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Abstract. The circulation in the northwestern North Atlantic Ocearhighly complex, characterized by the confluence of
two major western boundary current systems and severd clngknts. Here we present the first comprehensive analysis
of transport paths and timescales for the northwesternnN&itantic shelf, which is useful for estimating ventilatioates,
describing circulation and mixing, characterizing the pasition of water masses with respect to different sourgens,
and elucidating rates and patterns of biogeochemical psinng, species dispersal and genetic connectivity. Ouysisaises
dye and age tracers within a high-resolution circulatiordel@f the region, divided into 9 sub-regions, to diagnosegon
times, transport pathways, and transit times. Retentinadiare shortest on the Scotian Shel8(months), where the inshore
and shelf-break branches of the coastal current systertt ie$ugh along-shelf transport to the southwest, and onGhend
Banks (3 months). Larger retention times are simulated in the GuBtoLawrence £12 months) and the Gulf of Maine
(~6 months). Source water analysis shows that Scotian Shé&dirweaprimarily comprised of waters from the Grand Banks
and Gulf of St. Lawrence, with varying composition acrossghelf. Contributions from the Gulf of St. Lawrence are ¢aragt
near-shore locations, whereas locations near the shelklvave larger contributions from the Grand Banks and slagens.
Waters from the deep slope have little connectivity withghelf, because the shelf-break current inhibits transpodss the
shelf break. Grand Banks and Gulf of St. Lawrence watersremefore dominant controls on biogeochemical properdied,
on setting and sustaining planktonic communities on thei&t&helf.

1 Introduction

Biogeochemical cycling and property distributions in aggigystems, including in lakes, estuaries and ocean hadaeis
pend on water transport paths and timescales. Analysisn$port paths and timescales has been used to estimata-venti
tion rates (Jenkins, 1987; England, 1995; Hohmann et a®8;1€ao et al., 2009), to describe circulation and mixingnéki
1995; Haine et al., 1998; Schlosser et al., 2001; Wunsch)2@@d to investigate river plume dynamics (Zhang et alL,020
2012). These analyses can either be the focus of or comptanvestigations into biogeochemical processes. For ei@mp
Holzer and Primeau (2006) used residence time, a diagrafdtignsport timescales, to investigate the role of the gllober-
turning circulation in controlling inter-basin transpartd nutrient distributions. Cao et al. (2009) used veritetimescales

to assess the effect of ocean transport o, @ptake and how different ventilation rates can affect prigie anthropogenic
carbon in global ocean models. Laruelle et al. (2013) estich&reshwater residence times in the coastal ocean tor hette
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derstand the connection between rivers and coastal watettheir effect on regional and global air-sea;,Gl0x. In a recent
study, Xue et al. (2011) used flushing times to discuss cagkipart from the continental shelf of the East China Sea. Hu. et
(2017) used residence time estimates to infer carbon efprets from a mangrove-dominated estuary. These exampbes sh
that transport timescales are widely used measures fontilgsas of biogeochemical distributions and fluxes.

Transport paths and timescales can be obtained with thedfi¢tpcers, either through direct measurement of apprtepria
chemical tracers that are injected into aquatic systenilsetately (e.g. Banyte et al., 2013; Ho et al., 2017) or wemitibnally
(Beining and Roether, 1996; Karstensen and Tomczak, 1688)ith the help of dye and age tracers in numerical modegs (e.
England, 1995; Delhez et al., 1999; Banas and Hickey, 200&ng et al., 2010). Due to practical considerations suclsts ¢
the application of chemical tracers for direct measuremamgins limited, and numerical tracers are often used. Maxia
scale up from sparse measurements through mechanistigsegpations of the relevant processes and achieve highlspat
temporal resolution. Various methods for determining sosdes and quantifying ocean age and ventilation ratesrirerioal
models have been used (Jenkins, 1987; Sarmiento et al.; TB@&0e and Sarmiento, 1990; England, 1995).

Through the implementation of dye and age tracers in a hegbtution regional circulation model, this present stuitysa
to determine circulation pathways, transport timescaled, residence times for the northwestern (NW) North Attastielf,
which is characterized by complex circulation and is undergrapid changes. Although previous studies have quedtfielf
basin particle retention (Rogers, 2015), shelf resideimces as part of global studies (Bourgeois et al., 2016; Sbsei al.,
2017), and transport times from the St. Lawrence River toSbatian Shelf (Sutcliffe et al., 1976; Smith, 1989; Shan.et a
2016), this is the first comprehensive analysis of resideimees, and transport pathways and timescales in the NW North
Atlantic.

The region has experienced rapid oxygen loss over past debath on the Scotian Shelf (Gilbert et al., 2010) and indnott
waters in the Lower St. Lawrence Estuary in the Gulf of St. texvee (Gilbert et al., 2005), with negative effects on thastal
ecosystem (Bianucci et al., 2016; Brennan et al., 2016ajh&umore, the region’s status as a source or sink of atnasgph
CO;, is unresolved, with conflicting reports of the Scotian Slaafa region of net outgassing (Shadwick et al., 2010) and
net uptake (Signorini et al., 2013). Coastal upwelling, i as upwelling of water from below the seasonal theromecli
within 10 km of the coast, has been reported along the sautstesre of Nova Scotia during the late summer months due
to upwelling-favourable winds along the coast (Petrie t1887; Shan et al., 2016). Shadwick et al. (2010) and Buat et
(2013) have proposed that upwelling also occurs at the bnedtk bringing subsurface slope waters onto the Scotiali 8he
explain the reported outgassing of ¢®ut this is counter to the hypothesized behavior of mid-tagt-latitude shelves as net
sinks (Tsunogai et al., 1999; Cai et al., 2006). Ocean ditmn and mixing are important controls on oxygen ventiatnd
net air-sea C@flux. By elucidating transport pathways and quantifying alseociated timescales for different sub-regions in
the NW North Atlantic, we aim to improve mechanistic undansting of the physical influences on regional biogeochelmica
cycling, in particular deoxygenation and net air-sea, @0x.

We follow established methodology for quantifying the tethconcepts of water age and residence time. Ages a lo-
cal measure, in other words it is unique to each water paaoel thus recognizes spatial heterogeneity (Delhez et399;1
Monsen et al., 2002). The age of a water parcel is defined asntieesince that parcel left a specified point location, sur-
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face or volume where its age is set to zero (Delhez et al., 18088 is a Lagrangian concept since it is a characteristic of
the fluid parcel (Deleersnijder et al., 2001). There are tvannapproaches to calculating age in numerical models: iGree
function-based transit time distribution (TTD) theory (Hand Plumb, 1994; Holzer and Hall, 2000; Haine and Hall, 200
Hall and Haine, 2002) and constituent-oriented age andeask time theory (CART; Delhez et al., 1999; Deleersnigex.,
2001; Delhez et al., 2004; Delhez, 2006; Delhez and Delgdesn2006). TTD is best used for steady flow applicationd an
computes the full spectrum or distribution of transit tinies water parcel using Green'’s functions (Haine and HalQ20
while CART is better suited to time-varying flow, and is espyg useful for highly resolved coastal applications. Toresent
study uses CART, which calculates the mean age as a mashtae@verage of the distribution of age§;, x,7), presentin
each water parcel (Delhez et al., 1999). A fuller explamatibCART theory is given in Section 3.1.

Residence time, a complement to age, is also a local measigneaLto each water parcel. Local residence time estimates c
be averaged to quantify mean residence time (also refesrasl lushing time or retention time; Agmon, 1984; Monsen ¢t al
2002), which applies to the larger control volume. Meandesce time, defined as the time it takes for a water parcehtele
a control volume or source volume, is frequently used to tifyatme renewal of water in a defined body of water and can be
used to assess the influence of hydrodynamic processes aticasystems. Since residence time is a function of bothespac
and time (by definition, every water parcel has its own unigath and history, each with a different residence time)k it i
necessary to describe residence time in a finite volume astrébdition (Delhez et al., 2004). From this distributiome tmean
residence timery, can be calculated as the first moment of the residence tistréuxdition (Agmon, 1984; Berezhkovskii et al.,
1998). Although knowledge afz does not identify the underlying physical processes or ggrys unique spatial distribution
of water retention, it is useful for comparing differenti@gs (Monsen et al., 2002).

In this study, we use a high-resolution circulation modeltfee NW North Atlantic (Brennan et al., 2016b) that is imple-
mented using the Regional Ocean Modeling System (ROMSMdgil et al., 2008). Within the model domain, we distinguish
9 different sub-regions and track their source-water mamswith passive dye tracers and associated age tracensifag
CART. The simulated dye tracer distributions illustratevhwater circulates throughout the domain, and enable diicatton
of mean residence time in four shelf regions: the Grand BathlesGulf of St. Lawrence, the Scotian Shelf, and the Gulf of
Maine. Mass fractions of each of the dyes in the Gulf of St. teawe, Scotian Shelf, and Gulf of Maine illustrate how the
different source regions are contributing at differentli@ns and on average. Lastly, the age of these dyes indibate long
it takes water to travel throughout the domain. Overall, s that the shelf water is isolated from the slope watet that
there is little cross-shelf exchange.

2 Study Region

The NW North Atlantic (Figure 1), off the eastern coast of &aa, is uniquely located at the junction of the subpolar and
subtropical gyres (Loder et al., 1997; Hannah et al., 200i¢. circulation is dominated by the southward transport raftié

waters via the Labrador Current system (Loder et al., 1998taRtoni and Pickart, 2007). The outflow from the Denmark
and Davis Straits in the north, which make up the Labradore&uy accumulates along the northwestern North Atlantic
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Figure 1. Bathymetric map of the NW Atlantic, with the model domain ageheral circulation structure shown in the upper panel. The
Halifax Line, a transect across the Scotian Shelf, is shoptihé bold black line. Station locations are numbered anit&tdd by red points

along the Scotian Shelf.

continental shelf separating cold, fresh shelf waters fn@rm, salty slope waters (Beardsley and Boicourt, 1981gked al.,
1998; Fratantoni and Pickart, 2007).
The Scotian Shelf (Figure 2), a 700 km-long portion of thettwntal shelf centrally located in the NW North Atlantis, i

characterized by currents moving to the southwest withdresland shelf-break branches. The inshore Nova Scotia @urre
5 (NSC) originates in the Gulf of St. Lawrence, turns onto thettan Shelf at Cabot Strait, moves southwestward alongdhst,

and enters the Gulf of Maine at Cape Sable. The shelf-breakmis an extension of the Labrador Current (Hannah et al.,

2001; Han, 2003). Since the NSC plays a dominant role in thiegshore transport on the Scotian Shelf, much of the water

within 60 km of shore and top 100 m is composed of Gulf of St. teavee-originating water (Dever et al., 2016). Freshwater

discharge from the St. Lawrence River additionally impalcesseasonal cycle of the NSC transport (Dever et al., 2@i@),

10 both the NSC and shelf break current are strongest in theemémd weakest in the summer (Shan et al., 2016). Overall, thi
demonstrates the important connectivity between the GuiitoLawrence and the Scotian Shelf. Transit times from the S
Lawrence River (at Quebec City) to Halifax and Cape Sable leen previously estimated as 6 to 7 months (Sutcliffe et al.
1976; Shan et al., 2016) and 8 to 9 months (Smith, 1989; Shaln 2016), respectively.

Small-scale circulation patterns on the shelf are infludrnme topographic features, such as banks and basins, @eatin

15 anticyclonic and cyclonic features (Han, 2003). In deegfdbesins and along the shelf break, the contribution froaopsl
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Figure 2. Division of the model domain for initialization of dye trase Regions are as follows: offshore segment (Slp), whidlriher
divided into 2 depth levels (200 m and above, and below 200af)rador Sea (LS), East Newfoundland Shelf (ENS), GranckB&GB),
St. Lawrence Estuary (SLE), Gulf of St. Lawrence (GoSL),tieoShelf (SS), and Gulf of Maine (GoM).

waters becomes more important (Dever et al., 2016), wittharesflow of slope water through several cross-shelf channel
(Shan et al., 2016).

3 Methods
3.1 CART Theory: Quantifying Age

Most methods for quantifying age are based on the idea thediéh water parcel there is a distribution of agés,z, 7), as
shown schematically in Figure 3. All equations to calcuksge are based on this age distribution in a water parcel &tqos
x and at timef, wherer is the age or time since the water particle left its sourcered he age distribution is subject to the
following dynamical equation:

ce(T) e(T)
ot or

=—V(uc—KVc) - @

whereu is the velocity at time and locationr, andK V¢ is the subgrid-scale flux parameterization, with the eddfysivity
tensorK (Delhez et al., 1999). The first two terms on the right sideespnt water being advected and diffused, respectively,
which will add and subtract from the age distribution. Thet kerm represents the aging of the distribution (Figure 3).

For coastal applications, such as in the present studylesiltg the entire spectrum of ages in Figure 3 is computatlyp
not feasible and instead we calculate the mass-weighted@wef the spectrum of ages, i.e. the mean age (CART method).
implement this method in numerical models, two tracers riedx simulated: (1) a passive dye tracg(y, t), that is purely
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Figure 3. Each water parcel is characterized by a distribution of ageslescribed in equation (1) and indicated in the left paligh each
time step, this distribution ages as indicated by the simall panel (1); additionally, water is advecting/difugsin/out of the water parcel
resulting in different age components being added andattied as indicated by the transition from (1) to (2). Togetiese two processes

produce the distribution at the next time step shown in thletgpanel.

advected and diffused throughout the domain, and (2) an@ugeeatration tracety(z,t), that is coupled with the passive dye
tracer and only starts to increase once the coupled traceleftats source region. This second tracer essentialgktrahe
time since the associated dye tracer has last left its liziigon region and is only defined where the dye tracer isgme(i.e.
whereC > 0). Mean age is then calculated as a ratio of these two tracers.

Equations governing the dye and age concentration tracedeaived as follows. It can be assumed that all tracer ketiee
domain ag- approaches infinity; in other words, avecomes infinitely large, the age spectrum distributiorregghes zero
(i.e.lim, o ¢; (¢, z,7) = 0). With this boundary condition, Equation 1 can be integtatéth respect ta- and using

ee]

C(t,z) :/c(t,x,T)dT. (2)
0

The resulting equation

%—(i =-V(@uC-KVC) (3)

is used to track the dye tracer concentratior{Delhez et al., 1999).
The age concentration tracer(t,z), is defined as the first moment of the age distributieit,z, 7), and is obtained by
multiplying Equation 1 byr, integrating with respect to and making use of the fact that

alt,x) = /Tc(t,x,T)dT 4)
0

which yields

(2—? =C—V(ua—KVa). (5)
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Equation 5 is coupled with Equation 3 such thawill grow proportional in time with each time step whéh> 0 .
The mean ages(t,x), is defined by the first moment of the age distribution noresaliby the dye tracer concentration

1
C(t,x)

a(t,x) = /Tc(t,x,T)dT. (6)
0

In other words, the age is calculated by dividing the age entration tracer(t, x), by the dye tracei'(¢,x), as in equation
6

a(t,x)
C(t,z)

These equations can be applied to any number of indeperrderts with separat€; (¢, z), a;(¢,x), anda;(t,z), as in this

a(t,x) =

(7)

study. It is straightforward to implement Equations 3 and ROMS.
3.2 Quantifying Mean Residence Time

Residence time, similar to age, is a local measure deschipeddistribution. Here, we calculate the mean residence tim
(MRT), which has also been referred to as "mean passage {idggtion, 1984), "average lifetime" (Berezhkovskii et al.,
1998), and "flushing time" (Monsen et al., 2002), and dessrthe average time water or a constituent (e.g. a dissaizeer)
spends in a defined control volume.

Residence time is best defined in a probabilistic framewadaion, 1984; Berezhkovskii et al., 1998). The probabilitstt
a particle,P, which at timet, = 0 was located at,, in domainX, is found at point: € X at timet, is given by the probability
p(z,t|X). Then survival probability, or the probability &f remaining in the domaitX, is

S(HX) = /p(a:,t|X)dac. @)
X
The lifetime distribution F'(¢| X ), which is similar to the age distribution and essentiallgatébes how long the particl®
spends within the domaii, is then described as
~0S(tX)
ot

Similar to the calculation of the mean age, the mean lifetimmean residence time éf 7p, is calculated as the first moment

F(t|X) =

(9)

of the lifetime distribution

—_— —/%mt: /S(t|X)dt. (10)
0

0
The same principles used to find the residence time of a spagtécle can be applied to calculate the MRT of all particles
contained in domaiX att,, e.g. a passive dye tracer homogeneously initialized wihiIn practice, the lifetime distribution
for this scenario is described as the distribution of dyesn@s,, leaving the domain

F(tX) = -2 (11)
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MRT is calculated as the first moment B{¢| X) (i.e. the weighted sum of the dye tracer mass leaving the@ladmain at
each time step), integrating to the end of the simulatign, t
Fac
=— [ —"tdt. 12
TR T 12)

0
MRT is different from residence time and age, which are lggeintities. Its calculation requires only the implementabf a
passive dye tracer.

3.3 Model Domain and Setup

Our model is based on ROMS version 3.5, a terrain-followireg-surface, primitive equation ocean model (Haidvogel.e
2008), implemented with 30 vertical levels and approxinyat® km horizontal resolution (240120 horizontal grid cells). The
model domain includes the Gulf of Maine, Scotian Shelf, Bést/foundland Shelf, Grand Banks and Gulf of St. Lawrence
(see Figure 2), and is described in detail in Brennan et @lL§R), who have shown it to realistically represent theaegi cir-
culation patterns. Our implementation uses the GLS vérticdng scheme (Umlauf and Burchard, 2003; Warner et a0
atmospheric surface forcing from the European Centre faltide-Range Weather Forecasts (ECMWF) ERA-Interim global
atmospheric reanalysis (Dee et al., 2011), andhtgb-orderspatialinterpolation at theniddle temporal level (HSIMT) ad-
vection scheme for tracers (Wu and Zhu, 2010). HSIMT is flasdw, 3rd-order accurate, mass-conservative, osailtfiie,
and positive-definite with low dissipation and no oversiaptBoundary conditions for temperature, salinity ands$gzort are
defined using Urrego-Blanco and Sheng’s (2012) regionaighlocean model of the NW North Atlantic (their model domai
is shown as background in Figure 1), with open boundary prairts augmented by barotropic tides from Egbert and Erefeev
(2002). The model's temperature and salinity is nudged tdwhrego-Blanco and Sheng’s (2012) solution in a 10-gad-c
wide buffer zone along the open boundaries. Nudging stretigtays linearly away from the boundary to a value of zeroeat t
11th grid cell. Our model is able to resolve mesoscale featur the region and captures the reported coastal upwétiew
Supplementary information for further details; Petrielet®087; Shan et al., 2016). Our model simulation with dgeérs is
initialized on January 1, 1999 from Urrego-Blanco and She12) solution and run for 6 to 9 years.

3.4 Numerical Dyeand Age Tracer Setup

Numerical dyes are used to mark the 8 chosen sub-regionsréFR). The offshore segment (Slp) is divided into two layers
(200 m and above defined as Slp-S, and below 200 m defined d3)Sach with its associated dye. In each sub-region, the
initial dye concentration is set to 1 kgTh and the initial age tracer is 0 kg sTh Two types of numerical tracer experiments
are performed. The first type, referred to as TRANS, qualéit shows the circulation patterns and transit pathwaysl

is used for the quantification of residence times in selestdiregions of the model domain. Here dyes are initializalgt o
once at the beginning of the simulation, allowed to advedtdiffuse throughout the domain, and their concentraticzage
within the source region over the 6-year simulation. The@eddype of experiment, referred to as AGE, is used to caleula
dye mass fractions and ages, and is run for 9 years to ensaira tlynamic steady state is reached for the dye and agestracer
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Here dyes are constantly forced to the initial value in teeirrce regions, effectively re-initializing the dyes atigutime step

and forcing their ages to zero at the source. Age only stariiscrease when the dye leaves the source region, allowig th
analysis of age at any point within the domain and the calicraf mean age in sub-regions that are fully containediwith
the model domain, i.e. the GoSL, SS and GoM. As stated alrigafgction 3.1, age is undefined in areas where the released
tracer has not yet reached (i.e. where C is equal to zero)nWiterpreting dye mass fractions, it is important to notd thye
end-members are strictly defined by their initial sub-ragkor example, GB-dyed water that enters the SS regionevilain
GB-originating water, no matter whether it first travellatbi the GoSL or entered the SS directly.

4 Results
4.1 DyeTracer Distributions

The distributions of the vertically averaged dye tracer§ atonths after initialization from the TRANS experimentdéie

4) show intricate transport patterns on the shelf and indittzat cross-shelf exchange is inhibited in some regionsalily,
neither Slp-D nor Slp-S dye has moved onto the shelf withéfitlst 6 months of the simulation, except for intrusions @-BI

dye into the deep Laurentian and Northwest Channels. Significross-shelf exchange has occurred only at the norttzestn
region of the Labrador Shelf where a sizeable fraction of 8 ltas moved onto the shelf. Another fraction of the LS dye has
moved along the shelf break around the Grand Banks and ahengdge of the Scotian Shelf, following the 200 m isobath,
with a small branch moving into the Gulf of St. Lawrence atieuth of the Laurentian Channel.

GB dye has moved into the Gulf of St. Lawrence and onto thei&c&helf, with larger concentrations on the outer shelf,
but has not crossed the shelf break. GB dye has remainedrthedbin the Laurentian Channel and a portion of GB dye has
remained highly localized on the southern tip of the GrandiBawhile the rest of the region is occupied by ENS dye. The
distribution of GoSL dye within the Gulf of St. Lawrence alsdicates some regions with relatively large retentioresne.g.
shallow parts around Prince Edward Island and north of Astidsland. A portion of the GoSL dye has moved onto Scotian
Shelf. SS dye has moved quickly to the south, but very litle trossed the shelf break. On the Scotian Shelf, the ceastal
shelf-break currents have caused the dye to move partigfdest near the coast and just inside of the shelf break,eadie
was retained slightly longer mid-shelf. GoM dye has slowiguated in the Gulf before leaving the domain.

Transects of dye concentrations and currents along thé&bdline (Figure 1) at the same time and from the same expatime
(TRANS) are shown in Figure 5. These transects illustredéttie shelf-break current, visible by the LS dye, acts likeadl
along the shelf break inhibiting cross-shelf exchangeld &Ip-D dye travels onto the shelf, and similarly little &g travels
off the shelf.

4.2 Mean Residence Times

Time series of the dye mass leaving their source regions metiome from the TRANS experiment were used to calculate
mean residence times. Two examples, for the Scotian Shelzaf of St. Lawrence, are shown in Figure 6. In general, a
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Figure 4. Maps of vertical mean dye concentration on June 16, 1999 (@hmanto the TRANS simulation).

large pulse of mass leaves each subregion initially, therathount of mass leaving per unit time decays. SS dye leaves it
source region much more rapidly than GoSL dye. The lattgrlalys seasonality that is correlated with the dischargea fitee

St. Lawrence River, when taking into account a lag of 8 marfiiger discharge peaks in late spring/early summer, with a
second, smaller pulse in November. The rate of GoSL massig#ve Gulf increases in late fall/early winter. The deldgo
months from peak discharge to peak in mass export from thei&cbnsistent with previous estimates of transport tinoerfr
the St. Lawrence River to the Scotian Shelf (Sutcliffe etZ76; Smith, 1989; Shan et al., 2016), which assumes thatya
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Figure 5. Dye concentration (colors) and 5-day average velocitigslifies) along the Halifax Line (HAL) transect on June 169996
months into TRANS simulation). Northward flow (into the pageindicated by solid lines, zero flow by the thick grey lieed southward
flow (out of the page) by dashed lines. Interval betweenrigglis 0.03 ms'.

is entrained in the river plume. This timing indicates the seasonal increase in dye mass leaving the Gulf is enhéyced
increased river discharge into the Gulf.

MRTs, calculated as the first moment of these histogramsHKgeation 12), are 88.1 days for the GB calculated without
the Laurentian Channel (126 days with Laurentian ChanB6lj,days for the GoSL, 81.4 days for the SS, and 251 days for
the GoM. The Scotian Shelf and Grand Banks have the shoresst mesidence times, approximately one third of that for the
Gulf of Maine and one quarter of that of the Gulf of St. Lawrenas described in Section 4.1, the SS dye moves quickly to
the south, hence mean residence time is short. Similarlyd@Bmoves quickly to the south into the Gulf of St. Lawerence
and onto the Scotian Shelf, with some dye remaining on ailmezhpatch on the southern tip of Grand Banks. There is a high
concentration of GB dye in the Laurentian Channel (Figuriedicating a longer retention of GB dye here. The Gulf of Main
and Gulf of St. Lawrence are semi-enclosed basins and mienatinee.

4.3 MassFractions

The AGE simulation was used to calculate the mass fractiams flifferent source regions for selected regions and ioest
(Figure 8, Table 1). Mass fractions were spun-up for 3 yeatisthey reached a dynamic steady state (Figure 7). Mastdres
reported in Figure 8 and Table 1 were calculated as the agdractions after the 3-year spin up.

Figure 8a shows the mass fraction of each dye contributirthecaotal dye mass in the Gulf of St. Lawrence, Scotian
Shelf and Gulf of Maine regions, not considering the dydaiited in the analyzed region. The main contributions totan
Shelf waters are from the GoSL, GB, LS and ENS regions. The e@itributions to the Gulf of St. Lawrence are from the
ENS, GB and LS regions. The Gulf of Maine has nearly equalrdmritons from most dyes, except for the SLE dye which
makes up only a quarter of the contribution (Table 1; SLE dbating 3% compared to 11-13%), and the SS and GB dyes

20 contributing approximately 50% more than the other dye$lgld; SS and GB contributing 18-20% compared to 11-13%).

11
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Figure 6. Histograms (lifetime distribution) of mass of the SS and Gadges leaving their source regions over time. Mass is repoas a
fraction of the initial mass present in each region. Meaidesge times are reported in red, calculated as the weighvechge of the mass
leaving each sub-region per unit time (Equation 12). St.deame River discharge is indicated by the light blue curvéhébottom panel
(see right y-axis).

The dye contributions at specific stations on the Scotiatf §figure 8b) illustrate heterogeneity in source-watestidibutions.
For example, the contributions of GoSL dye are high closéitwesand minimal near the shelf break. The Nova Scotia Curren
carries GoSL water along the coast resulting in the high dygributions at the near-shore stations.

44 Ages

Water ages from the different source regions were calajatedescribed in Section 3.1, from the AGE experiment. Hney
shown as spatial distributions for three selected souigiems in Figure 9 and reported as mean ages for the Scotidhe®lde
Gulf of St. Lawrence in Table 1. Mean ages are spatially ayetaover each sub-region and time averaged over a dynamic
steady state unique to each dye. See supplemental figurésseries of these mean ages illustrating the spin-upgeri
required to reach a dynamic steady state. Mean ages refledétriportant transport timescales: (1) the duration of tpants

12
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from source region to the present location, and (2) the mesidence time within the present region. The latter is irgydr

when considering mean differences between regions; fanpbe longer residence times in the Gulf of St. Lawrenceroute

to larger mean ages here as compared to the Scotian Shefbrfiner contributes to relative differences in ages withiagion;

for example, on the Scotian Shelf, longer transport timeesacthe shelf contribute to larger LS ages nearshore cadpar
5 near the shelfbreak.

The surface age distributions (Figure 9) illustrate theythrof transport from a source region to any given locatiothi
model domain and reflect specific transport pathways in th@me GB has low ages on the Scotian Shelf (less than 300
days), indicating the quick transport over the Laurentiiai@el to the Scotian Shelf, rather than first entering thié @3 &t.
Lawrence. GB dye that first enters the Gulf of St. Lawrenceteebeing transported along the Scotian Shelf via the NSC is

10 found farthest inshore, illustrated by larger ages herewhr has ages less than 200 days on the East Newfoundlalid She
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Figure 8. (a) Mass fractions of each dye in the three main regions ef@st: GoSL (outlined in red), SS (outlined in green), and/Go
(outlined in pink). (b) Mass fractions of each dye at sixeliffnt stations on SS compared to the overall mass fractfd®S ¢see Table 2 for

and Grand Banks, demonstrating the quick transport ontstibE here. Although LS ages along the shelf break are velgti
small (~200 days), LS water ages are at least three times largeefanghore on the Scotian Shelf (500-600 days). The large
transport times onto the Scotian Shelf are not a result @f slansport south, indicated by small shelfbreak LS agesdther

he Gulf of St. Lawrerzfore reaching the inner Scotian Shelf. Slp dye similarhves
easily onto Grand Banks, through the Laurentian Channdlirdo Gulf of Maine, but it cannot quickly and directly flow tmn

the Scotian Shelf. The importance of these transport pathigallustrated by comparing the dye mass contributiongu(e
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Figure9. Surface age (days) as determined from the AGE experimeapshiot from last year of 6 year simulation (June 10, 2004)it&Vh

areas are regions where dye concentrations < 0.001Kg m

Table 1. Dye mass fractions and mean age (days) of each of the dyes #h#if regions.

‘Slp-S‘Slp-D‘ LS ‘GOM‘ SS ‘ GB ‘ENS‘GOSL‘SLE‘

GoSL 0.041 | 0.054 | 0.224 | 0.000 | 0.003 | 0.258 | 0.252 - 0.168
SS 0.084 | 0.067 | 0.177 | 0.009 | - 0.234 | 0.185| 0.202 | 0.042
% STN1 0.043 | 0.041 | 0.195| 0.000 | - 0.250 | 0.206 | 0.241 | 0.024
'G STN2 0.132 | 0.296 | 0.192 | 0.000 - 0.229 | 0.139 | 0.012 | 0.000
E STN3 0.058 | 0.058 | 0.175 | 0.000 - 0.240 | 0.187 | 0.236 | 0.046
2 STN 4 0.156 | 0.293 | 0.186 | 0.002 | - 0.216 | 0.135 | 0.012 | 0.000
= STN5 0.070 | 0.062 | 0.136 | 0.208 | - 0.187 | 0.142 | 0.164 | 0.031
STN 6 0.129 | 0.320 | 0.150 | 0.110| - 0.180 | 0.100 | 0.010 | 0.001
GoM 0.106 | 0.110 | 0.122 - 0.202 | 0.180 | 0.120| 0.134 | 0.026
w | GoSL (days) 1010 | 1030 915 1750 | 1170 | 639 766 - 346
g Standard Deviation| 67.6 67.4 62.9 574 | 825 | 47.3 | 56.5 - 15.2
% SS (days) 496 648 728 1140 - 206 587 112 324
= Standard Deviation| 50.3 | 54.4 | 46.2 106 - 37.3 | 48.1 16.3 | 19.6

8) to the mean ages. In each subregion, the waters with thestadye contributions tend to have the highest mean ages and
vice versa. In the Gulf of St. Lawrence, the LS, GB and ENS dhy® the highest contributions and some of the lowest mean

ages: 915, 639, and 766 days, respectively. On the Scotielfi &B and GoSL dyes have the highest contributions and the

lowest ages of 206 and 112 days, respectively.
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5 Discussion
5.1 Regional Circulation Features

The simulation of numerical tracers in our model illustgais accurate representation of circulation featuresriest in
previous studies of the region. Circulation in the Northeftic is dominated by the subpolar gyre, specifically thea¢muvard
transport of the Labrador Current (Loder et al., 1998; Friatai and Pickart, 2007). The Labrador Current originatepart

of the East Greenland Current, flowing out of the DenmarkitStoauthward (Fratantoni and Pickart, 2007). The movemént o
LS dye equatorward in our model simulation, notably followthe shelf-break of the Scotian Shelf, represents the rkmhi
movement of Arctic-origin waters southwestward.

The Labrador Current, reinforced by a branch of Cabot Sttdaftow, makes up the shelf-break current (Beardsley anddiut,
1981; Loder et al., 1998), which agrees with our findings th@&twater, combined with GB and GoSL outflow through
the Cabot Strait, is a dominant component of the shelf-boeatent. Previous studies found that Labrador Sea watgr onl
penetrates the Gulf of St. Lawrence through the Strait ofeBisle and through the northeastern part of the Cabot Strait
(Galbraith et al., 2013). Our study finds similar resultghwimited penetration of the LS dye into the Gulf of St. Lawce,
exceptthrough the Laurentian Channel and Strait of Belbe &milarly, it is thought that limited Labrador Sea watenetrates
the Scotian Shelf through canyons and gullies along thé bhesik (Han, 2003), consistent with the vertical mean dyeeo-
tration maps (Figure 4). Studies also found that upper dlopeoccurs between the 200 m and 500 m isobaths, consistént wi
downstream remnants of the shelf-edge Labrador Current @tal., 1997; Loder et al., 1998, 2003; Fratantoni and Picka
2007). LS water in our model similarly follows the 200 m istibalong the slope. Loder et al. (2003) and Hannah et al. (1996
2001) report that density fields suggest that there is lonit@vement of subpolar water southward past the westernadge
the Scotian Shelf, which agrees with our results. LS watgoisg along the shelf break (less than 200 days) but becomes
much older once in the Gulf of Maine (over 1000 days). The lwagsit time of LS dye into the Gulf of Maine suggests that
this is not a dominant pathway in the system.

On the Scotian Shelf, past studies have revealed that thendatcirculation pattern is the southwestward flow with-sea
sonal variability in both the Nova Scotia Current (direalpng the coast) and the shelf-break current (farther oftsh(e.g.
Drinkwater et al., 1979; Han et al., 1997). We note the sammimiant circulation structure in our model. GoSL dyes flow
through the Cabot Strait onto the Scotian Shelf and, contbivith GB and LS dyes as an extension of the Labrador Current,
form the noted near-shore and shelf-break southwestwardTioe Slp dyes flow northeastward further offshore.

5.2 Mean Residence Times

The mean residence times in the region are: 88.1 days on Hrel®anks, 367 days in the Gulf of St. Lawrence, 81.4 days on
the Scotian Shelf and 251 days in the Gulf of Maine. High tpamsdirectly along the shelf, with inner-shelf and shelgéék
branches (Han et al., 1997), carries SS dye quickly to ththaast into the Gulf of Maine rather than crossing the shedfk.
Quantitatively, this quick transport is reflected by relaly short mean residence times on the Scotian Shelf (8}/g)da
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Few studies have looked at quantifying retention times @enSbotian Shelf and surrounding regions. Rogers (2015) did,
however, look at the retention of particles in shelf badRgers’ numerical modeling study of the region used partrelcking
to calculate the retention of particles in two basins on thedfsthe Lahave and Emerald Basins. Max retention timeswer
calculated as 166 days in the Lahave Basin and 111 days indiargasin in summer at 200 m release depth. These results,
although calculated over different scales and regionse&itotian Shelf, are similar in magnitude to the mean resglémes
calculated in our model.

In a larger scale study, Bourgeois et al. (2016) divided floba continental shelves into 43 segments and calcul&ied t
residence time in each segment of a global model with an geeradel resolution of 38 km in our region (ranging from 31
to 45 km). Their Florida Upwelling segment contains the #goShelf, Gulf of Maine and most of the eastern United States
shelves. Their Sea of Labrador segment includes the Labfetm East Newfoundland Shelf, Grand Banks and Gulf of St.
Lawrence. Bourgeois et al. (2016) reported residence toh&g + 0.6 and36 + 11 days for the Florida Upwelling and Sea of
Labrador segments, respectively. These residence tiraesweh shorter than the estimates from our model simulatiitedy
as a result of the coarser resolutien38 km vs.~10 km in ours) missing important circulation features like shelf-break
current. Differences in approaches to calculating resideime may also contribute. Bourgeois et al.’s (2016) exsi@ times
are also shorter for other regions when compared to prewtudies including the North Sea (Jickells, 1998; Delhed.et a
2004), Baltic Sea (Jickells, 1998), South Atlantic Bightkélls, 1998), and the Yellow and East China Seas (Men and Li
2014).

Sharples et al. (2017) calculated residence times fdi°coastal ocean grid cells around the globe, based on a seguenc
of theoretical arguments and empirical relationships aboaan-shelf exchange processes. While their analyssmimteuse
subregions as defined in our study, we can make rough coroparsetween our model mean residence times and theirs.
For the North Atlantic, Sharples et al. (2017) calculatedemresidence time of 14 days for Grand Banks (95% confidence
interval (Cl): 9-26 days), 105 days for the Gulf of St. Laweer{95% ClI: 62-199 days), 126 days for the Scotian Shelf (95%
Cl: 74-235 days), and 217 days in the Gulf of Maine (95% CI:-509 days). Their estimates for the Scotian Shelf and Gulf of
Maine are similar to those calculated here, but are muchlenfat the Gulf of St. Lawrence and Grand Banks (approxityate
a third and a sixth, respectively) than ours. Sharples’st(@017) calculation focuses on river plume export acrbssshelf
break without the use of numerical models. They divide globatinental shelves based on the ratio of the plume widtheo
shelf width,S,,, which determines the assumptions needed to calculatieres: time. Since the Scotian Shelf hasSgr< 1,
it is assumed that the salinity plume is confined to the shmadfthat exchange with the open ocean is controlled by exehang
across the shelf break. It is then assumed that residenegdioontrolled by Ekman cross-shelf break transport andnpéd
transport representing the mean non-wind driven expottaha affect residence times on such shelves. Their caionlat
therefore very different than the one performed in the presidy, resulting in discrepencies in reported residdinoes.

5.3 Transport Times

Since the St. Lawrence River and the Gulf of St. Lawrence laasteong influence on the hydrography of the Scotian Shelf,
previous studies have estimated the time for St. Lawreneeridischarge to reach Halifax and Cape Sable. Shan et 41620
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calculated the lag between the discharge peak from the 8tdree River and the low-salinity signal at Halifax and Cape
Sable in their model simulations. They found that wateriegithe St. Lawrence River took 7 months to travel from Quebec
City to Halifax and 8 months to travel to Cape Sable. Sutkfal. (1976) compared the temperature and salinity of the S
Lawrence River to different stations along the Scotian Sealetermine the time for river discharge to reach thesatlons.
They found, similar to Shan et al. (2016), that St. LawreniseRlischarge reaches Halifax in approximately 6 monthstls
(1989) similarly compared the seasonal cycle of currertaig), surface salinity and temperature at different laoet and
found that St. Lawrence River discharge reached Cape SaBl®i9 months.

In our study, we can compare the age of SLE dye on the Scotiati ®hthese transit estimates, as the age of SLE dye
estimates the time for water leaving the estuary to reachifsp@oints on the shelf. We calculated that SLE dye has an
average age of 324 days (10.5 months) on the Scotian Shatfhuglonger than in these past studies. Looking at specific
locations (Halifax and Cape Sable), the age of SLE dye nelifiabddés approximately 9 months (seasonally varies from-6.5
12.5 months) and 11.5 months (seasonally varies from 8 - IElmpnear Cape Sable. These estimates are larger than those
previously reported but with a similar delay in St. LawreRteer water delivery between Halifax and Cape Sable. For gemo
direct comparison, we calculated the lag between the Strérawe River discharge peak and low-salinity signals atfabalind
Cape Sable in our model simulation, as in Shan et al. (2018).1dg at each of these locations, respectively, was on g&era
4.8 and 5.5 months, with some interannual variability intiages. Our calculated lags are smaller than the age estrate
close in magnitude to those from Sutcliffe et al. (1976), ®r(d989), and Shan et al. (2016). The differences betweeagr.
calculation, and calculating the lag between peak rivaethdisgge and low-salinity signal stems from the fact that tpeia a
time-integrated measure rather than a propagation of tkxenmuan signal. At certain times of the year, the age of St. leawee
Estuary water at Halifax, for instance, can reach as lowzasm@nths, which is comparable to previous studies. In otloedsy
it takes longer for river water to reach each of the stationemnot during peak river discharge and the age calculagibects

averaging over these times.
5.4 Transport Mechanisms

Previous studies have reported that nutrient-rich slogemows onshore via major cross-shelf channels, such asghrthe
Laurentian Channel, Scotian Gulf and Northeast ChanneitfSzhal., 2001). Our study illustrates that the shelf-krearent,
marked by the LS dye, creates a barrier along the Scotiarf Stalprevents deep slope water from reaching the shelf and
similarly prevents surface SS water from being exportedhéoadjacent open ocean. Small amounts of water marked by LS
dye enter the Scotian Shelf through cross-shelf channedspashore transport of water marked by Slp dye occurs ttrtug
Laurentian Channel and Northeast Channel. However, teakriost no direct onshore transport of Slp-dyed water drgo t
Scotian Shelf. Slp-dyed water has low ages (Figure 9) andfiignt mass fractions (Figure 8, Table 1) only near thefshel
break; past the mid-shelf ages are much larger and mas@ofradower. We do not find evidence in support for significant
upwelling of nutrient-rich slope water onto the ScotianISas suggested by Shadwick et al. (2010) and Burt et al. (R013

In our simulation, waters marked by GB and GoSL dyes have ijigelst mass fractions on the Scotian Shelf overall, as
indicated by large mass fractions (Figure 8, Table 1) anddated low ages (Figure 9), and are therefore importantcgou
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waters for setting the properties on the Scotian Shelf.Algh the mean residence time in the Gulf of St. Lawrence gelar
(3867 days), once this water exits the Gulf, it moves quickbyng the Scotian Shelf. Similarly, water marked by GB dye gwov
quickly across the Laurentian Channel onto and along théeéBc8helf. These pathways have been noted in previousestudi
Han (2003) has shown that Gulf of St. Lawrence water moveritiir the Cabot Strait along the eastern edge of the Scotian
Shelf, while flow from the Newfoundland Shelf directly cabtrtes to Scotian Shelf circulation through crossoversssthe
Laurentian Channel and along the shelf edge.

5.5 Impactson Regional Zooplankton Distributions

The importance of the NSC, previously estimated to accaum5% of the net annual transport along the shelf (Drinknetal.,
1979), for setting biological properties on the ScotianlBiees been investigated in previous studies. For exampéeniblay and Roff
(1983); Sameoto and Herman (1990); Herman et al. (1991);e88mand Herman (1992) have evaluated the effects of the
NSC on the local copepod community. There are three mairiespetcopepods on the She@alanus finmarchicygLalanus
glacialis and Calanus hyperboreu§ he former dominates the southwestern half of the sheléredws the latter two species
are dominant on the northeastern h@lf.glacialisandC. hyperboreusre northern species with breeding populations in the
cold water of the Gulf of St. Lawrence and Labrador Curreatried to the Scotian Shelf via the NSC and shelf-break cur-
rent (Fleminger and Hulsemann, 1977; Tremblay and Roff31@®&nover, 1988). The outflow from the Gulf of St. Lawrence
affects the entire northeast portion of the Scotian Sheit€3 and Walton, 1975; Bugden et al., 1982), acting as a alamnti
control on the copepod population here (Sameoto and Herh®82).Calanusspecies also overwinter in basins deeper than
200-m along the Scotian Shelf (Sameoto and Herman, 199@afeet al., 1991) and there is a small contribution from slope
waters to shel€. finamrchicusandC. hyperboreupopulations (Lewis and Sameoto, 1988). By calculatingithe for water

to travel from the Gulf of St. Lawrence to the Scotian Shetie @an estimate the maturity stage of copepods along thi shel
assuming breeding in the Gulf. It is expected that with a 3yhdransit time from the Gulf to Halifax copepods will have
matured to stage C4 and migrate downwards to the deep bashesINE shelf (Sameoto and Herman, 1992). It is unlikely that
C. glacialisandC. hyperboreusould exist on the shelf for long without the infusion fronetBulf; C. finmarchicugverwinter

and are therefore less reliant on the Gulf of St. Lawrenceng®dio and Herman, 1992). The transport pathways in thisnegi
mainly the transport of GoSL and GB waters onto the Scotiaif$hform the NSC and shelfbreak current, are thereforg ver
important controls on setting species populations here.

6 Conclusions

In our model simulations, dye tracer distributions and s¢iatimescales are in good agreement with previous modelirty
observational studies. Water marked by LS dye flows along@®dem isobath, forming the shelf-break current which lirttits
lateral transport of water on- and off-shelf. Waters marked.S and Slp flow relatively unimpeded onto the Newfoundland
Shelf and Grand Banks, and through the Laurentian and thth&stern Channels, but do not flow onto the Scotian Shelf.
Water marked by LS and Slp dye that is present on the Scotiali &és first travelled into the Gulf of St. Lawrence. There
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is retention on the tip of the Grand Banks associated with_gtgador Current bifurcating around shallow bathymetihyisT
retention contributes to a larger mean residence time, eoaato the Scotian Shelf. Waters marked by GB and GoSL dyes
have the highest contributions on the Scotian Shelf (24%284d contributions, respectively) and some of the lowessage
(202 and 113 days respectively). Some of the largest agdseoBdotian Shelf are from waters that must first travel ingo th
Gulf of St. Lawrence before flowing onto the Scotian Shelfe3éiresults reflect the fact that the main pathway onto thige®co
Shelf is first through the Laurentian Channel into the GulbofLawrence, and then out onto the shelf via the Cabot Shnait
the case of water marked by GB dye, transport occurs diregly the Laurentian Channel.

Our results highlight how useful regional models are in gepy fine-scale details of circulation and quantifying aete
transport times and pathways. Previous estimates of mesgdéne for the NW North Atlantic shelves from a global moaled
too short, likely because the resolution is too coarse ttucagphe details of this dynamic system. The mean residemess t
and transport analyses calculated in this study provid&iLisgormation for understanding biological processegtsas the
shelf-wide copepod community structure, and biogeochalpiocesses, such as carbon fluxes.
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