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[1] Seasonal coherence between satellite-derived phytoplankton parameters (chlorophyll a
concentration (Chl) and phytoplankton bloom initiation time (BIT)), environmental
variables (sea ice concentration, surface solar radiation, and wind speed), and climate
patterns (El Niño 3.4, the Southern Annular Mode, the Pacific South America pattern, the
semiannual oscillation, and the wave-3 stationary pattern) was investigated in four latent
heat polynyas (Amundsen Sea, western Ross Sea, Dumont d’Urville, and Prydz Bay)
using data corresponding to 1998–2006 phytoplankton growing seasons. In general,
polynyas in the western sector (i.e., Amundsen Sea and western Ross Sea) had a greater
sea ice cover, lower solar radiation levels, higher and more variable Chl, and more
variable and delayed (i.e., high BIT) phytoplankton blooms. Differences in Chl and BIT
were mainly attributed to differences in water stratification and interannual variability of
sea ice concentration caused by ice shelf calving events in the Ross Sea. Changes in
solar radiation reaching the sea surface played an important role in determining
phytoplankton blooms in the western Ross Sea and Prydz Bay. Stronger winds tend to
benefit development of phytoplankton blooms in polynyas having more stratified waters.
Sensitivity of phytoplankton to climate variability in polynyas under investigation was
highly influenced by the polynya size during summer (e.g., Chl in Dumont d’Urville and
BIT in the western Ross Sea). Also, the response of Chl to the same climate pattern
changed with the polynya’s location (e.g., correlation between Chl and El Niño 3.4 in
Amundsen Sea (positive) and Dumont d’Urville (negative)).

Citation: Montes-Hugo, M. A., and X. Yuan (2012), Climate patterns and phytoplankton dynamics in Antarctic latent heat
polynyas, J. Geophys. Res., 117, C05031, doi:10.1029/2010JC006597.

1. Introduction

[2] Coastal areas of the Antarctic Ocean with ice free
waters during winter (polynyas) have an active role in
modulating global climate variability due to their impor-
tant influence on ocean uptake of atmospheric CO2

[Sweeney et al., 2000] and heat exchange [Dare and
Atkinson, 2000] between the sea surface and lower tro-
pospheric layers.
[3] Latent heat polynyas, the focus of this study, are

mainly influenced by atmospheric forcing associated with
katabatic winds [Marshall and Turner, 1997; Adolphs and
Wendler, 1995], and concurrent transport of sea ice away
from the coast [Pease, 1987].

[4] In general, phytoplankton abundance in latent heat
polynyas is relatively high compared to the open ocean
[Arrigo et al., 1998]. Higher productivity is mainly related to
a greater penetration of solar radiation in polynyas during
spring and summer due to a lower cloudiness and a greater
ice free surface area [Arrigo and van Dijken, 2003a].
[5] Coupling between phytoplankton dynamics and envi-

ronmental variables in polynyas is linked to Antarctic cli-
mate patterns at interannual time scales. Arrigo and van
Dijken [2003a] suggested a connection between size of
polynya, a variable positively correlated with phytoplankton
production, and anomalies of El Niño Southern Ocean
Oscillation (ENSO). Also, they highlighted contrasting ice-
atmosphere interactions according to the polynya location.
[6] The aim of this study is to expand our understanding

of how large-scale climate variations in Antarctica modulate
amplitude and timing of phytoplankton blooms developing
in latent heat polynyas. The Arrigo and van Dijken [2003a]
study on characterizing phytoplankton dynamics of 37
Antarctic polynyas is a valuable reference point for the
current paper; however, this study didn’t examine relation-
ships between climate factors and phytoplankton variability.
[7] Here, we hypothesize that major Antarctic climate

modes other than ENSO also have a substantial influence on
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phytoplankton communities of latent heat polynyas during
summer, as each polynya has a unique physical environment
and location. Thus, each polynya is expected to have a
specific response with respect to different climate modes.
[8] In the first part of this study, we quantified the relative

importance of sea ice and surface solar radiation in deter-
mining summer phytoplankton blooms in four latent heat
polynyas (Amundsen Sea, western Ross Sea, Dumont
d’Urville, and Prydz Bay). In particular, we analyzed the
effect of environmental variables on magnitude and timing
of phytoplankton blooms as estimated from chlorophyll a
concentration measured by satellites (Chl). In the second
part, we studied relationships between seasonal anomalies of
five climate patterns (El Niño 3.4 or EN3.4, Southern
Annular Mode or SAM, Pacific South America pattern or
PSA, semiannual oscillation or SAO, and wave-3 stationary
pattern or W3) and phytoplankton bloom characteristics
(magnitude and timing) at the seasonal scale. Mechanisms
explaining relationships between Chl, environmental vari-
ables, and climate patterns are suggested. Also, instanta-
neous and delayed seasonal effects of environmental
variables and climate modes on phytoplankton dynamics are
examined and used to classify the polynyas under study.

2. Methods

2.1. Criteria for Selected Polynyas

[9] We chose three latent heat coastal polynyas, Amund-
sen Sea, western Ross Sea and Prydz Bay), based on their
relative size (average surface area, summer: >35 � 103 km2,
winter: >3.5 � 103 km2) [Arrigo and van Dijken, 2003a;
Kern, 2009] (Figure 1). Also we selected an additional
polynya (Dumont d’Urville) characterized by a relatively
small size (open water area per year <15 � 103 km2), but
having a long (30 year) time series of biological (e.g., pen-
guin time series) and climate-related measurements
[Jenouvrier et al., 2003, 2005]. The geographic locations of

latent heat polynyas under investigation are closely associ-
ated with major katabatic wind systems shown by the con-
vergence of streamlines of cold air drainage off Antarctica
[Parish and Bromwich, 1987]. Likewise, these locations are
characterized by having strong air-sea heat fluxes, seasonal
variations on sea ice and dense shelf water formation, and
relatively high primary production rates [Smith et al., 2000;
Arrigo and van Dijken, 2003a; Fusco et al., 2009].

2.2. Environmental Data Sets

2.2.1. Land-Based Meteorological Stations
[10] The weekly arithmetic average wind speed in m s�1

was obtained from in situ data obtained from automatic
weather stations (available from University of Wisconsin,
ftp://ice.ssec.wisc.edu/). These time series were located near
the western Ross Sea (77.8�S, 166.7�E, McMurdo station),
Dumont d’Urville (66.7�S, 140.0�E, Dumont d’Urville
station) and Prydz Bay (70.9�S, 69.9�E, Amery Ice Shelf
station) polynyas. The wind data are available since
November 2004 in each polynya except Amundsen Sea,
where no meteorological observations are available.
2.2.2. Satellite Measurements
[11] Chl values for each polynya were estimated using

the NASA bio-optical model OC4V4 and SeaWiFS (Sea-
viewing Wide Field-of-view Sensor) measurements of
remote sensing reflectance corresponding to the visible–NIR
spectral range. For all radiometric channels, satellite-based
images were calibrated and geolocated at 4.5 km spatial
resolution). Daily Chl data were browsed for each austral
summer (i.e., December to February) of 1998–2007 years,
and low-quality pixels were removed by using default
NASA level 2 flags.
[12] For each polynya, phytoplankton bloom character-

istics during each summer were characterized based on
seasonal arithmetic average of Chl and phytoplankton bloom
initiation time (BIT). The first metrics provides information
about amplitude of phytoplankton blooms in surface waters
(i.e., within the first optical depth or �20 m in Antarctic
coastal waters) [Montes-Hugo et al., 2009, 2010]. The sec-
ond metric relates to temporal lagging of the blooms during
the season of maximum growth.
[13] Amplitude of phytoplankton blooms in the Southern

Ocean is controlled by diverse factors (e.g., light, nutrients,
viruses, zooplankton grazing) [Lancelot et al., 2009]. Thus,
Chl variation with time does not follow a monotonic
increase, and is characterized instead by reaching a maxi-
mum followed in general by lower values toward the end
of summer. For this reason, we included BIT as a time-
dependent variable that is only related to the intrinsic growth
of phytoplankton and factors limiting that specific growth.
[14] BIT is the week number (e.g., week 1 represents the

first week of December) during summer when the weekly
arithmetic average of Chl is 5% above the seasonal median
[Siegel et al., 2002]. This index is related more to bloom
initiation than an index based on the time corresponding to
the peak of chlorophyll a concentration [Banse and English,
1994]. Thus, BIT indicates the beginning of above normal
Chl conditions or phytoplankton abundance levels above a
certain background [Longhurst, 1998].
[15] Sea ice concentration (SIC) data were derived from

microwave measurements (85 GHz) obtained with the
Special Sensor Microwave Imager (SSMI) at a spatial

Figure 1. Geographic location of Antarctic latent heat
coastal polynyas. A monthly composite of sea ice concentra-
tion during spring is used to indicate spatial boundaries of
polynyas (white rectangles).
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resolution of 12.5 km (Ifremer-CERSAT, Artist sea ice
algorithm, NSIDC). This spatial resolution was enough to
detect open water pixels even in latent heat polynyas having a
relatively small size (i.e., Dumont d’Urville) during winter
(� < 1 � 103 km2 or 6 SSMI pixels [Arrigo and van Dijken,
2003a, Table 1]). Images of sea ice concentration values
ranging between 0 and 100%were browsed for winter (June–
July–August), spring (September–October–November) and
summer (December–January–February). Open water pixels
were defined as those pixels having a sea ice concentration
percentage below 10% [Arrigo and van Dijken, 2003a]. Land
presence in each image was discriminated by using a high-
resolution coastline (0.2 km) [Wessel and Smith, 1996].
Overall, retrieval uncertainty of satellite estimates of sea ice
concentration varies between 2.5 and 10% [Wiebe et al.,
2009].
[16] Photosynthetically available radiation just above the

sea surface (PAR(0+)) was estimated from satellite imagery
(SeaWiFS, L3 level, footprint: 9 km, NASA). Similar to the
satellite-based measurements of chlorophyll a and sea ice
concentration, weekly image composites of solar radiation
were created by calculating the arithmetic average of daily
images. The overall uncertainty of monthly SeaWiFS-
derived solar radiation in the photosynthetic spectrum, as
derived from the sum of squared differences between mea-
sured and modeled values, is <10% [Frouin et al., 2003].

2.3. Climates Indices

[17] In this study, we consider five climate modes that
have distinct spatiotemporal characteristics and have recog-
nizable influences on Antarctic sea ice [Yuan and Li, 2008;
Russell and McGregor, 2010]. Although different mechan-
isms or processes generate these climate modes, their indices
are not fully independent from each other. The time series of
these climate modes are derived from or defined in the
atmospheric variable in which they most prevail [Yuan and
Li, 2008]. Together, they contribute to most of the climate
variability of the Southern Ocean at interannual time scales.
[18] The Southern Annular Mode is defined by zonally

symmetric but out-of-phase pressure anomalies between
middle and high latitudes, and has influence over the whole
Southern Hemisphere [Gong and Wang, 1999; Thompson
and Wallace, 2000]. This index was calculated as the dif-
ference of normalized monthly zonal mean sea level pressure
values estimated at 50�S and 65�S (NCEP/NCAR reanalysis
data) [Yuan and Li, 2008].
[19] The semiannual oscillation describes another zonally

symmetric mode in the southern extratropics, which is
characterized by twice-yearly enhancement in meridional
gradients of temperature and pressure fields [Van Loon,
1984; Walland and Simmonds, 1999]. The atmospheric
convergence line with a strong half-year cycle exerts a sig-
nificant influence on the seasonal advance/retreat of ice
extent [Enomoto and Ohmura, 1990]. This index is gener-
ated by the differences of the zonal mean sea level pressure
at 50�S and 65�S based on NCEP/NCAR reanalysis data
[Yuan and Li, 2008].
[20] The quasi-stationary wave-3 pattern is a predominant

winter mode in pressure/wind fields of the southern middle–
high latitudes [van Loon, 1972; Raphael, 2004], actively
interacting with the sea ice field at relatively low latitudes
[Raphael, 2007; Yuan and Li, 2008]. Three southerly branches

of this pattern coincide with three maxima of the northward
extent of sea ice, indicating the role of this pattern in
advancing the ice edge [Yuan et al., 1999]. Time series for
this climate pattern were constructed based on the leading
empirical orthogonal function mode of surface meridional
winds as computed from NCEP/NCAR reanalysis.
[21] The Pacific South America pattern is the counterpart

of the Pacific North America pattern in the Northern Hemi-
sphere, and represents an atmospheric wave train in the
pressure field over the South Pacific and South America
[Karoly, 1989]. It also represents a mechanism that propa-
gates the ENSO signal from the tropics to the south forming
the Antarctic Dipole [Yuan, 2004]. This climate pattern has a
strong impact on sea ice fields of the western sector of
Antarctic [Yuan and Li, 2008]. Similarly to the Pacific North
American index, the Pacific South America index was
obtained from NCEP/NCAR reanalysis and is defined by
monthly 500 mb height anomalies at three anomalous height
centers to the east of New Zealand, the Amundsen Sea and
the Southwest Atlantic, respectively [Yuan and Li, 2008].
[22] El Niño 3.4 is defined based on sea surface tempera-

ture anomalies in the central tropical Pacific (120�W–
170�W, 5�S–5�N) [Reynolds et al., 2002]. Unlike the mul-
tivariate ENSO index [Wolter and Timlin, 1993], the El Niño
3.4 proxy is computed from NCEP/NCAR reanalysis data
and does not include information about surface winds and
cloud fraction.

2.4. Statistical Analysis

[23] Intensity of the relationship between seasonal
anomalies of Chl during summer and environmental vari-
ables (sea ice and solar radiation) during the same season
and preceding spring and winter of each year was calculated
based on the magnitude of the nonparametric Spearman rank
order correlation coefficient (rS) [Spearman, 1904]. Due to
the lack of temporal coverage, correlations between wind
speed and Chl were conducted using monthly anomalies.
Significant correlations were evaluated based on Student’s t
distribution test. The same statistical analysis was also
applied to investigate degree of association between summer
Chl and climate patterns during the preceding winter, spring
and coincident summer conditions.

3. Results

[24] In this section, we investigate for each polynya (1) the
interannual variability of phytoplankton parameters (i.e., Chl
and BIT) during the maximum growing season, (2) the
influence of sea ice, solar radiation, and wind intensity on
phytoplankton development during late spring and summer
at the seasonal scale, and (3) the linkage between phyto-
plankton dynamics and dominant climate patterns at inter-
annual time scales.

3.1. Variability of Chlorophyll a Concentration in
Polynyas

[25] In general, phytoplankton concentration, as inferred
from Chl values, was higher and more variable in the
Amundsen Sea and the western Ross Sea polynyas, two
productive environments characterized by a relatively wide
continental shelf [Arrigo and van Dijken, 2003a]. The largest
range (0.16–7.76 mg m�3) of weekly averaged Chl values
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during summer were obtained in Amundsen Sea (Table 1).
Conversely, polynyas located in East Antarctica had typi-
cally a smaller range of Chl values (0.18–3.09 mg m�3).
[26] Phytoplankton bloom timing also differed between

polynyas of the western sector (Amundsen Sea and western
Ross Sea) and East Antarctica (Dumont d’Urville and Prydz
Bay) polynyas. Indeed, BIT suggested that seasonal phyto-
plankton development was more variable between years and
often delayed (initiation up to 8 weeks late) in those latent
heat polynyas of the western sector (Table 1).
[27] The most dramatic changes on phytoplankton bloom

initiation time between consecutive years were observed in
the Ross Sea (e.g., phytoplankton growing seasons of 2001
and 2003, Figure 2). Likewise, the phytoplankton growth
onset in the Ross Sea was clustered in two groups: either
very early (week 1–2) or very late (week 6–8), which is
likely caused by the presence of icebergs. In contrast, the
BIT in the Amundsen Sea, Dumont d’Urville and Prydz Bay
polynyas had relatively small year-to-year variations but the
onset of phytoplankton growth was more or less evenly from
1 to 7 weeks (Figure 2).

3.2. Environmental Variability and Influence
on Phytoplankton Blooms

[28] Sea ice cover during summer was negatively asso-
ciated with averaged chlorophyll a concentration (e.g.,
Amundsen Sea, rS = �0.64, t-Student = 2.33, P = 0.047;
Dumont d’Urville, rS = �0.80, t-Student = �3.85, P =
0.005) (Figure 3a). These regions presented persistent sea
ice coverage (i.e., >25%) during summer (Table 1).
[29] Seasonal sea ice concentration was also an important

factor modulating timing of phytoplankton blooms during
each growing period (Figure 3b). Again, the most influenced
polynyas were those presenting relatively high sea ice con-
centrations during summer (i.e., Amundsen Sea and Dumont
d’Urville). However, the impact of sea ice conditions on the
onset of phytoplankton bloom was delayed comparing to that
related to changes on arithmetic averaged Chl concentrations.
[30] The solar radiation that reached the sea surface and

was available for photosynthesis during summer in Dumont
d’Urville was slightly higher (summer average up to
34.6 mol quanta m�2 d�1) and less variable (maximum/

minimum PAR(0+) up to 4) than other studied sites. Con-
versely, the Amundsen Sea polynya was characterized by
cloudier skies (summer PAR(0+) average of 28.7 mol quanta
m�2 d�1) with more variable (5.8–54.9 mol quanta m�2 d�1)
sunlight conditions (Table 1).
[31] The western Ross Sea polynya was the only study

area where variations of Chl during summer were sub-
stantially associated with solar radiation variations. This
susceptibility was manifested in terms of Chl (rS = 0.627,
P = 0.035, Figure 4a) and BIT (rS = �0.778, P = 0.005,
Figure 4b). Also, surface illumination seemed to be an
important factor determining phytoplankton pigments levels
and timing of blooms in Prydz Bay waters, however these
relationships were based on correlation results with a reduced
statistical confidence (rS (Chl-PAR(0+)) = 0.582, P = 0.056,
rS(BIT-PAR(0+)) = �0.365, P = 0.275).
[32] Based on correlation analysis, the effect of sea ice

concentration and surface solar radiation on summer Chl
was always negative and positive, respectively, in all
polynyas under investigation (Figures 3a and 4a). However,
this negative feedback was preferentially controlled by sea

Figure 2. Interannual variability of phytoplankton bloom
initiation time in latent heat polynyas.

Table 1. Statistics of Satellite-Derived Phytoplankton Parameters and Environmental Variablesa

Season

SIC PAR(0+) WS Chl BIT

~x Range ~x Range ~x Range ~x Range ~x Range

AS Winter 89.7 77.3–97.1
Spring 85.5 57.8–93.5
Summer 50.9 6.3–79.8 28.7 5.8–54.9 1.48 0.16–7.76 4.6 2–7

WRS Winter 92.7 87.9–98.4 19.0 8–36
Spring 89.1 78.6–96.7 17.4 7–41
Summer 19.8 0.0–79.5 32.4 7.5–60.6 15.4 7–28 1.39 0.23–4.54 2.9 1–8

DU Winter 88.2 81.8–95.4 20.9 10–42
Spring 79.2 60.3–95.5 20.4 9–48
Summer 33.1 15.5–65.6 34.6 15.5–59.7 18.4 11–30 0.52 0.18–3.09 3.0 1–5

PB Winter 82.8 77.2–97.5 22.5 12–34
Spring 77.9 57.5–90.6 16.2 5–32
Summer 27.1 3.3–58.6 33.5 11.3–56.0 8.7 5–19 1.09 0.19–3.82 4.1 2–6

aHere x̃: seasonal arithmetic average, WS: wind speed in km h�1, AS: Amundsen Sea, WRS: western Ross Sea, DU: Dumont d’Urville, and PB: Prydz
Bay. SIC in %, PAR(0+) in mol quanta m�2 d�1, Chl in mg m�3, and BIT in weeks. Range is based on weekly values of arithmetic average (x̃). Acronyms
Chl, SIC, and PAR(0+) are defined in section 2.
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ice in Amundsen Sea and Dumont d’Urville, and solar
radiation in the western Ross Sea and Prydz Bay polynyas.
[33] A repetitive feature in all polynyas was the relaxation

of wind intensity during the period of maximum phyto-
plankton growth (up to 61% from winter to summer in Prydz
Bay, Table 1). Despite this common behavior, there was not
a clear relationship between winter, spring or summer wind
speed and summer phytoplankton concentration at the
interannual scale. Further analysis of longer but coarser time
series of wind data derived from satellites (e.g., QuickScat)
will help to better understand relationships between wind
speed and phytoplankton variability.
[34] Satellite-derived chlorophyll concentration during

summer was directly or inversely related with wind speed
depending on the polynya under investigation. In the west-
ern Ross Sea, Chl tended to increase during more windy
conditions (rS up to 0.527, P = 0.107, n = 10, spring),
however an opposite scenario occurred in Prydz Bay and

Figure 3. Relationships between satellite-derived chloro-
phyll a and sea ice concentration. (a) Spearman correlation
between the arithmetic average of Chl summer anomalies
and SIC anomalies (y axis) computed for the same period
and previous spring and winter. (b) Same as Figure 3a, but
calculations are based on BIT instead of Chl. Significant cor-
relation at 95% (asterisk) and 99% (double asterisk) confi-
dence levels is indicated. Symbols for each curve are
described in Figure 2.

Figure 4. Response of satellite-derived phytoplankton
parameters to solar radiation. AS: Amundsen Sea, WRS:
western Ross Sea, DU: Dumont d’Urville, and PB: Prydz
Bay. Each bar represents the Spearman correlation coeffi-
cient (y axis) between summer anomalies of PAR(0+) of
(a) Chl or (b) BIT. Significant correlation at 95% (asterisk)
and 99% (double asterisk) confidence levels is indicated.

Figure 5. Correlation between satellite-derived chlorophyll
a concentration and wind speed. Spearman correlation coef-
ficient between monthly anomalies of wind speed and Chl
(y axis). Zero correlation is depicted with a dotted line. Sym-
bols for each curve are described in Figure 2.
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Dumont d’Urville where development of phytoplankton
blooms seem only favored during years characterized by
calm days during spring and summer, respectively (rS up to
�0.419, P = 0.213, spring, Figure 5). Whether the above Chl
responses to wind are also connected with changes on wind
direction or be generalized to other polynyas is a topic that
requires further investigation.

3.3. Climate Patterns and Seasonal Changes on
Phytoplankton Blooms

[35] Response of phytoplankton to modes of climate dur-
ing summer was highly influenced by the polynya size.
Indeed, Chl in the polynya with the smallest surface area
(Dumont d’Urville) was connected with a greater number of
climate modes (up to 4, SAM, SAO, PSA and W3) with
respect to those polynyas having a larger spatial dimensions
(e.g., the western Ross Sea) (Figures 6a–6d). In addition,

summer Chl in Dumont d’Urville polyna was more corre-
lated with SAM, SAO, PSA and wave-3 in spring than in
summer. The maximum correlation between summer Chl
and spring SAM was up to 0.88 (t = 5.21, P < 0.001). The
response of Chl in the western Ross Sea polynya to all cli-
mate modes was of the same sign as in Dumont d’Urville
polyna but with lower correlation coefficients and less con-
fidence levels (Figure 6b).
[36] In general for all polynyas investigated, the impact of

winter climate anomalies on summer phytoplankton was
weaker with respect to the effects of climate patterns on Chl
occurring during spring or summer seasons. Some excep-
tions were found between winter wave-3 pattern and sum-
mer Chl in the Amundsen Sea polynya, and between winter
SAO and summer Chl in the Prydz Bay polynya.
[37] Overall and based on correlation analysis, it is sug-

gested that ENSO did not have a statistically significant
impact on summer Chl concentration in any polynya under
study, which is not surprising since our time series were
rather short to resolve ENSO variability. However, persis-
tency of ENSO signal throughout the year was coherent with
the lack of seasonal variability on correlation coefficients
between El Niño 3.4 index and summer Chl anomalies in
each polynya.
[38] The Chl’s response to ENSO variability was site-

specific. During summer, correlation between Nino 3.4
index and Chl anomalies was positive in the Amundsen Sea
polynya (rS up to +0.37, t = 1.12, P = 0.29, summer) but
negative in the Dumont d’Urville polynya (rS up to
�0.48, t = 1.54, P = 0.16, summer) (Figures 6a and 6c).
[39] Unlike Chl, timing of phytoplankton blooms in

Dumont d’Urville polynya was not significantly correlated
with variability on different climate patterns (Figure 6g).
Conversely in the western Ross Sea, BIT was often corre-
lated with spring and summer anomalies of all climate
modes (rS up to �0.65, t-Student = 2,41, P = 0.04) except
for the Niño 3.4 index (Figure 6f).
[40] The strong coherence between BIT anomalies and El

Niño 3.4 in the Amundsen Sea indicated the major influence
of ENSO on phytoplankton communities of this Antarctic
region (Figure 6e). This coupling was manifested during
summer (rS = �0.69, t-Student = 2.66, P = 0.029), and
similar to Chl, was less variable between seasons with
respect to that obtained using other climate indices.

4. Discussion

4.1. Environmental Regulation of Phytoplankton
Blooms in Latent Heat Polynyas

[41] Our calculations of seasonal averages of Chl sug-
gested an important longitudinal gradient in terms of pig-
ment distributions between polynyas. Roughly, satellite
measurements pointed out a clockwise increase of phyto-
plankton concentration with the highest values in the
Amundsen Sea and the lowest values in East Antarctic
polynyas. These spatial variations were associated with a
maximum (minimum) of sea ice concentration and cloudi-
ness in Amundsen Sea (Prydz Bay) polynyas. Thus, more
light limitation of phytoplankton growth and synthesis of
pigments are likely to occur in polynyas located toward the
west to the western sector of the Antarctic coastline.

Figure 6. Relationships between satellite-derived para-
meters and climate patterns. Spearman correlation coeffi-
cient between seasonal anomalies of climate patterns
(winter: blue, spring: green, and summer: red) and summer
anomalies of (a–d) Chl or (e–h) BIT. Significant correlations
at 95% (empty rectangle) and 99% (solid rectangle) confi-
dence levels. Acronyms for polynyas and climate patterns
(x axis) are defined in Figure 4 and in section 1.
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[42] The aforementioned spatial trends on sea ice and solar
radiation are counterintuitive as massive phytoplankton
blooms should be stimulated by a greater underwater illu-
mination if other ecological factors are not limiting. This
seems to be true for micronutrients such as iron [Lancelot
et al., 2009] but not for vertical mixing. Analysis of repre-
sentative CTD profiles in each polynya (R. Sambrotto, per-
sonal communication, 2011) highlighted the importance of
water stratification for explaining Chl patterns in Amundsen
Sea and western Ross Sea with respect to Dumont d’Urville
and Prydz Bay polynyas.
[43] An increase on stratification benefits phytoplankton

development and accumulation of cells in the upper oceanic
layers where light levels are more elevated. This phenome-
non is modulated during spring and summer by the presence
of sea ice cover. Relatively high sea ice concentration during
summer was characteristic of Amundsen Sea and Dumont
d’Urville polynyas, and was associated with negative cor-
relations between Chl and SIC values. Likewise, the rela-
tively low sea ice concentration during summer in western
Ross Sea and Prydz Bay explains why Chl and PAR(0+)
were substantially related in these two polynyas.
[44] Water stratification variations between polynyas was

mainly attributed to salinity modifications caused by low-
density water originated from melting of sea ice and snow
cover, and freshwater fluxes derived from the continent
related to disintegration of glaciers and ice shelves. This
mechanism has been previously suggested by Mitchell and
Holm-Hansen [1991] as an influence in other Antarctic
marine ecosystems.
[45] Differences in wind-driven vertical mixing are

unlikely to explain the spatial changes in water stratification
between polynyas located between East Antarctic and the
western sector. This is because polynyas located in East
Antarctica had typically the strongest (seasonal average up to
13.3 m s�1 during spring, Dumont d’Urville) or weakest (up
to 8.7 km h�1 during summer, Prydz Bay) winds during the
period of maximum phytoplankton growth. Although land-
based wind measurements are not available in Amundsen
Sea, simulations of monthly wind fields during January
1980–1993 indicate comparable and relatively strong wind
speeds (up to 32 m s�1) between the Amundsen Sea and
Dumont d’Urville polynyas [van den Broeke and van Lipzig,
2003].
[46] Timing of phytoplankton blooms tended to be more

variable in those polynyas typically having greater sea ice
concentrations throughout the year. In particular, the western
Ross Sea was a special case where BIT had a large interan-
nual variability between the summer of 2000 and 2004.
What type of phenomena triggered such changes in timing
of pigment fluctuations? Regionally speaking, the impact of
sea ice on BIT was greater in a clockwise direction around
the continent given the greater sea ice cover in the polynyas
in the western sector of the coastline. In the Ross Sea the
existence of massive icebergs may be the source of this
variability. That was the case for phytoplankton growing
seasons of 2001 and 2003, years that coincided with two
major ice shelf calving events represented by the B-15 and
the C-19 icebergs, respectively [Arrigo et al., 2002; Arrigo
and van Dijken, 2003b].
[47] The sporadic effect of large icebergs (i.e., >100 km

long) is expected to cause anomalous late retreat of sea ice

cover during spring and summer resulting in late develop-
ment of phytoplankton blooms (i.e., higher BIT) due to a
sharp reduction of underwater illumination, and lower
nutrient supply linked to variability of coastal currents [Smith
et al., 2000; Arrigo et al., 2002; Arrigo and van Dijken,
2003b]. Delayed BIT due to a reduction on water column
illumination has also been reported in sea ice edge phyto-
plankton communities of East Antarctica [Wright et al.,
2010].

4.2. Response of Phytoplankton Communities to Local
and Synoptic Variability of Climate Patterns

[48] Summer phytoplankton blooming characteristics in
each polynya were associated with specific Antarctic climate
mode patterns acting at various time scales (yearly to
decadal) and with a different influence for each season.
Variations of the Southern Annular Mode are mainly decadal
and manifested on ocean-atmosphere circulation (annular
component) and sea ice changes (nonannular component)
[Yuan and Li, 2008; Massom and Stammerjohn, 2010].
Therefore is was not surprising to find no statistical signifi-
cant (P < 0.05) relationships between the Southern Annular
Mode anomalies and satellite-derived phytoplankton para-
meters for most of the comparisons made with the Spearman
correlation coefficient.
[49] The summer amplitude and timing of the phyto-

plankton blooms in Amundsen Sea polynya was modulated
by climate variations during the previous winter regime and
linked to ENSO. What is the mechanism behind these cor-
relations? According to Yuan [2004], a warm phase of
ENSO (i.e., El Niño) is associated with negative sea ice
anomalies in the vicinity of the Amundsen polynya. There-
fore during El Niño conditions, the above correlations sug-
gest a premature development of phytoplankton blooms (i.e.,
early BIT) and a large final yield of chlorophyll a during
summer in the Amundsen Sea (Figures 2 and 6a–6e).
[50] The response of phytoplankton concentration, as

inferred from Chl, to ENSO in Dumont d’Urville polynya
contrasted with the one described for Amundsen Sea
polynya. These differences (i.e., +rS in Amundsen Sea, �rS
in Dumont d’Urville) are likely due to sea ice changes since
ENSO events produce opposite sea ice anomalies in the
Amundsen Sea and Dumont d’Urville region, as presented in
Yuan [2004]. This supports the fact that the same climate
pattern can have different effects on phytoplankton assem-
blages depending on the geographic location.
[51] At shorter time scales (<1 year) the semiannual oscil-

lation is the most preponderant climate anomaly for driving
surface temperature and wind patterns in Antarctica. In the
Dumont d’Urville, the phytoplankton bloom initiation time
showed a trend with the most recent phytoplankton blooms
occurring later in the season (Figure 2). The delay in 2007
was probably associated with a greater sea ice extent during
spring and early summer due to a decadal decrease on mag-
nitude of semiannual oscillation pattern [van den Broeke,
2000].
[52] In summary, our results support the original hypoth-

esis “Antarctic climate modes other than ENSO also have
a major influence on phytoplankton variability of latent
heat polynyas during summer, and this impact will vary
between locations.” Indeed, we showed that Antarctic cli-
mate modes not linked to ENSO (e.g., Southern Annular
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Mode, semiannual oscillation) also played an important role
in the defining amplitude and timing of phytoplankton
blooms of specific polynyas (e.g., western Ross Sea and
Dumont d’Urville). Likewise, this study supported the
uniqueness of each polynya in terms of phytoplankton
response to synoptic climate patterns for example opposite
sign for the impact of ENSO events on the BIT in the western
Ross Sea polynya versus the Amundsen Sea polynya.
[53] Although the results presented here provide clear

indications that phytoplankton blooms in these coastal
polynyas are responding to large climate variability in the
Southern Ocean, the available time series are relatively
short, preventing us deriving correlations with higher con-
fidences. More studies are necessary to elucidate the effect
of other oceanic factors (e.g., water stratification) linked to
climate patterns and altering phytoplankton distribution
between polynyas.
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