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Highlights

	•We quantify temporal resolution sensitivity up to 30-days of Lagrangian particles.

	•Divergence times are faster than intrinsic dispersion.

	•Divergence times are slower than interannual variability associated dispersion.

	•Connectivity transport increase and transit time decrease in high dispersion flows.

	•Up to nine-day averaging show no significant degradation in connectivity.




Abstract
Lagrangian particle tracking within ocean models is an important tool for the examination of ocean circulation, ventilation timescales and connectivity and is increasingly being used to understand ocean biogeochemistry. Lagrangian trajectories are obtained by advecting particles within velocity fields derived from hydrodynamic ocean models. For studies of ocean flows on scales ranging from mesoscale up to basin scales, the temporal resolution of the velocity fields should ideally not be more than a few days to capture the high frequency variability that is inherent in mesoscale features. However, in reality, the model output is often archived at much lower temporal resolutions. Here, we quantify the differences in the Lagrangian particle trajectories embedded in velocity fields of varying temporal resolution. Particles are advected from 3-day to 30-day averaged fields in a high-resolution global ocean circulation model. We also investigate whether adding lateral diffusion to the particle movement can compensate for the reduced temporal resolution.
Trajectory errors reveal the expected degradation of accuracy in the trajectory positions when decreasing the temporal resolution of the velocity field. Divergence timescales associated with averaging velocity fields up to 30 days are faster than the intrinsic dispersion of the velocity fields but slower than the dispersion caused by the interannual variability of the velocity fields. In experiments focusing on the connectivity along major currents, including western boundary currents, the volume transport carried between two strategically placed sections tends to increase with increased temporal averaging. Simultaneously, the average travel times tend to decrease. Based on these two bulk measured diagnostics, Lagrangian experiments that use temporal averaging of up to nine days show no significant degradation in the flow characteristics for a set of six currents investigated in more detail. The addition of random-walk-style diffusion does not mitigate the errors introduced by temporal averaging for large-scale open ocean Lagrangian simulations.





Introduction
Understanding the pathways and timescales of oceanic transport for properties, such as mass, heat, salt, nutrients and larvae, is fundamental to many oceanographic applications. One widely used method for investigating these pathways and the connectivity of distinct regions is the use of passive Lagrangian trajectories. This method involves advecting virtual particles within Eulerian velocity fields that have been computed from an ocean-only or coupled climate model through an integration of a two- or three-dimensional velocity field. These integrations can typically be performed efficiently off-line (independent of computing the velocity fields) to significantly reduce the computational resources required.
Typically, the high-frequency velocity output, which is based on one- to five-day averages, is used in Lagrangian analysis to capture the highly chaotic nature of the trajectories, even in laminar velocity fields (Griffa et al., 2004). However, a considerable amount of data storage is required to save such high-resolution fields, often constraining the time span and the domain size that can be simulated and archived. In addition, much of the existing output from ocean models (including the extensive suite of simulations undertaken as part of the Coupled Model Intercomparison Project, CMIP5, Taylor et al., 2012) is only archived as monthly averages. As models obtain an increasingly higher spatial resolution, the storage limitations are likely to persist, leading to the ongoing requirement of compromising the temporal resolution of the output. The low-temporal resolution output is not ideal for Lagrangian analysis. In this study, we quantify the extent to which the Lagrangian simulations deteriorate as the temporal resolution of the velocity fields is degraded through temporal smoothing.
Certain aspects of the sensitivity of the Lagrangian trajectories to the sampling frequency of the velocity field have been examined in previous studies. For example, Valdivieso Da Costa and Blanke (2004) used a non-eddy-resolving model with a resolution of 2° × (0.9–1.9°) to simulate the annual cycle of the North Atlantic Ocean circulation. When velocity fields with a frequency of 15 h were averaged up to 30 days, the largest errors in the particle travel distance were 2.5–8%. However, the course spatial resolution of the model indicated that important circulation features on scales below ∼200 km were not explicitly represented. Iudicone et al. (2002) an ocean general circulation model with a 1/4° resolution to study the evolution of simulated trajectories using one day, monthly and annual surface circulation fields for the Mediterranean Sea. The trajectories were sensitive to the temporal resolution only at small spatial scales and were largely independent of the model details at scales larger than ∼100 km. However, of particular importance in this respect are the mesoscale eddies, which play an important role in many physical and biological processes and have an effect on the large-scale dynamics, which these low-resolution models do not fully resolve. Because many of the current Lagrangian studies are performed using the model output from eddy-permitting or eddy-resolving resolutions, typically of 1/4° or less, this study focuses on the velocity fields derived from an eddy-resolving model.
Certain Lagrangian studies using high spatial resolution models have included limited sensitivity tests to evaluate the robustness of their results for the temporal resolution. These studies have typically found that decreasing the temporal resolution had only a small effect on the Lagrangian trajectories. van Sebille et al. (2009) found that advecting particles using one- or five-day velocity fields in a 0.1° ocean model did not significantly alter the magnitude of the Agulhas leakage transport by the mesoscale eddies. Lique et al. (2010) used an ocean circulation model at an eddy-permitting resolution of 0.25° to study transport in the Arctic Ocean. There was little difference in the results between the five-day and the monthly temporal resolution fields in that the transport from the Bering Strait to the Fram Strait was negligible (0.02 vs 0.01 Sv) and the transport to the Davis Strait was similar (1.07 vs 1.11 Sv). Blanke et al. (2012) found that averaging the daily 1/12° resolution velocity fields in time from the factors of 3–12 led to a decrease of 28% for the fastest transfer times from the Sargasso Sea to the 15°W location in the North Atlantic. Finally, Griffa et al. (2004) employed a reduced gravity, quasi-geostrophic model with many turbulent features and found that the time averaging of the velocity fields affected the scatter of the Lagrangian particles but not the center of mass. In summary, most of these previous sensitivity tests have been performed on reduced domains and occasionally in 2D because of computational limitations (Goodman et al., 2005). Furthermore, none of the studies described above conducted a systematic examination of the relationship between the temporal resolution of the velocity fields and nor have the results of the Lagrangian experiment spanned multiple diverse regions.
The goal of this study is to quantify the differences in the Lagrangian trajectories in the global ocean and the energetic currents by integrating the particles in velocity fields of varying temporal resolutions, ranging from three days (the highest available global resolution) to 30 days. This study is performed using a high-resolution ocean general circulation model. Sensitivity experiments are also undertaken with isotropic lateral diffusion to determine whether the addition of diffusion to the particles can help compensate for the low temporal resolution. To quantify the uncertainty of the Lagrangian evolution, we study the position errors associated with the horizontal circulation and the connectivity transport and transit times in regions associated with large errors. Particular emphasis is placed on the 30-day averaging because many modeling centers only archive data as the monthly-mean model output.
The Lagrangian particles used in this study are driven by advection. Although we discuss the effect of adding random-walk-type diffusion to the particles, it is primarily the advective transports that are of interest. At the 1/10° horizontal scale used in this study, most of the mixing occurs by advection and explicitly resolved eddy stirring.



Section snippets
Model and methods
For the experiments, 3D velocity fields from the Oceanic General Circulation Model for the Earth Simulator (OFES, Masumoto et al., 2004) are used. OFES is a global ocean model with a 1/10° horizontal resolution and 54 vertical levels with a vertical resolution ranging from 5 m to 330 m. For the model evaluation, refer to Masumoto et al. (2004) and Masumoto (2010). The OFES data have been saved as three-day velocity fields for the period of 1980–2006. A temporal resolution of three days is the
Results
Circulation in the ocean is associated with varying degrees of EKE, which has a spatial structure that is highly influenced by circulation at the mesoscale (Tilburg et al., 2001). Fig. 1 depicts the surface spatial distribution of the time-averaged EKE per unit mass and the EKE distributions for the experiments. Decreasing the temporal resolution of the velocity fields weakens the eddy field. Fig. 1(b) reveals that the EKE values shift towards lower values, which is most pronounced for EKE > 0.01 m
Conclusions
A set of numerical experiments was conducted to investigate the effect of decreasing the temporal resolution of high-frequency eddy-resolving velocity fields on Lagrangian trajectories. In particular, we use divergence times, i.e., the time taken to separate to predefined distances, as a measure of the error introduced by temporal averaging and we examine the changes in the connectivity volume transport and the time scales associated with certain major currents, which are important for many
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In this paper, we describe methods to verify the adequacy and accuracy of Lagrangian particles from a Lagrangian model to reproduce the concentrations of a passive tracer from an Eulerian-model in river plumes. The modelling simulates plumes from two major rivers discharging in the Great Barrier Reef (GBR), Australia, under real-world scenarios. The study has been a part of a major project to aid in the protection of the GBR system from the impacts of extreme events and climate change. We employ the Regional Ocean Modelling System (ROMS) activated with its built-in Lagrangian model, and forced with wind fields from global models and recorded river volume discharges. The ROMS-Lagrangian model tracks the Lagrangian particles using the spatially interpolated velocities computed on the Eulerian ROMS three-dimensional (3D) grid. The Lagrangian particles are released in the river in proportion to the measured river volume flux. We apply a novel technique that exploits Voronoi polygon areas to convert Lagrangian particle separation into a concentration field. This facilitates comparison with the passive tracer concentrations driven by the Eulerian velocities computed on the ROMS 3D grid. We evaluate the fate of Lagrangian particles activated on a 4-km grid resolution with those of equivalent Eulerian tracer concentrations. For validation, we compare the Lagrangian particles with the Eulerian passive tracer simulated using a higher model grid resolution of 500-m, and found that the computed Lagrangian particle concentrations showed similar overall patterns compared to the passive tracer concentrations from both the coarse 4-km, and high-resolution 500-m Eulerian models. The spatial extent of the particles was in better agreement with the coarse 4-km model than with the higher resolution 500-m model. The clustering of particles resulted in structures at finer scales than the Eulerian model, over the high particle density areas that compared well against observations. The Lagrangian particles are able to capture the general river plume patterns seen in the satellite MODIS images and the satellite derived Chlorophyll-a. We further compare the online ROMS model with an offline particle tracker, OceanPARCELS and determined the similarity of results from both online and offline methods. Overall, our study demonstrates the viability to use Lagrangian particles to reproduce the Eulerian tracer properties, which can be combined with particle properties include tracer age providing to enhance the guidance on the distribution and concentration of effluent from localised flooding river events.
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Lastly, a recent study by Han et al. [21] investigated predicting new particle trajectories during post hoc reconstruction of a 2D flow field by employing a machine learning model trained using basis trajectories as input data. Although Eulerian representations have been shown to be susceptible to temporal sparsity [3,16,22–24], temporal subsampling remains the widely used solution to limit data storage. Our study adds to this body of work by using temporal subsampling for comparison.



Show abstract
Performing exploratory analysis and visualization of large-scale time-varying computational science applications is challenging due to inaccuracies that arise from under-resolved data. In recent years, Lagrangian representations of the vector field computed using in situ processing are being increasingly researched and have emerged as a potential solution to enable exploration. However, prior works have offered limited estimates of the encumbrance on the simulation code as they consider “theoretical” in situ environments. Further, the effectiveness of this approach varies based on the nature of the vector field, benefitting from an in-depth investigation for each application area. With this study, an extended version of Sane et al. (2021), we contribute an evaluation of Lagrangian analysis viability and efficacy for simulation codes executing at scale on a supercomputer. We investigated previously unexplored cosmology and seismology applications as well as conducted a performance benchmarking study by using a hydrodynamics mini-application targeting exascale computing. To inform encumbrance, we integrated in situ infrastructure with simulation codes, and evaluated Lagrangian in situ reduction in representative homogeneous and heterogeneous HPC environments. To inform post hoc accuracy, we conducted a statistical analysis across a range of spatiotemporal configurations as well as a qualitative evaluation. Additionally, our study contributes cost estimates for distributed-memory post hoc reconstruction. In all, we demonstrate viability for each application — data reduction to less than 1% of the total data via Lagrangian representations, while maintaining accurate reconstruction and requiring under 10% of total execution time in over 90% of our experiments.
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Show abstract
Jakarta is the capital of Indonesia with a high population density, which affects the amount of waste generated. The waste that ends up in Jakarta Bay has become an environmental problem. Understanding the pathway of marine debris in the ocean is important to identify the mitigation strategies. Before this study, the pathways and sources of marine debris in Jakarta Bay were unknown. By using virtual floating marine debris particles in a high-resolution ocean model, the fate of marine debris based on the pathways of particles released in Jakarta Bay in both forward and backward tracking experiments was analyzed. It was found that most of the particles from Jakarta Bay flow toward the Indian Ocean in all seasons. They flow off through the Sunda Strait and reach the open Indian Ocean after a few weeks. With regard to the source location, most particles that end up in Jakarta Bay come from the north of Java Island locally and from the Gulf of Thailand, Sumatra, and Kalimantan coasts. The particles do not appear to vary significantly across all seasons and identifying the pathway of marine debris might be useful in pollution reduction.
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Differences between simulated particles and drifters or FADs trajectories can also be related to current shear, an effect of current velocity varying over the length of the drifters or FADs, and their slip, an effect of wind acting on the surface float (Edwards et al., 2006; Grodsky et al., 2011). Another reason can be attributed to the linear interpolation in space and time employed in the Lagrangian model, although this effect is expected to be small (Qin et al., 2014). It is also possible that the dispersive component included in the model did not adequately account for subgridscale dispersion and contributed to the discrepancy between observations and simulations.



Show abstract
In the Tropical Atlantic Ocean, we assessed the accuracy of a Lagrangian model (Ichthyop) forced with velocity fields from a hydrodynamical model (CROCO) and two different remote sensing products (GlobCurrent and OSCAR) using trajectories of oceanographic drifters. Additionally, we evaluated the possibility to expand the drifters data using trajectories of GPS-buoy equipped drifting Fish Aggregating Devices (FADs). The observed and simulated trajectories were compared in terms of spatial distribution, velocity distribution and a nondimensional skill score. For the drifters and FADs, the GlobCurrent and OSCAR products lead to similar performances as the CROCO model-ouputs in the broad studied domain. In the Gulf of Guinea, however, the CROCO model performed significantly better than the other two because the parent solution of CROCO benefited from its communication with a child grid of finer resolution in this region. On average, the simulations lead to an underestimation of the drifter and FAD velocities, likely because the spatial resolutions of the forcing products were insufficient and the time frequency at which they were produced were too low to resolve the relevant oceanic processes properly. We found a low skill for all models to simulate FAD trajectories, possibly because of the devices vertical structure that prevent FADs from drifting like water parcels. Our results therefore suggest that in the Tropical Atlantic the FAD dataset may not be appropriate to use for corroborating Lagrangian simulations.
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