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Abstract. In the Ocean, the seasonal cycle is the mode tha(1 PgC = 18° g of carbon) from surface waters south of 30
couples climate forcing to ecosystem response in productioneach year (33 % of the global organic carbon flux) (Schlitzer,
diversity and carbon export. A better characterisation of the2002). The Southern Ocean biological pump also plays an
ecosystem’s seasonal cycle therefore addresses an importamportant role in regulating the supply of nutrients to ther-
gap in our ability to estimate the sensitivity of the biological mocline waters (Subantarctic Mode Water and Intermediate
pump to climate change. In this study, the regional charac\Water) of the entire Southern Hemisphere and North Atlantic
teristics of the seasonal cycle of phytoplankton biomass in(Sarmiento et al., 2004), which in turn drives low latitude
the Southern Ocean are examined in terms of the timing ofproductivity (Sigman and Boyle, 2000). Climate models and
the bloom initiation, its amplitude, regional scale variabil- decadal data sets suggest an increase in mixed layer stratifi-
ity and the importance of the climatological seasonal cyclecation of the Southern Ocean through increased freshening
in explaining the overall variance. The seasonal cycle wasand an increase in atmosphere to ocean heat fluxes. Model
consequently defined into four broad zonal regions; the subsimulations suggest that greater stratification may reduce the
tropical zone (STZ), the transition zone (TZ), the Antarctic vertical supply of nutrients and hinder phytoplankton growth
circumpolar zone (ACZ) and the marginal ice zone (MIZ). (e.g. Bopp et al., 2005). A trend towards more positive
Defining the Southern Ocean according to the characteristicphases of the Southern Annular Mode (SAM) on the other
of its seasonal cycle provides a more dynamic understandingand is related to an intensification and southward shift of
of ocean productivity based on underlying physical driversthe westerly winds, which has been diagnosed and is ex-
rather than climatological biomass. The response of the biolpected to continue in the next decades. While it has been
ogy to the underlying physics of the different seasonal zonesuggested that this trend will reduce the Southern Oceagn CO
resulted in an additional classification of four regions basedsink through modification of the solubility pump §Bing et

on the extent of inter-annual seasonal phase locking and thal., 2008; Gille, 2008; Le Quéret al., 2009), its impact on
magnitude of the integrated seasonal biomass. This regionathe biology is still unclear. Lovenduski and Gruber (2005)
isation contributes towards an improved understanding of thesuggest that a positive SAM is on average related to an in-
regional differences in the sensitivity of the Southern Oceansrease in primary production south of the Polar Front. These
ecosystem to climate forcing, potentially allowing more ro- uncertainties highlight gaps in our understanding of the re-
bust predictions of the effects of long term climate trends. gional characteristics of the sensitivity of biological produc-
tion in the Southern Ocean to changes in spatial and temporal
atmospheric forcing scales (Sarmiento et al., 1998; Caldeira
and Duffy, 2000; Russell et al., 2006).

A significant part of these gaps lies in the links between

Biological production and carbon export to the deep oceanphysical, physiological and ecological factors that influence
“the biological pump” is considered a major contributor to the annual cycle of phytoplankton growth and loss rates

the Southern Ocean G@ink removing an estimated 3PgC (Behrenfeld, 2010). The Southern Ocean is an unusual ocean
in that it has the greatest inventory of unused macro-nutrients

in the world ocean (Levitus et al., 1993) but low average

Correspondence tdS. J. Thomalla phytoplankton standing stocks, with diverse spatial and tem-
BY (sandy.thomalla@gmail.com) poral variations in phytoplankton biomass (Sullivan et al.,

1 Introduction
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1993; Arrigo et al., 2008). Numerous studies in the literaturethe physical drivers. Although this study is based exclusively
have addressed the factors governing phytoplankton distribuen satellite data in a locale where ocean colour algorithms
tion, diversity, biomass and production. These include bothhave well-known deficiencies, we anticipate that our results
bottom-up controls of the physiological response of phyto-and hypotheses may guide future studies aimed at these gaps.
plankton assemblages to physical and biogeochemical forcThe aim of this paper is not to investigate further the numer-
ing (e.g. Martin et al., 1990; De Baar et al., 1995; Boyd, ous controls of production in the Southern Ocean but rather
2002) as well as top-down controls of grazing (e.g. Smetaceko use remote sensing data at appropriate temporal and spa-
et al., 2004; Behrenfeld, 2010). While low temperatures aretial scales to characterise regional differences in the Southern
known to limit phytoplankton growth (Raven and Geider, Oceans seasonal cycle.

1988) and photosynthesis (e.g. review by Davidson, 1991),

it is largely accepted that the key factors exerting bottom ,

up control of phytoplankton production in this, the largest 2 Material and methods

“high nitrate-low chlorophyll (HNLC)” region in the world
ocean (Minas and Minas, 1992) is the availability of light,

iron (Fe) and silicic acid (Boyd, 2002; Arrigo et al., 2008). qcean colour data are used to examine seasonal, intra-

The spatial variability and seasonal succession of bottom-UR u550nal and inter-annual dynamics of phytoplankton blooms

controls is however still poorly understood. Part of the lack, the Southern Ocean. SeaWiFs (Sea-viewing Wide Field
of understanding of the links between upper ocean physicg \jiew Sensor; McClain et al., 1998) data used in this

and biological processes controlling production in the South—study cover the period from January 1998 to December 2007.

ern Ocean is due to the operational limitations in resolvingg day mean level 3 standard mapped images of chloro-
them at the required in situ spatial and temporal scales. Thi%hy” (mg ChinT3) on a global 9 km equidistant cylindrical
has necessitated the use of remotely sensed and modellir&id from SeaWiFS were obtained from the Goddard Space
techniques to further our understanding of this complex entjight Centre fittp:/oceancolor.gsfc.nasa.govThe Seaw-
vironment. Although a current weakness in remotely sensegrg chlorophyll estimates for Case-1 waters came from the
data is its inability to directly link ocean colour with carbon ~c4v4 processing algorithm from the NASA, Level 3 prod-
export, it has the added advantage of being able to addre§gt (hinned and mapped). The Southern Ocean domain south
the temporal and spatial scale gaps in our knowledge of & 3» 5 \yas extracted and interpolated onto a regular 1/4 de-

hitherto under sampled ocean (e.g. Moore and Abbott, 2000y e grid. Chlorophyll concentrations in the ocean tend to be
Park et al., 2010).

exse) . log normally distributed (Campbell, 1995). When computing
The spatial distribution of surface chlorophyll blooms in parametric statistical analyses on the original 8 day compos-

the Southern Ocean in summer is thought to be consistente yataset, the natural logarithm of chlorophyll concentra-
with an Fe limited regime, and this argument has been welki,, a5 used. Note that in all cases, the comparison with
documented (De Baar et al., 1995; Boyd et al., 2000; Blainy,y time-series does not lead to any substantial differences

et al., 2007; Pollard et al., 2009). However, what has noti, the jnterpretation. When computing averages, a criteria of

been well understood are the physical control mechanisms a4t 1/4 of the maximum possible number of observations

responsible for supplying surface waters with Fe and mod-y,5ijaple was used. Grid-points where this criteria was not

ulating light that are ultimately responsible for controlling gaisfied (j.e. more than 3/4 of the data is missing) were dis-
variability in the phytoplankton seasonal cycle and spatial .5 qed and appear in grey in the figures. See the Supplement

distribution. The intricate spatial and seasonal distributions,, qvailable data used to calculate averages in July (Fig. S5a)
of chlorophyll reflects the complex nature of the factors con- 5 g January (Fig. S5b).

trolling production in the Southern Ocean, including sensi-
tivity to mesoscale forcing as well as remarkable regional2 2 Maps of Absolute Dynamic Topography (MADT)
and basin scale differences. Understanding regional charac-
teristics of variability in bloom dynamics and the associatedWe adapted the same technique described by Sokolov and
physical drivers is necessary to understand the sensitivity oRintoul (2007b) to locate the main frontal branches of
the response of ocean productivity to climate change. the Antarctic Circumpolar Current (ACC); the Subantarctic
The seasonal cycle is the mode through which the physiF+ront (SAF), the Polar Front (PF) and the Southern Antarc-
cal mechanisms of climate forcing are coupled to ecosystentic Circumpolar Current Front (SACCF), as well as the Sub-
responses such as productivity, diversity and ultimately cartropical Front (STF) for the entire circumpolar extent. We
bon export (Rodgers et al., 2008). The regional characterisdid this using the CLS/AVISO MADT dataset from the Data
tics of the seasonal cycle in the Southern Ocean are howeveynification and Altimeter Combination System archive. The
not well understood. In this study we aim to examine theglobal, 1/4 of a degree, weekly averages are obtained through
regional scale characteristics of the seasonal cycle of phytoan improved space/time objective analysis method combin-
plankton biomass and propose a hypothesis that relates thag TOPEX/Poseidon, ERS-1/2, JASON-1, GFO and EN-
observed variability in biological response to variability in VISAT data (Le Troan and Ogor, 1998). The MADT is

2.1 Satellite-derived surface chlorophyll concentrations
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the sum of the sea level anomaly data and a mean dynamic Inter-annual variability in the bloom initiation date was
topography (Rio05-Combined Mean Dynamic Topography,calculated as the standard deviation of the bloom initiation
from Rio and Hernandez, 2004). The original weekly mapsdate time series. One must however bear in mind the short
have been linearly interpolated in time to match the 8 daydata record (9 yr) when interpreting this figure, as the pres-
composite calendar on which the SeaWiFS datasets are pr@nce of some extremes may lead to high standard deviations.

vided.
2.4 Variance explained by the seasonal cycle

2.3 Bloom initiation date
The part of the overall variance that is explained by the sea-

We use “bloom” to refer to events of elevated chlorophyll sonal cycle was computed as the variance explained by the
concentration, without reference to a global concentrationregression of log(chlorophyll) onto a repetition of the clima-
threshold. The initiation of the bloom (or the date of bloom tological mean seasonal cycle (calculated over the 9 available
onset) is understood here as the period of the year registeringears) smoothed by a Gaussian filteoot 1. A value of 1

a relative increase in chlorophyll concentration, irrelevant of (100 %) indicates that the time-series is a perfect repetition of
the actual value. The chlorophyll bloom is defined statisti- the climatological mean seasonal cycle (i.e. there is no intra-
cally, as in other studies (Henson and Thomas, 2007; Folseasonal or inter-annual variability) while a value of 0 means
lows and Dutkiewicz, 2002; Siegel et al., 2002). Given thethat there is no yearly cyclic component in the overall vari-
presence of missing values and the large degree of variabilitybility or no annually reproducible mean seasonal cycle. The
in some areas, extra care should be taken to allow the algoseasonal cycle was defined as a simple repetition of itself,
rithm to accommodate for “aberrant” cases and avoid falsd.e. the seasonal cycle (averaged over the period available) is
detections of the bloom initiation date. An assessment ofneither amplitude nor phase-modulated. We are aware that
how missing data affects the ability to accurately determinethere have been alternative definitions for the seasonal cycle

the bloom initiation appears in the Supplement. that allow for phase and amplitude modulation (e.g. Vantre-
The mean bloom initiation dates were obtained for eachpotte and Melin, 2009; Vantrepotte et al., 2011). However,
pixel (on the 1/4 degree grid) as follows: this definition was chosen in order to illustrate how repro-

. . , ducible (or “predictable”) the evolution of chlorophyll is and
1. The time-series running from t.he 1stweek of May 1998 (, jgjineate different regions based on this property.
to the last week of April 2007 is extracted.

2. The aberrant values (isolated spikes over the 99th per-2'5 Mixed Layer Depth (MLD)

centile) are masked and discarded in the subsequent C""MLD’S have been taken from the monthly climatology devel-

culations. oped by De Boyer-Moié@gut et al. (2004). This global grid-
3. The mean seasonal Cyc|e is Computed over the gyr ana|ded prOdUCt at 2resolution is based on 4490571 individ-
ysed. ual temperature profiles obtained from the National Oceano-

graphic Data Centre and the WOCE sections datasets, over
4. A 1-D Gaussian filter (with sigma = 1) is applied, effec- the period 1941-2002. As the spatial and seasonal distribu-
tively reducing the degree of intra-seasonal variability. tion of temperature profiles in the Southern Ocean is better
than salinity profiles (De Boyer-Montegut et al., 2004) the
MLD’s were defined according to the optimal temperature
6. The filtered mean seasonal cycle is repeated andfiterion as a difference of 0.2 degrees with the temperature
wrapped around itself. The bloom initiation date is sub- & 10 m.

sequently constrained to fall between the seasonal min- , ) .
ima’s. 2.6 Photosynthetically Active Radiation (PAR)

5. The median is calculated.

7. The date of the bloom initiation is determined as the PAR is defined as the quantum energy flux from the sun in
first week of the year where the chlorophyll concentra- the spectral range 400 to 700 nm. PAR is expressed in Ein-

tion reaches +5 % above the median and stays above thigtein nT2day ™. We used here the PAR generated by SeaW-
value for at least 2 consecutive weeks. iFS and obtained through the GSFC. This dataset is provided

on the same 9km resolution grid as the chlorophyll esti-
The bloom initiation dates for each year (from 1998/99 to mates, for 8 day composites. The same period January 1998—
2006/07) have also been calculated. In this case steps 3 and&cember 2007 has been extracted and the values interpo_
are not applled It has been verified that the bloom initiatior”ated onto a regu|ar 1/4 degree gr|d SeaWiFS PAR values
date obtained from the average of the 9yr is generally comdo not take into account any reflectance incurred at the air-
parable to the one obtained from the mean seasonal cyclesea interface and may therefore overestimate the amount of
albeit presenting a more noisy field given the sensitivity of radiation entering the water column. Maximum reflectance
the mean to extreme values and the short period considerecjuring winter, when solar radiation is low, ranges from 11 %
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Fig. 1. Spatial distribution of mean chlorophyll concentrations for the Southern Ocean south®f@qa) summer—January arfd) winter—
July. Mean July and mean January (1998-2007) frontal positions calculated from MADT contours are shown for the STF (red), the SAF
(black), the PF (orange) and the SACCF (blue).

at 40 N to 23% at 70 N. During the summer months how- tions and are lowest at high temperatures (2530 low
ever, the zenith angle has little effect on the amount of sur4rradiances €20 pmol photons m? s~1 and nutrient replete
face reflectance which is generally between 4 and 7 % at altonditions and increase at high irradiances, low temperature
latitudes (40-79) and under all atmospheric and wind con- and nutrient limiting conditions (Taylor et al., 1997). Al-
ditions (Campbell and Aarup, 1989). though seasonal variability in C:Chlratios is significant at
lower latitudes, the variations are relatively minor at higher

) ) latitudes when compared with the much larger seasonal range
3 Results and discussion in chlorophyll concentration (Taylor et al., 1997). Although
changes in C:Ché ratios need to be considered when us-
ing satellite surface chlorophyll measurements as a proxy for
biomass, existing data suggest that these intra-cellular C:Chl-

Remote sensing derived chlorophyll distributions in thearatios do not play a significant role in the seasonal cycle in

Southern Ocean south of 38 reflect a zonal (annular) char- e Southem Ocean (Taylor et al., 1997). In addition, stan-
acter of variability such as observed between frontal anodard ocean colour algorithms typ|callygnderest|mate Ch'orF"
pelagic zones as well as remarkable regional contrasts be.Q,hy" in the SouthernKOﬁean bé’ I\zﬂfsg'rnesz Cfmparec:j to in
tween the Atlantic and Pacific Oceans (Fig. 1a). These spatia?ItLI measurements (Kahru an itchell, 2010). U_n eres-
zones also display important seasonal contrasts (Fig. 1a, b?mated chlorophyll concentrations are however unlikely to

While technically an estimate of pigment concentrations, mpact. the characteris_ation of the patte_rns of the seasonal cy-
we use SeaWiFS surface chlorophyll as a proxy for phy-Cle which forms the primary focus of this paper.

toplankton biomass (Sullivan et al., 1993; Comiso et al., In the subtropics, surface chlorophyll concentrations are
1993; Moore and Abbott, 2002). Satellite surface chloro-low year round, except for a band of increased chlorophyll
phyll concentrations do not however take into account deefbetween 30 and 40 S in winter when nutrients are replen-
chlorophyll maxima or changes in the carbon to chloro-ished (Fig. 1b). Surface chlorophyll concentrations south of
phyll ratio (C:Chla) with depth. Although typical deep 40° S are low during the austral winter when light levels are
chlorophyll maxima in the subtropics may result in under- low (Fig. 1b) (Mitchell et al., 1991). Given the importance of
estimated satellite derived chlorophyll, chlorophyll profiles Fe for photo-adaptation, Fe-light co-limitation is also likely
at higher latitudes $40° S) are typically uniform in the (Sunda and Huntsman, 1997; Boyd et al., 2001). With the
upper mixed layer and decreases exponentially at greatemnset of a higher irradiance-mixing regime in spring, chloro-
depths (Arrigo et al., 2008). The lack of depth integratedphyll concentrations increase forming blooms (Fig. 1a).
chlorophyll distribution is thus unlikely to significantly effect Basin-scale differences are also evident with chlorophyll
satellite derived chlorophyll concentrations south of 80  concentrations in the Pacific being noticeably lower than
Changes in C:Chi are associated with physiological re- the Atlantic and Indian, in particular in the zonal band of
sponses to changing light, temperature and nutrient condi40-50 S which disrupts the almost symmetrical distribution

3.1 Zonal characterization of seasonal biomass
variability

Biogeosciences, 8, 2842866 2011 www.biogeosciences.net/8/2849/2011/
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around Antarctica. This band in the Pacific shows very little
seasonal difference between summer and winter chlorophy!
concentrations (Fig. 1a, b).

Lowest summer chlorophyll concentrations are associate( so°w
with the pelagic waters north of the sea ice zone (Fig. 1a)
where production rates are limited by deep mixing of the
upper mixed layer and trace metal limitation (Mitchell and sow
Holm-Hansen, 1991; Boyd et al., 2000; Sokolov and Rintoul,
2007a). An exception to these low production waters is found
at oceanic frontal zones (Fig. 1a). Enhanced chlorophyll con:
centrations associated with the major fronts of the ACC have
been well documented and attributed to a number of pro-
cesses that include cross-frontal mixing of macronutrients,
an improved light environment through enhanced stratifica-
tion and increased Fe concentrations through upwelling anc L ;
interaction of the fronts with shallow topography (e.g. Lutjer- TaoW Toow 1800 160°% T Jan.
harms et al., 1985; Laubscher et al., 1993; Moore and Abbott,

2002). Although traditionally, enhanced chlorophyll concen- Fig. 2. Date of the phytoplankton bloom initiation in the South-

trations have been associated with mesoscale activities at th¥h Ocean south of 36. Mean (1998-2007) frontal positions cal-

position of the fronts, Sokolov and Rintoul (2007b) more re- culated from MADT contours shown for the STF (red), the SAF
cently revealed that multiple frontal branches delimit regions(P1ack), the PF (orange) and the SACCF (blue).

with similar elevated chlorophyll concentrations and season-

ality rather than the fronts themselves being associated with

enhanced productivity, at least where fronts are distant fronnnual variability (variability in the seasonal cycle from year
topography. to year) and intra-seasonal variability (variability of phyto-

Another exception to low production Southern Ocean wa-Plankton biomass within a season) and the importance of the
ters is found over regions of shallow bathymetry; around ancClimatological seasonal cycle in explaining the overall vari-
downstream of subantarctic islands, the continental shelf2nce. The spatial distribution of the seasonal cycle is subse-
over mid-ocean ridges and large plateaus (Fig. 1a). In thesguently defined to four zonal regions. The subtropical zone
regions of shallow bathymetry, current flow through rela- (STZ), the transition zone (TZ), the Antarctic circumpolar
tive vorticity (Hogg and Blundell, 2006; Moore et al., 1999) Zone (ACZ) and the marginal ice zone (MIZ). The following
and/or bottom pressure torque (Sokolov and Rintoul, 2007ag€ction will describe the foundation for these zonal defini-
is thought to increases the flux of Fe into surface waterslions based on seasonal characteristics rather than the dis-
(Park et al., 2010; Venables and Moore, 2010) accounting foffibution of chlorophyll concentrations, which has generally
the generally inverse correlation between depth and chloroP€en the case in previous Southern Ocean studies.
phyll in the Southern Ocean (Comiso et al., 1993). Highest The onset of the chlorophyll bloom is considered a key
chlorophyll concentrations are generally associated with theohase in the seasonal cycle of phytoplankton biomass. The
marginal ice zone (MIZ) (Fig. 1a) (Arrigo and van Dijken, circumpolar mean bloom initiation dates are depicted in
2004), through enhanced irradiance from increased verticaFig. 2. Unlike in the Arctic, where significant trends to-
stratification when ice melts (Smith Jr. and Nelson, 1986),wards earlier blooms were detected in 11% of the area of
through Fe input from melting ice (Sedwick and DiTullio, the Arctic Ocean (Kahru et al., 2011), no homogenous re-
1997; Gao et al., 2003; Grotti et al., 2005) and mixing of gions showing distinct trends towards either earlier or later
Fe rich sediments along the continental shelf (Schoemann dtloom initiation dates were detected in the Southern Ocean,
al., 1998; Johnson et al., 1999). Atmospheric dust depositiothus justifying the use of a 9yr mean. In this study, the
downwind of dry continental areas (e.g. Patagonia, south an®loom initiation date has been determined statistically ac-
south west of Australia, New Zealand and Africa) is also con-cording to an increase in chlorophyll concentration relative
sidered a dominant Fe source fertilising primary productionto the annual median (Henson and Thomas, 2007; Follows
in the Southern Ocean (e.g. Cassar et al., 2007). and Dutkiewicz, 2002; Siegel et al., 2002). This defini-

tion of a phytoplankton bloom is different to that of a re-
3.2 The Seasonal cycle of chlorophyll in the Southern cent study by Behrenfeld (2010), which defines the bloom
Ocean initiation according to the time when phytoplankton pop-
ulation net growth rate becomes positive (see also Boss
The characteristics of the seasonal cycle of phytoplank-and Behrenfeld, 2010). According to this definition they
ton biomass in the Southern Ocean are examined in termshow that in the North Atlantic, bloom initiation occurred
of the timing of the bloom initiation, its amplitude, inter- in mid-winter when light levels are minimal and near-surface

=
date

100°W +{100°E | Jun-

120°wW 120°E
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mixing is deepest. Behrenfeld’s dilution-recoupling hypoth-
esis (Behrenfeld, 2010) challenges Sverdrup’s Critical Deptt

Hypothesis (Sverdrup, 1953) by de-emphasizing the role o 139
light and instead suggesting a much greater role for the bal 60°W 60°E f112¢8
ance between phytoplankton growth and losses through gra: e
ing. Although net population growth may increase in mid- |2 i :;Oz
winter, it is worth noting that chlorophyll concentrations and 8o*w R i 3
specific growth rates are at their seasonal minimum. Oui i 92’
definition of the chlorophyll bloom on the other hand coin- 100°w 100°Ell6 %
cides with peaks in phytoplankton productivity, €Qptake 5 é
and carbon export, all of which are products of phytoplank- 4B
ton biomass and specific growth rates (Boss and Behrenfelc120°w 120°E§3 S
2010). The annual cycles of phytoplankton biomass in our 2 2
results emphasize the role of bottom-up controls (light and 1

0

nutrients) on increases in phytoplankton specific growth rate T70°W  160°W 180° 160°E  146°F
for determining bloom initiation (Sverdrup, 1953). The lack

of information on growth rates does not allow us to quantify Fig. 3. Inter-annual variability (standard deviation over the 9yr)
the role of grazing. In this study, we do not assume that then phytoplankton bloom initiation dates (units in 8-day composites)
role of grazing is negligible, but rather that statistically sig- for the Southern Ocean south of°38.

nificant seasonal increases in biomass can only occur when

specific growth rates exceed loss terms and net population

growth remains positive, despite potential increases in graz-

ing pressure associated with increased encounter rates whéreptember, 100-14&) and late (December, 130-T76)
the seasonal mixed layer shallows. bloom development found south of Australia (50=5% and

According to Fig. 2, bloom initiation in the STZ30- the region of early onset evident north east of Crozet where

40° S), is characterized by an onset taking place in autumrhe Spring bloom starts particularly early in the year (May).

(April-June) when macro-nutrients are replenished with the Regions with high inter-annual variability (std. Dev. 10-16
deepening of the seasonal mixed layer. This STZ is well de-units in 8-day composites) in bloom initiation dates (Fig. 3)
fined in its latitudinal extent. North of30° S, insufficient  generally correspond to regions of transition between differ-
heat loss in winter limits the breakdown of stratification and ent seasonal regimes. In particular the transition between
deep winter overturning to below the nutricline preventing autumn and spring bloom initiation centred aroundi0>® S.
winter increases in chlorophyll biomass. South~ef0° S, The boundaries of this region of high variability in bloom
low winter PAR limits net primary productivity, preventing initiation define what we term the TZ. Similar high variabil-
concomitant increases in winter chlorophyll concentrations,ity in bloom initiation dates was found in the transition zone
forcing phytoplankton populations towards spring bloom ini- separating regions of winter bloom initiation in the subtrop-
tiations (September—November). With the exception of theical North Atlantic from May bloom initiations in the sub-
central and eastern Pacific, the transition between autumpolar North Atlantic (Henson et al., 2009). The remaining
and spring bloom initiations is remarkably abrupt and indi- region of spring bloom initiation between the TZ and MIZ
cates a rapid shift from one seasonal regime to another, rathés what we term the ACZ. Other regions of high variabil-
than a monotonic progression in the timing of the bloom ini- ity in bloom initiation similarly coincide with transition re-
tiation with increasing latitude. Further south is the MIZ gions between different seasonal regimes, e.g. the region of
where bloom initiation dates are in summer (December tolate bloom initiation south of Australia (130-178) and the
February), reflecting the delay in seasonal PAR availabilitytransition between spring and summer bloom initiation at the
as well as the time it takes for phytoplankton blooms to fully confluence of the ACZ and MIZ which is particularly ex-
respond to the newly created ice-free waters associated wittended in the Atlantic and the western Indian Ocean sector
the region (Arrigo et al., 2008). This was similarly shown to (20° W—60 E). Although the shift in mean bloom initiation
be the case in the Arctic where phytoplankton blooms tookdate appears abrupt (Fig. 2), the TZ of high variability in
~20 days to respond to sea-ice melt (Perrete et al., 2011). bloom initiation dates is extended in latitude highlighting the

While the bloom onset in the STZ is spatially homoge- discrepancy between climatological (Fig. 2) and annual time
neous, waters south of 48 are characterized by large spa- series (Fig. 3). Inter-annual variability in the timing of the
tial variability with bloom initiation dates that can occur as bloom initiation can have significant impacts on the success
early as May (e.g. Crozety45° S, 50 E) or as late as Jan- of zooplankton and larval fish populations, e.g. if a mismatch
uary (south of Tasmaniay42° S, 147 E). The transition be-  in timing between food availability and critical life stages of
tween zonally comparable regions of early and late bloomhigher trophic levels occurs, their survival rate is likely to be
onset can be relatively abrupt: for example the region of earlyreduced (Henson et al., 2009).

Biogeosciences, 8, 2842866 2011 www.biogeosciences.net/8/2849/2011/
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‘ - - 100 the subtropical band between 1998 and 2001. Barton et
P, ; S al. (2010) developed a large-scale ocean model to investigate
e A . phytoplankton diversity across the global ocean and found
Prra that temporal variability of the environment played a signif-
icant role on the ecological control of phytoplankton diver-
sity. Regions with relatively steady environmental conditions
and high seasonal cycle reproducibility, such as the subtrop-
ics, enable the coexistence of multiple phytoplankton species
and enhanced diversity (Barton et al., 2010).

g

100w flooe |1, In the ACZ and MIZ, the amplitude of the seasonal sig-
/ nal is much higher (see also Allison et al., 2010) and large
» regions of relatively high seasonal cycle reproducibility are
0w |- i B found, e.g. in the Pacific south of 58 (~50 %), east of Ker-
guellen ¢49° S, 70 E) (60-80 %) and a finer scale banded
S .\ . 1o structure associated with the SAF zone and PF zone in
TN , the eastern Atlantic (50-7%, 0-10 E) (Fig. 4). In re-

10w 60°W ~ 180° T60°E T0°E

gions with a high degree of seasonal cycle reproducibility

. . 2_ .
Fig. 4. Percentage (from O to 1) of the overall variance explained (e.g. Fig. 5b, cR”=0.66 and 0.64, respectively) one would

by the mean seasonal cycle for the Southern Ocean soutr .30 expept that intra-seasonal forcing does not play a significant
Masked grid-points in white correspond to areas where more thau{OIe in the phytoplankton seasongl cycle an_d that the annual
half of the weekly values are missing. Mean (1998-2007) frontalime series would be almost entirely explained by the sea-

positions are shown for the STF (red), the SAF (black), the PFsonal forcing of light, heat flux and seasonal MLD (as in the
(green) and the SACCF (blue). subtropics, e.g. Fig. 5a). This does not mean that Fe or light

is not limiting but merely that it does not vary sufficiently

on an intra-seasonal time scale to influence the inter-annual

variability of the phytoplankton seasonal expression. In such

The percentage of the variance explained by the mean sednstances one would expect there to be sufficient winter pre-
sonal cycle (Fig. 4) defines how well the mean climatolog- conditioning of the water column with limiting nutrients (no-
ical seasonal cycle (from 9yr) represents the evolution oftaply Fe) to allow a bloom initiation when the seasonal PAR
chlorophyll over each year. Areas where the seasonal cyclgnreshold for increased primary production and biomass ac-
for each year is coherent with the 9yr meat? ¢ 0.4) are  cymulation is met in spring. The amplitude of the seasonal
defined as having high seasonal cycle reproducibility. Re-hlopom would depend on the supply of Fe via mechanisms
gions where there is large variability from year to year in the that include (a) the seasonal re-supply of Fe through winter
timing and amplitude of the bloom, and only a low percent- gyerturning (wintertime convective mixing sets the available
age of the variance can be explained by the mean seasongltrients for new production; Dutkiewicz etal., 2001), (b) the
cycle (R? < 0.4) are defined as having low seasonal cycle gepth of the summer mixed layer relative to the ferricline
reproducibility. Immediately apparent from figure 4 is the (deeper MLD’s having higher Fe reserves), (c) the amount of
sharp gradients between strongly contrasting regions of highateral advection of Fe into surface waters (e.g. downstream
(>70%) and low &30 %) seasonal cycle reproducibility.  advection from continents and subantarctic islands), (d) the
Despite the weak amplitude of the seasonal cycle in theamount of Fe supplied by upwelling at fronts and (e) the de-

STZ (~0 to 0.5mg nT3) between summer minima and win- livery of soluble iron by aerosol deposition (e.g. Fig. 5b and ¢
ter maxima, (Fig. 1a, b) (see also Allison et al., 2010) thefor low [~0.25 mgnT3] versus high 1 mgnt3] summer
overall variance of the chlorophyll signal is strongly phase blooms, respectively). In these instances, the intra-seasonal
locked to the mean seasonal cycte7Q % of variance ex- re-supply of Fe to surface waters through wind mixing or
plained) (Fig. 4). An example of the time series of chloro- mesoscale variability plays a less significant role in promot-
phyll compared to the climatological mean seasonal in theing phytoplankton growth, hence the low degree of intra-
STZ is shown in Fig. 5a. In this nutrient limited region, the seasonal and inter-annual variability (Fig. 5b, c).
phytoplankton seasonal cycle occurs in a predictable manner Regions of low seasonal cycle reproducibility (Fig. 4) gen-
(R2=0.91, Fig. 5a) when seasonal net heat loss and overerally correspond to regions of high variability in the phasing
turning in late autumn/early winter deepens the mixed layerof the bloom initiation (Fig. 3). The zone of low variance ex-
to below the nutricline, relieving nutrient stress in surface plained by the mean seasonal cycle2Q %) marks the TZ
waters and allowing phytoplankton production and biomass(~40° S). This region is particularly extensive in the Pacific
to increase. This finding agrees well with Dandonneau et(~40-50 S), where chlorophyll concentrations are so low
al. (2004), who found low ratios of inter-annual to total vari- and intra-seasonal noise so high that only a small percentage
ance from monthly SeaWiFS chlorophyll concentrations in of the variance can be explained by the mean seasonal cycle
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Fig. 5. Time series of chlorophyll concentrations from 1998 to 2007 (in red) compared to the climatological mean seasonal cycle (calculated
over the 9yr) (in blue) for % 5 degree blocks ia) a region of high seasonal cycle reproducibility in the low chlorophyll STZ (3035

0-5" W), (b) a region of high seasonal cycle reproducibility in the low chlorophyll ACZ west of Kerguellen (5&;556—60 E), (c) a

region of high seasonal cycle reproducibility and high chlorophyll in the ACZ, downstream of Kerguellen {&0)-85-75 E), (d) a region

of low seasonal cycle reproducibility and low chlorophyll in the TZ of the Pacific (404%5-100 W) and(e) a region of low seasonal

cycle reproducibility and high chlorophyll in the TZ off the east coast of South America (4&;4£0-58 W). The percentage of variance
explained by the regression of the time-series (red) onto the mean seasonal cycle (blue) is shown on ti?figivedorrelations are
statistically significant at the 99 % confidence level.
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(e.g. Fig. 5d:R?=0.27). The transition between spring and makes light a potentially dominant limiting factor. Intra-
summer bloom initiation at the ACZ and MIZ confluence seasonal forcing of the interaction between a deepening of
also marks a region of low seasonal cycle reproducibility.the MLD through wind mixing and the re-establishment of
At a smaller scale, transitions between regions of contraststratification through fresh water buoyancy, at adequate time
ing bloom initiation dates within the ACZ are also character- scales, similarly accounts for the high chlorophyll concen-
ized by weak seasonal cycle reproducibility e.g. the region oftrations but low seasonal cycle reproducibility found in this
low variance explained by the seasonal cycle correspondingegion. In regions such as these, where there is a low degree
to the region of late bloom initiation south of Australia. of seasonal cycle reproducibility, environmental variability
We hypothesize that low seasonal cycle reproducibility re-(through changes in the MLD which regulates light and nu-
lated to the transition between regions of different bloomtrient availability) may lead to competitive exclusion and a
initiation is potentially related to the diversity of conditions reduction in phytoplankton diversity (Barton et al., 2010).
encountered at the confluence between contrasting seasonalThe supplementary discussion accompanying Figs. S1-S4
regimes. Transition regions of low seasonal cycle repro-elaborates on intra-seasonal and inter-annual variability (that
ducibility are thought to be driven by a combination of mul- result in either high or low seasonal cycle reproducibility)
tiple limiting factors and forcing mechanisms from both sea-and complements the zonal characterisation of the South-
sonal regimes (e.g. nutrient and light limitation, see alsoern Ocean’s seasonal cycle. Inter-annual and intra-seasonal
Dutkiewicz et al., 2001 and Henson et al., 2009). If there arevariability in the STZ is low and consistent with a high de-
too many factors simultaneously limiting phytoplankton pro- gree of seasonal cycle reproducibility (Fig. 4), whereas in
duction (e.g. nutrients and light), phytoplankton are not ablethe TZ, inter-annual and intra-seasonal variability is partic-
to optimise to their environment, restricting the ability of the ularly high and seasonal cycle reproducibility consequently
system to build up biomass. The expression of this will mani-weak. A well defined but short lived bloom is found in the
fest as low annual chlorophyll concentrations with high inter- ACZ, and although there is low variability in bloom initiation
annual and intra-seasonal variability in bloom characteristicddates, inter-annual variability in the amplitude of the bloom
such as are found at the TZ in the Pacific (Figs. 4, 5d). is high. In the MIZ, variability in bloom initiation dates is
Low seasonal cycle reproducibility (Fig. 4) does not how- low but both inter-annual and intra-seasonal variability in the
ever necessarily coincide with low chlorophyll concentra- chlorophyll seasonal cycle is high, leading to low seasonal
tions (Fig. 1a). The TZ of low seasonal cycle reproducibil- cycle reproducibility.
ity in the Atlantic and Indian has relatively high summer  Although the fronts of the STF and ACC clearly influ-
chlorophyll concentrations (e.g. Fig. 582 = 0.44; chloro-  ence the regional characterisation of the seasonal cycle of
phyll max=~1mgnt3). Likewise, low seasonal cycle re- chlorophyllin the Southern Ocean (Figs. 1a, 2, 4), the phys-
producibility regions surrounding the continental margins of ical forcing mechanisms responsible for enhanced chloro-
Antarctica, America and Africa (Fig. 4) reflect high summer phyll (large scale flow versus small scale instabilities) are
chlorophyll concentrations (Fig. 1a). If our hypothesis for still unclear and need to be investigated further. Sokolov
the low chlorophyll concentrations in the Pacific TZ holds and Rintoul (2007b) propose that mean chlorophyll distri-
true then there has to be a reduction in the number of factorbution (and seasonal cycle) is best explained by upwelling
simultaneously limiting production in regions of low sea- where the ACC interacts with topography, followed by down-
sonal cycle reproducibility but high chlorophyll. We propose stream advection where flow-topography interactions drive
that in these regions intra-seasonal physical forcing mechupwelling of nutrients, independent of mesoscale instabil-
anisms are sequentially relieving light and/or nutrients at aities. Fronts however are known to provide a source of
frequency that is long enough to allow phytoplankton bloomsbuoyancy through mesoscale and sub-mesoscale instabili-
to fully develop. At the latitudes of the continental mar- ties which influence phytoplankton production through nu-
gins of Africa and America for example, nutrients rather thantrient supply (upwelling) and light availability (stratification)
light are considered the dominant limiting factor in summer. (Swart and Speich, 2010; Kahru et al., 2007) as well as be-
The upwelling of nutrients, particularly on eastern bound-ing zones of seasonal convergence. High resolution satellite
aries, through periodic wind events relieves nutrient stressmagery and model simulations now show that incorrect rep-
on a sub-seasonal time scale. The period of sub-seasonedsentation of sub-mesoscale frontogenesis can result in er-
forcing must optimise growth in biomass at rates that exceedors of up to 50 % in primary production estimate€yy et
losses to account for the high integrated summer chlorophylgl., 2001; Glover et al., 2008). Despite the significant con-
concentrations found here (Pasquero et al., 2005). The suliribution of fronts to characterising both the spatial and sea-
seasonal wind events responsible for the upwelling and mixsonal distribution of chlorophyll in the Southern Ocean, the
ing of nutrients are likely to be responsible for the high intra- contrasting view points in the literature highlights the inde-
seasonal and inter-annual variability expressed as low sederminate role of the fronts in controlling phytoplankton pro-
sonal cycle reproducibility. Along the continental margins duction. These differences seem to depend on the light/Fe
of Antarctica on the other hand, elevated Fe associated witlto-limitation regime that they are superimposed upon which
the continental shelf and ice melt (Fitch and Moore, 2007)in effect determines the physical forcing mechanism that

www.biogeosciences.net/8/2849/2011/ Biogeosciences, 8, 28662011



2858 S. J. Thomalla et al.: Scale characteristics of the seasonal chlorophyll cycle

500
450

_{60°E [{400 60°W|.__ _60°E {400

350

80E |{300 B0°W 80°F 300

@

2505

100°E | 1200 100°W 100°E | | 500

150

120% 500 1200w “120% {100

A

140°wW 160°W 180° 16;1}°E

Fig. 6. Average MLD in(a) winter (August) andb) summer (February) in the Southern Ocean from the De Boyer &gontet al. (2004)
dataset.

is ultimately responsible for the observed variability in the
chlorophyll seasonal cycle.

3.3 Mixed layer depth, irradiance and the
phytoplankton seasonal cycle

feoe f§06

As expected, mean MLD’s for winter (August) are deeper .,
than in summer (February) and present large spatial variabil
ity (Fig. 6a, b). In the Atlantic{20° E-20° W) and eastern
Indian Ocean{60-180 E), MLD’s of >200 and>300m
respectively are found betweend40 and 50S in winter
(Fig. 6a). Whereas in the Pacific in wintery 150-70 W)
MLD’s of >400 m are found further south betweeb0 and

60° S. In the 40-50S latitudinal band, MLD’s are relatively
shallow (~80—140 m) in winter compared to similar latitudes
in the Atlantic and Indian (Fig. 6a). In summer, MLD’s
present a more zonally coherent distribution, with MLD’s
shallower thar~50 m observed north of 4® and south of Fig. 7. Pearson’s correlation coefficient between seasonal cycles of

60° S, with MLD’s of 80-120 m in between (Fig. 6b). monthly MLD from the De Boyer Moréigut et al. (2004) dataset
The chlorophyll concentration at the sea surface generand chlorophyll. Masked grid-points in grey correspond to ar-

ally responds to the seasonal cycle of solar radiation whicheas where more than half the monthly values were missing in the

strongly impacts vertical stability through net heat flux, in- chlorophyll time series. Correlations are statistically significant at

fluencing vertical nutrient supply and the timing and inten- the 99 % confidence level.

sity of phytoplankton blooms (Dandonneau et al., 2004). A

first order estimate of the large-scale relationship between the

seasonal cycles of MLD and chlorophyll (Fig. 7) can there- mixing was shown to result in enhanced chlorophyll concen-

fore be used to improve our understanding of the transitiortrations (Dutkiewicz et al., 2001). High chlorophyll concen-

between different seasonal regimes. trations coinciding with deep MLD’s in the subtropics are
Consistent with our understanding of the subtropics as dikely enhanced by adjustments in community composition

nutrient-limited regime, the correlation in the STZ is uni- and photoadaptation of light limited cells in the deep winter

formly positive 0.8), with increased chlorophyll coincid- Mmixed layer (Letelier et al., 1993).

ing with deep winter MLD’s and associated nutrient replen-  The transition between a positive and negative correlation

ishment. These findings are supported by a study in the subdig. 7) corresponds remarkably well to the transition be-

tropical North Atlantic where anomalously strong convective tween winter and summer centred seasonal cycles (Fig. 2)

o o
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reflecting the sharp climatological change in the response oérn Ocean and provides the impetus for a comparison be-
the biology to the underlying physical control mechanisms.tween the main ocean basins. The zonally asymmetric nature
Negative correlations are evident in the ACZ and MIZ, con- of the seasonal cycle of chlorophyll in the Southern Ocean
sistent with a light limited regime where increased chloro- provides the impetus for basin scale comparisons in addi-
phyll concentrations coincide with shallow MLD'’s (see also tion to zonal characterisation. This asymmetry was similarly
the subpolar regions of the North Altantic where deep mix- noted in the response of the MLD to the SAM by $allet
ing leads to lower phytoplankton abundances (Dutkiewicz etal. (2010). From a heat budget of the mixed layer they con-
al., 2001). A shoaling of the MLD provides the required clude that meridional winds associated with the departure of
light environment for phytoplankton production favouring the SAM from zonal symmetry causes anomalies in heat flux
increases in specific growth rates that exceeds export andnd MLD which has consequences for biological productiv-
losses through grazing and results in biomass accumulatioity. In the following section, particular emphasis is given to
(Sverdrup, 1953; Mitchell et al., 1991; Comiso et al., 1993). basin scale comparisons in order to more accurately charac-
However, in these high latitudes, low light (PAR) environ- terise regional differences in the phasing of the chlorophyll
ments, the relationship is more convoluted than in the subbloom with respect to MLD’s. The seasonal progression of
tropics, with areas of low and in some instances slightly posi-chlorophyll were plotted with mean MLD’s for three tran-
tive correlations (e.g. Crozet) interspersed among the generalects, one in each of the ocean basins (Fig. 8a, b, c).
trend of a negative correlation. This “patchy” appearance is For each of the three transects a similar latitudinal pro-
indicative of maximum seasonal chlorophyll concentrationsgression in seasonal characteristics of the chlorophyll bloom
that are not uniformly phased with the timing of minimum is evident (Fig. 8a, b, c). In the STZ to the north maximum
MLD's. Unlike in the subtropics, where a simple overturning chlorophyll concentrations are in winter, coincident with
threshold (net heat loss in winter) initiates the seasonal cyclemaximum winter MLD'’s (50—-130 m). Minimum chlorophyli
the physical forcing mechanisms of the mixed layer dynam-concentrations occur in late summer, when MLD'’s are shal-
ics south of 40S are more varied and complex, as are thelow (20-50m). In the ACZ (south of the TZ), the phasing
requirements to promote phytoplankton growth. Although of the chlorophyll bloom switches to one in which maxi-
the prevailing negative correlation between MLD and surfacemum concentrations are centred around the summer months
chlorophyll suggests that light is more important in limiting (November to January), following the shoaling of the win-
production in the subantarctic (relative to the subtropics), theter mixed layer £70 m). In the MIZ bloom initiation oc-
Southern Ocean is also nutrient limited, in particular with curs one month later (Fig. 2) with maximum concentrations
regards to Fe and Si (Boyd et al., 2002). The prolonged perextending into autumn (March) coinciding with shallowest
sistence of a shallow mixed layer can in some cases lead t¥LD’s (30—-40 m). The presence of the Weddell Gyre in the
nutrient limitation of primary production such that a periodic Atlantic transect (Fig. 8a) broadens the latitudinal extent of
intra-seasonal deepening of the mixed layer (allowing Fe rethe MIZ (~57-70 S) compared to the Indiam-@G0—65 S)
supply), at time scales of the same order as the phytoplanktoand Pacific ¢ 70-7% S) (Fig. 8b, c).
growth rate, is necessary to maintain production rates at high Besides the comparable characteristics in latitudinal pro-
levels throughout the summer season (Pasquero et al., 2005ression of the seasonal cycle, inter-ocean basin differ-
In such instances, phytoplankton population growth rates arences are also evident. The Atlantic and Indian transects
able to exceed their losses resulting in a well defined seasondFig. 8a, b) are characterised by a relatively rapid *3%—
phytoplankton bloom (the integrated effect of localised sub-40° S). In the Pacific transect (Fig. 8c); the TZ between win-
seasonal blooms) that does not coincide with the shallowester and summer centred seasonal regimes is extended in lati-
MLD'’s (see also Fauchereau et al., 2011). tude (35-49S), with distinct summer bloom characteristics
Changes in the mixed layer result from the interaction of only evident south of 50S. The latitudinal transition to a
turbulent mixing, through wind stress, and buoyancy forcing,summer bloom regime coincides with the northernmost ex-
through air/sea heat fluxes, fresh water fluxes, entrainmenpression of the deepest winter MLD's i.e. 130 m in the At-
and advection (geostrophic and Ekman). These two driversantic (42 S), 300 m in the Indian (425) and 300 m in the
(turbulent mixing and buoyancy forcing) compete to either Pacific (49 S). Although the mechanism responsible for the
strengthen stratification or destroy it. We propose that theabsence of a deep winter mixed layer in the 40-33%ati-
complex nature of the controls on stratification and produc-tudinal band in the Pacific (90-100m) is unclear (see also
tion in the Southern Ocean plays an instrumental role in theFig. 6a), it is likely that an additional sustained input of
expression of seasonal, sub-seasonal and regional variabilityuoyancy (e.g. additional heat source from southward pen-
in chlorophyll concentrations and the seasonal cycle. etrations of subtropical water) prevents the deepening of the
mixed layer in winter to depths comparable to those of the
3.4 Basin scale meridional controls of the seasonal cycle Atlantic and Indian (130 and 300 m, respectively).
One can reasonably assume that the Pacific, when com-
In addition to the broad zonality explored in the previous sec-pared to the Atlantic and Indian, has a potentially lower
tion, a large degree of zonal asymmetry exists in the SouthFe supply to surface waters through the lack of continental
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Fig. 8. Mean seasonal cycles (May to April — x-axis) of chlorophyll (colour scale) and annual mean MLD in metres (contours) as a function
of latitude (30-80 S — y-axis) for a 10 longitudinal transect irfa) the Atlantic (0—10 E), (b) the Indian (85-95E) and(c) the Pacific
(110-100 W) Oceans. Mean (1998-2007) frontal positions are shown for the STF (red), the SAF (black), the PF (orange) and the SACCF
(blue).

or subantarctic island and sub-ocean land mass and lowesupply to surface waters through deep water entrainment is
mesoscale eddy activity from a lack of bathymetry to inter- limited, shallow winter mixed layers are unlikely to be deep
act with the mean flow. Increased eddy kinetic energy assoenough to entrain sufficient Fe into the surface waters for
ciated with such features, enhances the sub-surface flux aftimulating and maintaining high production rates through
Fe into surface waters, potentially enhancing phytoplanktorthe summer. This is consistent with a recent compilation
growth (Hense et al., 2000; Sokolov and Rintoul, 2007a; Parkof ~13 000 dissolved iron measurements for the Southern
etal., 2010). If the main source of Fe to the surface waters oOcean (Tagliabue et al., 2011) which show comparatively
the Southern Ocean is through vertical mixing and upwellinglow surface iron concentrations in the Pacific compared to
70-80% (Archer and Johnson, 20086)99 % (Lefvre and the Indian and Atlantic. Hence, the extended (35-SPlow
Watson, 1999), one can deduce that in the Pacific, where Fehlorophyll TZ in the Pacific, with high variability and low
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seasonal cycle reproducibility, likely results from Fe limita- deepens in autumn that nutrient stress in surface waters is
tion arising from a lack of adequate supply to the surfacerelieved, allowing phytoplankton production and biomass to
from the deep Fe pool. increase. Similarly, Region A in the low chlorophyll pelagic
waters of the Southern Ocean (north of the MIZ, away from
fronts and shallow topographic features) is also nutrient lim-
4 Synthesis ited. Winter overturning re-supplies limiting surface nutri-
ents (in particular Fe) to support an increase in phytoplank-
Characterising the Southern Ocean according to the variabilton growth, but only in spring when light levels are suffi-
ity of the seasonal cycle provides a more dynamic undercient. In these regions, the available nutrients are rapidly
standing of the spatial heterogeneity of production based omsed up by the phytoplankton community and the bloom sub-
underlying physical drivers rather than mean climatological sequently declines when community losses outweigh growth
biomass. Based on our analysis of the timing, variability rates. Despite the amplitude of the seasonal cycle in these
and seasonal cycle reproducibility of seasonal chlorophyliregions being weak, the overall variability of the chlorophyll
distributions, we defined the spatial distribution of the sea-signal is strongly phase-locked to the annual seasonal cycle.
sonal cycle into four zonal regions: (1) the STZ30-350r  |n these regions, no sub-seasonal forcing of the mixed layer
40 S), characterised by an autumn bloom initiation (Fig. 2), to below the nutricline is replenishing surface nutrients on
low inter-annual and intra-seasonal variability and high sea-intra-seasonal time scales, which accounts for the low intra-
sonal cycle reproducibility (Fig. 4); (2) the TZ of high vari- seasonal and inter-annual variability and a predictable sea-
ability in bloom initiation dates (centred aroundd(®S)  sonal cycle (high seasonal cycle reproducibility). According
(Fig. 3), where inter-annual and intra-seasonal variability isto ecological explanations for modelled diversity gradients,
also high and seasonal cycle reproducibility consequentlysuch stable environments are thought to favour multiple phy-
weak (Fig. 4); (3) the ACZ (south of the TZ) where bloom toplankton with comparable fitness and subsequent high di-
initiations are generally in spring (Fig. 2), inter-annual vari- versity (Barton et al., 2010).
ability in bloom initiation dates is low (Fig. 3) and large ar-  The second region with low chlorophyll concentrations
eas of both high and low seasonal cycle reproducibility are(Region B, dark blue) is also characterised by low Fe con-
found (Fig. 4), and (4) the MIZ where bloom initiations are centrations but this region displays low seasonal cycle repro-
in summer (Fig. 2), variability in bloom initiation dates is low ducibility. This region is particularly extensive in the Pacific
(Fig. 3) but inter-annual and intra-seasonal variability in thewhere increased positive buoyancy forcing potentially pre-
chlorophyll seasonal cycle is high, leading to low seasonalents the deepening of the winter mixed layer to below the
cycle reproducibility (Fig. 4). ferricline, thus failing to re-set the seasonal Fe supply. If

This zonal classification effectively characterises the vari-the winter re-supply of Fe to surface waters is insufficient
ability of the seasonal cycle in the Southern Ocean. Howeverand/or the depth of the ferricline is below the deepest summer
when the response of the biology to the underlying physicsMLD's then phytoplankton lack the potential to significantly
of the different seasonal regimes was taken into consideratioincrease their biomass during the summer season through Fe
(i.e. low versus high seasonal chlorophyll maxima), an addi-limitation. These regions are characterised by chlorophyll
tional classification system was required. In order to sum-concentrations that are so low and intra-seasonal variability
marise the varying responses of the phytoplankton commuso high that only a small percent of the variane( %) can
nity to the different seasonal regimes, we created a schematise explained by the mean seasonal cycle.
that divides the Southern Ocean into a montage of four re- The last two regions refer to areas of high chlorophyll but
gions in addition to the four seasonal zones (Fig. 9). Thiswith either a high (Region C, dark green) or low (Region D,
schematic is created from a composite of the mean sumlight green) seasonal cycle reproducibility. Regions of high
mer chlorophyll concentration from November to February chlorophyll in the Southern Ocean result from integrated sea-
(1998-2007) and the variance explained by the seasonal cysonal primary production that exceeds community losses and
cle (Fig. 4). The four regions result from a combination according to the literature results from the relief of Fe stress
of high (>0.25mg n13) or low (<0.25 mg nT3) chlorophyll  at ocean fronts, over shallow bathymetry, along continental
concentration and higtR¢€ > 0.4) or low (R? < 0.4) seasonal  margins, in the MIZ (e.g. Boyd, 2002) and downwind of dry
cycle reproducibility. This figure is intended as a support to continental areas (Cassar et al., 2007). The different seasonal
a conceptual framework on the nature of the response of thexpressions of high and low seasonal cycle reproducibility,
phytoplankton seasonal cycle to variability in the physical however implies distinct physical supply mechanisms of Fe
control mechanisms. and light to the surface waters.

Region A (light blue) is representative of a nutrient lim-  In the high chlorophyll regions with high seasonal cycle
ited regime with low chlorophyll concentrations but high sea- reproducibility (Region C, dark green), intra-seasonal forc-
sonal cycle reproducibility. In Region A, in the STZ (30— ing of the nutrient and light regime is not the dominant
40° S), nutrients (in particular N§) are limited throughout mechanism responsible for enhanced summer chlorophyll.
the summer months and it is only when the mixed layerin these regions, we hypothesize that the annual time series
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Fig. 9. A schematic summarising the response of phytoplankton biomass to the underlying physics of the different seasonal regimes.
Regions in blue represent regions of low(.25 mg n3) chlorophyll concentration with either high seasonal cycle reproducibiRﬁ/:(

0.4) (Region A, light blue) or low seasonal cycle reproducibiliR?(< 0.4) (Region B, dark blue). Regions in green represent regions of

high chlorophyll concentration=(0.25 mg nT3) with either high seasonal cycle reproducibility (Region C, dark green) or low seasonal cycle
reproducibility (Region D, light green). Mean (1998—-2007) frontal positions are shown for the STF (red), the SAF (black), the PF (yellow)
and the SACCF (pink).

is almost entirely explained by the seasonal forcing of light, pletions of surface nutrients such that a periodic deepening of
heat flux and seasonal MLD (as in the subtropics). This is nothe ML (to below the nutricline) is necessary for phytoplank-
to say that Fe or light are not limiting factors but merely that ton population growth to occur. This high intra-seasonal vari-
their influence does not vary sufficiently on intra-seasonalability likely culminates from a combination of high wind
or inter-annual time scales to impact the high reproducibil-stress variability at appropriate time scales and upper water
ity of the phytoplankton seasonal expression. In such in-column stabilisation through positive buoyancy forcing via
stances sufficient winter preconditioning of the water columnmesoscale dynamics and fresh water (ice melt) fluxes. In
with limiting nutrients allows for a consistent bloom initia- regions such as these, where the seasonal variability of the
tion when the seasonal PAR threshold is met in spring. Theenvironment is high, competitive exclusion of phytoplankton
duration and integrated seasonal amplitude of the bloom dewith slower growth rates may lead to lower phytoplankton
pends on the amount of Fe made available through wintediversity (Barton et al., 2010).
overturning, the depth of the summer mixed layer relative This conceptual framework for characterising the response
to the nutricline, lateral advection of Fe into surface waters,of the biological seasonal cycle to the underlying physics em-
upwelling at fronts or dust deposition. phasizes the role of bottom-up controls of light and nutrients
In regions of high chlorophyll but low seasonal cycle re- in the Southern Ocean. The lack of information on growth
producibility (Region D, light green), the seasonal character—+ates and community composition does not allow us, at this
istics of high inter-annual and intra-seasonal variability arestage, to quantify the roles of grazing and biogeography in
likely to be controlled by sub-seasonal forcing of the nutri- determining the observed patterns of seasonal characteristics.
ent and light supply. In these regions, we hypothesize thaMore complete knowledge of the changes to the ecosystems
high integrated summer chlorophyll concentrations are a didis however important if we are to understand the biological
rect consequence of high intra-seasonal physical forcing ofesponse to future climate change. For example, changes in
the MLD at appropriate time scales (Pasquero et al., 2005)climate may facilitate a shift in species composition altering
In these regions, shallow MLD’s likely lead to short term de- the elemental composition of particulate matter, cell size and
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the trajectory of primary production through the food web, Supplementary material related to this

influencing the proportion of biomass exported to the deeparticle is available online at;

sea (Finkel et al., 2010). Looking to the future, the devel- http://www.biogeosciences.net/8/2849/2011/

opment of ecosystem appropriate functional type algorithmsbg-8-2849-2011-supplement.pdf

will allow us to use satellite remote sensing data to provide
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