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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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100 Theimpactof general ow variability on FTLE andotherLCS analyse$asreceivedsomeattention,speci cally relatedt

. Here, we wish to further elaborateon how FTLE analysiscan give informationon.coherent ow _structuresdespitethe

presenc@f time variability anduncertainty in theew—eld{de-Aguiaret-at;2023)
105 Ourstudyinvestigatedhe persistenedorecast We speci cally distinguishbetweenpersistenceand robustres®f-LCSs
igh-resolutiorocearEPS ica ' 3 i ayrobustness

of ow featuresWe referto persistencen relationto._ow featureshatremainat their locationover an extendedperiod of

time, henceprovideusefulnesgor applicationghatusean analysisandassumehe ow _eld remainsin a similar state,Then

110 suchthattheforecastedr

115 3 we present results invoking time-averages and ensemble averages of FTLE elds, respectively. In section 4, we draw

2 Data and methods
2.1 Study region

120 Thebathymetryand modelledsurfacecurrentsaroundLofoten-Vesteraleril.oVe) archipelagalongnorthernNorway's coast

125 of nutrientsthatcouldplay arolein sustainingiologicalproduction.
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Figure 1. Average ocean current speedq ] 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-Vesterdlen 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 model has a 2.5 km horizontgid sizeand hourly temporal resolution, covering the Barents Sea, the coast off northern
Norway and Svalbard (see Fij). ThesystemEPS 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
is initialized by its own state from the previous day in order to preserve suf cient spread in the ensemble. The EPS forecast is

initialized with Hrgdwarwngperturbednrtral conditions in the mesoscale crrculatreasto represent model uncertainties.

spread of observed variables (Evensen, 1994; Rohrs et al., 2023). The rst member in each set (four members) istf@rced by
most recent atmospheric conditions from the AROME-Arctic model (Mdller et al., 2017). The remaining members are forced







