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Abstract

In contrast to most of the Southern Ocean, the Kerguelen Plateau sippamnusually strong
spring chlorophyll (Chl-a) bloom, likely because the euphotic zone in th®mes supplied
with higher iron concentrations. This study uses satellite wind, sea suefaqeerature (SST),
and ocean color data to explore the impact of wind-driven processegsveelling of cold (pre-
sumably iron-rich) water to the euphotic zone. Results show that in the &ergtegion, cold
SSTs correlate with high wind speeds, implying that wind-mixing leads to esbavertical
mixing. Cold SSTs also correlate with negative wind-stress curl, implying tkiaels pumping
can further enhance upwelling. In the moderate to high EKE regionswsutiing Kerguelen we
find evidence of coupling between winds and SST gradients associatethesthscale eddies,
which can locally modulate the wind-stress curl. This coupling introducessgpent wind-stress
curl patterns and Ekman pumping around these long-lived eddies, whichmogulate the evo-
lution of Chl-a in the downstream plume far offshore. Close to the plateaugdidig coupling
breaks down. Kerguelen has a significant wind shadow on its downvdeq \which changes
position depending on the prevailing wind and which generates a wind-stelsdipole that
shifts location depending on wind direction. This leads to locally enhancew&lpumping for
a few hundred kilometres downstream of the Kerguelen Plateau; Chl-asvednd to be more
elevated in places where wind-stress curl induces Ekman upwelling thacaitidios of down-
welling, although the estimated upwelling rates are too small for this relationshgsit@drom
direct effects on upward iron supply, and thus other processeshwdrcain to be determined,
must also be involved in the establishment of these correlations. During tbb&»élovember
2011 KEOPS-2 field program, wind conditions were fairly typical for trggomr, with enhanced
Ekman upwelling expected to the north of the Kerguelen Islands.

1 Introduction

The Southern Ocean is characterized as a region of high macronutnigritsvochlorophyll
(HNLC), where low concentrations of dissolved iron inhibit growth of {@pyankton, despite
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the presence of ample quantities of macronutrients (Martin et al., 1990;, R0Y@; de Baar
et al., 2005; Hopkinson et al., 2007). Exceptions to the HNLC regime docarfew limited
areas, primarily near the Antarctic continental shelf (e.g., Moore and #8b®@00; Holm-
Hansen et al., 2004; Kahru et al., 2007; Charette et al., 2007; Arrigig €008; Dulaiova et al.,
2009; Frants et al., 2013) or near specific islands (e.g., Blain et al.; Paliard et al., 2007;
Planquette et al., 2007; Venables et al., 2007; Korb et al., 2008), wioerean be supplied to
surface waters from lithogenic sources or from ocean sediments (eegsuves et al., 2012).
The plateau surrounding the Kerguelen Islands supports a particulammgdloom, which has
been the target of two Kerguelen Ocean and Plateau compared StudyP@HEeld campaigns
(e.g., Blain et al., 2007, 2008; Park et al., 2008a,b, 2014b; van Besdk @008; Sanial et al.,
2014; Zhou et al., 2014; van der Merwe et al., 2014, and other pap#is volume). KEOPS
results show evidence that in comparatively shallow water over the Kergiéateau, bottom
waters are enriched in dissolved iron and then advected horizontally i3otae Front (Blain
et al., 2008; van Beek et al., 2008; Sanial et al., 2014). Enhancédalenixing in the upper
ocean may help to bring dissolved iron upwards into the euphotic zone Pakk 2008a).

In most of the Southern Ocean, wind forcing is thought to influence sehaad interannual
variations in biological productivity through several competing mechaniStngng winds can
deepen the mixed layer, bringing up to the euphotic zone cold water that igriotn and
macronutrients, and thus enhancing phytoplankton growth. In some péakparticularly in
low-stratification environments such as commonly occur in the Southern QOsteamng winds
can also deepen the mixed layer enough to mix phytoplankton over largeadisitances, thus
reducing average light levels and possibly limiting phytoplankton growth (Kahru et al.,
2010; Fauchereau et al., 2011). Typically along the primary axis of tharétic Circumpolar
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Current (ACC), around 5@ in the Kerguelen region, mean wind stress is a maximum, anfl

wind-stress curl is zero. Depending on the sign of the wind-stressteisrimay play a further
role in biological productivity: south of the zero wind-stress curl linemiak pumping drives
upwelling, which can bring iron and macronutrients upward from below thednixyer, while
to the north, Ekman pumping results in downwelling (Carranza and Gille, 20Hie wind

SSn

mixing and Ekman pumping provide a basic framework for evaluating largle-ptocesses, at
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any given location, local effects can significantly modify large-scale pimtesses. At eddy- =

length scales, sea surface temperature (SST) anomalies can modifyeswitfials, which tend
to accelerate over warm water and slow over cool water, resulting in foodifications to
the wind-stress curl and divergence (e.g., O'Neill et al., 2003, 2@88)correspondingly to
the local Ekman pumping velocity. In addition, eddies themselves influenceGbtarophyll-
a (Chl-a) concentrations, and this may be associated both with horizownedtexh induced
by the eddies (e.g., Chelton et al., 2011), with eddy influences on uppanatratification
(e.g., Mahadevan et al., 2012), or from strong vertical velocities irdlugthin the filaments
surrounding the eddies (e.gé\y et al., 2012).

While wind-driven upwelling appears to help determine variability in phytogtmkrowth
in regions of the Southern Ocean that are far from land (e.g. Kahrl, @040; Fauchereau
etal., 2011; Carranza and Gille, 2014), the role of wind is less clear &s arear islands where
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phytoplankton blooms are stronger and more persistent and wheredebraage of processes -

might be expected to control iron availability. These processes inclugmimcgansport pro-

cesses, which might vary the sediment content of water advected awayttie island shelf

(e.g. Park et al., 2008b; van Beek et al., 2008; van der Merwe et 44,)28nd processes that
influence lithogenic sources of iron from the Kerguelen Islands (e.gciBrelli et al., 2001,
Chever et al., 2010; Sanial et al., 2014), as well as local orograptieirtes on winds. For
example, Kerguelen stands 1850 m tall and produces a substantial vaidovghwhich in turn
modifies the wind-stress curl (Chelton et al., 2004). The present stadyttwis carried out as
a complement to the second KErguelen Ocean and Plateau compared SH{y $K2) field
campaign, with the aim to assess the extent to which wind-driven upwellinganischs might
contribute to the iron availability and biological productivity in the region atbierguelen.

In this study we focus on two key issues. First for the region aroundu&en, we evaluate
the extent to which the wind-stress and wind-stress curl driven mechsuisntrol SST (and
by extension iron, macronutrients and Chl-a, as shown in Figure 1). Thigaisined both
on the regional scale and also for wind-eddy coupling associated withsgeeanotions. As
part of this analysis, we specifically consider the role that the Kergueiled shadow could
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play in modifying wind-driven upwelling. Second, we evaluate whether wdrigen processes
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play a significant role in the region around Kerguelen where a large biopnesent. SST will v
serve as a proxy for iron and macronutrients for much of this analysisa @Ghmore difficult :
to interpret than SST because satellite-derived Chl-a estimates are odyplevan cloud-free
conditions, which are comparatively rare in the Southern Ocean, araige@hytoplankton
require time to grow after they are first exposed to optimal iron, macronuai@hlight levels,
and thus Chl-a concentrations can lag physical parameters by an in¢reftiere that has not
been determined precisely. SST and Chl-a can also differ in fundameajal &ST anomalies
can influence wind, inducing a coupled air-sea interaction, whereaa &centrations do not
influence wind. Section 2 discusses the range of satellite data and résupabducts that we
consider for this analysis, section 3 briefly summarizes the computational doétlyy, section
4 presents the results, and section 5 provides a summary and conclusions.
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2 Data

Vector wind data were derived from scatterometer measurements obtgiieel Quick Scat-
terometer (QuUikSCAT) satellite, which operated from June 1999 througkmber 2009 (Freilich
et al., 1994). We made use of daily and weekly averages of the QuikS@x&l ¥ Gridded 5
Mean Wind Fields produced by L'Institut Francais de Recherche lfExploitation de la Mer's -
Center for Satellite Exploitation and Research (Ifremer/CERSAT). Dateetgased on a 0°%5
regular grid (cersat.ifremer.fr). Since QuikSCAT failed in 2009, for the fi@eod correspond- =
ing to the KEOPS-2 field program, we use Cross-Calibrated Multi-Platfor@ME) winds
(Atlas et al., 2008, 2009), which our tests show to be effective at dagtwind variability on —
time scales as short as the diurnal cycle (Carranza and Gille, 2014).

SST data were obtained from the Advanced Microwave Scanning Radiofoetbe Earth
Observing System (AMSR-E), which operated from June 2002 threagly October 2011
(Chelton and Wentz, 2005). We use version 3 of the objectively intergbfagiels distributed
by Remote Sensing Systems (RSS). (The SST data fields formally merge emeasts from
3 microwave sensors, TMI, AMSR-E, and WindSat, but we consider adatitange and time
period when the fields should be determined only by AMSR-E.) The dataadlseaverages
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on a 0.25 grid. Microwave SST data have the advantage of being available in almosirall
precipitating weather conditions, in contrast with infrared SST data, wtifeh lhigher spatial
resolution but do not return data in cloudy conditions. Clouds are praval®ut 70% of the
time in the mid-latitude regions such as the Southern Ocean (Chelton and WY, 2or this
study, data were analyzed for a 7-year time period from 1 Novembert?@62gh 31 October
2009, chosen to represent an integer number of years and to hav@ b&®BCAT winds and
AMSR-E SSTs available. From this time period, we have omitted 5 isolated dayghioh
wind data were missing from the CERSAT records. Unless otherwise stditadalyses in this
paper were carried out for this full time interval. Figure 1d shows climatotbgiean SST for
spring, and Figure 1e shows summer SST. For October-November @@#h,the KEOPS-2
field program took place, SSTs from WindSat are used (Figure 1f).

Sea surface geostrophic velocity anomalies (relative to a temporal meanlf®2-1999)
were produced by the SSALTO/DUACS project, based on a multi-satellite altimpetduct
(Le Traon et al., 1998; Ducet et al., 2000; Dibarboure et al., 2011¢s& data, which are
distributed by AVISO, are released at weekly intervals, and each mapaisghly a two-week
window of satellite observations, mapped on a regular Mercator grid withdasgacing of =
0.32 longitude by roughly 0.2 latitude. Eddy kinetic energy (EKE) was computed by first®
removing the mean for the analysis time period, in order to obtain velocity anomakeslv’,
and then computing EKE (u’? +v'?) /2. =

We use net surface heat fluxes from NCEP Climate Forecast Systamaliga (NCEP/CFSR, =
Saha et al., 2010). This is a high resolution coupled-global reanalysismtoaporates satellite -
measurements. Net surface-heat-flux accuracy increases over tintER/NFSR and shows
smaller biases than the NCEP/NCAR reanalysis (Saha et al., 2010; Xue2&t1dl), They are
available at 1 hour an@l5° x 0.5°, and we spatially interpolated and averaged in time to matcE
the resolution of satellite fields. 2

Finally, we considered ocean color data as a proxy for Chl-a contientit the ocean sur- :
face. Figure 1a shows climatological spring, and Figure 1b shows sumiher distributions
for the Kerguelen region. We use a weight-averaged merged prodatdsttietermined using -

the bio-optical model described by Maritorena and Siegel (2005). Datdistributed by the
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GlobColour project from the European Space Agency (http://hermes:acrhe merged prod- 77
uct is available on a 0.2%y 0.25 grid at daily and weekly (i.e. 8-day) time intervals, and itj;
minimizes data gaps due to persistent cloud cover and low sun angles. Chieseadistribu- =
tions illustrate the persistent high productivity that occurs on the Kerglgrau and just to ;
its east. Distributions during the KEOPS-2 cruise time period (Figure 1c)ate fypical of
spring Chl-a blooms shown in Figure 1a.

3 Methodology

In this study, we examine both the large-scale patterns of correlation betiadg wind forc-
ing and SST and also the longer-time-scale local, mesoscale modifications égptittsrns,
specifically focusing on the broad region surrounding the KergueleledlaSeveral analy- =
ses have demonstrated a clear relationship between mesoscale SSE feadusarface winds -
(e.g., O'Neill et al., 2003, 2005). For example, O'Neill et al. (2003)vebd that throughout
the Southern Ocean, large SST gradients associated with narrow ffeatates (with spa-
tial scales of 10-100 km) have a significant impact on the overlying winds.afmospheric =
boundary layer is less stable over warm water than cold water, and thissimdueater vertical
mixing of momentum and correspondingly higher surface winds over waaterithan over
cold water. O'Neill et al. (2003) showed that SST gradients thus indumgsdsotherm gra-
dients in wind speed. For wind directed along isotherms, this leads to a nonviel-stress
curl, which through Ekman pumping can drive localized vertical velocities; curl(t)/pf,
wherer is wind-stressp is density andf is the Coriolis parameter. In the Southern Hemi-—
sphere, negative wind-stress curl induces upward Ekman pumpingtieddi.e.w > 0). For
winds directed across isotherms, SST-induced modifications of the atnminsiptiendary layer =
can induce a non-zero divergence of the wind stress. We hypottteaiziar from Kerguelen, 7
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mesoscale SST should influence wind-stress curl or divergencihdtutiose to Kerguelen this
mechanism might break down.

Our approach follows that of O’Neill et al. (2003, 2005). In order toimiae the impact of =
synoptic-scale storms, for some aspects of this analysis, data wergewenger three-month
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periods, corresponding to the typical decorrelation time-scales fonaceddies (Phillips and
Rintoul, 2000). Wind speed, wind-stress curl, and SST all have largle-meridional gradients,
with significant gradients across the ACC fronts. For the three-montlagedrdata, a spatial
filter was applied to remove scales larger thaf Hiitude by 30 longitude from the data, in
order to retain only mesoscale disturbances.

The variables analyzed in this study are interdependent. For examplear85Wind are
both influenced by air-sea buoyancy fluxes, because of processasging in the atmospheric
boundary layer that are not expected to influence iron or nutrient lipg.eThus for some
components of this study we use partial correlations, which provide a farreehanism to
compute a correlation coefficient while controlling for the influence of addttivariables (e.qg.,
Prokhorov, 2001; Baba et al., 2004). In essence, to compute thd partigation of wind speed
(W) and SST, controlled for air-sea flugf..), we first remove the component of thé,SST
correlation that could be explained because Bdtland SST are individually correlated with
Qnet. Here partial correlations are applied to the unfiltered data.
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4 Results

4.1 Assessing SST-wind relationships
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We correlate wind speed and SST (Figure 2a), using the method of partielations to control
for the impact ofQ),..; (Baba et al., 2004). Through most of the Southern Ocean, in yeadrou -
data high wind speeds are associated with cold SSTs, implying that windeidduizing deep-
ens the mixed layer and brings cold water, iron and macronutrients to tleesi{ahru et al.,
2010), and during spring and summer this can promote phytoplankton g(Gathanza and
Gille, 2014). (In winter and early spring when stratification is low, high wicas deepen the
mixed layer and move phytoplankton out of the euphotic zone, resulting in ldva (Kahru

etal., 2010), but the focus of this study is on spring and summer.) As hggiatd, wind speed
and SST are negatively correlated (blue) almost everywhere, ekcspime locations to the
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north of Kerguelen. Positive correlations (red) fall along the Subaetitafront and Polar Front
of the ACC, which represent the primary axes of the current; heregelsaim SST can feed-
back on the winds. This positive correlation associated with the mesoscaghea when we
high-pass filter the data to consider synoptic storm effects (Carranzaide, 2014), implying
that large-scale storms suppress eddy feedback effects. Dud Kaggoelen, in the Kerguelen
wind shadow region, high winds correlate with cold SSTs (Figure 2andinecessarily with
high Chl-a (not shown), implying that iron and macronutrient sourcesamewhat different
near the Kerguelen Plateau than they are in the open ocean.

Wind-stress curl correlations with SST (Figure 2b) differ on either sideeozero wind-stress
curl line. To the south of the zero wind-stress curl line, where negafing-stress curl prevails
(implying mean upward Ekman pumping), wind-stress curl is positively taigeé with SST
(red in Figure 2b), implying that in most regions typical of Kerguelen, pasiEkman pumping
(upwelling) events bring colder (and perhaps more iron-rich) waterset@tiean surface. To
the north of the zero wind-stress curl line, negative correlations stdigat downwelling is
associated with warm SST, but along the axis of the ACC, Figure 2b shatelgs of positive
correlation, suggesting that SST impacts on wind may influence the corre{atien in this
case, in which partial correlations have been used to contrd)for.)

Next we filter to consider the impact of mesoscale eddies (Figure 3) follothimgpproach
of O'Neill et al. (2003).. As an example for the time period correspondiniggdKEOPS-1 field
work, from December 2004 to February 2005, Figure 3a shows the stieds curl and Figure
3c shows the associated cross-wind component of the SST gradient Blgshows the wind-
stress divergence, and Figure 3d shows the down-wind componéné &ST gradient. The
wind-stress curl has elongated zonal structures, aligned along the maimegh Ocean fronts,
which are reflected in the large spatial patterns of Figure 3c, while the stieds divergence
has isolated anomalies, generated around the large stationary meantherSotithern Ocean
fronts, which are reflected in the smaller-scale structure of the tempegaadient in Figure
3d. Areas where the two components of the SST gradient are strongistgnl.5 x 10~2 and
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from geostrophic velocities from satellite altimetry, as shown in Figure 3e.dddars along
the axis of the ACC, north and west of Kerguelen.

In general the coupling between wind-stress curl and SST gradiem¢asest in regions
where EKE is greatest, and is less strong in regions of less intense EKE,tol&Kerguelen.
Figure 3f shows the zero-lag correlation coefficient between windsstngrl and the cross-wind
component of the SST gradient for the time period from 1 November 2002dghr31 Octo-
ber 2009. For Figure 3f, 3-month time periods are used, and consetute windows overlap
by 3 months, resulting in a total of 42 3-month periods. Because of the pyevlaassume
the number of statistically independent samples to be two-thirds of 42, the @bificeince
level is 0.37, and correlation coefficients less than 0.37 appear whitdeogizgy. The correla-
tion coefficient is positive (red) and statistically significant for most of #gian surrounding
Kerguelen, in agreement with the relationships between wind-stressncl8&T identified by
O’Neill et al. (2003, 2005). Areas with high EKE in Figure 3e, generadlyenstatistically sig-
nificant positive correlations in Figure 3f, implying that the wind-stres¥$8T relationship
is present within the ACC, where EKE is moderate to high.

Figure 3f also indicates that this mesoscale wind coupling occurs in wakepsidinan 2000
m, including in the deeper basin to the east of Kerguelen, within the extenilea iloom
shown in Figs 1a-c, where KEOPS-2 observations were made. In thiskdesn, the wind-
induced coupling drives persistent zones of Ekman-driven upweltidgdawnwelling that are
generated around the long-lived (order 3 month) mesoscale eddies amdlene As Gaube
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et al. (2013) demonstrated in the eastern Indian Ocean, eddy-scaksges can modulate =

Chl-a in a manner consistent with eddy-induced Ekman upwelling; assumingrgimatzesses
occur in the KEOPS-2 region, they could be responsible for exchamgawgonutrients, iron,
and even Chl-a, between subsurface and surface layers.

Perhaps more surprising is that the coupling between wind-stress cutharSST gradi-
ent is low on the Kerguelen Plateau and due east of Kerguelen (ar@ifd 45E), where
SST gradients are nonetheless strong (Figure 3c), and where we mavatdlly expect to find
high correlations. In these regions we hypothesize that the orogrdgfsrguelen itself may
influence the wind-stress curl, and this topic will be addressed in the eetos.
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4.2 Impact of the Kerguelen wind-shadow

The 1850-m maximum elevation of the Kerguelen Islands is sufficient torgtena substantial
wind shadow (Chelton et al., 2004). Downstream of Kerguelen, the wiadesv induces pos-
itive wind-stress curl (downwelling) to the south of the wind shadow armyative wind-stress
curl (upwelling) to the north. Chelton et al. (2004) showed the structitteeovind shadow in
the case of zonal winds. In reality in the Kerguelen region, wind directinntistrictly zonal, as
illustrated in Figure 4, which shows a probability density function of daily winelss directions

ISSTLOST(]

observed from the analysis period at 492571.25E. (For these calculations, the unfilteredf

daily Ifremer/CERSAT stress fields were used.) Percentages in Figuicate the fraction

0

of the total days when wind was in the most frequerit 8€ctors, with uncertainties computed j

as two standard deviations of 100 realizations of a bootstrap procediireesampling. For
example, 25%:2% of the time, winds were withir:15° of due east.

In order to evaluate the impact of the wind shadow in the region immediatelyusirag
Kerguelen, we sorted wind-stress curl data into bins on the basis ofdhilong wind direction
to produce conditionally sampled mean wind-stress curl estimates, as shéiguie 5. The

four panels of Figure 5 correspond to°3@ind directional sectors, and black arrows show”

the prevailing wind direction for each panel. Regardless of the prevailing direction, a
wind-stress curl dipole is established. For roughly westerly winds, lipgdavorable negative
wind-stress curl develops to the north of the wind shadow region, asitiygowind-stress curl
to the south. This wind-shadow induced structure typically extends mor&@takm offshore
from Kerguelen, extending across the Kerguelen Plateau. More ti#anos@he time, winds
are from the west or west-northwest (Figure 4), giving rise to the dispiattern of negative
wind-stress curl to the northeast of the Kerguelen Islands, and positivd-stress curl to the
southeast, discussed by Chelton et al. (2004). This pattern also aetiiesDecember 2004 to
February 2005 period shown in Figure 3a.

Wind direction can shift rapidly, and many of the regions around Kergueaie likely to expe-
rience both positive and negative wind-stress curl associated with tigei&en wind shadow.

11
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For example, in Figure 5, the pixels at°@) 7TE, just to the east of Kerguelen, can have =

positive or negative wind-stress curl depending on the prevailing winedtebn.

Negative wind-stress curl is predicted to induce upward vertical Ekmarpng velocities.
While numerous factors influence Chl-a in addition to wind forcing, nonetkeldl-a anoma-
lies, sorted by prevailing wind direction (Figure 6), indicate higher Chl-a enupwelling-
favorable areas on the northern sides of the wind-stress curl dipobegnsin Figure 5. To

the northeast of Kerguelen, a shallow plateau extends alohg #B8a region where the eddy —

coupling is weak (Figure 3f) but the Ekman pumping from the predominardsnisinegative,
leading to persistent upwelling (Figure 5c) and consistently high Chl-a bl¢bigsre 1, Fig-
ure 6¢). Southeast of Kerguelen, springtime Chl-a is on average I&igemé 1a,c), coinciding
with downward Ekman pumping with high variance in Figure 5b-c. Thus thisrisistent with
the hypothesis that orographic wind-stress curl effects can amplifellipg (of iron, macronu-
trients, and also Chl-a itself), particularly in the upwelling-favorable portibiine wind-stress
curl dipole.

KEOPS-1 observations indicate the presence of a sub-surface iramomxat the depth
of the shelf around 500 m (Blain et al., 2008). We suggest that the mersisind-induced
upwelling may carry sub-surface iron-rich water or may help retain wagristhigh in Chl-
a at the ocean surface, particularly in the region of the shallower platete toortheast of
Kerguelen. Lateral advection may then carry this iron-rich (and pos§thlya-rich) surface
layer into the deeper regions downstream, along the northern flank obtheRront or within
the surface Ekman layer. During KEOPS-2, no vertical iron profileg leaen reported from
the shallow plateau northeast of the Kerguelen Islands. However, KEXORN profiles from
the deep basin east of Kerguelen and south of the Polar Front shodiferant pattern, with
iron maxima at the surface and at depttbQ0 m), with a minimum in the winter water layer
around 100 to 200 m depth (van der Merwe et al., 2014). Our resultsatedibat during the
KEOPS-2 period, regional Ekman pumping was downwelling favorable g deep basin
(Figure 7), and only the wind coupling over mesoscale eddies or meawdeid have been

1a,~|‘~‘\‘lm.\‘:(l

expected to modulate upwelling processes. In this deep basin, numereupbesses may

also influence biological productivity on and downstream of the KerguBlateau, including
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horizontal circulation coming from the sediment rich Kerguelen Plateau ddyg @rculation
associated with flow over and around the Plateau (see Park et al., Z0teet al., 2014).

While the bulk of this analysis was carried out for the 2002-2009 time perimh@uikSCAT
winds and microwave SST are both available, we also evaluated the KE@P8{2eriod (see
Figure 1c,f) to check whether it was distinctive in any way from the main aisfyeriod. In
general, October-November wind conditions during the 2011 KEOP $&dition were typical
for the region. Details of the winds and Chl-a differ from year to yeathaba formal statistical
test, such as the Kolmogorov-Smirnov test, indicates that neither wind speé&hha for any
given year appears to be drawn from the same distribution as the climatotwgyafl years
combined together. Less stringent tests indicate that the October-Nov@@bkmean and
standard deviation (for wind speed or for Chl-a) are not statisticallyréifftefrom the means
and standard deviations of individual years between October-Novezib8 and 2009. A rose
histogram for wind direction for October-November, 2011 (Figure 7dicates that the prevail-
ing wind directions during KEOPS-2 were consistent with prevailing windctimas shown in
Figure 4 for the 2002-2009 time period. In 2011, the largest daily aeexagls were oriented in
the direction of most prevalent winds. The time-mean wind-stress curldtob@r-November,
2011 (Figure 7b) is consistent with historical trends and indicates negaiind-stress curl, so
upwelling favorable conditions, over the shallow plateau to the northe&srgiielen. For the
KEOPS-2 time period, upwelling favorable conditions are slightly to the wetkteofnaximum
Chl-a (Figure 1c), suggesting that iron or macronutrients might be upweatiddhen advected
eastward by the prevailing winds or currents as the bloom develops.

5 Summary and Discussion

This study has examined the mechanisms by which wind forcing can influ&icea8d by ex-
tension iron and macronutrient availability, in the region around Kergueleere the KEOPS-
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2 field campaign was carried out. Although SST and satellite wind data are moredlimite -~

October-November 2011 than they are in earlier years, Chl-a distributid?®l1 (Figure 1c)
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are typical of climatological Chl-a distributions in the region, suggesting tfEDRS-2 is a
fairly typical year.
The findings of this study show that to leading order the ocean respomsedan the Ker-

ISSTLOST(]

guelen region is characteristic of the large-scale Southern Ocean. Hlighspeeds correlate

with cold SSTs (when controlled for air-sea fluxes using the method of padieelation),
implying that wind mixing of the upper ocean entrains cold water into the mixed &yethe

euphotic zone, bringing with it iron or macronutrients. In typical springsumdmer conditions, —

this is expected to support the development of a Chl-a bloom. On the lalgersegative wind-
stress curl also correlates with cold SSTs, implying that upward Ekman pgrhpips bring
cold, iron-rich water to the surface. Air-sea feedbacks on the mdsasealify these relation-
ships, so that in most of the region around Kerguelen, we see evidéaceoapling between
wind-stress curl and SST gradients, as O’'Neill et al. (2003) destribe

Exceptions to the expected relationships between wind-stress curl ahdr&dents occur
just to the east of Kerguelen, where the wind-stress curl is strongleimfked by the orographic
wind shadow of Kerguelen’s 1852 m summit. Persistent negative wingsstu! just to the
northeast of Kerguelen is expected to enhance upward Ekman pumgisglt&show that the
region of enhanced Ekman pumping coincides with the peak Chl-a to thefééasgoelen.

The magnitude of this wind-induced upwelling remains weak, with wind-stredso€ 2
to 5 x10~7 N m~3 implying vertical Ekman pumping velocities around 2-4 10~ m s™!
giving a change of the thermocline of only 4-11 m monithwhich is too slow to bring iron-
enriched water to the surface either from the shallow 200-m plateau mortfie sub-surface
iron maximum that occurs near 500 m depth (Blain et al., 2008; van der &etal., 2014) but
could help bring water to the surface from the base of the spring or summed haier or could
help to retain water high in Chl-a at the ocean surface. Individual steante could permit
stronger short-duration upwelling events. The specific mechanismsmgogehis will require
further investigation. We note that the satellite-based wind fields have strangplitudes and
variance than the global meteorological products (e.g. NCEP or ECM\Afkahgsis winds).
Even so, the gridded wind products we use may still be too smooth and masestichate
the effective wind-stress curl forcing in the region. In addition, weeexparger upwelling and
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downwelling rates to be induced by the slope current’s interaction with batiynoe within
sub-mesoscale filaments generated by the turbulent flow.

The geographic co-location of the wind-induced upwelling in the Kergueied shadow
and the Chl-a blooms suggests that although wind effects are comparatizaky the wind
is able to precondition the background stratification by supporting a shaltemocline or
more upwelling within the mixed layer, allowing other processes to act more dasifyto
bring iron and macronutrients to the euphotic zone and also to retain Chidheesurface.
Both horizontal advection (van Beek et al., 2008; Park et al., 2014a £hal., 2014; Sanial
etal., 2014; van der Merwe et al., 2014) and turbulent diapycnal mixirgg Park et al., 2008a,
2014b) are also expected to play key roles in controlling iron and macienugavailability
and biological productivity in the euphotic zone. While many factors cortgitutemperature,
iron and macronutrient upwelling in the Southern Ocean, the results of tloig stiggest that
wind-induced properties should be assumed to be a contributing factorkethaelen region,
and that the orographically modified wind-stress curl has the potentialao beportant factor
in explaining the location of the strong Chl-a bloom to the east of Kerguelen.
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Fig. 1. (a-c) Mean Chl-a (in mg m?) for the Kerguelen region. (a) climatological mean for tipeirsy
bloom, averaged over October, November, and December-2000. (b) climatological mean for the
summer bloom (averaged over December, January, Februi@d9-2010. (c) mean for the KEOPS-2
research cruise, averaged over October and November 2@tauBe Chl-a is log-normally distributed,
here the mean is computed as exp(mean(log(Chl-a))), woereefers to the natural log. (d-f) Mean
SST (in°C) for the Kerguelen region. (d) for October, November, Delger, as in (a); (e) for December, =
January, February, as in (b); (f) for October-November 2@ELin (c). In this figure and subsequent
figures, bathymetry is contoured at 3000, 2000, 1000, andr266pth.
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Fig. 2. Partial correlation coefficients for unfiltered daily andies of (a) wind speed vs SST and (b)
wind-stress curl vs SST, in both cases controlled for NCERR surface heat fluxes. Partial correlations
are computed for the spring and summer growing season oaty, $eptember to February. In (a) blues =
indicate that positive wind anomalies are associated vailth §STs, and in (b) reds in the region adjacent
to Kerguelen indicate that negative wind-stress curl igdahto cold SSTs. Pixels are cross-hatchedé'
where the correlation coefficient is not statistically $figant at the 95%. Black dashed line indicates
the climatological mean zero-wind stress curl line; nagatind-stress curl occurs south of the zero-=

wind stress curl line (and within closed contours to themasihd corresponds to upward vertical Ekman
pumping.
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Fig. 3. (a) Wind-stress curl (in N m?* x 107) for December 2004 to February 2005, spatially filtered tog
remove large-scale signal, as discussed in the text. (bjl\&tiress divergence (in N x 107) for the

same time period, also spatially filtered. (c) Crosswind gonents of the SST gradient (i€ m~! x 102)

derived from QuikSCAT wind data and AMSR-E microwave SSTT $ffadients are filtered spatially
using al0° x 30° window, averaged over the period from December 2004 to feepi2005. Isobaths are
plotted at 200 m and at 1000 m intervals. (d) Downwind compbp&SST gradient (ifC m~! x 102),

computed the same way as in panel c. (e) Eddy kinetic enemyederom satellite altimetry, showing
high eddy kinetic energy to the north of Kerguelen, alongatwe of the Antarctic Circumpolar Current. ——
(f) Correlation between wind-stress curl and the crosswimthponent of the SST gradient, computed
using 42 3-month samples, with consecutive samples oyerigdy one month. White areas are not f
statistically significant at the 95% level.
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270

Fig. 4. Probability density function of wind direction at 4925, 71.25E, just to the east of Kerguelen.
The pdf is represented as a rose histogram, appropriateiyaiiaed so that the representation is not
dependent on bin width or sample size. A total of 2522 dailydwbservations are used. Also indicated
are the percentages of days in which winds fall into eachefdhr most common directional bins, with
20 uncertainties determined from a 100-realization bogsivith resampling.
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Fig. 5. Wind-stress curl (in0~" N m~?), sorted by prevailing wind direction for winds (a) from <7
-45°, (b) from -45 to -15°, (¢) -15° to +15°, and (d) +15 to +45°. Contours indicate the 200 m, 1000 m,
2000 m, and 3000 m isobaths. Black arrows indicate the giregaiind direction for each panel. (The
maps use Mercator projection so angles on the map correspgabgraphic angles.)
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Fig. 6. Chl-a anomalies in mg m’ for the spring—summer growth season (from September throu
February), sorted as in Figure 5 by prevailing wind direttior winds (a) from -75 to -45, (b) from
-45° t0 -15°, (¢) -15 to +15°, and (d) +15 to +45. Fields are computed based on daily data, and Chl-
anomalies are computed relative to climatological monthéans.
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Fig. 7. (a) Rose histogram for daily wind direction and speed (sgliorm s™1) in October and November
2011, during the KEOPS-2 expedition. (b) Wind-stress darl(—7 N m—3) in October and November
2011. Winds are derived from the CCMP product.
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