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Abstract. Lagrangian coherent structures (LCS) are transient features in ocean circulation that describe particle transport,
revealing information about transport barriers and accumulation or dispersion regions. Varieus-methods-existto-infer ECSHrom
surface-current fields provided by ocean-eirenlation-modelsEinite time Lyapunov exponents (FTLE) approximate LCSs under
certain conditions, and are here used to characterize flow field features and their uncertainties in predictions from a regional
ocean forecast system. Generally, Lagrangian trajectories as well as ECS-analysis-inherit-the FTLE analysis inherit uncertainty
from the underlying ocean model, bearing substantial uncertainties as a result of chaotic and turbulent flow fields. In addition,
velocity fields and resulting EES-FTLE evolve rapidly. In-thisstudyfinite-time-Lyapunev-exponents(FTEE)-are-used-to-deteet
EESsin-surfacecurrent predictionsfrom-aregional-oceanforecast system—We investigate the uncertainty of EES-FTLE fields
at any given time using an ensemble prediction system (EPS) to propagate velocity field uncertainty into the ECS-analysis-
We-evaluate-vartability-of FTEEfields-FTLE analysis. Variability in time and across-the-ensemble-at-fixed-timesensemble
realisations is evaluated. Averaging over ensemble members can reveal robust FTLE ridges, i.e. FTLE ridges that exist across
ensemble realisations. Time averages reveal persistent FTLE ridges, i.e. FTLE ridges that occur over extended periods of time.
We find that EES-FTLE features are generally more robust than persistent for the chosen time interval. Large scale FTLE
ridges are more robust and persistent than small scale FTLE ridges. Averaging of FTLE field is effective at removing chaotic,
short-lived and unpredictable structures and may provide the means to employ EES-FTLE analysis in forecasting applications

that require to separate uncertain from certain flow features.

1 Introduction

QGeame—ﬂews—tfafrspefHaﬂeﬂ&Ocean currents transport and disperse various environmental tracers, such as nutrients, plankton

s-and pollution.
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Studying and predicting such transport is

of interest and importance for environmental management, especially in the coastal zone. Prediction typically relies on the use
of Oceanic General Circulation Models (OGCMs)—Y i A io RSt aH-vartati H-initie rdition

in which the nonlinear governing equations of motion are first integrated numerically to determine a velocity field, and
where this field is then used to calculate transport and spreading of (synthetic) tracers or particles. In many applications, the
aim is not necessarily an exact tracking of individual particles as much as the identification of regions of high or low particle

concentration as well as flow features that may act as dynamical barriers between such regions. To this end, the concept
of Lagrangian Coherent Structures (LCS) i i i tpti i i i

increased attention from the oceanographic community. As the name suggests, LCSs are coherently evolving features in un-

steady and chaotic flow fields tike-eddies-orjets;which-influence-trajectory-patterns—Hyperbe s-characterize attractio

that can systematically influence particle trajectories.
(Haller and Yuan, 2000; Tang et al.., 2010; Farazmand and Haller, 2012; Haller, 2015). More specifically, LCSs describe coherent
morphological features of the flow field that cause accumulation, spreading and deformation, and they can even suggest the
presence of transport barriers. LCSs have therefore found applications in both process studies and emergency responses, e.g.

man-over-board scenarios and oil-spill elean-up-operations:hassinee-been-diseussed-(e-g—Olascoaga-and-Haller; 2012;-Peaco

clean-ups (e.g. Haller and Yuan, 2000; Lekien et al., 2005; Olascoaga and Haller, 2012; Peacock and Haller, 2013; Dong et al., 2021
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~Various methods have been proposed

2005; Haller, 2011; Duran et al., 2018

;. Among those, the au
Lyapunov Exponent (FTLE) presents an approximation of LCS that is objective and straightforward to apply (Hadjighasem et al., 2017

»and is capable of highlighting areas of particle accumulation or spreading—depending on whether it is computed forward or
backward in time—for the spatial and temporal scales on which coastal ocean surface flow varies (e.
- More specifically, the FTLE describes the stretching that a fluid parcel at a given location experiences over a finite time due
to_the spatially and temporally-varying velocity field. Elongated patches of elevated FTLE values—hereafter referred to as
FTLE ridges—may be interpreted as boundaries between coherent structures (flow features identifiable due to their longevity
compared to other nearby flows), that is, boundaries between flow features such as eddies, vortices or meandering jets; and itis
near such boundaries that a fluid parcel’s motion will change drastically (Hussain, 1983; Samelson, 2013; Balasuriya et al., 2016)
- In unstable flows, FTLE ridges define time-varying regions exhibiting either an attraction to or repulsion from hyperbolic

trajectories (Shadden et al., 2005; Lee et al., 2007; Brunton and Rowley, 2010; Balasuriya, 2012; Balasuriya et al., 2016; van Sebille et al.

. Under certain conditions, these FTLE ridges may reveal LCSs (Farazmand and Haller, 2012) and provide a diagnostic tool
for describing fluid flows that is pertinent to applications of particle transport.

initial Using FTLE analysis as a detection for LCS has limitations. For example, a sheared current is not an LCS but will result
in high FTLE values, or the detected FTLE ridge may be far away from a true LCS (see example 3 and /orforeing eonditions
+4 in Haller (2011)). While more complete methods LCS detection exist (e.g. Duran et al., 2018), this article will focus on
FTLE analysis since it provides a straightforward gridded spatial description of Lagrangian transport characteristics that can
be analyzed using elementary statistical methods. Given its ease of implementation, we ultimately aim to examine the potential
use of FTLE analysis as a practical tool for applications in operational oceanography, e.g. oil-spill modeling.

More specifically, the current study will examine the usefulness of an FTLE approach to transport and dispersion modeling
in light of the uncertain nature of any ocean model forecast. Due to the nonlinear and highly chaotic nature of real ocean
flows—as well as the flow in high-resolution ocean models—small errors in the knowledge or specification of the velocity.
field may yield large perturbations in estimated particle trajectories. Furthermore, even with a perfect knowledge of the
velocity field, uncertainties in particle’s initial position or time of release may grow into large uncertainties over time. Thus,
despite the potential usefulness of LCS or FTLE analysis outlined above, the need to address the uncertainty and errors
in_e.g. the underlying current velocity remains. Can the uncertainty in forecasted FTLE fields be quantified? A common
way to address prediction uncertainties in geophysical flow fields is by use of Ensemble Prediction Systems (EPS). Instead
of issuing one single deterministic integration of the circulation model, an ensemble of model realisations is obtained by
time-integrating the model with variations in the initial conditions and boundary conditions (e.g.using an-ensemble predietion

. Giudici et al., 2021; Ghosh et al., 202
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ensemble is hence intended to span out the possible states of the
. Lebreton et al., 2012; IdZanovi¢ et al., 2023). While common in weather prediction, this method is in its infanc
in regional ocean prediction (Thoppil et al., 2021).

The impact of general flow variability on FTLE and other LCS analyses has received some attention, specifically related to
, 2006; Gouveia ¢

. Wei et al., 2013; Guo et al., 2016; Wei et al

the question of whether time-persistent features can be identified in a nonlinear and chaotic flow field (e.g. Olascoaga et al.

. There has also been some studies aiming to address uncertainty aspect, using ocean EPSs. (e.

. Here, we wish to further elaborate on how FTLE analysis can give information on coherent flow structures, despite the
resence of time variability and uncertainty in the flew-field(de-Aguiaret-al52023)—
Our-study—investigates—the-persistenee-forecast. We specifically distinguish between persistence and rebustness—efEESs

h-resolution-oceanEP Rc-ayhRamcany-a vE€-1=01Oteh ~"“““- €£1on© BNO ““va-v

of flow features: We refer to persistence in relation to flow features that remain at their location over an extended period of
time, hence provide usefulness for applications that use an analysis and assume the flow field remains in a similar state. Then
we refer to robustness in a prediction of flow features if a majority of a model’s ensemble members indicate a similar outcome
such that the forecasted FTLE have a high probability to be realized in nature.

Our study region will be the continental shelf, continental slope and deep ocean basin off Lofoten-Veseterdlen in Northern
Norway, a region of considerable importance for both the marine climate and marine ecosystem in the northern North-Atlantic.
In section 2, we describe the used-data—setfrom-an-operational-operational EPS ocean forecast system for this region and
provide an outline of how the LES-FTLE analysis is performedusingFinite-Time-Lyapunov-Expenents{(FTEE). In section

3 we present results invoking time-averages and ensemble averages of FTLE fields, respectively. In section 4, we draw

conclusions on temporal and seasonal variability of E€S-FTLE and uncertainties in the EE€S-FTLE analysis. Finally, we

discuss implications on the applicability of the EES-FTLE analysis in uncertain flow fields as a tool in operational forecasting.

2 Data and methods

2.1 Study region

The bathymetry and modelled surface currents around Lofoten-Vesterdlen (LoVe) archipelago along northern Norway’s coast

are shown in Figure 1. The continental shelf sea off LoVe is know to be a hot spot for fisheries due to its high concentrations of
nutrients, which form feeding grounds and spawning banks for marine life (Sundby and Bratland, 1987; Sundby et al., 2013).

. Adlandsvik and Sundby, 1994; Rohrs et al., 2014

Lyapunov Exponent (FSLE) analysis presented in Dong et al. (2021) shed light on possible mechanisms for cross-slope transport
of nutrients that could play a role in sustaining biological production.

Transport of relevant nutrients has been widely studied (e. and the Finite-Size
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The LoVe region is characterized by complex bottom topography and a steep continental slope that steer the region’s prima;

large-scale currents (Sundby, 1984), namely the Norwegian Atlantic Slope Current (NWASC) (Rossby et al., 2009) and the

Norwegian Coastal Current (NCC) (Gascard et al., 2004). The complex coastline and the Vestfjorden embayment directly guide

the path of the NCC, and also cause complex flow features, including strong tidal currents through through Moskstraumen—one

of the many straits that cut through the archipelago (Bgrve et al., 2021). During winter, southerly winds enhance the onshore

Ekman transport and water mass accumulation along the coast, thus speeding up the large-scale currents after geostrophic

adjustment (Mitchelson-Jacob and Sundby, 2001).
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Figure 1. Average ocean current speed [m.s '] for the period 2023-02-01 to 2023-02-28 over the full Barents-2.5 model domain. Dashed blue
lines highlight the region of interest for this study, which is the oceanic part around the Lofoten-Vesteralen islands (LoVe) and is enlarged.
Arrows in the rightmost panel indicate average current velocities for the period. Bathymetry is indicated by gray dashed lines. Purple arrows
indicate the Norwegian Coastal Current (NCC). Red arrows indicate the Norwegian Atlantic Current (NWAC). Blue arrows indicate the East

Greenland Current (EGC). The circular black arrows indicate the Lofoten Vortex (LV). The two-headed black arrow indicates Moskstraumen.
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The NwASC and NCC meet right off the LoVe archipelalgo. The steep continental slope, combined with a narrow shelf, sets
up steep fronts that host a range of flow instabilities. The result is the most intense mesoscale eddy field in all of the Nordic Seas

and vigorous exchanges of heat, salt and nutrients between the shelf and deep ocean. (Koszalka et al., 2013; Isachsen, 2015; Trodahl and Isa
145 . As such, the s iesformed-in of

with respect to accurate modeling of currents and transport.

2.2 Regional Ocean Ensemble Prediction System

ise-We use flow data from Barents-2.5 EPS

150 (Rohrs et al., 2023), a-coupled-numerical-ocean-and-sea-ice-medel-an ensemble prediction system based on the regional-ecean
modelingsystemROMS)(Shehepetkinand-MeWilliams; 2005)Regional Ocean Modeling System (ROMS; Shchepetkin and McWilliams,

. The model has a 2.5 km horizontal grid size and hourly temporal resolution, covering the Barents Sea, the coast off northern
Norway and Svalbard (see Fig. 1). The system-EPS consists of 24 members, divided into four sets of six members. The sets
are initiated with a 6-hour delay, at 00 UTC, 06 UTC, 12 UTC, and 18 UTC, with a forecast period of 66 hours. Each member
155 is initialized by its own state from the previous day in order to preserve sufficient spread in the ensemble. The EPS forecast is
initialized with largely-varying-perturbed initial conditions in the mesoscale circulation ;-as-to represent model uncertainties.
The ensemble spread is further controlled by the Ensemble Kalman Filter data assimilation scheme, which reduees-controls the
spread of observed variables (Evensen, 1994; Rohrs et al., 2023). The first member in each set (four members) is forced by the

most recent atmospheric conditions from the AROME-Arctic model (Miiller et al., 2017). The remaining members are forced

160 by 20 members drawn from the integrated forecast system developed by the European Centre for Medium Range Weather
Forecasts (ECWF-ENS) (Rohrs et al., 2023).
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Figure 2. A particle cluster advected for 48 hours from 2023-02-01 using velocity fields from six Barents-2.5 EPS members. Black dots
mark the particle clusters initial position.

A detailed analysis of particle transport in Barents-2.5 EPS is discussed in de Aguiar et al. (2023), but Figure 2 exemplifies

the effect of flow field uncertainty on cluster of particles that have been advected using velocity fields from different ensemble
members to showcase, We see that after 48 hours the particle clusters have taken a distinct shape based on the velocity field of
the used ensemble member, and an estimated trajectory uncertainty can be obtained from the spread. The trajectory uncertainty.
is small when flow velocities are similar across the ensemble and increases when there is a large discrepancy between them.

2.3 The Finite Time Lyapunov Exponent

A particle will be advected in the presence of an underlying flow field. The trajectory may be obtained by integrating along the
encountered flow field:

t

x (t) :wo—l—/u(w (1))dr. (1)

to

Here, x (t) is the position of a particle at time ¢ advected from its initial position &, using the velocity field u along the

evolving trajectory locations x (7). In this study, particle trajectories are calculated by OpenDrift (Dagestad et al., 2018a), an
open-source Python based software for Lagrangian particle modelling developed at the Norwegian Meteorological Institute.




The Lyapunov exponent describes the separation rate between two neighbouring particles in a chaotic system. This separation
is assumed to grow exponentially over time in-a-chaotie-system—Therefore;so that the distance J, between the two particles at

time ¢ ean-be-approximated-as-afunction-of the-initial-distanee-dy:-becomes
180 0y~ doe”", @

where d is the initial separation and o is the Lyapunov exponent, i.e. the separation rate (Rosenstein et al., 1993). FTLE finds
the maximum separation rate between infinitesimal fluid parcels over-afinitetime-interval (Pierrehumbert-and-Yang,1993)

185

FTLE’s are calculated from flow fields provided by an OGCM following the method described by Haller(2001);:-Shadden-et-al(2005);F
Haller (2001), Shadden et al. (2005) and Farazmand and Haller (2012). The 2D movement of fluid parcels from their initial po-
190  sitions #g-xg = (20, Yyo) at time ¢, to their final positions at time ¢ is described by a flow map Fﬁo (zo). As multiple fluid parcels
are transported by the flow, the distance between neighbouring fluid parcels is likely to contract or expand over the time in-

terval. At each point in space, the change in separation between fluid parcels can be described by the Jacobian of Fﬁo (xo):

195

oOBpAen sranoiran-particlemode N

stitatefinal position of a fluid parcel which was initially located at (x . These positions may be obtained
from Eq. 1. The matrix entries in Eq. 3 are the partial derivatives of the final position relative to their initial position. Eq. 3 is

used to define the Cauchy-Green strain tensor C'; , (®o) (Truesdell and Noll, 2004), which describes the speed-and-direction-of

(X}

200

deformation in the system
Ci (zo) = [VF} (20)]" VF} (o). &)
205 Frean-then-beshownthatthe FFEEfieldisgivenby-the FTLE is then defined using O} :

1
of (z) = mln Amaz (CY,) )
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where T is the time interval ;-ehosenas24-hoursfor-oursimulations;-over which the FTLE is computed and A4, (Cﬁ O) is the
largest eigenvalue of Cio (o) corresponding to the dominant stretching direction (eigenvector) in the system. f-ean-be-show

and-backwards-in-time—Finding-the-Jargest FTEE-(argest-stretehing)-If one uses FTLE as an LCS detection tool, a forward-
in-time Wﬁ%&%ﬁ%ﬁ#fﬂ%ﬂﬁrg&@%—%ﬁ%&ﬂ%ﬂg%&%com utation will correspond to repelling LCS

whereas a backward-in-time yie

will correspond to attracting LCS (Haller, 2001; Shadden et al., 2005; Farazmand and Haller, 2012).

In this study we will investigate FTLE computed from backward-in time integrations. Furthermore, the study is motivated
by typical uses of ocean forecasting models, which are decision support tools for search-and-rescue operations, oil-spill and
ice-berg forecasts and similar trajectory analyses. These often operate at time-scales from a few hours up to a few days, and
therefore, we will predominantly use 7’ = 24 hours for the FTLE computations. But we also provide some discussion of the

FTLE averages over ensemble members and ti

aeross-both-members-and-time—The notationsF-andF—denote-over time periods will be calculated to characterize robustness
and persistence, respectively. For each such analysis, we first compute the FTLE fields from a set of flow fields and thereafter
calculate averages over those FTLE fields, which is similar to the D-FTLE mean method discussed in Guo et al. (2016). We

define the ensemble and time averages
distribution;-and-is-denoted-as-om-as:

— 1
— 1

o! (1) are the FTLE fields over the given time

where of (m) and

interval for ensemble member m or over a specific time-period 7, and where NV is the total number of fields being averaged.
So, for example, for time interval 7’ = 24 hours, 7 will indicate the specific daily FTLE field from a set of multiple daily fields.

tonrVariations among ensemble members and
over time are expected due to perturbed and time-evolving velocity fields. It is thus expected that averaging FTLE fields will

smooth out non-robust and non-persistent features while highlighting robust and persistent features, ultimately indicating a
region-where FTEEridgesregions where high FTLE values are statistically likely to form —On-the-other-handifthe-individual
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moere-eertain-andfover ensemble members or frequently form over time. Certain features or 'ridges’ in the averaged FTLE fields
may also be discerned, in which case these should be considered highly robust or persistent. These regions are strong potential
candidates for robust or persistent material accumulation regions.

white the tatter permit materiat-drift between-themWe note that a time-average or ensemble average description of FTLE could
also be performed by first averaging the flow field, and then calculating the FTLE. This procedure has the caveat that the flow.
maps used in Eqns. 2 and 3 is not based on time-evolving flow fields, and hence do not identify realistic deformation and
accumulation. Instead, we considerF;-and-Fras-average-accumulationor- dispersionregions, potentially containing-transport
barriersaim for a statistical description of flow features by analysing the mean and spatial structure of realistic FTLE fields.

3 Results

Firstlywepresent the-temporal-evelution-of-the Below, we first have a quick look at how the choice of integration time impacts
the FTLE field, assessing this in relation to applications relevant for operational oceanography. We then look at whether there

at pin-pointing the resolution needed for practical use in an operational forecasting system.

3.1 Persistence-of Lagrangian-Coherent-StrueturesIntegration time

Barents-2.5-EPS- Backwards-in-time FTLE fields, all starting from the same ¢y at 2021-12-31 but using different integration
lengths T', are shown in Fig-—3-ferfourexemplary-dates-one-week-apart-inFebruary 2023 Neote-that FFEEridges-approximate

3a-d—HoeweverFigure 1. The values are normalized as the FTLE values tend to decrease with increasing 7. As noted b
.g. Wilde et al. (2018) and Peng and Dabiri (2008), a longer integration time tends to result in sharper FTLE ridges. We note

10
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integration period within the integration length of 12 to 72 hours, although the features in the field are more detailed for the
280 72-hour period than for 12 hours. For even longer integration periods there is clear indication that distinct FTLE features in the

energetic flow regions over the continental shelf and slope are smeared out. A plausible interpretation is that the ability of the
FTLE field —Fhe-etrren encth-itself-hastitheeffecton-material-accumulation—as-seen-in-the-two-middle-timesteps-of Fie

285

describe flow field features depends on the integration period that matches the time scale of the dynamics. This advective time,
which scales as L/U (for velocity scale U and length scale L), then depends on environmental conditions. So capturing highly
energetic small-scale features associated with the fronts over the continental shelf and slope require short integration times. In

290  contrast, low-energy and large-scale features over the deep basin are slow enough to be well-represented by FTLE integrations
that have been conducted over several days.

11
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Figure 3. Normalized FTLE time-averages;—Fr—(orange)and-standard-deviation-overtime;or(bhie)-around-the LoVeregion—for four
computed for different time-periods-values of T', all starting en-2023-62-6+-at 2021-12-31. ase) Fdays6 hours, b:f) +4-days12 hours, ¢) 24
hours, gd) 2+48 hours, ) 72 hours, f) 168 hours (7 days) and d:hg) 672 hours (28 days). Fhe FFEE-analysis-is-based-on-veloeitiesfrom-a
single-ensemble-member-(reference-memberh) monthly average of the Barents-2:5-EPSFTLE fields computed with T = 24 hours. Dashed

Bathymetry indicated with gray dashed linesindicate-bathymetry.

12
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in Figure 3h. This is included to illustrate that the FTLE analysis based on long integration periods (e.g. over 168 and 672 hours

are distinctly different from the time-averaged FTLE field of several 24-hour integration periods. The time-averaged FTLE
field should be interpreted as highlighting regions that are fypically abundant with high FTLE values over the time period. The
calculation reveals that in this particular region, structures forming hieh FTLE values are most often found over the continental

slopeduring February-20 where-the-meanflow-is-mostsigntficantFTEEridges-are lessfrequent-on-the-continental-shelf-an

FTLEs are calculated over long integration periods wash out in the average description.
The ] abili .

3.2 Persistence over time

Velocity magnitude fields and corresponding backwards FTLE fields from the first member of the Barents-2.5 EPS (henceforth
called the reference member) are shown in Figure 3 for three example dates one week apart in January 2023, along with the
monthly-averaged velocity and FTLE fields. As expected, the continental slope current is further-emphasized-by-the-standard

sshown to be persistent over the time period. But the
intensity and meandering of the current change from week to week, and this time variability projects onto the FTLE fields as
few features there stay the same between time steps. And yet, there is clearly a concentration of high-magnitude FTLE features
over the steep continental slope during this time period—as effectively summarized by the time-averaged FTLE field, I, The
interpretation is that strong FTLE features are expected to be frequent along the continental slope, at least over this sample time
period, even though the FTLE average over time does not yield detailed information about how these look like as individual

features.

13
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Figure 4. Seasonal FTEE-averagesfor-Instantaneous velocity fields (top row) from the reference member of Barents-2.5 EPS at a) winterand
2023-01-02, b) summer—Months-ineh in-the-winterseason-are-Deeember 2022 January-2023:-2023-01-08 and February-c) 2023-01-15
at 00:00. d) averaged velocity field for January 2023. Menths-inctaded-insummerseason-are-Fune 2023 Faty 2623, Backwards FTLE fields

bottom row) computed with 7" = 24 hours over ¢) 2023-01-02 f) 2023-01-08 and Augustc) 2023-01-15. h) monthly average of daily FTLE
fields for January 2023. Pashed-gray-Gray dashed lines indicate bathymetry.

Seasonal-

To highlight the permanent impact of the continental slope, seasonally-averaged velocity fields are shown in Figure 4 alon,
with seasonal FTLE averages, ',

14
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transportbarriercomputed from daily FTLE fields from the summer and winter seasons. The slope current is placed similarly in
both seasons, although it is stronger during winter, likely due to a geostrophic adjustment to the sea surface tilt, as discussed in

Sec. 2.1. On the other hand, F; changes drastically between the two seasons. We see that strong values in the FTLE field along

the continental slope duri

Large values can be seen for both seasons near the coastline, which are suspected to be produced by strong horizontal velocit

shear near the coastal regions.
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Figure 5. Seasonal FTLE averages for a) winter and b) summer. Months included in the winter season are December 2022, January 2023,

and February 2023. Months included in summer season are June 2023, July 2023, and August 2023. Dashed gray lines indicate bathymetry.
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Near the coast, a region of high F, around Moskstraumen strait (at the southern tip of the LoVe archipelago; see Fig. 1)

especially during summer, is directly connected to the formation of strong jets at the strait exit. The direction of the current
through the strait is dependent on the tidal phase (Bgrve et al., 2021). After closer investigation - FFEEidgesusing T = 2 hours
for the FTLE time interval, high values in the FTLE field tend to form only on one side of Moskstraumen at any particular time,
depending on the current direction and thus the tidal phase. Therefore, a predictable tidal-dependent-tidal-dependent periodic
variability of FTLEs exists-here-An-indication-of-this- phenomena-isseen-to-alesserextent-during-wintermay exist here, FTLE
has previously been shown to be highly sensitive to the tidal phase (Zhong et al., 2022). However, the models spatial resolution
may be too low to fully resolve the currents in this region, and a closer investigation into the dynamics at play here will need

3.3 Robustness 6

computed using flow fields from different EPS realizations are similar. As an example, velocity fields and FTLE fields of three

randomly selected members are shown in Fig

different FTEErepresentationsalong with the ensemble-averaged velocity and FTLE field. We see that the individual ensemble
members all contain a strong current along the continental slope, which has also been shown to be a time-persistent current.

16



However, and as expected from a highly nonlinear and chaotic flow field, the position and strength of individual eddies and
current meanders vary considerably between members. This is certainly the case for small-scale structures along the slope
current. But some larger-scale mesoscale structures over the deep ocean, e.g. a vortex in the south-western corner of the
domain, are actually predicted by all three ensemble members. Such large-scale features thus survive the smoothing inherent
370 in the ensemble-averaged velocity field, whereas most individual small-scale structures are washed out. Plainly speaking, the
EPS gives a low confidence that any of these small-scale structures actually exist in the real ocean at their specific location at

17
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Figure 6. a, b and c¢) Velocity fields from three different Barents-2.5 EPS ensemble members at the LoVe region at 2023-02-02 00:00 and

d) ensemble averaged velocity field over all EPS members. e, f and g) backwards FTLE fields computed over 2023-02-01 for the members

shown in a, b and c. h) The ensemble averaged FTLE field.

Instead-

The flow variability within the ensemble again projects directly onto the FTLE values, and, as expected, there is generall
375 little one-to-one agreement between the three ensemble members displayed here. But we see that all the members of the
ensemble predict high FTLE values along the continental slope, as well as in the eddy-dominated deep basin region at 70.5°
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latitude. But the exact positions and strength of FTLE maxima vary considerably and even more so than the velocity field itself.
Again, we must interpret this as indication that the FTLE field from one single model integration may not reflect conditions in

Thus, instead of inspecting the FFEEs-FTLE fields of each member individually, the-ensemble-averaged-a study of the

AARARAAAARIRAS

ensemble-averaged FTLE field, F,,, allows us to detect robust features:tinearfeatures—flow features; high values will be
present in F',,, where multiple (but not necessarily all) individual members predlctfhquiEEﬁdges—SHﬁﬂaﬂlthTbE—ﬁe}d&fef

While-these tinearfeatures—n-high FTLE activity. In the situation studied here, F,, are-long——continuous-and-shows a long
and continuous feature tangent to the continental slope;FFEE+ridges-. However, in individual members are-thinner;—shorter

the features formed by high FTLE values are seen to be disjointed, thinner and often not tangent to the continental slope. 5

Finally-there-is-aregion-to-the-left-of The eddy-dominated region at 70.5° latitude also contains high averaged FTLE values
Wmthe continental slopeﬂthg—lb%hte}%exhibﬁHﬁghwa}ue&mﬁF—bmﬂl%}mm

flihefefefe—aﬂ—FﬂEI:E—avefag&eaﬁ thus presumably reflecting typical occurrences of strong FTLE features but also a lower
impact of bottom bathymetry. An FTLE average may thus yield both distinguishable linearfeatures in the domain, which can

WWQWS well as large smooth fields —Linearfeatures-are-assoctated-with-robustness;-indicating

ar-of higher FTLE values, which indicate that strong features
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regions-are-considered-to-be-robust-for-the-partieular-dateshere but are more variable across the ensemble.

3.4 Properties of ensemble and time averaged FTLE fields

members-or-days-the FTEE fields-are-averaged-over- We wish to investigate how the energy distribution of FTLEs over different
spatial scales change when averaged over the ensemble or time. One method for conducting the spectral analysis on 2D fields

is the discrete cosine transform (DCT) proposed by Denis et al. (2002).

over-the-resulting-averaged FTEEfield—For-the-speetral-varianee;-We select three 200km x 200km non-overlapping sections

final-speetral-variance-shown-in-Fig—2?—Similarly-te-of the domain away from landmasses. Following Denis et al. (2002), the
DCT produces an IV; by N, field F' (m,n) of spectral coefficients, where m and n are adimensional wavenumbers. For a square
domain where IN; = N, = N, the wavelength is given b

2INA
A=2

TR ®

where A is the grid spacing and k = v/m?2 4+ n? is a normalized radial wavenumber. To study how the spectral variance of
FTLE evolves with time and ensemble averaging, we first compute the average FTLE field over an increasing number of days
and members. The results are shown in Figure 7 along with the spatial variance;the FTEEfields-are-first-averaged-.
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Figure 7. Spatial and spectral variance of FTLEs and averaged FTLEs. a) Spatial variance over the ensemble average. Thin blue and red

raphs indicate individual days during the winter and summer seasons, and the thicker blue and red graphs are the average of the thin graphs.

b) Spatial variance over the time average. Thin purple and green graphs indicate the evolution of variance during the winter and summer

months as up to 21 days are considered in the time average for each member. c¢) Spectral distribution of spatial FTLE variance in ensemble

averages as an increasing number of members are considered in the average, averaged over all days in January 2023. The red squares in

the randomly selected FTLE field in ¢) indicate the regions selected the spectral variace computation. d) Spectral distribution of spatial

FTLE variance for time averages as an increasing number of days are considered in the average, starting from 2023-01-01, averaged over all
members. Colorbars in ¢) and d) indicate how many members or days the FTLE fields are averaged over.

The spatial variance has been computed by averaging FTLE fields from the three 200km x200km sections over an increasing
number of members or daysbefore-conducting-this-computation-of-the-speetral-varianee—

The-spatial-variance-aseertains-, then computing the variance over the resulting averaged FTLE field. Spatial variance ensures

that the degree of smoothing increases as more members or time steps are considered in the FTLE averages. The results suggest

that the smoothing rate of FTLE fields is independent of season;-attheugh-. The value of the variance is lower during summer
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due-to-lower FTEE-activity-as-seenin-as FTLE values are generally smaller compared to winter (Fig. 5-—This-smoeethingfactor
i o HH o ). The strong decay in-at the beginning of the

F,, variance implies that there is a sufficient spread in the ensemble;-although-. Note that F,, is-dependent-depends on which

members are included in the average for few members, which might affect the results as there is a possibility that any randoml

selected member might deviate largely from other members. F,,, becomes less sensitive to a strongly deviating member as
more members are included in the average. The spatial variance of F',, stabilizes once ~10 members are considered, implying

the existence of distinct non-chaotic and highly predictable flow features in the ensemble. Meanwhile, the spatial variance of
F; continues diminishing, signifying that FTLE ridgesfields are more robust over many members than persistent over long
time periods.

The spectral variance shows how energy is distributed a&e%&wave&umbw%s Energy diminishes as more

members and time steps and-are included in the averages

time-stepsas a result of smoothing of the fields at all wavelengths, coherent with the smoothing factor in the spatial variance.
Energy dissipates stronger-similarly for smaller wavelengths, and significantly faster for F; than F,, atal-wavenumbers-but

for large to
mid wavelengths. Small-scale flows and thus also small-scale FTLE features are generally chaotic and short-lived, thus-are
M@g&\tj&rg\fg{g uncertain between members and evolve rapldly %ﬂefgyfhssmates—s}ewestﬂ%&xe%afgesﬁea}eﬁ

M&%&ﬁ%%ﬁg&ﬁﬁﬁgﬂ%&gﬁ%ﬁﬂ%ﬂmﬁ%%lmm
slower at large scales as flows are less chaotic here. Large-scale structures are more or less certain in the ensemble, whereas
they are seen to evolve and drift over time at all scales (albeit slower at the largest wavelengths).

Theseresults show-that FFEEridges The decay of variance as more FTLE fields are included in an average (Fig. 7a vs.
MMWM are more robust than persistentat-all-seales—Energy-dissipation-happens-fastest-at-medium

. The strong decline at the beginning of

the spatial varianees-variance is due to small scale FTLE ridges-features experiencing a strong and quick smoothing due to

averaging, and slows down afterwards as mostly large scale FTLE ridgesfeatures are left. Robustness is particularly prominent

at the larger spatial scales 7c, where little decay is noticed as more than 2-5 ensemble members are included in the average
for large wavelengths. The spatial variance of F,, stabilizes beeausetarge-seales-as the large scale features that are left in the

system do-not-dissipate—are highly robust, whereas F; continues being smoothed at all scales due to-FFEE ridge-the formation,
drift, deformation and dissipation of FTLE features happening at all scales.

4 DiseussionSummary and discussion

he-Features in ocean surface circulation, as described by FTLE
analysis, have been investigated in terms of their persistence in time and robustness across EPS ensemble members. Statistics
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475 of FTLE, in this study mainly limited to the mean, were computed to assess their variability. Both smaller-scale details and
large-scale features of the FTLE fields are variable over time and across ensemble members. Time and ensemble averages
have therefore been computed as an attempt to identify robust and persistent FTLE features, respectively, while averaging out

transient and uncertain features.

and-ii)-robustaessBelow we summarize and discuss some of the key findings.

480 4.1 Temporal-variability FTLE as an indicator of Lagrangian-Coherent-StrueturesLCS and transport barriers

485  iInthe-LoVeregion, LCSs describe attracting and repelling properties of fluid flows, as well as define transport barriers

QM&@&MMWEWWWMM

igridges have

been discussed as possibly indicating the presence of LCSs, with clear limitations however. For instance, horizontal velocity

shear may produce large FTLE values but will not yield material convergence towards or divergence away from the FTLE
490 MMMMM@MM@@
menmmwmsg&ug&of the FTLE field-inereas ing-t i i

ECS-aetivityespecially for longer-time-averagesapproach is that it allows for simple statistical analysis of flow field features
495 that in some instances point to the existence of LCSs.

500

off LoVe do suggest that the methods picks up important

dynamical features. The current system in the study region is strongly impacted by a steep continental slope, which sets u
a strong ambient potential vorticity (PV) gradient. As a result, a meandering current—guided by the bathymetry—will cause

a recurring FTLE pattern, with implications for both robustness and persistence. Dong et al. (2021) also identified persistent

505 FSLE in the LoVe region. Although FSLE generally does not coincide with the FTEE-approach-(Karrasech-and-Haler; 2043)-
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(Karrasch and Haller, 2013), we find agreement in our results with Dong et al. (2021), who further showed that FSLE features
hinder cross-slope transport. In other words, the FTLE and FSLE fields both seem to have detected a dynamical transport
barrier (if not perfectly impenetrable) we know should exist from the ambient PV field.

A t-ti i caveat in analysing FTLE fields in terms of their average is that details

in shape and direction of

ridge detection, that is the identification of what under ideal conditions will be LCS manifolds, could provide information on
strain directionality, which may also be persistent under e.g. as-used-by-Dong etak(202h)—Thetopographical current steering.
Instead of averaging, one could follow a similar approach as Dong et al. (2021), where the authors defined a set of criterion
for the existence of a transpert-barrier-particuler FSLE ridge and investigated the frequency ef-the-ertterion-being-with which
the criterion was fulfilled. Another approach could be to select a particular FTLE ridge and study how it evolves over time.
Its lifetime, propagation distance, growth/dissipation-rate and structural evolution could then be studiesstudied. Possibly, a

relation between that FTLE ridge size, strengthane-its-, and lifetime could be established.

‘Fime-As mentioned above, there are other, improved, proxies for LCSs. Duran et al. (2018) proposes a method for computing
the climatology of LCSs using a so-called quasi-steady L.CS method, yielding information about LCS persistence over a
selected time period. This method is tested in the Brazilian current by Gouveia et al. (2020), where the authors state that
large-scale flow features give rise to persistent quasi-steady LCSs. Quasi-steady LCS allows for more direct extraction of
transport barriers than FTLE ridges, and may therefore be better suited for investigating the long-term climatology of particle
transport of e.g. nutrients. Seeing that the method described by Duran et al. (2018) handles time averages, we argue for the
potential of finding robust LCS transport barriers by combining ensemble methods with quasi-steady LCS, and propose this as
a topic for future study. Similarly to FTLEs, if quasi-steady LCSs prove to be robust, the method could be used in operational
oceanography to provide forecasts about e.g. possible search-and-rescue regions.

4.2 Temporal variability of FTLE

The analyses above confirm that the flow and associated FTLE field are seen to vary drastically over short time periods. Flow.
features that develop pronounced structures in the FTLE field will drift, deform and vanish over a range of time scales. Clearly,
the lifetime of a particular FTLE feature is restricted by the lifetime of the flow structure it represents. Specifically, features
formed by large-scale circulation as these typically imply longer time scales.

Permanent geomorphological features present a defining constraint on the ocean circulation and, in particular, large-scale
bathymetry steers ocean currents at high latitudes (Gille et al., 2004). In the Lo Ve region, the persistent topographically-steered
NCC and NwAC give rise to frequent high-valued FTLE features along the continental slope during winter (Fig. Sa). Individual
FTLE features are hard to detect from the monthly-averaged FTLE field, but may be distinguished for shorter time averages
where the smoothing effect due to averaging is smaller. The small-scale FTLE features, being more chaotic and short lived, are
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smoothed at the highest rate, whereas the large-scale FTLE anomalies remain visible for longer averaging times. Large-scale

structures are expected to be more persistent,
Thus, time averaging of FTLE fields provides information about where FTLE ridges—features frequently form. Anatysis

AARARAANARRAS
infrequent but very strong FTLE values. Analysis of time-averaged FTLE is therefore useful for identifying regions of material
accumulation and entrapment. For instance, we expect that the semi-permanent anti-cyclonic eddy-Lofoten Vortex (Fig. 1) in
the middle of the Lofoten Basin (Raj et al., 2015; Isachsen, 2015) forms-persistentand-re-oceuring FrEridges Fig-8will form

ersistent and re-occurring FTLE features (Fig. 8). Furthermore, the canyons in the LoVe region host a multitude of aquatic
organisms, €.g. cold water coral reefs, which is possible because of the nutrient accumulation here (Sundby et al., 2013; Bge

et al., 2016). We argue that these canyons will contribute to formation of persistent EESFTLE features, providing a control

mechanism for particle transport towards specific locations.
4.3 Seasonal variability

Ocean currents in the LoVe region show seasonal variability in response to atmospheric forcing and seasenal-hydrography-
Autumn-the seasonally-varying hydrography. The autumn and winter months are characterized by westerly winds with transient

low pressures-passing-pressure systems passing through the region, while-spring-and-summerwinds-ean-be-and the water pile-u

against the coast accelerates the currents. Spring and summer, in contrast, are dominated by moderate easterly winds (Furnes
and Sundby, 1981) —During-and weaker currents. In spring and summer, s

the seasonal

stratification also responds to freshwater runoff and solar radiation (Christensen et al., 2018). The-associated-

The associated seasonal ocean circulation patterns are reflected in the FTLE fields —

o(Fig. 5. Most pronounced is
a clear difference in the intensity of the FTLE field over the continental slopeduring-winter-and-closer-to-the-coastline-during
summer—Seasonal-. A well-mixed water column during winter results in more barotropic flow, hence the bathymetry controls

winter circulation and high FTLE values develop in the lateral shear region along topography-following slope currents. In
contrast, seasonal stratification due to surface heating during summer leads to a-partial decoupling of the ocean surface layer

from deeper currents, thus bathymetry has a weaker impact on befbrfeb&%mess—aﬁd»pefsiﬁeﬂe&e#surface flow structures

during summer.

FbeEﬂelges—(mdfmﬂspefkbafﬂef&Note that pronounced FTLE features may occur along the continental slope can-still-oeeur
in summer, but seem-to-have-a-smallerimpact-on-transportthese are less typical or weak, therefore tend to be washed out in
both time and ensemble averages.

The coastline is expected to have a similar impact on FTLE formation throughout the year, as it directly affects surface

currents, although near-shore FTLEs are suspected of mainly being produced by horizontal velocity shear. However, around
Moskstraumen (Figs. 1 and 5) we identify-identified higher FTLE variability in summer that is tied to tidal pumping through
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the narrow sound. Surface-intensified flow as a consequence of distinct summer stratification may amplify surface currents in

this particular location (Sperrevik et al., 2017).

The-higher ECS-activity-during-winter-may-be-conneeted-Finally, higher FTLE values during winter can be expected to be
related to more energetic flows at the-scales of 1-100kmseale-during-thisseasen—These-flows-are-, Circulation at this scale is

intensified by baroclinic instabilities formed around geostrophic eddies, and are much stronger during winter than in summer
(Callies et al., 2015).

4.4 Uncertainty of FTLEs in realistic flow fieldfields

Ocean current uncertainty stems from non-linear equations of motion: small errors in initial eenditions-or boundary conditions

as well as tunable parameter values, can cause large errors in numerical integrations (Lorenz, 1963);-and-errer-propagation
may-cause-farge-impaet, Error propagation may thus have impacts in trajectory simulations (e.g. Zimmerman, 1986; de Aguiar
et al., 2023). By this argumentuneertainty—intES—estimates—, uncertainties in FTLE fields derived from uncertain eurrent

fields-is-expected—In-addition;—currents are expected. Allshouse et al. (2017) discussed uncertainty from the impact of wind
FTLEs. In addition, we

AAARIRAAARAAAAIAANARANAK

discuss the uncertainty due the flow field itself. A regional scale ocean EPS, Barents-2.5EPS-used-in-this-study-, is here used to
describes uncertainties of ocean currents in the analysis and throughout the forecast range with-the-notion-that-mestextreme
veloeities-are-slightly-underestimated-(IdZanovic et al., 2023). By calculating FTLE *s-fields for each ensemble member, we
propagate the ocean model uncertainty into the EES-FTLE analysis presented here. We-see-that-variability-in-FFEE-ridges

idges The various members exhibit differences in the FTLE

fields, e.g. in terms of feature location, intensity and shape. Generally, FTLE features that exist in only one or few members
are statistically unlikely to exists—exist (compare Fig. 6), emphasizing the need of an EPS when employing EE€S-FTLE in

drag on surface

operational oceanography.

Ensemble averaging is here suggested as a method to detect robust ECSSFTLE features, i.e. FFEE-ridgesfeatures that
appear in a majority of members and can therefore be considered likely to exist, despite uncertainties in the underlying flow.
Similarly to the time average, the ensemble average smooths out FFEEridgesresulting-inregions-where-these-are-merelikely
features. Some FTLE ridges-features can still be distinguished in F,,, even after considering all 24 ensemble members of
the Barents-2.5 EPS (Fig. 227). In particular, FFEE-ridges-sitaated-high FTLE areas located along the continental slope tend

to be more robust. The-As discussed above, the steep bathymetry plays an important role in fermingrobustFFEEscausing
the robustness, because even though the surface currents themselves are uncertain, the bathymetry constrains surface currents

equally across the ensemble.
The spectral analysis (Fig.2?)-showed-thatlarge-seale- 7) confirmed our expectations that large-scale FTLE features are
more robustFFEEs, as variability does not decay at lew—wavenumbers—when-inereasing-large wavelengths when increasin

the number of ensemble members in the averaging —Smaler-seale-featuresare-also-presenteach-individual-member-but-these
beyond 2-4 members. Small-scale features, however, are effectively removed by the ensemble average —Small-sealeflows
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because they are more chaotic and exhibits—exhibiting lower predictability. In-the-LoVeregion;large-scale-eddies-exist-in

asseetated-with-targerseale-The conclusion is that FTLE features associated with larger-scale flows are more robust than small
scale FTLEsformed-by-mere-chaotie flows.

Sensitivity of the FTLE method has previously been investigated using satellite altimetry products by Harrison and Glatz-
maier (2012)and-Badzaetal(2623)-Bethstudies-conctuded-, where the authors conclude that FTLEs are fairly insensitive to
noise included in the velocity fields —Harrison-and-Glatzmaier(2642)-finds-and that FTLESs are robust for targe-seale large-scale

eddies and strong jets

. Gouveia et al. (2020) argues that persistent large-scale features in particular give rise to quasi-steady LCS, such as the feature

reported by (Pongetal;2621H-Dong et al. (2021) which is also analysed-analyzed in our study. In addition to time-persistent
features, we investigate ECS-deteetions FTLE detection from transient flow features. The-Importantly, the Barents-2.5 EPS

model used in this study can represent smaller and more transient structures than the aforementioned satellite products;-and-we

eanargte-that FHEEs-, From this we found that high FTLE areas are more uncertain at smaller scales, but robust ef-where the

flow is constrained by coastal or bathymetric steering.
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Figure 8. FTLE averages and particle clusters advected using velocity fields from a small number of different Barents-2.5 EPS ensemble

members. Panels a-f show the 24-hour FTLE fields from each member used to advect the particles, while panels g and h show the ensemble

averaged FTLE field and the monthly averaged FTLE field from one member, respectively. Black dots in panels g and h mark the initial

osition of the particles on 2023-01-01, and their final positions after four days.

Operational use of EES-FTLE analysis in forecasting, e.g. for search-and-rescue, oil-spill operations or path-planning (e.g.
Beegle-Krause et al., 2011; Ramos et al., 2018; Serra et al., 2020), should be viewed tegether-with-the-unecertainty-in context
of the uncertainty in ocean current predictions. an-yield-the-muehneeded-information-about-matertal-aceumulation

ridges-And although FTLE fields are variable across an ensemble, we see-thatsomeFTEEridges-have seen that some features
of the FTLE field are more robust than others. An ensemble of FFEE-must-FTLEs must thus be assessed to separate robust

features. The detection of a robust FTLE

from non-robust 4

some-Fig 8 illustrates the power of ensemble averaging. It shows a situation where there happens to be high agreement between
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particle cluster trajectories over four days from a few different, randomly selected, ensemble realizations. The ensemble-averaged
ETLE field over all 24 ensemble members is also shown and appears to be highly robust: FTLE features remain very-strong-and
clearly articulated in the FTEE-ensemble-average-Theseare-the features-we-expeetto-be-good-predictors-of-actua saverage.
More importantly, particle clusters from all ensemble members are seen to be attracted towards the nearby high values of ..
Thus, in such a case, the ensemble-averaged FTLE field provides a clear added value to trajectory forecasting in a real-time
setting.

foreeasting;In contrast to this, the 30-day FTLE average from a single ensemble member, shown in Fig. 8, does not shed much
light on the short-term particle trajectories in this particular situation. This should not come as a surprise, as the FTLE features
will have evolved substantially over the month. It is likely that certain FTLE features may be distinguished in shorter-term

high-biologieal-production-Johnsen-etal52024) 3—4 days, could be utilized for short-term forecasting. However, in that case
it may be more appropriate to compute the FTLE field with 7' = 3 days instead, then obtaining the ensemble-averaged FTLE

field over the time interval.

5 Conclusions

EES-FTLEs are clearly imperfect representations of LCSs. And yet, FTLE analysis provides a practical diagnostic tool for
deseribine—the-particle-transportin-uneertain—veloeity-fields—We-show-that-analyzing how ocean flow morphology associated
with deformation impacts particle transport. In this numerical model study we have examined how the uncertainty of ocean

model forecastspropagate-into-the-, illustrated in an ocean EPS, propagates into FTLE fields. By-employing-time-and-It was
shown that by employing ensemble averaging of ensemble FTLE fields, eertain-€S-detectionsrobust features of the FTLE

field, that is features which the EPS system has gotten right in a statistical sense, may be separated from uncertain, non-robust,
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features. In particular, ensemble averaging typically retains flow structures at larger scales that are time-evolving s-but pre-

dictable at specific times. These The averaging will more typically wash out FTLE structures present in individual ensemble
members, but it still has the potential to highlight regions over which FTLE features are statistically likely to emerge. Such
features are often influenced by geomorphological eonstraint-orrelated-to-largeseale-cireulation—patternsconstraints which,
in our specific study region, was exemplified by a steep continental slope that imposes strong—and permanent—ambient PV_
gradients. We have also shown how such permanent environmental constraints can make FTLE fields persistent in time. Large

seasonal differenees-in s-due-to-changes-tn-weather-and-ocean-—conditions-are-observed-Beecause-of flow-ficld-evolution

E€Ss-are-variations in atmospheric forcing and hydrographic conditions can impact both the robustness and persistence of
FLTE structures, but the FTLE fields studied here were generally shown to be more robust than persistent. ECS-analysis-adds
So the over-all lesson learned from the study is that FTLE analysis can indeed add value to operational forecastingonty-where

are-robust—whi an-bejudeed-by-combining analysis-with-ensemble-predietion—methods, even in light of the
highly nonlinear and chaotic nature of real ocean flows. The key requirement is the forecast is treated as a probabilistic one,
most practically produced using ensemble techniques.

Code and data availability. Archived data from the operational model runs of Barents-2.5 are disseminated on https://thredds.met.no/thredds/
fou-hi/barents_eps.html (Norwegian Meteorological Institute). Software for computing FTLE fields can be found on https://github.com/
mateuszmatu/LCS (Matuszak, 2024).
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