at
both locations also demonstrated both the spatial and temporal
variability at the two locations (Figs. 5 and 6). Temperature and
salinity profiles collected upon deployment and recovery of the
moorings also show interannual variability (Fig. 7), and show that
in 2003–2004 the mixed layer was less than the depth of the Mic-
rocat CTD; in most other periods, the Microcat (at 24 m) was with-
in the mixed layer. The profiles differed substantially among years;
in 2003–2004 the salinity at both sites in the upper 150 decreased
greatly between December and February, indicating a large input
of fresh water, whereas the December–February change (again, at
both locations) in 2004–2005 was non-existent. Average salinities
at Callinectes were greater than those at Xiphius in both years, and
significantly greater in 2004–2005 (p < 0.001, t-test), but the differ-
ences between the two mooring sites were similar in both years
(Table 4). Temperatures were colder at Callinectes in both years.
The mean values clearly identify the waters as Antarctic Surface
Layer as defined by Orsi and Wiederwohl (2009), but also demon-
strate the extensive seasonal variability that occurs in the surface
layer. In addition, both temperature and salinity varied seasonally.
Temperature at both sites increased with time, although the rate of
increase at Callinectes was greater than that at Xiphius during both

http://oceancolor.gsfc.nasa.gov
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Table 2
Mean temperature (T) and salinity (S) conditions found in the mixed layer of the southern Ross Sea during the 3 years of study. Zmix = mixed layer depth. Temperature and salinity
means calculated from the stable value within the mixed layer at all stations sampled during each season. Nutrient means determined from the mixed layer values of the late
summer cruise. ± indicates standard deviation. All values from 2003 to 2004 (except PO4 data) taken from Smith et al. (2006).

Year December surface T (�C) December surface S (psu) December Zmix (m) February Zmix (m) NO3 (lM) Si(OH)4 (lM) PO4 (lM)

2003–2004 �0.96 ± 0.17 34.44 ± 0.09 19.1 ± 8.6 20.0 ± 11 17.7 ± 3.1 49.1 ± 7.6 1.07 ± 0.58
2004–2005 0.10 ± 0.60 34.4 ± 0.10 21.7 ± 6.44 38.7 ± 16.5 19.9 ± 1.64 63.9 ± 6.96 1.41 ± 0.14
2005–2006 �0.33 ± 0.51 34.39 ± 0.06 20.0 ± 10.5 42.0 ± 19.4 19.0 ± 0.65 70.0 ± 3.01 1.44 ± 0.11

Fig. 4. Seasonal progression of mean sea surface temperatures (3 � 3 pixel box
around each site) at Callinectes and Xiphius derived from MODIS-Aqua data from
2000 to 2008. Bars represent standard deviations for the 8-year record; solid and
open triangles represent absolute maximum and minimum values for the 8-year
record.
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years (0.034 and 0.064 �C day�1 vs. 0.013 and 0.019 �C day�1 for
2004–2005 and 2005–2006, respectively; Fig. 6a). Variability in
temperature also seemed to be greater earlier in the season at both
locations. Conversely, salinity at Callinectes did not change appre-
ciably, whereas at Xiphius it decreased during the observation per-
iod (Fig. 6b). Both sites had more variable salinities in 2005–2006
than in 2004–2005. Additionally, rapid (occurring over less than a
few hours) salinity changes (�0.1 unit) were observed; these
changes were occasionally coherent between the two sites, but
more often were not.

Although winds varied substantially at the two mooring sites
(Fig. 8), they were significantly correlated in all years (R2 > 0.847
in all years; p < 0.001). At both sites winds were dominated by
the south-to-north component (on average nearly four times that
of the eastern direction). Wind speeds averaged 5.27 ± 2.88 and
5.21 ± 2.61 m s�1 at Callinectes and Xiphius (Table 4). These speeds
were similar to the climatological mean wind speeds as well
(Fig. 9). We arbitrarily defined a wind speed of 12 m s�1

(�23 kts) as ‘‘significant” wind events. Wind speeds greater than
12 m s�1 were observed 2, 2 and 3 times during each growing sea-
son at Callinectes, but only once at Xiphius. Of the 10 ‘‘high-wind
events”, only two occurred simultaneously at both mooring sites,
suggesting substantial spatial variations on scales smaller than
the distance between the moorings (190 km) in wind speeds in
the southern Ross Sea, despite the overall strong correlation be-
tween the two locations.

3.2. Variations in fluorescence

The climatology of pigments for the Ross Sea was compiled by
generating monthly means from SeaWiFS images from 1997 to
2009 (Fig. 10). They confirm the general pattern of a unimodal peak
that occurs at different locations at different times in the growing
season. The temporal progression of satellite chlorophyll shows the
same pattern (Fig. 11) and that the maximum estimated chloro-
phyll concentrations at Callinectes and Xiphius were 11.4 and
8.83 lg L�1, respectively. The maximum occurred ca. 1 week ear-
lier at Xiphius, consistent with the earlier ice removal at that
location.

Fluorescence varied within the water column during all deploy-
ments and all years. In two of the 3 years (2003–2004 and 2004–
2005) the highest signal was observed close to the surface,
decreasing with depth. In 2003–2004 at the western site (Callinec-
tes), all three fluorometers recorded a uniform response and
decreasing trend from the beginning of the deployment (December
28; ca. 4000 AU) through ca. January 17 (Fig. 12a). The fluorescence
records diverged thereafter, with the 19 m signal increasing to val-
ues close to the December maximum (3500 AU), the 25 m signal
increasing slightly, and the 41 m signal decreasing. At Xiphius in
2003–2004, the three sensors recorded a uniform signal at the start
of the deployment, but diverged after January 15 (Fig. 12b). There-
after the upper two sensors recorded similar increasing patterns in
fluorescence, but the 41 m instrument in general showed low lev-
els that appeared to vary quasi-weekly. Maximum fluorescence
values were greater than 4000 AU at the end of the deployment,
slightly greater than those recorded at Callinectes. The biggest dis-
tinction between the two sites was the coherence between 19 and
25 m at Xiphius, and the divergence between the two depths at
Callinectes.

In 2004–2005 both mooring locations showed similar patterns;
that is, biomass initially was elevated in late December, followed
by a decrease through time (Fig. 13a and b), although greater var-
iability after January 10 was observed at Xiphius that was not ob-
served at Callinectes. The Xiphius site had two functional
fluorometers (at 16 and 21 m), and the response of these two
instruments was nearly identical. At Callinectes fluorometers were
placed at 11, 21 and 40 m, with a FRRF at 11 m. Elevated fluores-
cence was observed at 11 m relative to the deeper units, but due
to slight differences in the resolution of fluorescence measure-
ments, a direct comparison is difficult. Discrete chlorophyll mea-
surements upon deployment revealed chlorophyll concentrations
of 10.8 lg L�1 at 10 m, and 8.6 lg L�1 at 26 m (no sample was col-
lected at 41 m), and the CTD fluorescence trace showed few differ-
ences among the three depths (data not shown). The fluorescence
at 21 m was high initially, decreased from December 24 to 26, in-
creased between December 27 and 31, and decreased thereafter.
The variability at Xiphius was far greater (six-fold) in January,
and the absolute values at the end of the deployment were less
than those at Callinectes. The increase initiated on January 13 at
Xiphius (from ca. 500 to more than 3000 AU) was greater than
can be explained by maximum growth at these temperatures (ca.
0.6 doublings per day at 0 �C). Maximum fluorescence at both loca-
tions was ca. 4500 AU, although the timing of the maximum was
slightly different between the two.

In 2005–2006 a markedly different pattern was observed than
that of 2003–2004 and 2004–2005. Surface fluorometers recorded
a uniform but low signal at the start of the deployment, and de-
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Fig. 5. Temperature/salinity values from the surface layer (24 m) at Callinectes and
Xiphius during (a) 2004–2005 and (b) 2005–2006. Solid lines represent rT contours.
Data were collected at 10 min intervals, and means for 2-h periods calculated and
plotted.
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tected only modest fluorescence signal (less than 1000 AU, or less
than 1 lg L�1 of chlorophyll) at both locations (Fig. 14a and b); in
addition, striking diel variations were observed (see below). Sub-
surface fluorescence maxima were observed, with the maximum
fluorescence at Callinectes in the range of 4500 AU at 23 m, and
the maximum of ca. 4500 AU at Xiphius at 40 m. Although there
were some vertical variations between 23 and 40 m at Callinectes,
they were rather modest, and the two fluorometers’ temporal pat-
terns were similar. At Xiphius, however, fluorescence at 26 m was
ca. 3000 AU upon deployment in late December, and although
the record for the 40 m sensor was terminated by flooding early
in the deployment, the recovered data suggest slightly greater val-
ues at 40 m. The decrease from more than 4000–1000 AU occurred
over a very short time – in ca. 7 days, much faster than was re-
corded in other years and depths, and by discrete measurements
(Smith et al., 2000).
3.3. Spatial and interannual variations

Substantial spatial variations were present at some times be-
tween the two mooring sites. The largest differences were ob-
served in 2003–2004, where a large bloom reached a high
biomass in the east (Callinectes), while in the west (Xiphius) the
biomass was �four-fold less (Fig. 12a and b). The eastern region’s
biomass decreased until ca. January 16, when it again began to in-
crease. The minimum biomass in the west occurred around January
4, and it increased thereafter, so that the two locations had similar
fluorescence (ca. 3000 AU) at the end of the deployment. In 2004–
2005 mean fluorescence in the east was less than that in the west



Fig. 6. Temporal variations at Callinectes and Xiphius in (a) temperature during 2004–2005, (b) salinity during 2004–2005, Xiphius during 2004–2005, (c) temperature in
2005–2006, and (d) salinity during 2005–2006. All values represent hourly means. Lines represent linear regressions of all values except for the 2005–2006 Callinectes plots,
which were split into two periods at January 29, and Xiphius in 2004–2005, where the regression was only through the period of decreasing salinity (though January 23). Wind
events greater than 12 m s�1 are indicated by arrows.
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(Fig. 13a and b). At Callinectes the fluorescence decreased rapidly
2 days after deployment, increased again to ca. 2000 AU through
January 2, and then decreased to low levels by the deployment’s
end. In contrast, at Xiphius fluorescence was far more irregular, in
that it increased to over 3000 AU, decreased rapidly around
December 28, increased again, and then slowly decreased. Even
the slow decrease was marked by sudden increases within the re-
cord. In contrast, little spatial differentiation was noted between
the two mooring sites in 2005–2006 (Fig. 14a and b). Biomass in
both locations decreased below 1000 AU on the same date (January
5) and remained low for the duration of the deployment.

Variations in measured chlorophyll concentrations between the
two sites agree with the basic spatial differences observed in the
fluorometer data. That is, in 2003–2004 the large increase in bio-
mass measured during the deployment (late December) and retrie-
val (early February) was observed, and in 2004–2005 and 2005–
2006 the reduced concentrations of biomass in the surface were
also observed in the discrete samples (Fig. 15a–f). Minimum and
maximum observed chlorophyll concentrations in the upper
25 m of the mooring sites were 0.28 and 18.8 lg L�1, on February
6, 2004 and January 29, 2005, respectively (Table 3).

Substantial interannual variations in fluorescence were obvious
and large. In 2003–2004 high biomass was present in late January
and early February at both locations, but this secondary bloom was
not observed in either 2004–2005 or 2005–2006. Indeed, fluores-
cence values for January–February during the latter 2 years were
15–20% of those observed in 2003–2004, consistent with the pat-
tern described by Peloquin and Smith (2007) based on satellite
imagery.
3.4. Diel variations

Photosynthetically active radiation at 11 m during 2004–2005
showed the expected diel variations within the 24-h daily cycle
(Fig. 16). The average PAR values at Xiphius and Callinectes for the
period of overlap (December 14–January 9) averaged 32.0 and
36.3 lmol photons m�2 s�1 (no statistical difference; t-test). Both
fluxes are near the saturation irradiance for phytoplankton during
austral summer (van Hilst and Smith, 2002). Minimum and maxi-
mum PAR values were 3.9 and 262 lmol photons m�2 s�1 (Fig. 16),
with the large variability largely a function of cloudiness. Based on
the attenuation coefficients determined upon deployment and
recovery, the 11 m fluorometers received between 8% and 28%
(Callinectes) and 8% and 43% (Xiphius) of surface irradiance at those
times.

One of the more striking features of the fluorescence data was
the marked diel variations observed, especially during 2005–
2006. We normalized the fluorometers’ data from 2005 to 2006
to the maximum fluorescence observed during each day, and found
that the minimum fluorescence consistently occurred at the time
of local maximum solar irradiance at all depths (Fig. 17; the photo-
period was 24 h throughout the entire deployment). The average
reduction in fluorescence within a 24-h period was from 0.83 to
0.21, a 75% reduction (Fig. 17). The pattern was most noticeable
in the surface layer, but also could be detected through 41 m, near
the base of the euphotic zone. Diel variations were also observed
during the first 2 years (2003–2004 and 2004–2005), suggesting
that the diel periodicity is a consistent feature of fluorescence in
the Ross Sea. Unfortunately, we did not have a functional fluorom-



Fig. 7. Vertical variations from CTD profiles in the upper 250 m upon mooring deployment and recovery in (a) temperature at Callinectes during 2004–2005, (b) salinity at
Callinectes during 2004–2005, (c) temperature at Xiphius during 2004–2005, and (d) salinity at Xiphius during 2005–2006.

Table 4
Mean wind speed, temperature, salinity and density (rT) and standard deviations at Callinectes and Xiphius from December 19 - February 6, 2003–2004, 2004–2005, and 2005–
2006. Winds derived from QuikScat/ERS blended analysis, and temperature/salinity from hourly means of surface layer Microcat measurements. ND = no data.

Callinectes Xiphius

Variable/year 2003–2004 2004–2005 2005–2006 2003–2004 2004–2005 2005–2006

Wind Speed (m s�1) 5.27 ± 2.88 5.35 ± 3.10 5.53 ± 3.21 5.22 ± 2.61 5.56 ± 2.74 5.19 ± 2.55
Temperature (�C) ND �0.46 ± 0.46 �0.32 ± 0.42 ND �0.57 ± 0.25 �0.67 ± 0.32
Salinity (psu) ND 34.46 ± 0.018 34.40 ± 0.0035 ND 34.32 ± 0.054 34.27 ± 0.055
rT ND 27.69 ± 0.029 27.64 ± 0.032 ND 27.58 ± 0.044 27.54 ± 0.051
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eter in the upper 10 m to compare the variations to those in 2005–
2006. The mean diel variation at 5 m at both sites during 2005–
2006 was similar, and the minimum fluorescence was only 25%
that of the maximum. At the fluorometers near 23 and 41 m, the
ratio of the minimum:maximum was reduced by approximately
85% (Fig. 17).
3.5. Variations in PSII quantum efficiency

Estimates of quantum efficiency of PSII (Fv/Fm) were initially
low through January 4 at Callinectes, averaging 0.30 (±0.044) for
this period, with minimum and maximum daily means of 0.21
and 0.41, respectively (Fig. 18). These values suggest a strong lim-



Fig. 8. Winds as derived from the blended satellite analysis at (a) Callinectes and (b) Xiphius for the years of 2003–2004, 2004–2005, and 2005–2006. Winds were extracted
four times per day and wind speed calculated from u and v components, but plotted only twice per day for clarity. Large arrows are events when winds exceeded 12 m s�1.
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itation of photosynthesis by nutrients, presumably iron. Frequently
during this period, a significant photoinhibitory effect on Fv/Fm was
observed, with local noon values averaging 77% of those measured
at local midnight, although the largest depressions in Fv/Fm were
not associated with the greatest photon fluxes. On January 4 the
Fv/Fm increased noticeably in a near step-wise fashion, coincident
with a decrease in absolute fluorescence. Mean Fv/Fm values in-
creased to 0.37 (±0.055), and near the end of the deployment (Jan-
uary 24) Fv/Fm values exceeded 0.50. The observed weather-related
PAR increase (Fig. 16) appeared to occur at least 3 days later, and
while the increased surface PAR may have contributed to changes
in quantum yield, they likely did not initiate them. The increased
quantum efficiencies (and presumed severe environmental limita-
tion) observed earlier had clearly been lessened.

To investigate the role of short-term mixing events in redistrib-
uting phytoplankton biomass, as well as potentially mixing iron
into the surface layer and thus change both standing stocks and
quantum efficiencies, we analyzed the relationship of winds
(Fig. 8) with fluorescence (Figs. 12–14). In nearly every high-wind
event, there was a corresponding decrease in fluorescence (Table 5).
Indeed, for the eight wind events that were identified, fluorescence
decreased on average more than 30%. As an example, at Xiphius a



Fig. 9. Seasonal progression of mean wind speed at Callinectes and Xiphius derived
from QuikScat for the years from 2000 to 2009. Bars represent standard deviations.
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wind event was observed on January 26, 2004 and was followed by
a fluorescence decrease of 28% (Table 5). The post-wind reduction
in fluorescence was detected at all depths sampled by fluorometers
(Fig. 12), suggesting that the vertical mixing induced by wind
homogenized the surface layer through at least 41 m. Other events
(e.g., January 25–26, 2004 at Callinectes) showed reductions in the
upper two fluorometers, but not at 41 m, so the depth of mixing
must have been a function of multiple factors (strength of stratifi-
cation, duration of winds, absolute speed of winds, etc.) and is spa-
tially heterogeneous.

4. Discussion

Continuous measurements of fluorescence provide insights into
processes controlling phytoplankton biomass during austral sum-
mer. However, this approach has been used infrequently in polar
regions, largely because of concerns regarding instrument damage
Fig. 10. Mean monthly chlorophyll concentrations in the Ross Sea as derived from the
January, and (d) February.
due to ice, short growing seasons (due to ice), as well as bio-fouling
(Fukuchi et al., 1988). Here we provide the first in situ records of
fluorescence acquired within a polynya. The moorings were de-
ployed in late spring (December) when the region became largely
ice-free (Fig. 3), but also were fitted with a specially designed sur-
face buoy that would withstand encounters with pack ice, as well
as ARGOS transmitters to monitor their location. Moorings de-
ployed in 2002 were never recovered; 2002–2003 was also an
exceptionally heavy ice year, and we believe the moorings were
destroyed by the ice movements in early February.

4.1. Variations in physical forcing

Variations in ice cover have been well documented by satellite
since 1979, and substantial interannual variations and decadal
trends have been observed in the Ross Sea and elsewhere in the
Antarctic (e.g., Comiso and Nishio, 2008; Smith and Comiso,
2008). From this same record it has been established that ice con-
centrations are increasing in the Ross Sea by ca. 5% per decade
(Kwok and Comiso, 2002); in addition, the length of the ice-free
period has significantly decreased (Stammerjohn et al., 2008).
Abrupt, short-term ‘‘events” in ice cover and iceberg distributions
have also been observed, such as the formation of ‘‘super icebergs”
by calving of large parts of the Ross Ice Shelf (Keys et al., 1990;
Dinniman et al., 2007), and those events have had extreme biolog-
ical impacts (Arrigo et al., 2002). The initial portions of this study
took place during a period when the Ross Sea was strongly im-
pacted by the grounding of iceberg B-17 on Ross Island, but given
the resolution of this and other studies, the large-scale effects of
the iceberg cannot be fully determined. It is tempting to consider
that glacial melt from B-17 provided enhanced micronutrients to
fuel the secondary bloom we observed in 2003–2004, but since
glacial melt appears to be restricted to about 30 km from the
source (Smith et al., 2007) and that secondary blooms occur inde-
pendent of major iceberg events, they are likely not the sole reason
for the genesis of secondary blooms. Ice concentrations in our
study exhibited interannual variations, but the 3 years were within
the range of variations found in the preceding decade, and did not
SeaWiFS satellite estimates from 1997 to 2009. (a) November, (b) December, (c)



Fig. 11. Mean satellite (MODIS)-derived chlorophyll values at the two mooring
sites. Data were collected from a 3 � 3 pixel grid around each mooring site and
represent a mean from 2002 to 2009. Cloud- and ice-covered pixels are omitted
from the means. Black dots are the locations of the moorings.

Fig. 12. In situ fluorescence measurements collected at three depths from late
December, 2003 through early February, 2004 at (a) the Callinectes mooring site (19,
25 and 41 m) and (b) the Xiphius mooring site (19, 25 and 41 m). Data were
collected every 10 min, but only plotted every 3 h.

Fig. 13. In situ fluorescence measurements collected from late December, 2004
through early February, 2005 at (a) three depths at the Callinectes mooring site (11,
23 and 40 m) and (b) at two depths the Xiphius mooring site (16 and 21 m). The
11 m data (right axis) were collected by a FRR fluorometer. Differences in the
interval collected between 23 and 40 m at Callinectes resulted from different
instrument data acquisition schedule in these two instruments. Data were collected
every 10 min, but only plotted every 3 h.
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appear to exert substantial impacts on summer phytoplankton bio-
mass and standing stock distribution.
Winds between the two sites were strongly correlated with
each other, but also exhibited surprising variability in both space
and time (Fig. 8). The mean speeds between the two locations were
not significantly different, nor were the directions, but the fre-
quency of strong wind events was slightly greater near the coast
than in the central polynya. Given the strong correlation between
the two sites (which were ca. 200 km apart), this suggests that dur-
ing summer the winds are controlled by large-scale processes such
as the location and movement of low-pressure systems. The vari-
ability of wind events may reflect the superposition of mesoscale
forcing on local winds (such as katabatic flows). Since wind speed
is a major factor in controlling the energy that is transferred into
the ocean and results in vertical mixing, we would expect slightly
deeper mixed layers near the coast, given that wind events are
more frequent. However, no consistent differences in stratification
are apparent between the two sites. If the criteria for wind events
is lowered to either 8 or 10 m s�1, the difference in the frequency of
wind events between Callinectes and Xiphius becomes less appar-
ent, and the number of wind events is similar. What does become
more apparent is that strong winds and vertical mixing at the two
sites do induce changes in temperature and salinity at 24 m (Figs. 6
and 8). In December wind events result in a cooling and freshening
at 24 m, and a similar response is noted in January, although the
absolute changes are dampened. The frequency of these mixing
events suggests that vertical mixing is an essential and primary
control of the surface layer properties in this region.



Fig. 14. In situ fluorescence measurements collected at three depths from late
December, 2005 through early February, 2006 at (a) the Callinectes mooring site (6,
23 and 40 m) and (b) the Xiphius mooring site (6, 26 and 40 m). Data were collected
every 10 min, but only plotted every 3 h.
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Variations in temperature and salinity in the surface layer over
short-time scales are far less documented than broad distributions
of water mass properties. Surface waters with rT values less than
28.0 kg m�3 are considered to comprise Antarctic Surface Water,
which is fresher (due to ice melt and precipitation input) and war-
mer (due to radiant forcing) than deeper waters (Orsi and Wie-
derwohl, 2009). The data in their climatology show a range of
temperatures from �1.85 to ca. 0 �C, and salinities from 34.0 to
34.45; the data from our sensors at 24 m fall within this range,
although we did measure a substantial number of periods where
temperatures exceeded 0 �C, and salinity frequently exceeded
34.45 early in the season at Callinectes (Table 4, Fig. 6). Further-
more, the variations were apparently linked to seasonal processes,
as temperatures increased with time due to solar input, and salin-
ities decreased with time due to increased meltwater inputs, par-
ticularly at Xiphius. The initial difference in salinity between the
two sites likely resulted from the increased mixing with deeper,
saltier water at Callinectes, a site more strongly impacted by ice for-
mation, brine rejection, and winter mixing. However, the cause of
the seasonal decrease in salinity, especially at Xiphius, remains
uncertain. Xiphius was ca. 40 km from the Ross Ice Shelf (Callinectes
was ca. 60 km away from the ice shelf), and so the possibility exists
that freshwater inputs from glacial melt and pack ice ablation
could be advected by the ice shelf current (Dinniman et al., 2003)
and influence the temperature/salinity properties in the upper
25 m. Basal melting from the ice shelf remains at depth (Jacobs
and Giulivi, 1999), but surface melting, particularly in summer,
may have a significant impact close to the ice shelf. Such inputs
may be responsible for the general decrease at both sites of salinity
from late December through February (Fig. 6), and the relative in-
puts of freshwater also may explain the difference in the greater
rate of decrease at Xiphius than at Callinectes. An even larger source
of variability is the rapid change in both temperature and salinity
over a few hours (Fig. 6). Examples of such events occurred at Xiph-
ius on January 14 and 23, 2005 and January 6, 12 and 24, 2006. We
suggest that these changes reflect the advection of distinct waters
past the moorings. Most of these events were short – lasting less
than 48 h, which suggests that they were relatively transient, rap-
idly moving and/or small features, such as eddies or jets. In addi-
tion, the events were not necessarily coherent between the two
moorings, suggesting that they were of mesoscale size. However,
at least one feature lasted longer (centered on January 14, 2006)
and lasted for ca. 5 days and was likely a larger feature. While
our mooring data cannot resolve the actual space–time dimensions
of these features, it is clear that advective processes contributes
significantly to the observed spatial variability in biological and
hydrographic distributions (Arrigo et al., 2002; Hales and Takah-
ashi, 2004; Smith et al., 2006; Peloquin and Smith, 2007).

While horizontal advection likely impacts surface properties,
they also are influenced by vertical processes – specifically the
wind-induced mixing of fresher, warmer waters with enhanced
chlorophyll through a much deeper layer. It is difficult to rigor-
ously quantify the frequency and strength of vertical processes,
as our instrumentation and moorings were not specifically de-
signed to address this. While we used an arbitrary criterion of
12 m s�1 to quantify ‘‘wind events”, it is clear that wind speeds less
than this initiated vertical mixing (Figs. 6 and 8). Furthermore, the
blended wind analysis generally underestimate surface wind
speeds (Chelton et al., 2006), and so vertical mixing in our analysis
may also be underestimated. We compared the blended winds at
Callinectes with two automatic weather stations located on the
continent (Whitlock and Laurie II; http://amrc.ssec.wisc.edu/
aws.html), and while the two were positively correlated, there
was a tremendous amount of variability between the two
(R2 = 0.33 and 0.12), from which we conclude that continent-based
winds do not provide an improved assessment of oceanic winds of
some distance from the land. The frequency of wind events when
defined using a criterion of 8 or 10 m s�1 suggests that such events
are much more frequent than those of at least 12 m s�1, and using
these limits it appears that such events occur ca. every 5–7 days
(Fig. 8). Such events may be quite important in redistributing heat,
salt, chemical and biological components in the surface layer, and
may serve to reset various biological responses (e.g., Fig. 18). A de-
tailed assessment of the air–sea coupling and biophysical interac-
tions is needed to quantify the complex interactions in the surface
layer and to clearly define the physical–biological coupling in the
Ross Sea and its impact on both food webs and biogeochemical
cycles.

4.2. Variations in fluorescence

The ‘‘normal” progression of phytoplankton biomass in the Ross
Sea generally follows a pattern of maximal increase in November
through mid- to late-December, then a rapid (over ca. 3 weeks,
based on discrete measurements) decrease in biomass to low levels
in mid-January and February (Arrigo et al., 1998; Smith et al., 2000,
2006). Irradiance is considered to be the dominant factor control-
ling phytoplankton growth during spring, both via ice cover and
deep mixing (Tremblay and Smith, 2007), but during summer iron
has been shown to limit growth (Sedwick and DiTullio, 1997; Sed-
wick et al., 2000; Olson et al., 2000). Mean chlorophyll concentra-
tions are generally ca. 1 lg L�1 during January and February, but

http://amrc.ssec.wisc.edu/aws.html
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Fig. 15. Sections of discrete chlorophyll a concentrations along a section parallel to the Ross Ice Shelf during (a) December, 2003, (b) February, 2004, (c) December, 2004, (d)
February, 2005, (e) December, 2005 and (f) February, 2006. Callinectes and Xiphius were located at 50 and 240 km from the eastern portion of the axis.
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exceed 6 lg L�1 in December (Smith et al., 2003). Furthermore, the
high biomass in spring is often driven by growth of the haptophyte
P. antarctica (Arrigo et al., 1999; Tremblay and Smith, 2007). The
deployments in 2004–2005 and 2005–2006 generally conform to
this pattern, in that a spring peak was observed, followed by a ra-
pid decrease to low biomass levels. However, a much different pat-
tern occurred in the spring of 2003–2004, which exhibited a
pronounced secondary bloom. Significant departures in terms of
magnitude and timing from the expected annual pattern occurred
in all years.

In 2003–2004 there was a large increase in fluorescence after
the initial bloom (Fig. 12), reaching levels similar to those observed
in spring at the time of the moorings’ recovery. Peloquin and Smith
(2007), using SeaWiFS imagery, also found that a ‘‘secondary
bloom” occurred in 2003–2004, as well as in other years prior to
our project. Our discrete sampling during this bloom suggested
that the bloom was composed largely of diatoms, as silicic acid
was removed to a great extent and biogenic silica concentrations
had reached very high levels (Table 3; Smith et al., 2006). The sum-
mer period has been suggested as being one characterized by iron
limitation, but it appears that the presence of Modified Circumpo-
lar Deep Water may have reduced this limitation and stimulated
the diatom bloom during this time (Peloquin and Smith, 2007).
While it is tempting to suggest that secondary blooms are fueled
by iron from glacial melt, such blooms are spatially extensive
(Peloquin and Smith, 2007), and ice melt from glaciers and ice
shelves likely is restricted to much smaller spatial scales. Blooms
of P. antarctica are routinely observed close to the Ross Ice Shelf
throughout the austral summer (e.g., El-Sayed et al., 1983; Smith
et al., 2006). Furthermore, P. antarctica has a greater iron require-
ment than diatoms, and hence it is possible that meltwater from
the Ross Ice Shelf stimulates these blooms due to iron in the glacial
melt. However, no direct measurements of iron in these blooms are
available. Regardless of the forcing, the temporal pattern of the
summer biomass increase was clearly captured by the in situ fluo-
rometers. The biomass increase was confined to the upper 25 m; in
contrast, the spring bloom occurred throughout the upper 40 m.
This is consistent with the concept that the spring bloom, domi-
nated by P. antarctica, is capable of growth at lower irradiances
and high iron concentrations generally experienced in spring (Arr-
igo et al., 1999; van Hilst and Smith, 2002); furthermore, summer
growth at shallower depths is also consistent with the presence of
diatoms in shallower mixed layers (Smith and Asper, 2001). Our
data are insufficient to quantify the depth of the mixed layer
(due to the distribution of sensors in the water column), but the
appearance of diatoms is also consistent with an increased stratifi-
cation during summer (and thus would be independent of iron
concentrations, given the uniformly low iron distribution in the



Fig. 16. Variations of photosynthetically active radiation (PAR) at 6 m in 2004–
2005 at the site of (a) Callinectes and (b) Xiphius in the southern Ross Sea.

Fig. 17. Relative fluorescence (expressed as a percentage of the daily maximum) in
2005–2006 as a function of local time for (a) Callinectes and (b) Xiphius. GMT noon is
11 h after local noon.

Fig. 18. Continuous daily mean fluorescence and Fv/Fm collected from 6 m during
late December, 2004 through late January, 2005 at Callinectes. FRRF data at Xiphius
were unusable due to sensor oversaturation.
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upper 90 m in the southern Ross Sea; Sedwick et al., unpublished).
The depth differentiation also occurred at both mooring locations,
suggesting that the diatom bloom occurred over large spatial
scales.

In 2004–2005 the fluorometric patterns of the two sites were
markedly different from each other. The western site decreased
from an initially elevated concentration in December, but de-
creased to values approximately 20% of the initial values and
showed little variation thereafter (Fig. 13). The surface fluores-
cence signal recorded at 11 m by the FRR fluorometer was similar,
although appeared slightly elevated relative to deeper fluorome-
ters prior to mid-January. Conversely, the eastern site was much
more temporally variable. We believe that the increases centered
on January 14 at Xiphius (as well as the smaller one near January
22) were due to advective events, since that period was also char-
acterized by rapid changes in temperature and salinity. The in-
crease was far too rapid to be explained by in situ growth, since
doubling times that result from exponential growth at these tem-
peratures are at least 1.2 days (Eppley, 1972), too long to explain
the rapid in situ increases we observed.

Data from 2005 to 2006 were also different from the ‘‘normal”
pattern, in that surface fluorescence and biomass at 6 m were
exceptionally low. Furthermore, diel variations in fluorescence dis-
played an order-of-magnitude variation. Diel variations in fluores-
cence are well known from tropical and temperate studies (e.g.,
Owens et al., 1980; Brand, 1982; Fuhrman et al., 1985), but have
not been previously reported from Antarctic waters. Brand
(1982) attributed the changes he observed in cultures to strong
endogenous rhythms, but also found the maxima for fluorescence
and chlorophyll concentrations to occur during the day, and min-
ima during dark periods. Fuhrman et al. (1985) found a fluores-



Table 5
Dates of wind events (GMT) greater than 12 m s�1 in the southern Ross Sea, and the reduction in fluorescence (expressed in Arbitary Units) that followed those events. Two wind
events are not included (02/05/2004 and 02/05/2005) because the moorings were recovered less than 24 h after the start of the event.

Date Mooring and depth1 (m) Maximum wind speed (m s�1) Initial fluorescence (AU)2 Final fluorescence (AU)3 Reduction (%)4

01/25–26/2004 Callinectes., 23 m 13.1 1630 1160 28.6
01/26/2004 Xiphius; 16 m 15.6 2810 2020 28.3
01/23–24/2005 Callinectes; 21 m 15.4 325 130 60.0
01/25–26/2005 Xiphius; 26 m 13.9 105 94.4 9.92
01/06–07/2006 Callinectes; 40 m 12.7 1150 948 17.7
01/06–07/2006 Xiphius; 26 m 12.7 1670 779 53.2
01/17/2006 Callinectes; 40 m 13.5 770 551 28.4
01/24–26/2006 Callinectes; 40 m 15.9 710 211 70.3

1 Depth of the fluorometer from which fluorescence data were derived.
2 Mean fluorescence for the 24 h prior to wind exceeding 12 m s�1.
3 Mean minimum fluorescence for the 6-h period after the time winds fall below 12 m s�1.
4 Calculated as (100% * (initial fluorescence � final fluorescence)/initial fluorescence).
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cence minimum at solar noon, and a maximum during darkness, a
pattern confirmed by Neale and Richerson (1987). Rivkin and Putt
(1987) detected a diel pattern in photosynthetic parameters in
McMurdo Sound during spring, but the magnitude of these varia-
tions was rather small. Changes in variable fluorescence (a mea-
sure of photosynthetic competence) could explain some of these
variations due to modulation of photosynthetic parameters, but
the largest oscillations in the fluorescence signals were detected
in spring, a season we were unable to sample. In tropical waters
the regulation of fluorescence is thought to result from the disrup-
tion of chlorophyll synthesis, the photoinhibition of photosystem II
activity, and the increase in non-photochemical quenching (Lesser
and Gorbunov, 2001). These phenomena may operate in the Ross
Sea, despite the lower instantaneous irradiance regimes and tem-
peratures. Behrenfeld et al. (2006) found large diel variations in
Fv/Fm ratios in the equatorial Pacific that were characterized by
mid-day photoinhibition, as well as a nocturnal depression. The
dark depression in Fv/Fm was attributed to severe iron limitation
and the subsequent plastoquinone pool reduction at night, but
they speculated that in polar systems (iron limiting, but with rela-
tively low growth rates) such nocturnal depressions would not oc-
cur. Our data support this contention (Fig. 18), as we saw no
reduction in Fv/Fm during the periods of minimal irradiance. We
also had 24-h photoperiods throughout, which may reduce or
eliminate any nocturnal reduction.

The variations in the variable fluorescence data may be used to
investigate the linkage between phytoplankton biomass and pho-
tosynthetic status during seasonal and short-term events. We
hypothesized that mixing events might substantially redistribute
phytoplankton, as well as inject iron into the surface layer, and
thus influence both standing stocks of phytoplankton and photo-
synthetic rates. Wind events clearly influenced the fluorescence
in the surface layer (Table 5), reducing the absolute fluorescence
signal by up to 70%. This suggests that elevated winds quickly
and effectively mixed the phytoplankton in the upper surface layer
over short-time scales; however, given the vertical distribution of
sensors, we are unable to quantify the depth of the mixed layer
during the deployments. These data also cannot be used to assess
the potential of enhanced iron inputs to the surface layer. In
2004–2005 (when the FRRF was functional) there was a marked
decrease in fluorescence on January 4 (Fig. 18) that coincided with
increased winds (maximum of 11.5 m s�1; Fig. 8). An increase in Fv/
Fm simultaneously occurred, and two factors could have been
responsible for this increase. The first could be an injection of iron
into the surface layer, reducing any effects of iron stress or limita-
tion and increasing the observed quantum efficiencies. However,
an independent study in 2006 found that the ferricline (depth of
rapid iron increases) in summer was located close to 100 m, well
below the nitracline (generally about 50 m) (Sedwick et al., unpub-
lished); hence, mixing may have provided only minimal
(�0.05 nM) iron inputs to the surface layer, if any. The role of mix-
ing in regions where nutrients are below the limits of detection
was explored by Eppley et al. (1990), who found that nanomolar
changes in nitrate induced by mixing in the North Pacific Gyre
had a significant impact on phytoplankton growth. A similar and
undetected injection of iron by vertical mixing in the Ross Sea
might be responsible for the observed elevated Fv/Fm. A second
possible explanation is that the mixing event reduced surface chlo-
rophyll concentrations due to dilution with waters of lower bio-
mass, and the decreased attenuation resulted in an enhanced
light environment, which in turn could result in the observed in-
creased quantum efficiencies. Surface PAR also increased
(Fig. 16), but slightly later (ca. 2 days) than the initiation of in-
creased quantum yields and decreased absolute fluorescence
(Fig. 18). In addition, a high-light environment would also reduce
the iron requirements of surface phytoplankton (Sunda and Hunts-
man, 1997; Boyd and Abraham, 2001). One difficulty in distin-
guishing between these two hypotheses (particularly in the
absence of iron data) is that mixing would alter both environmen-
tal factors at the same time. It is noteworthy that Sedwick et al.
(unpublished) found at nearly all of their stations a modest increase
of iron concentrations at the surface (relative to 20 m); indeed,
some stations showed a four-fold increase in iron near the surface
(up to 20 nM). Should this be a general pattern (perhaps resulting
from either pack ice or atmospheric input), wind events would mix
the iron to depth as well as ‘‘dilute” biomass, and thus provide an
improved environment for phytoplankton growth. Additionally, if
the surface increases were due to aeolian inputs, increased winds
that initiate mixing might provide increased iron inputs from the
atmosphere. A more controlled experimental regime would be re-
quired to separate the linkages between irradiance and iron. After
the storm on January 4, fluorescence began to rapidly increase
again (at rates consistent with exponential growth that can occur
at the temperature at the mooring), only to decrease further during
increased winds (>10 m s�1) on January 6 and 8 (Figs. 8 and 18).
Fluorescence reached a relatively steady state, and did not increase
greatly thereafter, which suggests that any iron inputs were too
small to sustain substantial growth.

We believe that the wind event on January 4 increased mixing,
redistributed the biomass in the surface layer, and as a primary dri-
ver provided an enhanced irradiance environment for phytoplank-
ton growth, although there remains the possibility that a small
amount of iron was added to the mixed layer as well. At the same
time (the end of spring), P. antarctica became iron limited, and be-
gan to form aggregates that sank rapidly from the surface layer.
Those taxa that persisted (presumably diatoms) were less iron
stressed and required less iron for growth (even though net
growth, as determined by changes in fluorescence at the surface,
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was exceedingly modest from January 15 to January 27; Fig. 13).
Laboratory studies suggest that the iron requirements of P. antarc-
tica are quite high – higher than other polar diatoms (Timmermans
et al., 2001; Sedwick et al., 2007) – so it is not unreasonable to as-
sume that the diatoms remaining would have higher Fv/Fm ratios.
Diatoms also are favored in high-light environments (Arrigo
et al., 1998; Kropuenske et al., 2009), and surface PAR increased
markedly soon after the wind event. Hence, we believe that the en-
hanced irradiance environment with an altered assemblage com-
position is primary cause for the increased quantum efficiencies
observed coincident with decreased fluorescence.

5. Summary

In situ measurements of fluorescence are a powerful means to
investigate the physical–biological coupling in the water column,
as they provide information on the short-term changes in biomass
and activity that can, and do, occur. Surface measurements in the
Antarctic are rare and difficult to obtain, but despite the difficul-
ties, our results show the power of the approach, and help illus-
trate the spatial and temporal variability that occur on a variety
of time scales. Substantial variability occurs in the physical and
hydrographic conditions in the southern Ross Sea on short (h), dai-
ly, weekly, seasonal and interannual time scales; furthermore,
changes on the same times scales occur in phytoplankton biomass.
The magnitude of the interannual differences is substantial both in
quality (e.g., the assemblage composition) and quantity (the occur-
rence of a secondary bloom; the extent of diel fluorescence varia-
tions), making it exceedingly difficult to model the biophysical
interactions in the system without a better understanding of the
factors controlling these differences. Short-term events driven by
increased surface winds may be extremely important in redistrib-
uting phytoplankton in the surface layer and providing a more
favorable irradiance/nutrient field for growth. It remains possible
that such events can provide a source of limiting nutrients to the
surface layer, but this remains to be directly demonstrated. Biogeo-
chemical models of polar systems need to address these variations
(short-term, weekly, seasonal and interannual), as all have pro-
found impacts on the regional biogeochemistry and ecology. New
technologies allow the generation of unique data sets that
undoubtedly will provide future insights into the structure and
function of polar systems.
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