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Abstract

In the summer of 2011, an oceanographic survey carried otlteoympacts of Cli-
mate on EcoSystems and Chemistry of the Arctic Pacific Enmrent (ICESCAPE)
program revealed the presence of a massive phytoplankbamblnder the ice near
the shelfbreak in the central Chukchi Sea. For most of thetinpreceding the mea-
surements there were relatively strong easterly windsjigireg upwelling favorable
conditions along the shelfbreak. Analysis of similar hygtaphic data from summer
2002, in which there were no persistent easterly winds,dawevidence of upwelling
near the shelfbreak. A two-dimensional ocean circulati@uehis used to show that
sufficiently strong winds can result not only in upwellinglogh nutrient water from
offshore onto the shelf, but it can also transport the watgrod the bottom bound-
ary layer into the surface Ekman layer at the shelf edge. kteneof upwelling is
determined by the degree of overlap between the surface kayar and the bot-
tom boundary layer on the outer shelf. Once in the Ekman Jdfies high nutrient
water is further transported to the surface through mechamixing driven by the
surface stress. Two model tracers, a nutrient tracer andosogihyll tracer, reveal
distributions very similar to that observed in the data. Séheesults suggest that the
biomass maximum near the shelfbreak during the massiverblosummer 2011 re-
sulted from an enhanced supply of nutrients upwelled froenhthlocline seaward of
the shelf. The decade long trend in summertime surface vauggest that easterly
winds in this region are increasing in strength and that lmbm events will become

more common.
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1. Introduction

Shelfbreak upwelling is observed in all seasons in both tlaskan and Canadian Beaufort
Seas. It is most common in the fall and winter months when #deulow pressure systems,
passing to the south, result in easterly winds along théhrsdoipe of Alaska and Canada. Under
such conditions the normally eastward-flowing Pacific watezlfbreak jet reverses to the west,
and water from the interior halocline is brought onto thdfgleeg. Pickart et al. 2009; Schulze and
Pickart 2012; Williams et al. 2006). As part of this windydm exchange, heat and freshwater are
fluxed offshore in the surface layer, while nutrients and, @ transported upwards and onshore.
The consequences of this shelf-basin transfer are signifi€ackart et al. (2013b) demonstrated
that substantial ice melt can occur due to the offshore amreof warm Pacific water, which
may also influence the freshwater reservoir of the BeaufgreG Mathis et al. (2012) showed
that significant outgassing of GQo the atmosphere can take place due to the upwelling, and
Pickart et al. (2013a) quantified the upward flux of nitrate ithe surface layer in the vicinity of
the shelfbreak. It was argued that such wind-driven trarisggautrients along the Beaufort shelf
can spur primary productivity comparable to that which esaluring the summer months in the

absence of storm events.

Using mooring data, Schulze and Pickart (2012) investaytite influence of pack ice on the
oceanographic response to easterly winds in the BeaufartBey divided the year up into three
ice seasons—open water, partial ice, and full ice. Notalgyelling occurred even when the ice
concentration was 100% in the vicinity of the mooring arraélie strongest response (for a given
wind speed) was during the partial ice season, which is\eEdiéo be the consequence of enhanced
surface stress resulting from the mobile ice keels (Pitd. €t%®5; Williams et al. 2006; Pickart
et al. 2013b). While the water column response was weakestllace cover, the strength of
the reversed shelfbreak jet, as well as the value of theigadinomaly near the upper-slope and
shelf edge, was nearly comparable to that for open watecatidg that significant wind stress is

transmitted through the ice to the ocean.



Upwelling is to be expected for easterly winds because aestnansport develops at depth
in response to the offshore Ekman transport near the surfapgeelling occurs in proportion to
the bottom velocity times the bottom slope. It is large ndéargthelfbreak because the slopes are
typically steep, however it is often carried in the bottonubdary layer, which i$£)(10 m) thick.

In order for nutrients to be available for primary produatithey must be transported into the
euphotic zone, which is typically in the upp@f20 m) of the water column. For a narrow shelf, as
in the Beaufort Sea, this cross-shelf flow in the bottom bamnthyer rapidly encounters shallow
water near the coast where it upwells into the surface layédage productivity is often found.

The region of strongest upwelling is typically within a belinic deformation radius of the coast,

< O(20 km), (Allen 1976).

Comparatively little is known about upwelling along thesbfbre edge of the Chukchi Sea, but
there are reasons to expect that it may differ from that atbed3eaufort shelf. The Chukchi shelf
is O(500 km) wide, effectively isolating the shelfbreak from the coaghjle the Beaufort shelf is
only O(50 km) wide. Furthermore, the upper continental slope of the ChiuRea is significantly
gentler,0(.002 — .004), compared to that of the Beaufort Sea, whict{s01). Depending on the
bottom slope and mixing strength, it is expected that thessshelf exchange and upwelling may
be very different for wide shelves compared to narrow stse{eay. Estrade et al. 2008). Hence, it
is not obvious that the upwelling response should be the saute two seas, nor is it clear that

similar productivity would result even if there is upweliin

There is, however, previous evidence of upwelling along@hakchi shelfbreak. Llinas et al.
(2009) presented a hydrographic and absolute geostroglocity section occupied across the
shelfbreak at 160V (approximately 200 km to the west of Barrow Canyon) duringeaiod of
easterly winds in August 2004. Both the observed currendshgdrographic fields were consis-
tent with a partially recovered shelfbreak jet near the eérahaupwelling event. In particular, the
isopycnals of the Atlantic water in the lower halocline wetevated in the vicinity of the upper
slope, and there was a surface-intensified jet flowing to thst weaward of the shelfbreak. Fur-
thermore, in the immediate vicinity of the shelfbreak, theras a double-peaked eastward flow
structure reminiscent of the case study presented by Riekal. (2011); the deeper flow was akin

to the “rebound jet” that consistently appears during the-spwn phase of upwelling (see also



Nikolopoulos et al. 2009). Although not conclusive, thessults strongly suggest that upwelling

does occur along the Chukchi shelfbreak.

In summer of 2011 an extensive survey of the central/eag§tbukchi Sea revealed the pres-
ence of a massive phytoplankton bloom under the ice (Arrig.£2012; Arrigo et al., this issue).
It is believed that the thin pack ice (order 1 m thick), in aoxgtion with a preponderance of melt
ponds, allowed enough sunlight to penetrate the surfacerwatumn for phytoplankton to tap
nutrients and spur the production. The under-ice bloom viseiwed on two different transects,
and in both instances the highest values of chlorophyll weclin the vicinity of the shelfbreak. In
fact, the vertically integrated chlorophyll in the secorahsect was one of the largest values ever
observed in the global ocean (Arrigo et al., this issue).sBuiggests that there was a prolonged
supply of nutrients to the surface layer, yet the shelfbleatke is located far from the coast where

the strongest upwelling into the surface layer is expeaiaxttur.

In this paper we propose a physical mechanism responsibtedshelfbreak “mega-bloom”.
The in-situ hydrographic and velocity data suggest thatalliwg had occurred prior to and during
the biological sampling, which is consistent with the atpteeric forcing as well. The central
issue is how nutrients from the deep, offshore ocean canttmelirced to the surface layer near the
shelfbreak. We invoke a simple numerical model to identify tinderlying cause of the bloom,
using parameters appropriate to the Chukchi shelf and slbpe model suggests that, under the
conditions in which the bloom was observed, upwelling andimgiin the vicinity of the shelfbreak
transported nutrients from the halocline to the surfacedagonsistent with the hydrographic and
biological observations. We begin the paper with a shorkgpamind on upwelling in the Beaufort
Sea in order to provide context. This is followed by a presgon of the atmospheric circulation
in the region, and the wind forcing during the specific peraddhe field program. Next the
observational evidence for upwelling is presented alorty widescription of the bloom. Finally,
the numerical results are used to propose a simple physioakgs responsible for the mega-

bloom.



2. Data and Methods

a. Insitu Ocean Measurements

In summer 2011, the Impacts of Climate on EcoSystems and Shgrof the Arctic Pacific
Environment (ICESCAPE) program carried out a survey of tetral and eastern Chukchi Sea
aboard the USCGGEealy. The cruise took place from 28 June - 24 July. Extensive biokd, ice,
and physical oceanographic sampling was carried out dtiimgruise. For a complete description
of the different measurements the reader is referred tgéwet al. (this issue). Here we present
data from one of the ICESCAPE transects occupied from 43\8(Fig) 1). This is the section where
the largest under-ice values of chlorophyll were observethe vicinity of the shelfbreak. The
hydrographic sampling was done using a SeaBird 911+ coiityeiemperature-depth (CTD)
instrument attached to a 12-position rosette with 30-INeskin bottles. The CTD included a
WETLabs fluorometer. Water samples were analyzed for mitc@ncentrations and chlorophyll.
Details concerning the observational methods and instniiaexuracies are presented in Arrigo et

al. (this issue) and Brown et al. (submitted).

Velocity measurements were made throughout the cruisg tialy’shull-mounted 150 KHz
acoustic Doppler current profiler (ADCP). The University lddwaii UHDAS acquisition sys-
tem was used, and additional processing was done using tH®AS® software package (see
http://currents.soest.hawaii.edu). The processed Miglsavere subsequently de-tided using the
Oregon State University model (http://volkov.oce.odtiéides; Padman and Erofeeva (2004)).

The accuracy of the de-tided product is estimated te-Bem/s.

Shipboard data from an earlier cruise in the region are aedlas well. This was a hydro-
graphic survey done on the USCG®lar Starduring July-August, 2002 when the atmospheric
conditions were significantly different than during the RXEAPE program. A similarly config-
ured CTD system was used, whose set-up and instrument atsieae described in Pickart et al.
(2005a). Since theolar Stardid not have a shipboard ADCP, a dual-300 KHz RD Instruments
ADCP system was attached to the rosette frame, which proweetical profiles of velocity at
the station sites. The profiles were similarly de-tidedh@ligh tidal amplitudes are small in this

region), and the resulting accuracies are estimated toderffs. We focus on the 2002 hydro-



graphic transect that was located in the vicinity of the mielgam observed during ICESCAPE
(Fig 1).

Mooring data from the Beaufort Sea are used in Section 3 tageaeontext for the upwelling
observed on the Chukchi slope. The mooring array was pahneoBhelf-Basin Interactions (SBI)
program and consisted of 7 tightly spaced moorings positidnom the outer-shelf to the mid-
slope (Fig 1). Each mooring contained a motorized CTD propl@viding vertical traces of
temperature and salinity four times daily. We focus on theo®rimgs situated near the shelfbreak,
each of which contained an upward-facing RD Instruments R3¥ampling hourly (300 KHz
instruments were used on the shallower moorings, and 75 K$imiments were used on the deeper
moorings). The velocity data were de-tided using the tidapltudes measured by the ADCPs.
A thorough presentation of the mooring data, includingrunsent accuracies, is presented in

Nikolopoulos et al. (2009) and Spall et al. (2008).

b. Atmospheric Measurements and Reanalysis Fields

Atmospheric information used in the study come from two sesr Wind data were obtained
from the Pt Barrow meteorological station (Fig 1) via theibiaal Climate Data Center
(http://www.ncdc.noaa.gov/). The data were subject toaityucontrol procedure to remove erro-
neous values and interpolate over short data gaps (seeatRatle. (2013a) for details). We also
used the North American Regional Reanalysis (NARR) fieldscivare a high-resolution prod-
uct of the National Centers for Environmental PredictiolC@P). The NARR invokes a newer
data assimilation scheme and other modeling advancesdbatieen developed subsequent to the
global NCEP product (Mesinger et al. 2006). The space and terolution of NARR is 32 km
and 3 hours, respectively. The NARR wind speeds were valiagainst the Pt Barrow data and

a small correction was applied to the NARR data (see BrugléB2for details).



c. Model Configuration and Forcing

The numerical model used is the MIT general circulation nh@ifarshall et al. 1997). It
solves the hydrostatic, primitive equations on a stagg€repnlid with level vertical coordinates.
A partial cell treatment of the bottom topography is acaifat steep topography in the presence
of stratification. The model is two-dimensional, representiepth and offshore distance. While
along-shelf variations are clearly present and likely imt@ot for many aspects of the circulation
and productivity on the shelf and near the shelfbreak, tmpgae of the present study is to propose
a physical mechanism to explain the gross characteristitisecobserved mega-bloom near the
shelfbreak. As such, we have chosen to use the simplest rtiedelontains what are believed to
be the essential physics of the problem; namely, a shelf belflseak, baroclinicity, and surface

wind stress.

The model domain extends 864 km in the offshore directioh @500 km wide, 50 m deep
shelf, which transitions to a 1000 m deep basin over a hotidangth scale of 100 km. The
horizontal grid spacing is 1 km for offshore distances betw&0 km and 550 km. The grid
spacing increases to 2 km for the next 50 km in each direcidm for the next 300 km, finally
increasing to 10 km near the coast. The vertical grid spasisgm over the upper 150 m depth,
10 m between 150 m and 250 m depth, 25 m between 250 m and 500t deg@ 50 m between
500 m and 1000 m depth. Resolution near the shelf break is hkheihorizontal and 5 m in the
vertical, sufficient to resolve the surface and bottom bamndayers and lateral scales that arise
in the vicinity of the shelfbreak. Since we are interestethig wind-driven upwelling at depths
near the shelfbreak, the model domain is limited to the upgean. The Coriolis parameter is
fo = 1.3 x 107* s7! and taken to be constant. Density is determined by salinity asp =
po + B(S — Sy), whereB = 0.8 Kg m~ is the haline contraction coefficient, = 1026 Kg m~3
is a reference density, artty = 35. The initial stratification is piecewise uniform in the ved,
N? =3x107° s~2inthe upper 100 mandi? = 1x107° s~2 below that. The initial salinity profile
and topography near the shelfbreak (upper 200 m only) arershoFig. 2. We have neglected
to include the eastward flowing shelfbreak jet in the initi@hdition because prior work indicates

that, under upwelling conditions, the presence of an ingéstward flow does not significantly



influence the results (Pickart et al. 2011). The baroclimfodnation radius based on this upper

ocean stratification is approximately 6 km and is well resdliay the model grid.

Vertical diffusion of salinity is calculated using the Kefite parameterization of Large et al.
(1994). Horizontal mixing of tracers is parameterized gdiaplacian mixing with a coefficient
of 10 m? s~!. The model incorporates second order background vertisabsity with a coef-
ficient of 107* m? s~!. Horizontal viscosity is parameterized with a second oafrator with
the coefficientA, determined by a Smagorinsky closure &s = (v,/7)?L*>D, wherev, = 3
is a nondimensional coefficient, is the grid spacing, an@ is the deformation rate, defined as
D= [(ux —vy)2+(uy+vx)2] 1/2, whereu andv are the horizontal velocities and subscripts indicate
partial differentiation. A linear bottom drag is includedthva coefficient of2 x 10~3, although the
results are not very sensitive to this choice. The laterahblary conditions are no-slip for velocity

and no flux for salinity.

The model is forced with a spatially uniform zonal wind s&r#isat spins up over a few days,
remains relatively steady at= —0.25 N m~2 between days 10 and 20, and then spins down again
(Fig. 3). Using the formula from Large and Pond (1981), the&imam stress is equivalent to a 10
m wind strength ofi2 m s=!. Despite the fact that the mega-bloom was situated benkaticée
cover, and the ice edge was located on the outer shelf, we tdociode pack ice in the model.
While there appear to be some ice-edge effects in the dase thre minor in comparison to the
mega-bloom signal. In fact, the presence of variable saréiess due to the ice cannot explain
the dominant hydrographic and chlorophyll signatures adbservations. As discussed above,
Schulze and Pickart (2012) found that wind stress is effelgtitransmitted to the water column on
the Beaufort slope even the presence of 100% ice cover. @ngrand our desire to consider the

simplest relevant physics, we invoke a spatially uniformavstress in the model.

3. Context for Upwelling in the Region

The source of the Chukchi Sea shelfbreak jet is the Pacifienthat flows out of Herald
Canyon, and the Beaufort Sea shelfbreak jet is fed predarttynlay the Pacific water emanating

from Barrow Canyon, some of which likely also passes thrddgtald Canyon (Fig 1). During the



spring and early summer the predominant water mass advegtbe shelfbreak jet in both seas is
Pacific winter water (Pickart et al. 2005a; Spall et al. 2@8gler et al. submitted for publication).
This water mass is generally colder than -2®5with salinities ranging from roughly 32.5-34.2
depending on the particular year (Weingartner et al. 198B¢. winter water is initially formed in

the Bering Sea (e.g. Muench et al. 1988), but is further mexdlidin the Chukchi shelf when leads
and polynyas open up during the winter season (e.g. Weimgjaet al. 1998; Itoh et al. 2012).
During these periods, re-freezing and brine rejectiontdbiéze the water column and convection

occurs, which further salinifies and homogenizes the wiweder.

The winter water is also characterized by elevated conagomis of nutrients, including nitrate
and phosphate. This is due in part to the Bering Sea sourcer,warticularly for the water
advected in the western pathway on the Chukchi shelf (FigHbyvever, the high nutrient load is
also due to recycled nutrients from the seafloor (Codispati.2005). After the summer growing
season, carbon is exported to the benthos where inorganatenis released into the sediments
due to remineralization by bacteria. In the following winded spring, as the dense winter water
flows from Bering Strait northward over the Chukchi shelg tiottom nutrients are re-suspended
into the water column (convective events likely enhancepinocess). This happens for each of the
flow branches in the Chukchi Sea. Accordingly, even the wiwster advected along the coast of

Alaska, which feeds the Beaufort shelfbreak jet, is highutrients.

As the sunlight returns and the pack-ice melts in late-gpaumd summer, a chlorophyll bloom
develops in the Chukchi Sea (e.g. Sambrotto et al. 1984;dflagtsal. 1993; Hill and Cota 2005;
Hill et al. 2005). This is largely spurred by the high levefsnatrients in the winter water (e.g.
Brown et al., submitted). Consequently, nutrient levets drawn down in the surface layer on
the shelf (Mills et al., submitted). However, much of therrearit load of the winter water is left
untapped and is subsequently advected out of Herald andwa&anyons (Pickart et al. 2005b,
2010) into the shelfbreak jet of the Chukchi and BeaufortsSgéinas et al. 2009; Pickart et al.
2013a). Various processes then transfer the nutrientghatimterior basin, helping to maintain the
Pacific Arctic nutricline (Jones and Anderson 1986). Onarpnent mechanism responsible for
this transfer is eddy formation. The structure of the shielik jet when it advects winter water is

such thatitis baroclinically unstable (Spall et al. 200&)¥ppen and Pickart 2012) and numerical
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simulations indicate that eddy formation should occur (Sgial. 2008). Such winter water eddies
are observed to spawn from the current (Pickart et al. 2Q@%io)the Canada Basin is populated by
many of these features (Plueddemann et al. 1999). When thesespin down their high nutrients
are dispersed into the ambient water. As such, a reserviof ofitrients resides adjacent to the
edges of the Chukchi and Beaufort shelves throughout the geen after the winter water passes

by seasonally in the shelfbreak jet.

Easterly winds in this region are common and upwelling ogdrequently along the shelf-
break of the Beaufort Sea. During the time of year that wintater resides in the shelfbreak jet
there is typically a substantial amount of pack ice (in bt Beaufort and Chukchi Seas). To
demonstrate the impact of easterly winds on the transpavirgker water under these conditions,
we examine an upwelling event that took place along the Retslfielfbreak using the SBI moor-
ing data (see Fig 1 for the location of the array). The eventowed in early May 2003, during
which time the ice concentration in the region was 100%. Tdmtezly winds lasted roughly a
week, with speeds between 5-10 m/s (Fig 4a). Using the prgfiiTD data and velocity data
we constructed composite vertical sections of alongstrneglotity (where the alongstream angle
of 135°T is approximately aligned along the isobaths, see Nikalbpoet al. (2009)) and hydro-
graphic variables (Fig 4b, c). The first composite was podhe storm, and the second composite

was near the time of peak winds (Fig 4a).

Before the onset of easterly winds the shelfbreak jet wasiigwwiftly to the east, advect-
ing winter water in its core (Fig 4b). The current was bottortensified (consistent with the
geostrophic shear) as it normally is this time of year (Nifaulos et al. 2009). There was a small
amount of Atlantic water (warmer than°@) present at depth on the offshore side of the section
at this time. A week later the shelfbreak jet was reversedh¢onest and the flow was surface-
intensified (Fig 4c). One sees that the layer of winter wates wow displaced upwards onto the
shelf and Atlantic water was present on the mid-slope. Tleseposites demonstrate that the
high-nutrient winter water is readily transported into tager above 50 m in the vicinity of the
shelfbreak. Over the course of the two-year SBI programetihvare 45 upwelling events, 34 of
which occurred during full ice cover. Unfortunately the mewd CTD profilers deployed during

SBI did not sample shallower than 50 m; the tops of the mogrimegre situated at 45 m to avoid
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damage due to ice ridging, so it is difficult to say whethes thinter water reaches the surface.
However, Pickart et al. (2013a) present data from a winchEd @rofiler deployed in 2005-6 that
extended to 10 m depth. This indicated that, during such Uimngesvents, water from the upper
halocline can reach the euphotic zone in the vicinity of thelfereak. The water is weakly strat-
ified at this time, suggesting that vertical mixing is stroriurthermore, using a nitrate-density
relationship, Pickart et al. (2013a) estimated that thedvdriven upward flux of nitrate is enough

to spur significant chlorophyll growth in this region.

4. Atmospheric Forcing

The results of the previous section demonstrate that winaalupwelling in the Beaufort Sea
transports high-nutrient Pacific winter water to the vityiraf the shelfbreak. We argue below that
the same process occurs in the Chukchi Sea and that thiseesulthe massive phytoplankton
bloom observed during the ICESCAPE program. However, diGESCAPE took place in June-
July, when the winds are climatologically weak (Pickart le2@13a), it is necessary to examine

the atmospheric forcing at the time of the study to see if Ulpngewas even likely.

The winds in the region are, to first order, dictated by thatinet positions and strengths of two
atmospheric centers of action: the Beaufort High (BH) anelufian Low (AL). These are clearly
seen in the mean sea level pressure (SLP) field of Fig 5a. The mas computed for the 10-yr
period 2002-11, since this encompasses the both the SBIGEBS8TAPE programs considered
in the present study (the same patterns exist for longer teeans). The BH is more symmetric
and largely confined to the Canada Basin, while the AL is mtegated and extends across the
Bering Sea and Gulf of Alaska. This is because the AL is thegirsited signature of individual
low pressure systems that propagate eastward along thie Ractfic storm track. The storms tend
to intensify in the region of the Aleutian Island chain an@#tan peninsula, which is where the

lowest mean SLP is found.

Computing the analogous decadal average for the summehmonty (June, July, August),
one sees a very different picture. In particular, the BH iakes and the AL is essentially absent

(Fig 5b). Accordingly, the winds over the Chukchi Sea ardequieak. However, as discussed in
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Brugler et al. (submitted for publication) and Moore (201iere has been a pronounced trend
in the strength of the summertime winds in the region overldis¢ decade. Fig 6 shows the
summertime mean zonal wind measured at the Pt Barrow westtiteyn each year during the past
10 years, as well as that in the vicinity of the Chukchi shéfjeecomputed using the NARR fields.
The mean easterly winds at both locations have increasekkerligirover this time, reaching 4 m/s
at the end of the period. As demonstrated by Schulze and®®{@¥.2), 4 m/s is the speed at which
upwelling typically commences along the Beaufort sheHlreThis suggests that the prevailing
winds in recent summers might be strong enough to inducepgeld periods of upwelling. This
forcing is different than the more common scenario of stewngdividual storms driving shorter
duration events (the average length of an upwelling evetiien70-year climatology of Pickart
et al. (2013a) is 8 days).

The atmospheric circulation in summer 2011 is consistettt thie above notion of prolonged
upwelling favorable conditions. The mean SLP field for thahser is strikingly different than the
decadal summer average (compare Fig 5b and c). There is nmmaymced signature of the AL
in the northern Bering Sea, and a stronger BH as well. Togéitlese result in enhanced easterly
winds over the Chukchi and Beaufort Seas (see also Brug&r ibmitted for publication). The
timeseries of zonal wind speed at Pt Barrow and along the &hhelf edge (which are highly
correlated, Fig 7a,b) reveal that most of July and AugusfiL2@dre subject to winds out of the east,
much of the time exceeding 4 m/s (occasionally greater tBan/$). This is in contrast to the same
time period in 2002 (Fig 7c) which was characterized by miof significant westerly winds and
only brief intervals of moderate easterlies. The time ofupation of the 2011 ICESCAPE section
is marked by the red lines in Fig 7a and b. One sees that theswindng the month preceding
the survey were upwelling favorable, and, close to/durlmgdccupation of the section, speeds
were generally above the threshold for upwelling in the BedSea. The winds measured by
Healy’s meteorological sensors at the time of the bloom were somiesttanger (7-12 m/s) than
the NARR values. This is not surprising, since the relagivaarse resolution of the reanalysis

product likely leads to an underestimate of the true wincdpe
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5. Observational Evidence for Upwelling at the Chukchi Shelf-

break

In July 2002, during the SBI program, a hydrographic/vdiotiansect was occupied close to
the location where the mega-bloom was observed during IGEE0n July 2011. As discussed
above, the winds were notably different during summer 2008e time of the SBI transect is
marked in Fig 7c, and one sees that during the 10 days pridretaruise the winds were weak,
which suggests that upwelling should not have been ocauatrthat time. Using the lowered
ADCP data we constructed a vertical section of absolutetggasc velocity, which is shown in
relation to the hydrographic fields in Fig 8a,b. In the vigrrof the shelf edge the isopycnals are
sloping downward offshore and there is a bottom-intensdestward flow. This is the signature of
the Chukchi shelfbreak jet. We note also that similar tratsseccupied farther to the east across

the Chukchi shelf/slope during the cruise showed an eadtilawing shelfbreak jet.

The analogous set of vertical sections during the ICESCAf®gram in 2011 are very differ-
ent than for the SBI occupation (Fig 8c,d). While there ar@magownward sloping isopycnals in
the vicinity of the shelfbreak, the tilt is markedly steep&he water column in general is more
weakly stratified, and there is more winter water seawarthefshelf edge. Due to the combina-
tion of the weaker ambient stratification plus the steepyisogl tilt, the value of the buoyancy
frequencyN near the shelfbreak is small throughout the water columprapmately 102 s1).

In fact there is essentially no signature of the pycnoclirgaions 59 and 60, which is conducive
for subsurface waters to communicate easily with the sarffager (the value oV in the pycno-
cline away from the shelf edge is 3-5 x #0s™!). In Fig 8 the 25.5 kg/rmisopycnal is marked
by the thick white line, and one sees that this isopycnalropized at the shelf edge in the 2011
section (in contrast to the 2002 occupation). This perhitte high nutrient winter water to reach
the surfacé. The velocity field was also much different during the ICES@A&tcupation. In
particular, the dominant flow at the shelfbreak was to thetwwad intensified near the surface.

In light of the previous results in the Beaufort Sea, this boration of steeply sloped isopycnals,

LOur definition of winter water as colder than -1°6€5is somewhat arbitrary; the water outcropping at the shelf-
break in Fig 8c (colder than -1.6Q) is clearly winter water. Where this water was found at Heguring the

ICESCAPE survey (and previous surveys) it contained vegh kbncentrations of nutrients.
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outcropping of winter water, and surface-intensified flowhe west—during a period of easterly
winds—strongly suggests that shelfbreak upwelling wasioetrg in the Chukchi Sea prior to the

occupation of the ICESCAPE transect.

The full ICESCAPE transect, including additional variahles shown in Fig 9. Marked on
the figure is the ice concentration at each station. Thesesalere obtained either visually from
the ship or using high-resolution satellite data. One deats shoreward of the ice edge, there is
warm water residing above the winter water, and both wajgegyare being advected to the east
in a jet of water (between stations 65-72). This outer sketlig a combination of water from the
two western flow branches of Pacific water in the Chukchi Séachwis shown schematically in
Fig 1. Such a scheme is consistent with observations fronaltil€anyon (Pickart et al. 2010)
as well as the other ICESCAPE transects (Pickart et al., gtdath The outer shelf jet is distinct
from the shelfbreak current. The low values of ice conceiainaaligned with the outer shelf jet,
coincident with the warmest temperatures (see Fig 9b,ggests that the warm water in the jet
melted a swath of pack ice. This is consistent with previposiserved and modeled melt-back
patterns on the Chukchi shelf (Spall 2007).

Both the fluorescence and chlorophyll sections (Fig 9edjcate the presence of the mega-
bloom at the shelfbreak. In particular, note the elevatddesof chlorophyll at stations 59-61.
This is precisely where the winter water outcropped. Furnttoee, the highest chlorophyll value
is at station 60 where the buoyancy frequency was weakestighout the water column. An
upward-directed plume of high nitrate (Fig 9d) is also ledaat this station, but the near-surface
values have been depleted (dissolved oxygen values in tfeeeudayer are elevated in the vicinity
of the shelfbreak, not shown). For a detailed descriptiothefmega-bloom the reader is referred
to Arrigo et al. (this issue). There are, however, two adddil intriguing features of the vertical
sections that we mention here. The first is that the megaablidhe shelfbreak extends all the way
to the bottom (this is seen in the fluorescence as well). Aailéetin Arrigo et al. (this issue), the
phytoplankton cells throughout the water column here agdting estimated to be only 1-2 days
old. Since healthy phytoplankton sinks at only 1-2 m/dayplEp et al. 1967), it means that some
physical mechanism efficiently transported the chlorojtoydepth. We note that the hydrographic

characterstics of the deep part of the chloropyll plume arela to those higher in the water
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column inshore of the shelfbreak. The second feature ofintie region of enhanced chlorophyll
near the bottom on the outer shelf (stations 68-69), whidbdated beneath the pycnocline in a

region of weak stratification. Again, sinking of phytoplaok cannot explain this feature.

To summarize, there is compelling observational evidenhatthe mega-bloom observed dur-
ing the ICESCAPE program was largely the result of shelfbrgavelling. The winds were east-
erly for most of the month leading up to the occupation of tfamsect and were of sufficient
strength to promote upwelling; the shelfbreak jet was res@ythe isopycnals near the shelf edge
were strongly sloped towards the surface; and the highemitwinter water outcropped at the
shelfbreak—exactly where the mega-bloom occurred. We, hatgever, that the bloom may not
have been initiated by the upwelling. As detailed aboveiettage pathways of winter water on
the shelf and shelfbreak during this time of year, and thgyeapto trigger blooms (other smaller
blooms on the shelf were observed during ICESCAPE). We sarthiat the shelfbreak upwelling
provided a sustained supply of nutrients from offshore pinatonged the bloom and resulted in the
extraordinary levels of chlorophyll observed at this lomat Despite our observational evidence,
several important questions remain to be answered. Ircpéati Why was the upwelling localized
to the shelfbreak? What brought the nutrients to the suttaex? Why did the bloom extend so
deep into the water column? And what was the nature of the deelepophyll maximum on the

outer shelf? We now address these questions using an ie@aliznerical model.

6. The Physical Mechanism for the Shelfbreak Upwelling

The numerical model described in Section 2c was initialiaedest using the stratification
shown in Fig. 2 and run for a period of 30 days subject to thedveitness indicated in Fig. 3.
Sections of across-shelf velocity, along-shelf veloatyd salinity on day 20 are shown in Fig. 10.
This is shortly after the wind has begun to decrease. Thaafésvelocity in the surface Ekman
layer of O(5 cm s™!) is clear in the upper 30-40 m (Fig. 10a). There is onshore fiotlieé bottom
boundary layer, which i€)(20) m thick. It is important to note that the zero-line of the bffse
flow is deeper over the sloping bottom than it is over the sh#hiis is because the Ekman layer

over the shelf extends deep enough so that it interactslyireith the bottom boundary layer. This
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will occur provided that the wind stress is sufficiently sigoor the shelf is sufficiently shallow. As
will be demonstrated below, this is the basic driving medérarfor the supply of nutrients to the
upper ocean. The along-shelf velocity is westward everye/aed nearly uniform except in the
bottom boundary layer, where it decreases to zero, and ineahelfbreak, where it is a maximum
at the surface (Fig. 10b).

The onshore flow in the bottom boundary layer has advectedi¢ke, high salinity water
upward towards the shelfbreak (Fig. 10c). Near the shaltbtke high salinity water extends to
the surface. The initial stratification in the upper 50 m hesrberoded throughout the domain due
to mechanically-driven turbulent mixing, resulting in aagh halocline near 50 m depth offshore
of the shelfbreak. This mixing is also responsible for tparsing the high salinity water near the
shelfbreak all the way to the surface (where the verticabaigf goes to zero), although vertical
advection must also be important at depth since the verticahg does not extend deeper than 50

m.

The wind-driven cross-shelf circulation is more clearlymbmstrated by considering the over-
turning streamfunction on day 16 (Fig. 11). We show the ¢atbon at this earlier time period,
when the wind is strong, in order to best demonstrate thectidwvethat leads to the modified
salinity field at the end of the forcing period shown in Fig. 1Dhe maximum strength of the
overturning is equivalent to 1 Sv per 500 km of along-shedfatice. There is offshore flow in the
surface Ekman layer and onshore flow in the bottom boundgsr.la here is also weak onshore
flow throughout the water column over the sloping bottom,chHeeds into the bottom boundary
layer. Near the shelfbreak, approximately 35% of the orsh@nsport in the bottom boundary
layer separates from the bottom and upwells into the sukoean layer. This is also where the

high salinity water penetrates to the surface.

The salinity field further evolves as the wind spins down.. ERshows the salinity on day 30,
after the winds have ceased. The salinity maximum near tHiacguhas shifted slightly offshore,
advected by the Ekman transport at the tail end of the stoubirginains largely as it was 10 days
earlier. The high salinity in the bottom boundary layer hasrbadvected farther onshore. This
onshore transport near the bottom has persisted longerthieasurface wind stress because the

cross-shore pressure gradient, driven largely by the séacsutilt, decays more slowly than the
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forcing. As a result of this cross-shelf advection, the dgrield near the shelfbreak now has two
weakly stratified regions, one near the surface and one hedattom, separated by a thin highly

stratified layer.

The model salinity (equivalent to density) distributionfa end of the storm shows many sim-
ilarities with the observed density field from ICESCAPE (Big Specifically, in the ICESCAPE
section there is high salinity water present on the outef sha weakly stratified layer above the
bottom. Near the shelfbreak there is a region of weaklyifigdt high salinity water in the upper
layer, where some of the isohalines outcrop. Shorewardigftte surface and bottom boundary
layers are separated by a thin region of increased straitiicaAll of these featurs are present in
the model salinity section on day 30 (Fig. 12). Unlike the elpdowever, the observations do not

show a well developed bottom boundary layer over the slope.

The model salinity fields during and after the storm cleanigicate that there is significant
exchange between the deep ocean, the shelf, and the suriaed layer. To investigate this
further, and help interpret the observed distributions wbriéscence/chlorophyll, we introduced
two passive tracers in the model. The first tracer is in#e&diat a value of 1 below 100 m with a
transition to zero at depths less than 50 m. This is intendeédresent the deep source of nitrate
in the winter water and will be referred to as the nutrientéra It is advected and diffused in
the same way as salinity, but is otherwise unforced. Afted&gs this tracer looks much like the
salinity field (Fig. 13a). It remains near zero everywherthmsurface layer except in the vicinity

of the shelfbreak, where large values extend to the surface.

The second tracer is introduced to represent fluorescencklamophyll, and will be called
the productivity tracer. It is initially zero everywherechget to the value of the nutrient tracer at
the surface as the field evolves. In this way it represent$satance that is generated only when
high nutrient water reaches the surface. This of coursetiamaccurate representation of a fully
interactive ecosystem model, but does provide a usefut@tdi of where growth resulting from
high nutrient waters that reach the surface will be subsatyudistributed by the flow field. The
productivity tracer on day 20 shows a narrow column of higliea extending from a maximum
value at the surface down to the shelfbreak, nearly coimtigiéh the region of weakly stratified,

high salinity water (Fig. 13b).
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On day 30 the nutrient tracer shows a similar evolution asddior salinity (Fig. 14a). The
high values at the surface have been advected slightlyafshhile the high values at depth have
been advected onto the outer shelf. The productivity tréEgy. 14b) also shows the effect of
this differential advection. The high values remain in thallbw weakly stratified region but,
because the bottom boundary layer has continued to adveptwdater onshore, the values in the
bottom boundary layer are low at and offshore of the shedfkr&he high values that were near the
shelfbreak have now been transported onto the outer shibé weakly stratified bottom boundary

layer.

The model productivity tracer at the end of the storm showsrs¢ similarities with the ob-
served fluorescence and chlorophyll data. In the obsens({feig 9e,f) there are high values near
the surface just offshore of the shelfbreak in the weakbtiiied mixed layer. There is also a patch
of enhanced productivity near the bottom on the outer shedf,onshore of the shelfbreak in the
weakly stratified bottom boundary layer. This patch lieoeh layer of enhanced stratification,
suggesting that is was not locally formed because the fatedion isolates this layer from the sur-
face. These two regions of high productivity appear to beneoted by a thin filament of high
values along a layer of enhanced stratification. There salggion offshore of this high patch in
the bottom boundary layer that has high nutrients but lovdpetivity. Each of these features is
found in the model fields, suggesting that the basic mechargsponsible for the observed bloom

is represented in the model.

There is one main area of disagreement between the modelbsedvations. The observed
plume of high fluorescence and chlorophyll that extendshal\tay to the bottom just offshore of
the shelfbreak (station 60, Fig 9e,f) is not really foundha model productivity tracer. Although
the model tracer does show penetration down to the top ofdttern boundary layer, it remains
within the unstratified mixed layer. The data suggest that pimytoplankton must have been
advected from the near surface within a few days, indicatiugrtical velocity ofO(20 m day ).
There are two possible reasons for this discrepency, batimdndo do with the two-dimensional
configuration of the model. The observed high productivisg lon the anticyclonic (shoreward)
side of a narrow, deep eastward flow (Fig 9c). It is difficultietermine from our synoptic velocity

section whether this is simply the shelfbreak jet beginrimge-establish itself, or if this is the
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signature of the transient rebound jet that is known to ooear the end of an upwelling event in
the Beaufort Sea. Pickart et al. (2011) show that the rebginrdsults from along-shelf variation
in the wind stress and fast propagation of the sea surfaght®gnal as the wind decreases. Either
way, this deep eastward flow should persist for longer thanemtial period, leading to divergence
in the cross-slope flow of the bottom boundary layer on theeshard side of the feature. This in
turn will drive local downwelling into the bottom boundampter in the region of the anticyclonic
vorticity of strength¢ H/2, where( is the relative vorticity and{ is the thickness of the bottom
boundary layer (Pedlosky 1987). Taking typical value$ ef 0.1 ms™'/2x 10*m = 5x 1076 571
andH = 20 m gives a vertical velocity of)(5 m day~!), smaller than but of similar magnitude to
what is required to explain the observations. The otheripiiggis that the mixed layer at one time
did penetrate down to the bottom on the outer shelf and tieaplint matter was mixed to depth
(which happens very quickly) instead of being advected dolivthe flow is three dimensional,
the nearly vertical isopycnals are susceptible to barmcimstability, which would lead to a rapid
restratification of the mixed layer (Boccaletti et al. 208y result in high values deep in the water

column below the stratified fluid.

A detailed study of the interaction between surface andobotboundary layers is explored
for a wide range of topographies by Estrade et al. (2008).ummcase, the shelfbreak upwelling
is a result of the overlap between these two boundary layeth® shallow shelf. The offshore
transport in the surface Ekman layer is required to balaheerértical gradient of the turbulent
shear stress. In the deep ocean, the stress goes to zere thefdvottom is felt, so the Ekman

transport per unit along-shelf distance is given by

T

V=
pofo

(1)

where T is the surface wind stresg, is a reference density, anfl is the Coriolis parameter.
However, over the shelf, the stress decreases away fronutfeee but does not go all the way to
zero before the bottom boundary layer in encountered, wtherstress begins to increase again.

Hence the offshore transport in the surface Ekman layerttreeshelf is less than it is in the deep

2In steady state the surface and bottom stresses are equal.
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ocean. This difference in the offshore transport is sugdhg upwelling at the shelfbreak, which

is the transition between the shallow shelf and the deepocea

The amount of upwelling is determined by the degree of opedathe surface and bot-
tom boundary layers over the shelf. The depth of the bounldgmrs typically scales as =
0.4(7/po)'/?/ fo (Grant and Madsen 1986). For= 0.25 N m~2, the value o) is 48 m, similar to
the depth of zero offshore velocity over the slope in Fig..19afficiently weak winds, or a deep
shelf, will result in a distinct separation of the surface #ottom boundary layers and will elim-
inate ability of the shelfbreak upwelling to extend out af thottom boundary layer and reach the
euphotic zone. In contrast, complete overlap, such thastiiess is independent of depth, would
result in no cross-shelf transport over the shelf and cotaplpwelling of the bottom boundary

layer at the shelfbreak.

7. Conclusions

We have proposed a physical mechanism for the massive inephytoplankton boom ob-
served in summer 2011 near the shelfbreak in the central €bi8ea. The winds during the
month preceeding the observations were predominantly fotlteoeast, providing conditions fa-
vorable for upwelling nutrient-rich Pacific winter wateofn the interior halocline onto the shelf.
Hydrographic observations are consistent with this ugngkcenario. A two-dimensional ocean
model run under similar forcing conditions resulted in upiwg onto the outer shelf, as expected,
but also produced enhanced vertical transport into theaseifEkman layer at the shelfbreak. It
was demonstrated that this enhanced upwelling is a consegwd the interaction of the surface
Ekman layer with the bottom boundary layer over the sheléhSipwelling into the surface layers
is expected for strong enough winds, or a sufficiently siafibelf, so that the surface and bottom
boundary layers overlap on the shelf. Subsequent vertis@hgitransports this deep, nutrient-rich
water all the way to the surface, where it is available fortppjankton growth. Idealized nutrient
and cholophyll tracers in the model produced many simiégivith the observed nitrate, fluores-
cence, and chlorophyll fields, supporting the model ineadion. This agreement suggests that

ice, which was present over the bloom, does not play a dritita in the upwelling event. How-
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ever, itis likely that ice edge effects, and their influennesarface stress and buoyancy fluxes, can

be important under some circumstances.

Trends in the near surface winds over the past decade iedicat such strong, upwelling
favorable winds are becoming more common over the Chukéhi lBeeombination with a reduced
ice cover, it is thus expected that large bloom events, asreed in 2011, will become more likely
in the future. This could result in further increases in pR@nkton primary production in the
Chukchi Sea, which has already experienced a greater thgnid€rease in productivity since
1998 (Arrigo et al., in press). This enhanced shelf proditgtis likely to support a richer benthic
ecosystem but could also lead to enhanced sediment deattiof, resulting in a loss of fixed
nitrogen to ecosystems downstream. The changes in Arctimenacosystems resulting from

increased nutrient flux at the shelfbreak are difficult talprebut warrant further attention.
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FIG. 1. Circulation schematic for the Chukchi and western Bea8e#s, including geographical place names. The

two transects considered in the study, ICESCAPE 2011 an®@8®&2, are indicated, as is the SBI mooring array.
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FIG. 2. Initial salinity field and topography near the shelfbreak.
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FIG. 9. Vertical sections from the 2011 ICESCAPE transect. (a) liooaf the stations comprising the transect. (b)

mcontours). The ice concentration at each station

color) overlain by potential density (kg

Potential temperaturéC

is marked along the top. The blue dots are visual obsengtiom the ship, the red dots are from a Modis Terra 250 m

resolution satellite image on 8 July (when no visual obgérua were taken). (c) Absolute geostrophic velocity (gm/s

color). (c) Nitrate (imol/kg, color). Water sample positions are marked by thenapeles. (d) Fluorescence (volts,

color). (e) Chlorophyll g/, color).
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FIG. 10. Fields on day 20: a) cross-shore velocity §~!); b) alongshore velocityng s—1); ¢) salinity.
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FIG. 11. Transport streamfunction in the vicinity of the shelforeamkday 16 2 s~ 1).
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FIG. 12. Salinity on day 30, after the wind has ceased.
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FiG. 13. a) Nutrient tracer on day 20; b) productivity tracer andrsgli(white contours, contour interval 0.05) on
day 20.

41



0

1 0 1
2) - I -
T 25 0.8 25 (?é/j 0.8
= 0.6 0.6
£ 50 50
S 0.4 0.4
R E IIchz 75 F\\\\\ |II(12

100 0 100 0

450 500 550 450 500 550
latitude (km)

latitude (km)

FIG. 14. a) Nutrient tracer on day 30; b) productivity tracer andrsgli(white contours, contour interval 0.05) on
day 30.
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