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RESUME

L6oobj ect i f ettecrechercheathit del earactériseres mécanismephysiqus,

biologiques et chimique qui affectentles couches mires phytoplanctoniques. Deux
environnements marins cotiers différents ont été comparés. Le premier, la Baie de
Monterey, est une basemiouverte située sur la céte ouest de &ifGrnie. Le deuxieme,

le Golfe e t EstuafreMaritime du SairLaurent (EMSL), est un systéme situé sur la cote

est du Canad&ontrairement a la Baie de Montereyd couches minces noe:
jamais été étudiées dans le Sdiatirent et cette étude représente donc une premiéere étape
dansceens.Des donn®es °~ haute r®sol utinannei ssues
déun v ®hdimarim lordulast cont sété utilisées respectivement dans la Baie de
Monterey et d a sutats difteferi¥l Selon lesLrégonDan®! 6 E MISsL
mécanismas affectant lescouches mincesgtaient le cisaillement vecal et le processus
déintrusion d es valeuss stevdrmlesddé eisaillementvestical étaient

trouvées au centre des couches minces. De plus, de faibles valeurs du taux de dissipation
dé ®n e r gdque turbulemeRbntiaussi étée s ur ®e s 7 cesdeiniaresB®imsilee ur de
stabilité (Ri > 0.25) et le faible mélange apparaissent comme des conditions essentielles a

| 6observati on .d@etc7/0% des emiches immaee &alectlisées a

| 6i nt ®r i eur d¢ 0IEaebgaysdarBaiede Montereydrespestivembahs

la Baie de Montereya majorité desouches minces étaielocalisées dans la nitraclingii

se confondaigénéralemenavec la pycnoclineGrace a deslonnéesmodélisées| a été

montré que le entpouvaitinfluencercouche de mélange de surface.

Mots clés Couches mincesphytoplanctoniques Stratification; Cisaillement

vertical; Nitracline; Diffusion turbulente Vent



ABSTRACT

The main goal ofthis research was t@haracterizethe physical, biological and
chemicalmechanismshat have an effedn thephytoplankton thin layer Two contrasting
coastal marine environmenigere conpared. The first one, Monterey Bag,asemiopen
embayment locate@dn the west coast of California. The secomnk, the Lower St
LawrenceEstuary [SLE) and Gulf is asystemlocated onthe easterrcoast of Canada
Contrary to Monterey Bay, this work represents the first study of thin layers in the St.
Lawrence.High-resolutiondataobtainedfrom an autonomous underwater vehicle and an
undulating underwater vehiglevere used irMonterey Bay and_.SLE, respectively.Thin
layers were affected by different mechanisms in both regionthe LSLE,the vertical
shear and intrusion processcted on thin layerdMaximum shear values were found at the
center of thin layers. Moreover, low values disipation rate othe turbulent kinetic
energy were also measured inside thin layefe stability (Ri> 025) and the low
turbulenceappear to be essential conditions to observe thin layérand 77 % of thin
layers were located inside the pycnocline in the LSLE and Monterey Bay respedtively.
Monterey Baythe majority of thin layers werlcated in the niracline which generally
merged with the pycnoclindhrough modeled data it was shown that the wind could affect

the surface mixing layer

Keywords Thin phytoplanktonlayers Shear; Stratification; Nitracline; Turbulent

diffusion; Wind stress
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INTRODUCTION GENERAL E

Mise en contexteet problématique

Les organismes phytoplaociques représentent la base du réseau tropligues
océans.Grace a la photosynthese, ces organismes sont responsabiesprieuction
primaire qui est essentielle a la survie des organise@svdaux trophiques supérieuBe
plus, le phytoplanctorst impliqué danplusieurscycles biogéochimiques. En effées
micro-alguesmarines sont responsablde la fixation annuelle de 40 % du carbone fixé par
la totalité de la biospheréFalkowski 1994) Leur étude et la compréhension des

mécanismes qui gouvemdeur développement sont doegsentides

Le milieu pélagique est uanvironnemenen continuel mouvemerdu regne une
hétérogenéité spatiale. Cette hétérogérsatéefletedans la distribution du phytoplancton.
Comme mentionné dans de nombreuses études, ce dernier posséde un caractere agrégatif et
se retrouve généralement sous forme de « patch » phytoplanajou e dans | a col

(Bainbridge 1957; Haury et al. 1978; Levasseur et al. 13®pendamment de |

spatial e 7 l aquell e on se situe pour | 6®tu

cette hétérogénéité. Tel que proposéHiaury et al(1978) les échellespatiatemporelles
des patrons et des processus liés au phytoplanctortlase@&s selon les méga macro,

mésae, grossiére fine-, et micreéchelles.

Dansla présent®t u d e , nous nNnous int®redbmMata ~ | O
| 6 ®c hel |I e 1 km).rDans €e% ordres de grandeur les mécanismes frontaux, les
résurgencesupwellingg, les inteactions inter et intraespéeces ees concentrationgn
nutriments sont les facteurs clés de contréle du développement des algues
phytoplanctoiques Avec | dapparition de sondes et d
| 6®chantill onnage ~ f i mceiérekdo phgtbplamctonétémise st r uc

a jour, les couches mince®our étre nommée ainsi cetgucturedoit répondre &rois
criteresi s sus d o0 un déine rpar@ekdsenieks et &l(2001) etSullivan et al.
(2010) I | s 0 aagrégationduephytog@lancton sur une faible épaisseur verti¢a)e
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inférieure a 3 m, avec une concentration gsiiau mans deux fois supérieura celle

alentour (2). De plus, cettest ruct ur e doi't °tre t edtippor el | eme
visible sur plusieurs pro8lverticaux successi{8). Le critere de persistan&st un moyen
supplémentairgour vérifierque cette structure deénessrée. pas du
Ainsi, con@rnant la persistance temporelld ndexi ste pas r®el |l ement d
de profils minimums.Les couches minces peuveatre assimilés au maximum de

chlorophylle de sous surface @utoute autrestructureexistante du moment que cette

derniererépond aux 3 critéeres précédemment énoncés.

Les couches minces font | 6 0objlkeans, etda®t udes i
premi re dodéentr e el(S$treldandalo6®)te@r impdrtaneerest@ e ave n 196 8
fatqgudel |l es peuvent &$ valeurseduorscgndedogophylie aa55 f oi s
leur base(Ryan et al. 2008t représenter plus de 50 % de la biomasse totale de
chlorophylle avec une fréequesc d 6 o c c ur r e n c \erticdux pavart atteinder of i | s
87 % (Sullivan et al. 2010)Elles ont déja été observées dans des Rigmn et al. 2008)
des Golfes (Steinbuck et al. 2010)des Estuairs (Kasai et al. 2010) des fjords
(Dekshenieks et al. 20Q1des lac{Yamazakiet al. 2010t d a n s(Churrdsideca®da n
Donaghay 2009)Elles peuvents 6 ® te sur des distances horizontales supérieures a 20
km (Johnston et al. 2008} contenir des espéces phytoplanctoniques toxi(Riees et al.

2002; McManus et al. 2008; Sullivan et al. 2010)

Six mécarsmes pncipaux peuvent étre responsables de la formation des couches

minces phytoplanctoniqueBi@urel, tirée deDurham and Stocker 2012plus de la moitié

des m®cani smes r®sultent de | 6interastion ent
de | a c ol EgureH, cddde.a as alftres mécanismes sont une conseéquence
directe quoexerce | e milieu physique sur | e

criteres biologiquesHigurela, f). Parmi ces derniers,onndld 6 i nf l uence que peu
un cisaillement vertical sur un patch phytoplanctonidtigure 1a) ou bien2) | 6 i nt r usi on
débunee nlabsesau dans un pRgurelf). Dane lespdbuy tas lp patclm ct o n  (

sera étiré horizontalement pour une période plus ou moins longue.
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a Cisaillement d Piégeage gyrostatique

s L e

X X

¢ Flottabilité f Intrusion

O - 0 g : o '
ol T |

X X

Figurel Mécanismes de formation des couches minces phytoplanctoniques (mc
Durham and Stocker, 2012). L, K &p correspondent respectivement aux cot

déintensit® | umineuse, de nutriment ¢
Néanmoins pour forme une couche mince, i faut que |
petite que | e d®pl acement indui t pllapeut | e m®

aussi se produire ce qui est communénagpelé3) un «piégeage gyrostatique (Figure

1d) . Coest |l e cas | or s qu 6 umigre etse flettouve @gansmo b i | e
fort cisaillementvertical. Si ce cisaillementpossédeune intensitésupérieureau seuil
permettant ~ |l a cellule dé°tre ma' tre de s
piégée dans cette zone, @uy aura accumudtion Les trois derniers mécanismes
concernent le développemeti phytoplancton lorsque celai se trouve dans une zone

avecune intensité lumineuse et une quantiéenutrimers suffisans a sa croissare. Des

couches minces peuvent ainsi se forif@rlorsquedes espéceghytoplanctomguesnon

mobiles sontinitialement présemss dansune tellezone Figure 1e). (5) De plus,certaines
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especes nemobiles telles qudrichodesmium sppsont aussi capable de modifier leur

densitéj us qu o6~ atteindre une por edlisendtemgiatonde densi
verticales,Figure 1c (White et al. 2006 (6) Pour finir,la motilité de certaines especes
phytoplanctoiques, tel g UARashiwo sanguingap e ut l eur per mettre d
directementine zone favorable a leur développemEigure1b (Sullivan et al. 2010)

Les couches mincephytoplanctoniques, notamment cellesntenant des algues
toxiques peuvent avoir des répercussions stfas ur | 6 ®c o g detMomerey L a B
est souvent soumise a des floraisoth®® al gues t psuiie G wreeSloraisdwle n s i
Akashiwosanguinea une mortal it ® maé&ésobserec€lessup étale aux de
2009) De pl us, |l a pr®sence de toxines ~ |1 0int®
répertoriée(Jester et al. 2009) LO6i mpact ®conomi queEtastleiss al gues
est estimé entre 33 82 millions de dollars par a(McManus et al. 2008)Dans le but de
pouvoir prédire le dévelogment des couches minces) grand nombrel éudesa été
réalisé dans l|aBaie de Monterey Cellesci visaient a comprendre gseltaient les
mécanismegjui contribuenta leur formation eta leur dynamiqugMcManus et al. 2003,
2008; Ryan et al. 2008, 2009, 2010; Steinbuck et al. 2009; Rines et al. 2010; Moline et al.
2010; Sullivan etal. 2010C et t e | i st e mdes metenlvaeurddifficutée d 6 ®t
de r®unir toutes | es observations n®cessaires
et déterminer avec certitude quels mécanismes sont responsables de la formation des

couches minces.

C 6 e s tle cddeerdsette problématique généraleu 6 une i nvestigation a
dansleSaink aur ent o0% | 6®t ude des couches minces nf¢
| 6heure actuell e. De pl us, une comparaison ¢

répertoriées lors@ u n esiomen mer dans lag: de Monterey.
Objectifs

L6objectif de cett:e ®t ude est de caract ®ri s
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1) La distribution des couches minces, leurs similarités et leur différences a
| 6i nt ®r i eur de deux-Lauen ettaBae ddbhtereyr ent es |
2) Lesdifférentsprocessus physiques, biologiques et chimiggssant sur les

couchesminced e | 0est uai r elLaunsntrei déaiBameede Manter&ya i n t

Méthodologie

Pour répondre au premier objectif, trois jeux de données ont été utfiséde
caract®riser au mi eux {Lauen. hAmsi, | 1820 wrgfila el al e d
fluorescence répartis dans tout3elfe e t Estuaireont été analysés dans le but de détecter
la présence de couches mincEgy(re 3). Parmi ces profilsle premier jeu de donnée (1)
correspond a0992profils CTD. Ces derniers onté&téalisés par le Ministére Péche et
Océan etobtenu par | 6 Obs er v at dui $amtLaukadnto (D@SL) qui permet
d 6 erroger lesystéme de gestion des données environnemergadles d 6 obt eni r | es
archi v®es ; l 6l nstitut des Sciences- de [
LamontagneCes derniers ont été réalisés ed®989 et 2014 et étaient répartians tout le
Golfe e t Estuaire De plus, 1772 profils provenaient de différentes missions effectuées le
l ong déun axe transversal en face dirant Ri mou
| 6 ®t.®qur fiiRdu 15 aul8 mai 2013une mi ssi on s &®&EMSA®r oul
fourni les derniers 956 profil (3). Lesdon®es de | 6 OGSL ont ®t ® wut.i
de détecter la présence des couches minces et leurs caractérishiqulesles autres
données orgerni a comparer les couches minces avec les autres variables méssrées
| 6 anal y sxéemedabjectii eConcernant la a® de Montereyen Californie
| 6 ®c h an tfut eflecdud primagpalement dara partie noreest (Figure 2). Quatre
missions réalisées les 13, 14 et 16 aolt 2013, ainsi que le 19 septembre 2013 ont permis
déobtenir un total de 650 profils.

Afin de caractériser les processus physiques, biologiguehimiques, différentes variables

ont été mesurées dépendamment des régions. Ceflest résumées dansTableaul.
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De plus des données de températdeesuf ace, de vent et doOo®I ®vati or

mesurées a partir de satelitiede station météorologique étaient également disponibles.

Les principaux résultats de cette étude sont présertépai s s ousnmarmscitor me d o

a soumettrgour publi@tion dans une reviseientifiquea comité de lecture

Tableaul Variables mesurées dans chaque région

S 8
¢35 _ Régions Baie de Saint
S Variables Monterey Laurent
[
Cisaillement vertica{s™) X (P)
o Turbulence' (W.kg?) X (P)
O
)
5 Températurg°C) X (P) X (P)
salinité(PSU) X (P) X (P)
Optique? (m™) X (P)
Gg’_ Fluorescence relative X (P) X(P)
D
% Performance photosynthétique X (P)
2
Taxonomie X (B)
[¢)
5
£ Nitrate (um) X (P) X (P)
ey
O

! correspond au taux de dissipatb® ®ner gi e ci n®ti que turb
2 correspona la rétrodiffusion optique avecleslg ueur s ddonde 420
Données issues de profils, P, oubdeiteilles, B.
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CHARACTERIZATION OF PHYTOPLANKTON THIN L AYERS AND A
COMPARISON OF THE ME CHANISMS AFFECTING T HEM IN THE LOWER
ST. LAWRENCE ESTUARY AND MONTEREY BAY

1.1 INTRODUCTION

Since the first observation of thin phytoplankton layers was repd8&dkland
1968) knowledge abdumechanisms that can cause thams increasedignificantly. These
layers have a finescale vertical structure (cm ta few meters) but a relatily large
horizontal extent up téens ofkilometers(Hodges and Fratantoni 2009; Johnston et al.
2009; Ryanetal. 2010 hey ar e bi ol ogi dhey aredftbnoassecated s o ,
with layers of zooplankton, bacterimarine snow, and bioluminescen®écManus et al.
2003) Thin layers have been found to have chlorophytbncentration up to 55 times
greate than the backgroundalues(Ryan et al. 2008and a frequency of occurrende
vertical profilesvarying between 0.2% in Alaska near Kodiak Islgi@hurnside and
Donaghay 2009and 87% in Monterey &y, California(Sullivan et al. 2010)Also, they
may be dominated by one or several specfgshytoplankton including toxic algae, such
asPseudenitzschia australisand AkashiwosanguineaMcManus et al. 2008Rines et al.
2010.

While the use of universal criteria to define thin layers is difficult, because it depends on
instruments and environmental condisq®ullivan et al. 2010)it is nonetheless required

in order to campare results obtained from different study area and using different
methodologies Three criteria, defined by Deksheniekst al. (2001) and Sullivaret al.
(2010, arecommonlyused:1) thin layers must be spatially and temporally persistent; 2)
the fluorescence/chlorophyll structure must have awidth-half-maximum (FWHM)
rangeless than 3 meters; 3) the fluorescence/chlyibpnaximum must be at least twice

higher than the backgund.
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Different physical andbiological processesxan be involved in the formation,
mainenance and dissipation of thin layers. Tin@in physical processes atbe vertical
shear(Birch et al. 2008; Ryan et al. 2008he turbulent diffusion(Stacey et al. 2007;
Wang and Goodman 201Qhe intrusion of a water layer(Kasai et al. 2010and the
stratification of the water colum(Deksheniks et al. 2001) Stratification favors the
development of thin layer§Ryan et al. 2010; Steinbuck et al. 201®) limiting the
turbulence, such as the pycnocline whe thin layers are often locadid (McManus et al.
2008) Although some dinoflagellates have the capacity to tolerate high turbulence levels
that typically occur in frontal and coastal upwelling zor{@snayda 2002)turbulent
diffusion generally dissipates thin layetsowever frontal zones can generate shear and
intrusiors of waterinside patcksof phytoplanktonwhich favor the fomation of thin layers
(Ryan et al. 2008; Johnston et al. 2009; Kasai et al. 2@d@cerning the biological
mechanisms, somghytoplanktoncells can modify their buoyancy afat swim tovards
nutrientrich waters(Ryan et al. 2010; Sullivan et al. 2010 be temporally persistent
mechanisms of convergenamust dominate or be in balance with mechanisms of

divergenceotherwise they will be destreyl

Signatures ofttin layers have been recorded invae variety of environmentssuch
as baygRyan et al. 2008)gulfs (Steinbuck et al. 2010gstuariegKasai et al. 201Q)¥jords
(Dekshenieks et al. 20Q1lakes(Yamazaki et al. 2010and open oceafChurnside and
Donaghay 2009)Here, we compar@bservations fromtwo contrastingplaces, a bay
(Monterey Bay) and an estuariofver St. LawrenceEstuary), to ivestigate whether
similar or different physical processes inflaenthe formation of thin layers in different

environments.

Monterey Bay is ssemtopenembaymentocated on the west coast of California
along the eastern margin of theorth Pacific. It is19 km wide in theeastwestdirection

and ¥ km long in the nortilsouth directionFigure2 (Graham and Largier 1997)
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Figure2 a) Localizaton andb) bathymetry of Monterey Bay. Black doase CTD anc
fluorescenceass and redones are thoseontaining a thin layer.

In the northern part of the bay theraaisyclonic circulation with a recirculation of waem
waters(Graham and Largier 1997)he Monteey Bay canyon transports nutrients from the
deep shelf to the euphotic zone inside the bay that influence phytoplankton productivity
(Ryan et al. 2005)Cold andnutrientrich watersallow for the presence of high chlorophyll
aconcentratios in thebay (Barber and Smith 1981Jhe equatorward wind and southward
transport of surface water are characteristic of the upwelling period that occurs during
spring a summer(Strub et al. 1987; Pennington and Chavez 200@)o upwelling
systems generallgievelopin the north and inhe south of Monterey Bay near Pofio

Nuevo and Point Sur, respectivéRosenfeld et al. 1994)pwelling plumes and fronts are
also common features during active upwell{iRpsenfeld et al. 1994 is followed by a
relaxation period that is calldte oceanic periogdbecause equatorward winds weaken and

California Current water replaces upwelled wd&kogsberg and Phelps 1946)



26

Phytoplankton bloomsveakenbefore reaching an annual minimum during wintie
Davidson Current periodPennington and Chavez 2000h) 2002 the Coastal Ocean
Exploration: Searching for Thin Layemoject reported intense thin layers Monterey

Bay, which spurred many research projecesg(the Autonomous Ocean Sampling
Network, the Layered Organization in the Coastal Oceand publicationgRines et al.
2002; MdManus et al. 2003; Sullivan et al. 2003, 2010; Ryan et al. 2008, 2009, 2010;
Steinbuck et al. 2009; Moline et al. 201 understand the physical, biological and

chemical processes that contribute to thin layer dynamics.

The Lower St. Lawrence Estuary (LSLE) and the Gulf of St. Lawrence (GSL)
constitutea semierclosed systemmpento the Atlantic Oceathrough the Cabdbtraitand
Strait of Belle IsleFigure 3. Both are located on the east caafis€anadaThe freshwater
discharge of the St. Lawrence River and other rivers, coupled teelttesely warm and
salty bottom layerapproximately 5°C ah 348 psu(Gilbert et al. 2005)originating from
the Atlantic Ocean, are responsible for the residual estuarine circulation ioStte
(Koutitonsky and Bugden 1991he LSLE has a length of 200 km,raeanwidth of 40 km
and is connected to the GSL by a former glacial valley, the Laurentian Chahiudl,has
a maximum depth of 350 im the estuaryln winter,the water column is stratified in two
layers a cold and fresh surface layeverlying a wamer and saltier deep layerubng
summer the upper part of the surface winter layer warms, while the loweepains cold
becoming a cold intermediate lay@anks 1966)Cyr and Larouch€2015)observed the
presence of manguastpermanent frorstin the Gulf and in theLSLE. In this region, the
formation mechanisms of fronégse the result of the combination of many facttine tidal
mixing, the upwelling due to thedominantwind, the crossestuary current and gyréSyr
and Larouche 2015Nutrients aregenerallynot limiting in the phtc layer so growth of
phytoplankton depends on the stability of the water column and (Ngirtdevelde et al.
1987) The LSLE is characterized by an important phytoplamktdoom during summer
and a second one, generallgaler,in fall (Levasseur et al. 1984)
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Figure3 Map of the Gulf of St. Lawrence and the Lower St. Lawrence Estuary.
dots are CTD and fluorescence casts and red ones are those containing a thin le

Furthermore, diatoms with a size larger than 20 um, Tikalassiosira nordenskioeldii
Chaetoceros debiliand Nitzshia seriataepresent the dominant fraction of phytoplankton
biomass during summékevasseur et al. 1984; Roy et al. 1998)eLSLE width (40 km),

which is several times thaternalRossby radius (~ 10 km), promotes the development of
mesoscaleX10 km) and submesoscale (¥0 km) flow structures, such as fronts and eddies
(Ingram and ESabh 1990; Mertz and Gratton 1990; Cyr and LaroucH&2@Dynamic
stability of the water column (determined by the Richardson number), stratification,
turbidity, internal waves, vertical shear rate, advection, nutrient concentration and
irradiance in the water column are factors that are maetllay thedynamics of fronts
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(Vézina et al. 1995; Savenkoff et al. 199iMpacting on the distribution and productivity
of phytoplankton(Demers and Legendre 1981; Vandevelde et al. 1987; Levasseur et al.
1992) Despite their importance for the marine environmentcomprehensivestudy m

thin layers has ever beeunblishedfor the St. Lawrencéo our knowledge.

The aim of the present wo(k) is to characterizehte spatial and temporaistribution
of thin layersandtheir similaritiesand differences two distinct and contrasty sites the
St. Lawrenceand Monterey Bay; and to investigaf2) the physical, biological and

chemtal processescting onLSLE and Monterey Bathin layers
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1.2 MATERIALS AND METHODS

1.2.1 Sampling

St. Lawrence A mission was und@ken from 15 to 18 Mag013 inthe LSLE on
board theR/V Coriolis Il Thereafter we will call it th€ SLE mission. Eight transectsere
doneusing an undulating underwater vehicleg #BIVA Scanfish II(SF) and sixstations
weresamplel. The SF was toweokhind the ship ith a horizontal speed of 3.8 sit and a
vertical speed of 0.76 rs*. Using the SF dotal of 952 vertical profiles were acquired
between ~2n depth anch maximum ofL00 mdepthfor a total distance of 341 km. The
horizontal resolution étweentwo profiles was~0.37 km.It was equipped with a CTD
(Conductivity, Temperature, Depth) Seabird SBE (16 H2, and a WetLabs ECO
Fluorometer and turbidity sensdr KH2). During the stations a siem comprising a Seabird
Carowsel SBE32 with 12x12L-bottles, a CTD Seabird SBEL1 plus, a SBH#3 Dissolved
Oxygen, a WetLabs ECO Fluorometer, a WetLabasmissometer, a Campbell Scientific
OBS-3+ turbidity sensor, and ain situ ultraviolet spectrophotomet€tSUS-V3) nitrate
sensor pofiled the atire water columnThe ratio of variable fluorescence (tbdference
between the mamum and minmum fluorescence yield measured in dadapted
phytoplankton) to maximum fluorescence/fratio, anestimate of the photochemical
quantum yieldof photosgtemIl), was used to assedsetphotosynthetic performance
F./Fm measurements were performed wahFast Repetition Rate fluorometéfRRf,
Chelsea TechnologietJK). Water samples were anabazwith an optical microscopto
determinethe dominant phytdankton generaThe R/V Coriolis Ilwas equipped with an
Acoustic Doppler Current ProfilefRDI 150 kHz Ocean surveyprand current profiles
were measured with a vertical resolution of 4 meters. Some technical problems caused the
temporary shutdown of théADCP for some transects. Windata from Maurice
Lamontagne Institat buoy, IML -4 (48.66°N, 68.58W) were downloaded from the St.
Lawrence Global Observate§LGO, (http://slgo.ca 2014) with a 15-minute temporal
resolution Hourly waterlevel wasobtained from the Rimouski statiégt2985 by Fisheries
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and Oceans Canadauring the study period we also used sea surface temperature (SST)
from the Moderate Resolution Imiag Spectroradiometer (MODISyith 1 km spatial

resolution(http://oceancolor.gsfc.nasa.gov/cins/

The second SLE dataset consists @91 casts from 7 missions untiéken between
July andOctober 2009, 750 casts from Bbssions between May and October 2010, 635
casts from 17 missions between May and November 26d172 casts fromnemission in
October 2012 A fixed station was done in 2010 48.47 °N latitude and 68.50 °W
longitude, and 24 casts were realized in less than 3 hAoreng the 1772 casts, 1555
were locatedalong a transverse axis in front of Rinsguand 217 casts were performed
nearTadoussag¢Figure 3). Thereafter th&e will be called the transverse axis missioAS.
the profiles of these missions were sasapbyCyr et al.(2011, 2015 Most missions were
conducted opportunistically, depending on boat availability and the weather. A vertical
microstructure profiler (VMP) manufactured by Rockland Scientific International (RSI)
was used. The VMP was equipped with a SBE CTD, a microfluaresttarbidity sensor,
two Thermometrics fagtesponse thermistors, and two airfoil shear prolbas. sampling
rate for the CTD sensor w#&st Hz and 512 Hz for the other sensors. Details of all the

equipment argivenin Bourgault et al(2008 andCyr et al.(2011, 2015

The last dataseconsistsof 10992casts from 178 missions unthiten from 1999 to
2014 by Fisheries and Oceans Candbat were downloaded from SLGQ@014). Data
cover the periodrom Marchto November and are distritied in the entire GSL ardSLE
(Figure 3). This dataset will be called the historical missioBepending on the missions,
different fluorescence sensors were used. Fluorescenctheraforeused as a proxy for

phytoplankton corentration to investigate the preserof thin layers in profiles.

Monterey Bay. An Autonomous Underwater ahicle (AUV), Dorado, from
Monterey Bay Aquarium Research Instityerformeda high resolution mappingf eight
transects and 622 profilés the north of the BayFigure2b). The same area was sampled

on 13, 14, 1AAugustand19 SeptembeR013 Two transects werngerformedeach day.
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The AUV track was 86 km longwith a speed of ~1.18 s* which represents a horizontal
resolution between profiles of G:26km. The dlorophyll fluorescence, optical
backscattering (420 and 700 nm) and nitretieswere measured by a HOBI Labs 12S
sensor and an ISUS,sigectively(Johnson and Coletti 2002Z)he AUV was also equipped
with a SeaBird SBE 25 CTD sensor. Wind was measurddmrg Marine Lab (LML,
36.95°N, 12.07°W) with an houyl temporal resolutiomndsea levelwvas measurkat the
station 9413450 (36.60°N, 121.88°W WWe also used daily-averagedsea surface
temperaturdrom theGroup for High Resolution Sea Surface Temperature (GHR&&h

1 km spatiatesolution(http://ourocean.jpl.nasa.gov/S$.T/

1.2.2 Data processing

1.2.3.1. Sensors
A mobile median filter of threpoints was applied for every sensors of tHéVAto
reducenoise spikesAll physical measurementior the transverse axis missiomgere
processed bZyr et al.(2011, 201} Thereafterdl variables were averaged every 10 cm
except for the flarescence of theSLE missionswhich hasa lower resolution.

Water samples were not takeniring transedt for all missions in theLSLE and
Monterey Bay so there were no discrete chlorophyll measurementsianas thus not
possibleto convert fluorescence to chlorophyll concentration. In order to compare data sets
together, it was decided tase relative fluorescencé&or the LSLE mission, the time
corresponding to the measarens of fluorescence was not recordsdthe fluorometerin
this wayfluorescencavasmanually manipulated in each transect tavith the time data of
the CTD The manipulations were performed with a subjective interpretation of the data to
ensure the consistency of fluorescence profifdgorescence and CTD time series were
adjusted so that subsurface fluorescence maxima occurred at the same depth on consecutive
up and down castsThe vertical resolution of the curremteasurement&as 4 m, and we

used a moving average of 30 minuieseduce noiséor the LSLE mission
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Therefore the vertical shear and the Richardson number have also a vertical resolution of 4
m. The nitrate sensor baseline reference can vary from survey to sbecaysehe nitrate

sensor wasot calibrated

In Monterey Baythe nitrate data was used to determine the locatiche nitraclinein

orderto characterizéhe environment gbhytoplankton thin layers.

1.2.3.2. Method usedto definethin layers and their characteristics
Thin layers of fluorescence weredetermined using the three criteria defined by
Dekshenieks et a(2001) and Sullivan et al(2010 exceptfor the historical missions(1)
Thin layers must be spatially and temporally persisté)tithe fluorescence/chlorophyll
structure mushave a FWHMrangeless than 3 meterg3) the fluorescence/chlorbyll
maximum must be at least twice higher than the backgraimdeasure the intensity of a
thin layer (or height of the fluorescence maximum, criterion 3), the fluorescence
background was calculated by linearly interpolating fluorescence between the top and
bottom of a thin layer structure. Then the fluorescenceitnar was divided by his
interpolated valueMoreover, to calculate thethinay er 6 s nor mawelmvwed fl uor e
calculated the ratietweenthe relative fluorescence divided by the maximum relative
fluorescence of the thin layenultiplied by the flusescence maximum intensity ratio of
thin layer In the historical missionit was not possible to verify the temporal persistence
criterion (1), because there were no time seri@s in others studiesOekshenieks et al.
2001), b ensure that thin layemsere not due taneasurement errors, werified that a
minimum of six data points of fluorescence were obtained inside the layer. For some
analyses in the LSLE and Monterey Bay, thin layers were compared tthinolayers
structure. Each fluorescence laywhich did not respect one of the three criteria was

considered as a ndhin layer.

The thin layersoccurrencdrequencyin profiles,was calculated as the number of profiles
that contained a thin layer divided by the total number of profiles.
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1.3 RESULTS

1.3.1 Thin layers characteristics

Thin layers wereobserved during the Monterey Bay missigRrggure 2)andin the
St. Lawrence @GIf and Estuary wherethe firstonewasobservedn 2001 (Figure3). The
occurrence of thin layers was smaller in the St. Lawrence, from 1% tovii#h% mean of
3 %, compared to Monterey Bay, 24%kable?2).

Bet ween the St. Lawrenceds datasets, the
LSLE mission 14 % which focused on frontal regions addition,inside the Gulf and the
Estuary of theSt. Lawrence thin layers occurrencaried temporally, although sampling
did not allow to properly resolve seasonal variabi{fygure 4). The majarity of profiles
weredone from May to August.fiet hi n | ay e r 06 smoreimpgodantrineMag, e wa s
June and August compared to other peri@ilgure4). During the Transverse axisissiors
in August only 47 profiles wereaalizedandall profiles withthin layers profiles (19) were
found during the samenission, whichexplainsthe high ocarrence for this dataset
Moreover, the thin | ayerés FWHM was in the
datasets of the St. Lawrenagile their intensity was stronger in the Historical missions
than othersTable2). Furthermorejn the St. Lawrencéhethinl a y e r Ovariediglglyt h
(Table2, Figure5). They were generally present between the surface and 25 m depth and
some were observed op 70 m depth in the LSLE and Historicalssions(Figure5Figure
6). In the LSLE, the thin layer and ndhin layer relative fluorescence profilésllowed
generallythe same trend with relative fluorescence concentratiosgynificantly different
(Figure 6). The relative fluorescence had a maximum concentration near the surface
between and 20 m before decreasing in deptheve anothelocal maximum was located
betweerb0 and 70m.



Table2 Characteristics of thin layers in all datasets.
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At four fixed stations in the LSLE, (128 May 2013) water samples were analyzed at

different depths (2m, 5m, 45m and b0 Phytoplanktorabundance was dominated by

diatoms Thalassiosira nordenskioeldand Skeletonemaostatun. In this region,thin

layers

Depth classes (m)

extended on a horizontg$tance up to 1Rm (not shown).
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Figure5 Thin layer's vertical locatiom both regions

In Monterey Bay, thin layers were observedring all missions except ot9

September 2013nd they were mainliocatednear the coast~gure 2b). In this region,

thin layers extended on a horizontal distance up ton (16 August 2013 transecf)hey

corresponded most of the tintethe subsurface fluescence maximum (SFM) arounar8

depth Figure5 andrigure6). Moreover t hi n | ayerés relative

the concentration inside ndhin layers Figure6).
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Theirintensity,3.2, and their FWHM, 1.8 mwerein the same order of magnitude thithm
layers inside the St. Lawren¢€able 2, Figure 7). However, $ing two charcteristicsit
was possible to differentiateoth regionsFirst, the ratio of relative fluorescence in thin
layers to that in notthin layers was stronger in Monterey Bay than in LSEigure 6).
Secondthin layersweredeepeiin the St. Lawrence compared to Monterey BElyis depth
difference could be mostly explained by thbysical and chemical conditions atite

dynamic of the water columnasshown below

Relative Depth (m)

Monterey Bay
St. Lawrence

5 I I I I J
0 1 2 3 4 5

Normalized Fluorescence

Figure7 Thin layer's normalized fluorescence in both regions
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1.3.2 Physical conditions inside thin layers

Thewater density is mainly controlled Isalinity in the LSLE and by temperaturi@
Monterey Bay The stratification of the water column is quantified with buoyancy

frequency ¢ 1) which was cleulated as

N= |- 9 P (1)

whereg = 9.81 m & is the gravitational acceleration,,= 1052 kg ¥ is a reference

density ﬁ_trepresents the density ddket have been smoothed using a mobile mean of 50
cm, andz the upward axis. The buoyancy frequency wageaterin the LSLE than in

Monterey Bay, respectively5.08®10°s'and 3.55% 10°s ™" (Figure 8). Maxima of
stratificationwere located above the center of thin layers inrtereyBay and below the
center in theLSLE (Figure 8). Thin phytoplankton layers wermostly located at the
nitracline depth, which often coincided with ggcnocling except in a few places.

a b C
-12 -12 -12
-10 MB -10 -10
-8 LSLE -8 -8
T -6 6 -6
= 4 -4 -4
g -2 2 2
% 0 0 0
= 2 2 2
T 4 4 4
X 6 6 Total 6
8 8 Angle 8
10 10 Module 10
12 12 +—3 12
0 002 004 006 0.005 0.015 0.025 0 20 40 60
N(s™) s Ri

Figure 8 Mean profiles for thin layersof a) buoyancy frequency, b) verti
shear anat) the Richardson number. In a) aogshalings represent the 9t
confidence intervals. Depth is relative to the center of thin layers, with ne
values above and positive valubslow. Only the buoyancy frequency v
calculated for Monterey Bay.
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The weaker densittratificationin Monterey Bay probably allows phytoplankton to sink

below the pycnocline where the nitracline is fouma few placegFigure9).

TheRichardson numberRi) was calculated as:

Ri=N?/s?, (2)
where vertical shea‘fY(s'l), Is given by :
o 2 o o2
s= 29 4G o
clz+ g+

To calculateRi, values of the buoyancy frequency have had ave?ageat the top and

bottom of the vertical shear depth for each deptbide thin layers,Riwas greater than
0.25 indicating stable conditions for Kelvitelmholtz instabilities Kigure 8). Maximum
values of Ri (36.4 were locaed belowthe center of thinlayers due to the strong
stratificationin the pycnoclineFigure10 shows, in more details, the location of thin layers

relative to the pycnocline.

Figure9 Nitrateand temperaturgradient of all thin layers in Monterey Bay
Depht is relative to the center of thin layers, with negative values above
positive values below



