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Abstract

Scientific understanding, prediction, and communication to stakeholders are
common objectives of ocean simulations and observing campaigns. Achiev-
ing these objectives can be greatly facilitated by advanced tools for exploring
dynamic three-dimensional ocean data. Many scientific visualizations of spa-
tiotemporal simulations rely on static two-dimensional representations that omit
one or more spatial dimensions, potentially obscuring important features and
relationships. A toolkit capable of creating coherent three-dimensional visual-
izations of ocean processes should move beyond isolated two-dimensional views
and support the exploration of increasingly high-resolution simulations and large
multidisciplinary observational data sets. In this work, we present 3DSeaVizKit,
a visualization toolkit that processes multidisciplinary oceanographic data in a
modular and computationally efficient manner to create portable, web-based,
interactive 3D visualizations. Built upon the Plotly JavaScript library, the
toolkit enables exploratory analysis of complex ocean fields directly within a web
browser. We provide a software pipeline tailored to the computational demands
of multivariate 3D ocean visualization and demonstrate its utility for revealing
transport pathways, coherent structures, circulation features, biogeochemical-
acidification interactions, subduction dynamics, and forecast uncertainties in
high-resolution ocean simulations. The toolkit supports scalar fields such as
temperature, salinity, and biogeochemical tracers; vector fields such as velocity
and vorticity; and Lagrangian products including trajectories, flow maps, and
coherent structures. Applications include the visualization of the Loop Current
system and eddy interactions in the Gulf of Mexico, subduction processes and
forecast uncertainties in the Alboran Sea, coupled biogeochemical and ocean-
acidification dynamics in Massachusetts Bay, and transport pathways and co-
herent structures around Nantucket and Martha’s Vineyard.
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1. Introduction1

A primary value of an ocean simulation or observing campaign lies in the2

scientific understanding and predictions it enables, and in the communication of3

these results to stakeholders and society. However, the effective scientific visu-4

alization of oceanographic data is an often-neglected but critical component in5

understanding ocean phenomena. Indeed, given the large computational costs6

and software development time associated with running numerical ocean simu-7

lations, the utility of developing an effective visualization tool is substantial. Ef-8

ficient, interactive, three-dimensional (3D) visualization of spatiotemporal data9

would aid researchers and professionals in interpreting and analyzing ocean data.10

Such visualizations could support diverse applications, including shipping [1],11

disaster management [2], off-shore oil operations [3], or aquaculture [4].12

Visualization of oceanographic data is not without its challenges: simula-13

tions and data sets are often large, highly multivariate, and may contain un-14

certainties and discontinuous data [5, 6, 7, 8, 9, 10, 11, 12]. These complexities15

necessitate a visualization toolkit capable of handling multi-dimensional, mul-16

tiresolution products. It is also important to consider the compromise between17

visual resolution and speed when designing a software solution, as any visu-18

alization becomes ineffective—or worse, deceptive—if too much data is lost in19

down-sampling prior to visualization [5, 13, 14]. On the other hand, it is of20

practical importance to be able to deliver visualizations quickly and efficiently.21

The resultant resolution-speed trade-off is a delicate balance requiring careful22

treatment [15].23

The common approach to oceanographic data visualization involves plotting24

multiple 2D lateral or depth-wise cross-sections, whereby users manually select25

cross-sections and times for plotting at the software level, and are left to inter-26

pret the static output plots [16, 17, 18]. Such an approach requires the user to27

reconstruct 3D structures from 2D cross- and depth- sections, a process that can28

be time-consuming and require significant mental effort to infer the underlying29

dynamics. In contrast, employing 3D visualization can drastically improve the30

ease of interpretation, because the user can directly explore spatial relation-31

ships among multiple horizontal and vertical structures, rather than imagine a32

3D data field from isolated 2D slices [5, 19]. Although 3D visualization may33

be computationally expensive, judicious application of state-of-the-art software34

and hardware techniques can increase responsiveness, and doing so creates new35

possibilities for visualizing flows and eddies between different depths [20]. Be-36

yond improving interpretation, interactive 3D visualization can reveal transport37

pathways, vertical connectivity, the full variability of structures, and multiscale38

dynamical processes that are difficult to identify from separate two-dimensional39

maps and sections. Such capabilities are increasingly needed as ocean simu-40

lations and observing systems continue to grow in resolution, complexity, and41

dimensionality. Several 3D flow visualization tools, such as VisIt [21] and Par-42

aView [22], have been established to address some of these needs. However,43

these general-purpose tools are not specifically designed for oceanographic work-44

flows and often require substantial customization to support ocean-model grids,45
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oceanographic diagnostics, and exploratory analysis [5]. More recently, a few46

specialized 3D ocean data rendering tools have been developed, either as stan-47

dalone [23, 24] or web-based software [25]. Some of these tools specialize in48

visualizing specific processes, e.g., biogeochemical and microbial processes near49

the seafloor [26], or are tailored to specific data systems [27]. For web-based50

tools, 3D visualization is computationally intensive, and methods have been51

proposed to improve rendering performance [14].52

Another important feature for exploratory ocean visualization is interactiv-53

ity, as it allows the user to select the field to visualize and the images to display,54

zoom into the areas of interest, and choose the time at which the specific ocean55

process is to be explored. Yet, such interactivity typically comes at a cost for56

loading and online processing of the data. These challenges have restricted such57

interactive tools for 2D visualization [28, 13]. Recent advances in graphics hard-58

ware have allowed extending these features for 3D visualization in meteorology59

and led to the development of interactive tools such as Met.3D [29], MEVA [30],60

and W3DX [31]. Additionally, interactive 3D flow visualization tools such as61

Vis5D [32] and VAPOR [33] have been used for ocean visualization.62

In this work, we present 3DSeaVizKit as a software toolkit that simpli-63

fies the interpretation of ocean simulations through interactive 3D visualiza-64

tion while remaining computationally efficient and providing a responsive user65

experience. Our toolkit consists of a data pre-processing pipeline that sup-66

ports operations on the computational grids and file formats widely used in67

oceanography and geosciences. The visualization suite makes extensive use of68

the Plotly JavaScript library [34] to implement various algorithms for plotting69

scalar, vector, and Lagrangian data using lines, maps, cross-sections, isosurfaces,70

trajectories, and streamtubes. The output visualization is served over the web,71

providing a seamless and intuitive graphical interface guiding the user through-72

out the 3D dynamic ocean data exploration. The new 3DSeaVizKit augments73

our previous contributions for high-performance visualization in ocean model-74

ing, including our 2D interactive visualization tool, 2DSeaVizKit [13], and our75

NCAR Graphics and MATLAB-based tools for static visualization [35]. This76

paper develops and illustrates the features and capabilities of 3DSeaVizKit,77

emphasizing 3D analysis, exploratory studies, and interactive, dynamic real-78

time visualization. Building upon preliminary tests [35], we employ 3DSeaV-79

izKit to visualize multiresolution multivariate ocean simulation outputs of the80

MIT MSEAS high-resolution probabilistic primitive equation modeling system81

[36, 37, 38, 39]. We demonstrate the use of the toolkit in four ocean applications82

spanning coastal transport, biogeochemical and acidification dynamics, Loop83

Current system evolution, subduction events, and forecast uncertainty quantifi-84

cation. These examples illustrate how 3DSeaVizKit can help reveal coherent85

structures, transport pathways, subduction phenomena, multiscale circulation86

features, coupled physical-biogeochemical processes, and forecast uncertainties87

that are difficult to infer from collections of static 2D views.88

The principal contributions of this work are: (i) a computational pipeline89

for efficient web-based visualization of multivariate ocean data; (ii) interactive90

3D visualization methods for scalar, vector, Lagrangian, and probabilistic ocean91
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products within a unified web-based framework; and (iii) demonstrations show-92

ing how such visualizations facilitate the analysis of 3D features, transports,93

circulations, subduction events, physical-biogeochemical processes, and uncer-94

tainty fields in realistic ocean applications. In §2, we discuss the underlying95

data and software pipeline employed by 3DSeaVizKit. In §3, we highlight the96

toolkit capabilities for visualizing the scalar, vector, and trajectory data. In97

§4 we describe the applications where 3DSeaVizKit is used to analyze ocean98

simulation outputs in real sea experiments. In §5, we provide a summary and99

conclusions.100

2. Software pipeline101

The 3DSeaVizKit visualization suite consists of a pre-processing pipeline102

that extracts and processes the ocean simulation outputs, and a graphical user103

interface (GUI) that produces interactive 3D visualizations over the web. The104

software pipeline is outlined in Figure 1. Further information about the ocean105

data, pre-processing steps, and GUI are provided next.106

Figure 1: 3DSeaVizKit pipeline, showing the process of representing primitive equation (PE)
ocean simulations and forecasts, converting outputs to 3D visualizations in the browser. The
depicted sample output is a cone plot generated from a MSEAS velocity field simulation for
the Gulf Stream, in the Middle Atlantic region.
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2.1. MSEAS Model Input107

The ocean fields used in our visualization cases are simulation outputs of the108

MIT MSEAS software [36, 39] written in netCDF files. They are represented109

by the “Ocean Forecasts” panel in Figure 1. The MSEAS software consists110

mainly of a nonlinear free-surface hydrostatic primitive-equation (PE) model,111

based on second-order structured finite volumes and configured with generalized-112

level vertical-coordinates and implicit two-way nesting [37, 39]. The software113

has different features which expand its capabilities to include nested data-114

assimilative tidal prediction and inversion [40], ensemble forecasting and data as-115

similation using the Error Subspace Statistical Estimation (ESSE) methodology116

[41, 42, 43], adaptive data assimilation, sampling and learning [44, 45, 46], bio-117

geochemical modeling and environmental management [47, 48, 49], Lagrangian118

Coherent Structures (LCSs) [50, 51], planning for autonomous vehicles [52, 53],119

and underwater sound propagation [54, 55, 56, 15]. The MSEAS software has120

been used for forecasting the ocean fields and related products in many regions121

around the world. The visualization examples shown in this work are based on122

MSEAS real-time probabilistic forecasts and data-assimilative simulations com-123

pleted for the following research projects and sea experiments: NSF “Advanced124

Lagrangian Predictions for Hazards Assessments” (NSF-ALPHA), “Bayesian In-125

telligent Ocean Modeling and Acidification Prediction Systems” (BIOMAPS),126

Gulf of Mexico (GOM) Loop Current System, and “Coherent Lagrangian Path-127

ways from the Surface Ocean to Interior” (CALYPSO) initiative.128

2.2. Data Pre-processing129

The output netCDF files of the MSEAS ocean simulation are the inputs to130

the back-end of 3DSeaVizKit. Our Python pre-processing pipeline (second panel131

of Figure 1) utilizes several command-line utilities to transform the netCDF files132

into CSV files that can be easily served to the front-end via the web. These133

utilities allow the user to specify the ocean fields and time window of interest.134

The pre-processing pipeline also provides utilities for transforming the ocean135

data from a terrain-following grid (commonly used in atmospheric and ocean136

models) to a flat level grid (for fast 3D visualization, see Appendix A for137

details). Written with scalability in mind, the pre-processing pipeline allows138

the user to use any number of available processors for better performance.139

2.3. Web-based Visualization140

The GUI of 3DSeaVizKit (represented by the “Front End” panel in Figure 1)141

is a web-based tool that makes visualization of 3D ocean data feasible when142

serving data over the web. The toolkit makes extensive use of the JavaScript143

library Plotly [34]. Through Plotly’s use of WebGL, 3DSeaVizKit is able to144

take advantage of the Graphics Processing Unit on the user’s computer (when145

available), significantly improving client performance.146

3DSeaVizKit provides the user with interactive tools for exploring 3D fields147

such as panning, zooming, and mouse-over display of data values. Additionally,148

the toolkit also has 3D-specific features such as turntable and orbital rotation,149
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interactively added cross and depth sections, and the ability to visualize the150

evolution of displayed quantities.151

The web-based visualization toolkit loads data asynchronously to allow re-152

sponsiveness while files load over the network in the background. Almost every153

aspect of the plotting is configurable by the user either through the use of JSON154

files or through the user interface. The portions of the data to be plotted, the155

configuration of the plotting parameters, or the aesthetic appearance of the156

visualization can all be customized without changes to the source code. The157

modular toolkit allows for multiple plot types to be displayed on a single visu-158

alization, giving the oceanographer greater flexibility and easier interpretation.159

The portability of a web-based tool also allows for interactive, exploratory data160

visualization through any web browser or on a mobile device.161

3. Toolkit capabilities162

To illustrate the capabilities and features of the toolkit, we will make exten-163

sive use of a 3D modification to the canonical idealized double-gyre flow field164

[57, 58, 59], where the velocity vector field is given as165

v (x, y, z, t) = πA


− sin (πf (x, t)) cos (πy)

cos (πf (x, t)) sin (πy) ∂
∂xf (x, t)

2z (1− z)
(
z − ϵ sin

(
4πt
T

)
− 1

2

)

 , (1)

with f (x, t) = ϵ sin (t/T )x2 + (1− 2ϵ sin (t/T ))x, x ∈ [0, 2] , y ∈ [0, 1] , z ∈166

[0, 1] , and t ∈ [0, 10].167

This model serves as a simplification of a double-gyre pattern commonly168

seen in geophysical flows [57, 60, 61]. The case parameters used in this work169

are: A = 1/10, ϵ = 1/4, and T = 5/π, and the resulting flow is time-dependent,170

consisting of two gyres expanding and contracting periodically in the x-direction171

[57]. For our numerical implementation, the model domain is discretized using172

Nx = 200, Ny = 100, Nz = 100, and Nt = 50 points.173

3.1. Visualizing Scalar-valued Data174

Models of the ocean make extensive use of purely scalar field quantities such175

as temperature, salinity, or any scalar component of vector fields, e.g. vertical176

vorticity, necessitating the need for effective visualization of these quantities as177

fully 3D fields.178

3.1.1. Cross Sections and Depth Sections179

3DSeaVizKit enables the user to place two-dimensional cross-sections of 3D180

scalar fields, as shown in Figure 2a. When a user selects a latitude, longitude, or181

depth cross-section to plot, the toolkit interactively renders a 2D pseudocolor182

plot at the specified latitude, longitude, or depth. Each 3DSeaVizKit figure183

portraying scalar-valued data allows for the addition of arbitrarily many cross184

sections in latitude, longitude, and depth, which are displayed at once. Figure185
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(a) Cross-sections of velocity magnitude for double gyre
flow (1) at x = 1, y = 0.5, and z = 0.5, t = 0.

(b) Velocity magnitude isosurfaces for double-gyre flow (1) at t = 0 and t = 3.4.

Figure 2: 3DSeaVizKit demonstrative (a) cross-section and (b) isosurface visualizations of
velocity magnitude for the canonical 3D double-gyre flow described in equation (1).

2a shows intersecting cross-sections to visualize the velocity magnitude for the186

double-gyre flow. Since all three spatial dimensions are represented in the vi-187

sualization, the spatial location and orientation of each cross section in relation188

to the others provide additional visual context for interpreting 3D fields. In189

addition to being able to place arbitrary cross sections, the interactivity of the190

tool allows the user to rotate and pan in order to view different perspectives of191

the full field.192

3.1.2. Scalar Isosurfaces193

An isosurface is an embedded surface within a volume representing the level194

set where all scalar values are of the same constant value.195

3DSeaVizKit plots a user-specified number of isosurfaces equally-spaced in196

scalar value in the range between a designated minimum and maximum limit197

value. The isosurfaces are rendered and colored according to a colormap ranging198
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over the limit values. Figure 2b shows two isosurface plots rendered by the199

toolkit to visualize isosurfaces for the velocity magnitude of the double-gyre200

flow field as it evolves in time. The surfaces clearly show the centers of the201

gyres as they oscillate in the x-direction. Since the isosurfaces by definition202

represent level sets of the scalar field, such plots can be leveraged to visualize203

regions of the domain where the scalar field is above or below a certain threshold.204

3.2. Visualizing Vector-valued Data205

The dynamics of a fluid are often expressed through its velocity field, neces-206

sitating effective visualization of vector-valued data. The 3DSeaVizKit toolkit207

renders visualizations of vector-valued data through cone plots and streamtube208

plots.209

3.2.1. Cone Plots210

Cone plots are the 3D analogue of a quiver plots, which visualize 2D vec-211

tor fields v = [u, v] as arrows over the plotting domain, with the length and212

direction of the arrow representing the magnitude and direction of each vector,213

respectively. The vector field data is typically input as components, with arrays214

containing the scalar components u and v of the vector field. Similarly to how215

quiver plots represent 2D vector fields, a cone plot can be used to visualize a 3D216

vector field v = [u, v, w] as distinct cones, with the size of each cone representing217

the magnitude of the vector and the direction of the cone aligned according to218

the scalar components u, v, and w. An example cone plot of the velocity field219

in the Mid-Atlantic region is shown in the flowchart in Figure 1, highlighting220

the Gulf Stream.221

3.2.2. Streamtube Plots222

A streamline is a line that is everywhere tangent to the instantaneous ve-223

locity field direction. Since at every point in space, the velocity vector has224

only one direction, streamlines never cross. The tubular region formed by a225

cross-sectional area of streamlines is a streamtube. Streamtubes are useful for226

visualizing velocity fields because they indicate both the local direction of the227

flow, as well as the local divergence.228

In 3DSeaVizKit, the color of the tube represents the magnitude of the vector229

at that point, while the diameter of the streamtube represents the deviation230

from axial flow along each tube at that point in the field as well as the distance231

from the viewer. In this sense, streamtube plots are useful for examining the232

instantaneous snapshot of the directional flows of the field.233

Figure 3 shows a screenshot of the 3DSeaVizKit GUI used to visualize the234

double-gyre flow field introduced in §3. Using the GUI, the user can define the235

starting positions of the streamlines at the center of the tubes. For the example236

shown in Figure 3, the streamtubes were initialized at the vertical planes x = 0.5237

and y = 0.5, so as to illustrate the helical, circulatory features of the flow.238
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Figure 3: Streamtube visualization of the helical velocity field from the canonical 3D double-
gyre flow, interactively visualized on a domain subsection using the 3DSeaVizKit Graphical
User Interface.

3.3. Visualizing Trajectory Data239

3DSeaVizKit allows for the visualization of trajectory/path line data from240

drifters or water parcels seeded at initial locations and advected according to241

the ocean dynamics over time using the forward-Euler or higher-order time242

marching schemes, visualizing the dynamics in a Lagrangian sense rather than243

an Eulerian sense. The toolkit allows for filtering trajectories according to a244

Boolean criteria, such as selecting all trajectories which reach a certain depth245

or portion of the domain. Additionally, the toolkit allows for coloring each tra-246

jectory based on auxiliary data; for example, colormaps over the trajectory data247

can indicate time or oceanographically relevant quantities such as the velocity248

magnitude, vorticity magnitude, or fluid density experienced by each parcel249

along its trajectory.250

Figure 4 shows the parcel trajectories in the double-gyre flow field. The251

trajectories shown provide a Lagrangian perspective of the flow field by depicting252

the path taken by each parcel over time. In particular, Figure 4 highlights the253

flow separatrix plane of the double-gyre: most of the parcels that are seeded at254

z = 0.5 to the left of the separatrix plane at x = 1 remain trapped in the left255

gyre, while only a few trajectories cross the separatrix to the right gyre.256

3.4. Time-dependent Visualization and Interactivity257

The toolkit also provides interactive visualizations over discrete time units258

for temporally dependent data. The back-end data specification includes a259

separate time index corresponding to temporally dependent netCDF data, and260

the front-end GUI contains a slider allowing the user to interactively animate261

the visualization once the plots have been configured as desired.262

Additionally, the GUI allows for on-the-fly customization of plot configura-263

tion, with the option to switch out colormaps as well as to change color limits264

and data minimum and maximum levels. The rendering limits of the domain can265

9

Gao, Y., W.H. Ali, C. Foucart, C. Mirabito, P.J. Haley, Jr., and P.F.J. Lermusiaux, 2026. 3DSeaVizKit: An Interactive Spatiotemporal 
Visualization Toolkit for Ocean Data. Ocean Modelling, sub-judice.



Figure 4: 3DSeaVizKit visualization of parcel trajectories starting at z = 0.5 and advected
by the 3D double-gyre flow in equation (1) for the duration t ∈ [0, 10].

also be changed interactively using sliders for latitude range, longitude range,266

and depth range. The opacity of cross-sectional plots can be adjusted to show267

multiple plot types at a time, and the xyz-position of the light source can be268

changed to alter the shading on the bathymetry and rendered surfaces.269

4. Applications270

This section showcases the application of 3DSeaVizKit to data-assimilative271

simulations from multidisciplinary ocean modeling research and sea experiments272

undertaken by the MSEAS group and collaborators. The modeling domains for273

these research projects and sea experiments are depicted in Figure 5. Table 1274

highlights the details of the simulations used in each case. For reference, all vi-275

sualizations in this paper were generated on a consumer-grade laptop computer.276

Table 1: MSEAS sea experiments: Project, location of domains, resolution, and spatial grid
size of multiresolution ocean simulations.

Project Location
Resolution

Grid Size
Horizontal Vertical

NSF-ALPHA Nantucket & Martha’s Vineyard (shelf) 600m 0.02− 40m 282× 337× 20

Martha’s Vineyard 200m 0.02− 10m 294× 323× 20

BIOMAPS Massachusetts Bay 333m 0.05− 5m 451× 266× 100

GOM Gulf of Mexico 1/12.5◦ 0.02− 380m 158× 230× 100

CALYPSO Alboran Sea 1/200◦ 0.06− 200m 480× 773× 70

Motril Marginal Plateau 1/600◦ 0.06− 140m 480× 773× 70

4.1. NSF-ALPHA: Transport Phenomena Around Nantucket and Martha’s Vine-277

yard278

We first consider the NSF-ALPHA project which investigated Lagrangian279

methods for transport processes and completed real-time sea experiments around280

the islands of Nantucket and Martha’s Vineyard near Cape Cod, MA in the281

United States [63]. In 2018, a real-time at-sea experiment was performed for282
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(a) NSF-ALPHA domain (b) BIOMAPS domain

(c) GOM domain (d) CALYPSO domain

Figure 5: Modeling domains of the MSEAS-PE data-assimilative multiresolution probabilistic
simulations for the (a) NSF-ALPHA project and 2018 real-time sea experiment in the Nan-
tucket and Martha’s Vineyard coastal region with implicit 2-way nested domains [62, 63], (b)
BIOMAPS project and simulations around the Massachusetts Bay region [64, 65], (c) GOM
project and simulations covering the Gulf of Mexico and surrounding areas of the Atlantic
Ocean [66, 67], and (d) CALYPSO project and 2019 real-time sea experiments in the Alboran
Sea, the westernmost portion of the Mediterranean [68, 69], with implicit 2-way nested do-
mains. Red regions indicate 2-way nested higher-resolution modeling domains. The elevation
data were obtained from the GEBCO 2022 grid [70].

the NSF-ALPHA project during August 1–18. The MSEAS modeling system283

provided real-time forecasts of temperature, salinity, velocity, sea surface height284

(SSH), vorticity, 2D and 3D flowmaps, and Finite-time Lyapunov Exponents285

(FTLEs), all of which were issued several times per day. Special products286

were also issued including ensemble forecasts, drifter forecasts, other Lagrangian287

products to aid in drifter recovery, and quantitative adaptive sampling guidance.288

After the experiment, there was a clear need for robust 3D visualization. We289

used 3DSeaVizKit interactively to reveal, display and analyze ocean dynamics290

and coherent structures.291

In real-time, the MSEAS modeling system was set up with the implicit292
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two-way nested domains depicted in Figure 5a. The larger (shelf) model-293

ing domain contained 282 × 337 × 20 finite volumes with a horizontal reso-294

lution of 600 m and 20 optimized terrain-following levels with a vertical reso-295

lution varying from about 0.02 m to 40 m. The nested sub-domain contained296

294× 337× 20 finite volumes with a horizontal resolution of 200 m and 20 op-297

timized terrain-following levels with a vertical resolution varying from about298

0.02 m to 10 m. The bathymetry was obtained from the United States Geolog-299

ical Survey’s 3-arcsecond Gulf of Maine database [71]. The simulations were300

initialized using synoptic and historical temperature and salinity data from the301

National Marine Fisheries Service [72] and the World Ocean Database [73],302

new feature models that build upon [74, 75], and 2017 satellite sea surface303

temperature [76]. Primitive-equation-balanced velocities were constructed from304

these mapped T/S fields and optimized for our high-resolution coastlines and305

bathymetry [39, 77, 78]. Atmospheric forcing was obtained from the NAM Fore-306

cast System [79]. Tidal forcing from the TPXO8-Atlas [80, 81] was adjusted to307

our higher-resolution bathymetry and quadratic bottom drag.308

Figure 6 depicts 3DSeaVizKit visualizations of the MSEAS-PE real-time309

forecast of the August 17, 2018, temperature and relative vorticity fields over310

the 600 m-resolution shelf numerical modeling domain (Fig. 5a). From the 3D311

temperature visualization (Fig. 6a), we clearly observe the colder waters on312

Nantucket Shoals (southeast of Nantucket island) with relatively uniform (cold)313

temperatures at each of these depths. This well-mixed zone is due to strong314

tidal-induced mixing [82]. The striations in vorticity over the Nantucket Shoals315

(Fig. 6b) indicate that the mixing is associated with vertical cells and tidal316

residual eddies and jets, in part due to the interactions with the northeast-317

trending ridges of the seabed bathymetry. Frequently, some of these waters on318

the shoals are transported westward along isobaths or to the deeper regions, by319

tidal residual currents, coastal currents, and overflows on top of offshore waters.320

The 3D visualization for August 17, 2018, allows us to plainly see this offshore321

westward transport in the temperature field (Fig. 6a) and in the associated high322

and low lines of vorticity on the sides of the currents (Fig. 6b). Figures 6c and323

6d are the result of interactive zooms on the New England Shelfbreak Front324

region on the southern side of the shelf domain. The zooms highlight the train325

of surface submesoscale eddies and regions of high vorticity that result from the326

meanders and eddy-shedding along the tilted shelf break front [42]. The front327

separates the waters of the shallow shelf from those of the slope and deeper328

Atlantic Ocean. This is another region of very high vorticity and nonlinear329

dynamics. The surface-intensified eddies are created after the high-shear front330

enters the domain and remain tilted along the front down to 39 m and deeper.331

Figure 7 still illustrates MSEAS-PE real-time forecast fields again for Au-332

gust 17, 2018, but now over the 200 m-resolution Martha’s Vineyard domain,333

implicitly 2-way nested within the shelf domain (Fig. 6). The 3D temperature334

and vorticity visualizations in the high-resolution nested domain (Figs. 7a–7b)335

clearly highlight the westward overflows from the Nantucket shoals and the336

Nantucket–Martha’s Vineyard coastal current [62]. At depth, the coastal current337

is associated with vorticity striations and internal vertical motions confirmed by338
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(a) Temperature (b) Relative Vorticity

(c) Temperature Zoom,
New England Shelfbreak Front

(d) Relative Vorticity Zoom,
New England Shelfbreak Front

Figure 6: NSF-ALPHA shelf domain: 3DSeaVizKit temperature (◦C) and relative vorticity
(ω/f , non-dimensional) visualizations. The real-time MSEAS-PE fields correspond to the
implicit 2-way nested forecast for 18:00 UTC, August 17, 2018, and are shown at depths of
1 m, 21 m, and 39 m, along with a cross-section at 70.5◦W, visible to the south of Martha’s
Vineyard. (a–b) Temperature and vorticity fields in the whole domain. (c–d) Zoom on the
New England Shelfbreak Front, with a cooler colorbar for temperature.

submesoscale temperature wave bands mostly parallel to the front as well as by339

responses due to bathymetric variability. Tidal fronts are also visible south of340

Muskeget Channel (channel separating Martha’s Vineyard and Nantucket) and341

west of Nomans Land (the small island southwest of Martha’s Vineyard) at the342

mouth of Buzzards Bay. The corresponding internal waves lead to cooler and343

warmer curved bands in the surface temperature and to negative and positive344

curved bands in surface vorticity. Often, they lead to submesoscale tidal resid-345

ual eddies that are advected by the flow. The zooms (Figs. 7c–7d) highlight346

all these tidal features just south of Muskeget Channel. Internal waves and347

complex motions are observed across and south of the Channel, with a very348
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shallow summer diurnal warm layer (Fig. 7c) and baroclinic mode motions in349

the vertical (Fig. 7d).350

(a) Temperature (b) Relative Vorticity

(c) Temperature Zoom,
Muskeget Channel Outflow

(d) Relative Vorticity Zoom,
Muskeget Channel Outflow

Figure 7: NSF-ALPHA implicit 2-way nested Martha’s Vineyard domain: 3DSeaVizKit tem-
perature (oC) and relative vorticity (ω/f , non-dimensional) visualizations. The real-time
MSEAS-PE fields correspond to the implicit 2-way nested forecast for 18:00 UTC, August 17,
2018. (a–b) Temperature and vorticity fields at depths of 1 m and 25 m, along with a cross-
section through Muskeget Channel (70.425◦W). (c–d) Temperature and vorticity fields at 5 m
depth, along with an outcroping cross-section through Muskeget Channel (70.425◦W). Note
the temperature colorbars differ and when compared to Fig. 6 the relative vorticity colorbar
was reduced to [−2, 2] to highlight features south of the channel.

We also employed 3DSeaVizKit to render Finite-time Lyapunov Exponent351

(FTLE) fields, a dynamical quantity commonly used to identify Lagrangian352

Coherent Structures (LCSs) in the flow [57, 83, 84, 50, 85]. Once velocity fields353

were forecast, we used our PDE-based method of composition for open ocean354

domains [51, 86] to forecast Lagrangian flow maps and FTLE ridges. Flow355

maps are dynamic spatiotemporal fields that correspond to an infinite number356

of classical trajectories: they provide the positions of purely advected water357
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parcels, either forward or backward in time [87]. FTLE fields are a logarithmic358

rescaling of the largest singular value of the gradients of these flow maps [85, 62].359

Forward- and backward-time FTLE fields were computed and visualized; their360

ridges approximate the repelling and attracting Lagrangian flow structures [83],361

respectively.362

For example, to quantitatively describe transport features in the Muskeget363

Channel, we employed the MSEAS-PE forecasts in the 2-way nested Martha’s364

Vineyard domain at 200 m resolution and predicted FTLE fields in real-time365

[63]. We used these FTLE fields to delineate attracting and repelling flow struc-366

tures and to design and complete search and rescue experiments [2]. Figure 8367

shows the 36-hour duration backward FTLE field, from 20:00 UTC on August 17368

to 08:00 UTC on August 19, 2018, as computed in real-time at 200 m resolu-369

tion. The ridges of this FTLE field approximate the attracting manifolds over370

the time window of interest; these more persistent structures tend to attract371

water parcels. From the FTLE field, the coherent structures in the flow can be372

clearly observed at the surface, and particularly inside and immediately south-373

west of Muskeget Channel, which indicates a flow convergence zone over the374

36 hours of interest. Such convergence in the flow is due to the effect of tides375

and topography around the channel. These ridges are not as well defined at a376

depth of 30 m, indicating that, while there is vertical mixing, the Lagrangian377

transport of water through the channel occurs mainly in the surface layers. This378

is in accord with the baroclinic properties shown in Fig. 7.379

Figure 8: NSF-ALPHAMartha’s Vineyard domain: 3DSeaVizKit visualization of the MSEAS-
PE 36-hour integrated backward FTLE field, forecast for the duration 20:00 UTC on Aug. 17
to 08:00 UTC on Aug. 19, 2018, in the 2-way nested domain at 200 m resolution. The depth
sections shown are located at 4 m and 30 m. (Units are inverse megaseconds: 1 Ms−1 =
10−6 s−1)

When ocean quantities vary significantly in space, the above utilization of380

multiple horizontal maps and cross-sections helps visualizing the 3D variation of381
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each field including bathymetric effects. It provides the oceanographer a visual382

sense of the full 3D fields. Structural details varying across depths and horizontal383

locations are revealed, even when they are not easily discoverable in separate384

2D plots alone. Since the toolkit allows for the placement of arbitrarily many385

maps and cross-sections at arbitrary locations as well as interactive panning386

and zooming, the 3DSeaVizKit interactive visualizations of scalar fields provide387

tremendous exploratory potential for making sense of ocean simulation data.388

4.2. BIOMAPS: Biogeochemical Fields in Massachusetts Bay389

Predicting and monitoring the health of marine ecosystems is essential for390

the protection and utilization of our oceans and life on Earth [88, 89]. Ocean391

acidification, the decrease in seawater pH over time, is one of the climate change392

processes that can severely impact pristine marine ecosystems and key coastal393

industries [90, 91]. For example, it is directly relevant in Massachusetts Bay394

for shellfish aquaculture [92]. For this second application of 3DSeaVizKit, we395

consider our BIOMAPS research and ocean acidification modeling in the Mas-396

sachusetts Bay region [64, 65].397

To predict and monitor ocean acidification, models and observations of bio-398

geochemical fields such as nitrate (NO3), ammonium (NH4), zooplankton (Z),399

detritus (D), chlorophyll (Chl), dissolved inorganic carbon (DIC), total alkalin-400

ity (TA), and calcium carbonate (CaCO3) concentrations are needed. A coupled401

physical-biogeochemical-acidification hindcast of Massachusetts Bay during 11402

August–13 September 2019 was made using the MSEAS-PE modeling system.403

The modeling domain (figure 5b) contained 451× 266× 100 finite volumes with404

a horizontal resolution of 333 m and 100 optimized terrain-following levels with405

a vertical resolution varying from about 0.05 m to 5 m. The bathymetry was406

obtained from the USGS 3-arcsecond Gulf of Maine database [71]. For the phys-407

ical fields, the subtidal initial and boundary conditions were downscaled from408

1/12◦ HYbrid Coordinate Ocean Model (HYCOM) analyses [93] via optimiza-409

tion for our higher resolution coastlines and bathymetry [39]. Local corrections410

were made using synoptic CTDs of opportunity and a feature model for the411

Maine Coastal Current [75]. Tidal forcing was reprocessed from the high resolu-412

tion TPXO8-Atlas for our higher resolution bathymetry/coastline and quadratic413

bottom drag (a nonlinear extension of [40]). The atmospheric forcing consisted414

of hourly analyses/forecasts of wind stress, net heat flux, and surface freshwater415

flux from the 3 km NAM [79]. For the coupled biogeochemical fields, we employ416

our generalized biogeochemical model [94]. It was configured as a 7-component417

system: NO3, NH4, Chl, Z, D and two phytoplankton (P) components track-418

ing NO3 and NH4 uptake. The biological fields and parameters were initialized419

using in situ and historical data and tuned to August–September conditions,420

starting from the parameters in [47]. Historical data for NO3 and Chl were ob-421

tained from the World Ocean DataBase [73] and objectively analyzed to produce422

3D fields for August and September. To ensure balanced and consistent initial423

and parameter conditions, the fields that were not observed or only partially424

observed (NH4, Z, D, P) were dynamically adjusted using our biogeochemical425
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equations in a weak constraint form [77, 78, 47]. We then added an ocean acidi-426

fication model based on [95], adapted to our particular physical-biogeochemical427

system. The model predicts DIC, TA, and CaCO3, with the remaining acidifi-428

cation fields obtained from the equilibrium model CO2SYS [96]. DIC and TA429

were initialized by empirical models [DIC(σθ) and TA(S)] created specifically430

for the Gulf of Maine using historical WODB and Gulf of Mexico and East431

Coast Carbon Cruise data [GOMECC; 97, 98]. CaCO3 was initialized as an432

unobserved variable via dynamical adjustment of our acidification equations in433

a weak constraint form.434

Figure 9: BIOMAPS: 3DSeaVizKit visualization of MSEAS physical-biogeochemical simu-
lation of chlorophyll concentration (mgm−3) in Massachusetts Bay. The chlorophyll fields
shown correspond to a hindcast for 12:00 UTC, Sep. 5, 2019, and are displayed at depths of
1 m, 31 m, and 61 m.

4.2.1. Visualization of Biogeochemical Processes435

Figure 9 shows a 3DSeaVizKit visualization of the data-assimilative MSEAS436

coupled physical-biogeochemical simulation of chlorophyll concentration in Mas-437

sachusetts Bay. The chlorophyll fields are shown at depths of 1 m, 31 m, and438

61 m at 12:00 UTC, September 5, 2019. The 3D visualization, along the coasts439

at the surface and mid-depth, reveals enhanced concentrations of chlorophyll440

fed by nutrients brought up from depth by wind-induced upwelling [99, 47]. At441

the surface on that day, the chlorophyll has largely used up the nutrients and442

been depleted by zooplankton. It is higher at the inflow from the north along443

the Maine Coastal Current and, to a lesser extent, just offshore of the inner444

coastline of the Bay due to recent upwelling. At mid-depth (31m), the chloro-445

phyll has access to both increased nutrients pumped up from deeper regions and446

sufficient sunlight to create sub-surface maxima. On that day, the chlorophyll447

is higher around Stellwagen Bank, partly in response to internal tides generated448

at the Bank. Deeper still (61m), the reduced light levels inhibit the growth of449

chlorophyll. South of Cape Ann (near 42.6◦N, 70.6◦W), we see a double maxi-450
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mum (near surface and at mid-depth) created by a combination of wind-induced451

upwelling, internal tides, and the advection of near-surface fields [64].452

4.2.2. Visualization of Ocean Acidification453

The 3DSeaVizKit visualization of the MSEAS simulated pH for Massachu-454

setts Bay is presented in Figure 10. The pH fields are shown at the same depths455

as chlorophyll, 1 m, 31 m, and 61 m, and same time, 12:00 UTC, September 5,456

2019. Overall, the 3D pH visualization reveals a mid-depth maximum and lower457

pH values near the surface and at depth. The decrease in pH with depth is con-458

sistent with the initial conditions estimated from a combination of empirical459

and equilibrium models [64]. In contrast, a combination of physical and biolog-460

ical dynamics caused the decrease of pH at the surface during the simulation461

(not shown). In particular, our 3D visualization enables linking the more acidic462

surface waters (lowest surface pH) to locations where the surface chlorophyll is463

depleted (in Cape Cod Bay, off shore of Cape Cod, in Boston Harbor around464

42.3◦N, 70.9◦W, and near Salem Harbor around 42.5◦N, 70.9◦W). The effects465

of internal tides can be seen by the filament of lower pH water east of Stell-466

wagen Bank (around 42.2◦N, 70.2◦W) in which the internal tides propagating467

off Stellwagen Bank have mixed lower pH water from the surface down to mid-468

depth. Finally, more acidic (lower pH) waters are being advected from the Gulf469

of Maine along and through the eastern boundary (e.g., near 42.6◦N, 70.1◦W).470

This lower pH water from the Gulf of Maine is consistent with the observation471

of the acidification of the deeper waters in Wilkinson Basin [100].472

Figure 10: BIOMAPS: 3DSeaVizKit visualization of MSEAS simulated pH field in Massachu-
setts Bay. The pH fields shown correspond to a hindcast for 12:00 UTC, Sep. 5, 2019, and
are displayed at depths of 1 m, 31 m, and 61 m. Note that the colormap is flipped, i.e. red
corresponds to the smaller pH (more acidic) values, and blue corresponds to the larger pH
(less acidic) values, to conform with the pH universal indicator convention.
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4.3. GOM: Gulf of Mexico Loop Current System473

The 3DSeaVizKit vector field visualization capabilities were used in the con-474

text of a multi-institution collaborative project to achieve a better understand-475

ing of the physical processes that control the circulation in the Gulf of Mexico476

(GOM), in particular, the Loop Current (LC) and Loop Current Eddy (LCE)477

separation dynamics [101, 102, 103, 67, 104, 105, 106]. For the present work,478

the geographic MSEAS-PE modeling domain considered is depicted in Figure 5c479

[66]. This domain has a horizontal resolution of 1/12.5◦ (about 9 km), using a480

finite-volume grid of size 158× 230× 100 with 100 terrain-following levels pos-481

sessing a vertical resolution varying between 0.02 m and 380 m for the deepest482

GOM zones. The model is forced with tides from TPXO8-Atlas data from OSU,483

adapted to the high-resolution bathymetry and coastlines, and is atmospheri-484

cally forced with hourly 1/5◦ NCEP CFS output [107]. The sub-tidal initial485

and boundary conditions are downscaled from HYCOM [93, 108], with opti-486

mized velocities for high-resolution coasts and bathymetry [39]. The hindcasts487

cover the period from May 24 to June 28, 2015.488

The 3DSeaVizKit streamtube visualizations of the Loop Current system in489

the GoM are illustrated in Figure 11. Such colored streamlines with variable490

thickness are useful to depict the location of currents and eddies, and the vari-491

ability in their circulation strength in 3D as the width of the streamtubes is492

related to the depth of field and flow properties, in addition to the colored lo-493

cal magnitude of the velocity field. For both visualizations, Figs. 11a–11b, the494

starting positions of the streamtubes are defined from the vertical planes lo-495

cated at 24.8◦N and 86.65◦W. This 3D visualization showcases the main Loop496

Current 3D structures and related LCEs; we observe the LC entering the Gulf497

through the Yucatan Channel between Mexico and Cuba and exiting through498

the Florida Strait between the Florida Keys and Cuba, with 3D currents de-499

caying with depth. On May 26, the strongest currents occur on the western500

side of the main LC, along the eastern escarpment of Campeche Bank, and501

west of Florida, especially just west of the Bahamas. However, by June 6, the502

strongest currents have weakened along the interior LC with multiple LCEs,503

but strong currents still occur west of Florida. Throughout the period May 26504

to June 6, 2015, the current is in an extended state, but undergoing a state505

transition [109], with the eddy Nautilus (center located at approximately 26◦N,506

90◦W throughout the period) reattaching to the main current. The streamtubes507

enable tracking Nautilus as it begins to split into the two sub-eddies Nautilus I508

and Nautilus II, the latter of which is located at approximately 24.5◦N, 92◦W on509

May 26 (Figure 11a). Eddy Nautilus II slowly drifts westward and has fully de-510

tached from Nautilus I by June 6 (Figure 11b). Farther west, remnants of the511

dissipating eddy Lazarus are visible near the Mexican coast. The still-active512

eddy Michael, centered at approximately 25.5◦N, 94.5◦W on May 26 (Figure513

11a), drifts northwestward toward the Texas coast, arriving there by June 6514

(Figure 11b). Finally, eddy Olympus begins to form inside the northwest ex-515

tent of the main Loop Current, a process that continues throughout June; this516

eddy separates from the main current by the end of the month. Overall, the 3D517
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streamtube visualization clearly highlights these spatial and temporal variabil-518

ities of the LC system.519

(a) 00:00 UTC, May 26, 2015

(b) 12:00 UTC, June 6, 2015

Figure 11: GOM: 3DSeaVizKit visualization of 3D streamtubes in MSEAS-PE simulations of
the Gulf of Mexico Loop Current System at (a) 00:00 UTC, May 26, 2015, and (b) 12:00 UTC,
June 6, 2015. The starting positions of the streamtubes were defined from two vertical seeding
planes, each a 15× 10 grid with 10 evenly spaced depths spanning [0 m, 1000 m]. The first is
along 24.8◦N and has 15 evenly spaced points spanning [97.882◦W, 77.989◦W]. The second
is along 86.65◦W and also has 15 evenly spaced points spanning [18.133◦N, 30.467◦N]. The
streamtubes are colored by the magnitude of the local velocity (cm s−1) and their thickness
decreases with depth.

Next, we use 3DSeaVizKit to investigate the 3D relative vorticity fields,520

shown in Fig. 12. In addition to highlighting the structures traced by the stream-521

tubes, the vorticity maps reveal additional features and details in regions that522

the shown streamtubes did not visit, with the 3D visualization again revealing523
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Figure 12: GOM: 3DSeaVizKit visualization of MSEAS-PE relative vorticity (ω/f , nondi-
mensional) in the Gulf of Mexico at 0Z on May 26, 2015 (left column) and 12Z on June 6,
2015 (right column). (a) View from the southeast (i.e., from the Caribbean Sea); the relative
vorticity is shown at 1, 301, and 701 m depth and in a vertical section along 24◦N. (b) View
from the northeast (i.e., from the US Gulf Coast); the slices shown are the same as the top
row. (c) View from the west; the relative vorticity is shown at 1, 1001, and 2001 m depth.
Note that colorbar limits differ.

otherwise hidden structural details across space. Fig. 12a shows the northward524

inflow from the Caribbean Sea, including a large anticyclonic gyre or eddy that is525

most intense at the surface but spans the upper 700 m. This Caribbean feature526

is present on May 26, advects westward, and strengthens through June 6, while527

smaller-scale streamers and filaments also develop during this period. Strong528
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flow through the Florida Strait is likewise visible. Fig. 12b presents the vertical529

structure of the LC and LCEs, viewed from the northeast, illustrating how the530

3D visualization helps connect horizontal surface patterns with their vertical531

structure. On May 26, most vorticity structures extend throughout the entire532

upper 700 m, as demonstrated by the vertical section along 24◦N, which passes533

through the center of eddy Nautilus II. The 3D visualization also highlights two534

notable exceptions: a small cyclonic recirculation eddy, approximately 100 km535

in diameter, that forms between the inflow and outflow branches of the LC and536

is confined to the upper 300 m, and a northward-flowing streamer in the west-537

ern GOM near 95◦W that feeds into LCE Michael. At 24◦N the anticyclonic538

vorticity of this streamer is also limited to the upper 300 m, although it extends539

deeper farther north. At this time, the eastern GOM exhibits stronger vorticity540

than the western basin. By June 6, however, the vorticity in the western GOM541

strengthens, and only smaller-scale, topographically driven vorticity structures542

fail to encompass the upper 700 m. Fig. 12b also emphasizes that the LC ex-543

tends farther to the northeast over this period than is evident in Fig. 11. Fig. 12c544

further reveals the deeper vertical structure—down to 2000 m—in the western545

GOM, viewed from the west. On May 26 a strong signature of the LC appears at546

1000 m and intensifies through June 6, while weaker signatures of LCEs Nautilus547

I and Nautilus II are also visible at this depth on both dates. In contrast, the548

older LCE Michael shows no obvious signature at 1000 m. Leveraging 3DSeaV-549

izKit enables us to explicitly highlight that in the western GOM the correlation550

between vorticity at 0 m and 1000 m is weaker than in the LC and LCEs, and the551

correspondence decreases further between 1000 m and 2000 m. In general, the552

3D visualization indicates that the LC and younger LCEs are largely confined to553

depths above 2000 m but retain a significant presence at 1000 m, whereas older554

LCEs can become more vertically attenuated through accumulated shear, mix-555

ing at LCE edges, and topographic interactions. Smaller-scale features, such as556

Loop Current Frontal Eddies (LCFEs) [110, 106] and topographically generated557

vorticity, exhibit an even more limited vertical footprint.558

4.4. CALYPSO: Subduction Regions in the Alboran Sea559

The CALYPSO collaborative initiative addresses the challenge of quantifying560

the three-dimensional, time-dependent transports of ocean properties from the561

surface ocean to the interior [111, 112, 113, 114]. A central goal is to predict and562

characterize multiscale ocean transports and subduction processes, that is, the563

downward transport of surface quantities. The first focus was the Alboran Sea564

region in the western Mediterranean Sea, and the MSEAS-PE ocean modeling565

system was set up in the domain depicted in Figure 5d [69, 115, 116, 68]. The566

horizontal resolution of the Alboran Sea domain used in the simulations was567

1/200◦ (about 500 m) within a 480×773 horizontal grid with 70 vertical terrain-568

following levels providing a vertical resolution between 0.06 m and 200 m. The569

nested Motril Marginal Plateau domain had a horizontal resolution of 1/600◦570

(167 m), also within a 480 × 773 horizontal grid, and again with 70 terrain-571

following vertical levels (resolution between 0.06 m and 140 m). The bathymetry572

was obtained from the Shuttle Radar Topography Mission (SRTM) 15-arcsecond573
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global map [117, 118, 119]. For this region, our forecasts span the period from574

March 20 to April 16, 2019. They were initialized from WMOP [120, 121], and575

downscaled to our higher resolution domain, using our optimizations for higher576

resolution coastlines and bathymetry [39, and updates] as well as corrections577

from real-time data of opportunity. The tidal boundary fields were computed578

from TPXO8-atlas with adjustments to our higher resolution bathymetry and579

quadratic bottom drag. The atmospheric forcing was derived from NCEP GFS580

1/4◦ output [122].581

Here, visualizations obtained from 3DSeaVizKit were instrumental in un-582

veiling the 3D transport dynamics in the MSEAS real-time forecasts of ocean583

circulation, subduction events, and uncertainties in the Alboran Sea during584

March and April 2019; these visualizations and dynamics are discussed next.585

4.4.1. Visualization of Gyres and Eddies586

Figure 13 shows streamtube plots for the 3D velocity field in the Alboran Sea587

as forecast for 15:00 UTC, March 26, 2019. The streamtubes’ varying velocity588

magnitudes highlight the complex flow patterns and the dynamic nature of the589

ocean currents in this region. We also demonstrate how different horizontal590

and vertical seeding planes (used for the starting positions of the streamtubes),591

as well as different viewing angles, highlight the 3D structure of the gyres,592

eddies, and other circulation features. The forecast large, anticyclonic Western593

Alboran Gyre (WAG) is clearly visible, covering nearly all of the West Alboran594

Basin (Fig. 13b,d). The velocity varied spatially between 15 to 70 cm/s, with595

the largest velocities occurring on the eastern and western sides of the WAG.596

On the east, the WAG pushed up against westward-flowing saline water from597

the Eastern Mediterranean (Fig. 13c, salinity not shown). This interaction598

constricted the flow on the east side of the WAG, leading to higher velocities599

on that side. A second constriction was forecast to occur on the western side of600

the WAG. This western constriction is caused by a cyclonic recirculation eddy601

between the WAG and the Moroccan coast (Fig. 13a). East of the Alboran Ridge602

(36◦N, 3◦W), a weaker, elongated cyclonic structure centered approximately at603

36◦N, 2.5◦W is forecast (Fig. 13c). This cyclonic structure extended over about604

100 km from about 3◦W to 2◦W with velocity varying between 5 to 15 cm/s.605

We note that the anticylonic Eastern Alboran Gyre (EAG) was not yet present606

during this period. By mid-April 2019, the EAG and the Almeŕıa–Oran density607

front develop in the region previously occupied by the cyclonic structure [111].608

We compared all of these forecast features with data not available in real-609

time or held back from the forecast [68]. The AVISO reanalysis (not shown)610

has a reasonably good agreement with our WAG and the anticyclonic eddy611

southeast of Cape Sacratif (next paragraph). The AVISO reanalysis also shows612

some cyclonic structure in the east. We also found that all these forecast fea-613

tures compared reasonably well with the unassimilated in situ data (gliders,614

mooring, not shown). The surface drifters deployed in the experiment were also615

overall consistent with the larger, longer-lived features (WAG, eastern cyclonic616

structure).617
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Figure 13: CALYPSO: 3DSeaVizKit three-dimensional streamtube visualizations of the
MSEAS-PE reanalysis in the Alboran Sea for the velocity field at 15:00Z on March 26, 2019.
It shows the 0-100 m vertical extent of the (a) cyclone by Morocco, (b) anticyclonic West
Alboran Gyre, and (c) anticyclone by Cabo Sacratif. It also shows the (d) inflows/outflows of
the Alboran Sea with the rest of western Mediterranean Sea, including distinct downwelling
as the flow pass the coast of Algeria. Seeding planes and viewing angles were selected to
highlight these features. Each panel has two seeding planes used for the starting positions of
the streamtubes. All seed the same horizontal plane at 26 m (10×10 grid) with evenly spaced
longitudes in [5.3847◦W , 0.7113◦W] and latitudes in [35.0562◦N , 36.9882◦N]. We also seed
streamtubes in the vertical in a 10 × 7 plane using the same longitudes and 7 evenly space
depths spanning [2 m , 98 m]. These vertical seeding planes are located at 35.5◦N (a); 36.0◦N
(b,d); and 36.5◦N (c). The streamtubes are colored by the magnitude of the local velocity
(cm s−1).

Figure 13 also shows a number of smaller 3D features that were forecast for618

March 26. The low viewing angle of Fig. 13d highlights a region of subduction619

as the flow at 26 m goes eastward past the Algerian coast. The O(10 m) drop in620

the streamtubes is consistent with the ≈ 40 m/day downward vertical velocity621

seen in the simulation in that region (not shown). The 3D streamtubes of622

Fig. 13d showcase another downwelling event in that region around the 60 m623

depth. The 3D visualization also reveals an anticyclonic eddy (36.6◦N 3.2◦W)624

to the southeast of Cape Sacratif (Fig. 13c). This particular eddy has a width625

of about 60 km and was skewed to the west (i.e., the rotational center of the626

eddy was to the east of the geographic center). The eddy started out fairly627

gentle, with velocities in the range of 5 to 15 cm/s. It later strengthened due628

to subsequent wind events (not shown), including a gale blowing to the west on629

March 26-27, followed by a longer, but weaker wind event on March 28-30 that630

generally blew to the west but also curled to the northwest around Cape Sacratif.631
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By March 28-30, the strengthened eddy (not shown) had surface velocities in632

the range of 20 to 60 cm/s, was transported slightly to the northeast (36.7◦N633

3.125◦W), and entrained a coastal flow past Cape Sacratif. The subduction in634

and around this eddy is explored with 3DSeaVizKit next.635

Figure 14: CALYPSO: 3DSeaVizKit visualization of 100 simulated parcel trajectories seeded
in the surface waters within a grid between 36.125◦N and 36.375◦N, and 3◦W and 3.75◦W.
The trajectories are colored with the elapsed time, all starting at 12:00 UTC, March 26, 2019,
and with an end time of 12:00 UTC, March 30, 2019. The velocities employed to integrate
the trajectories are those of the MSEAS-PE reanalysis.

4.4.2. Visualization of Subduction Dynamics636

The trajectory capabilities of 3DSeaVizKit enable users to capture regional637

subduction dynamics. Figure 14 shows 100 MSEAS-simulated trajectories of638

parcels seeded on the surface level (finite-volumes in the top 1 to 2 m depths) on639

a grid between 36.125◦N and 36.375◦N, and between 3◦W and 3.75◦W. Initially,640

the seeded parcels form a grid centered approximately 45 km southeast of Motril641

on Cape Sacratif (Spain). Their subsequent simulated trajectories cover the642

four-day period from 12:00 UTC, March 26, 2019 to 12:00 UTC, March 30,643

2019, and are colored with the elapsed time. They were computed using the644

MSEAS-PE real-time forecasts of the velocity field over the period of interest645

and a second-order Runge–Kutta time integration. Most of the parcels southeast646

of Motril are advected clockwise (initially westward, then toward Cape Sacratif)647

by the anticyclonic eddy described at the end of the previous subsection (also648

confirmed by the AVISO reanalyses data). When these parcels approach the649

Spanish coast, they enter regions with strong vorticity generated in part by the650

interaction of an eastward coastal current west of Cabo Sacratif with coastal651

bathymetry, as described in [123]. Such interactions can initiate frontogenesis652

in this region, which in turn promotes subduction. The remaining few parcels,653

which are initially located at the western end of the grid, do not advect clockwise,654

but instead interact with the Atlantic Jet and advect southward [68]. It is clear655

from the visualization that most parcels remain near the surface for the first 1656

to 1.5 days, then subduct afterward. Most trajectories reach depths between657
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50 m and 100 m, and most subduct along a thin (about 10 km wide) layer along658

the Spanish coast. Once they complete three-quarters of a circuit around the659

anticyclone, many of these trajectories then ascend to between 0 m and 50 m660

depth.661

Figure 15: CALYPSO: 3DSeaVizKit visualization of the subset of trajectories from Fig. 14
which are forecast to reach 70 m depth by 12:00 UTC, March 30, 2019. The MSEAS-PE
simulated trajectories are colored by the local squared Brunt-Väisälä frequency N2 (s−2).
The right panel additionally shows a depth section of the MSEAS-PE forecast of potential
density anomaly field (sigma-theta; kgm−3) at 35 m depth. These panels reveal a two-stage
subduction process which begins with shallow downwelling in unstable surface waters near
a front, followed by deeper topographically induced downwelling as the flow passes Cape
Sacratif.

Since we are interested in the subduction dynamics, the Boolean filtering662

capabilities of 3DSeaVizKit allow us to separate the signal from the noise. Fig-663

ure 15 shows the specific trajectories that reach a depth of 70 m (only 12664

trajectories satisfy this condition), colored by the squared Brunt-Väisälä (or665

buoyancy) frequency N2, defined as666

N2 = − g

ρ0

∂ρ

∂z
, (2)

that describes the oscillation frequency of a parcel of water with density ρ0 dis-667

placed from equilibrium in a stratified background density ρ. With z defined as668

positive upward, a negative value of N2 corresponds to locally statically unsta-669

ble seawater, where higher-density waters reside on top of lower-density waters.670

The left panel of Figure 15 highlights areas of static instability in blue, neutrally671

stable water in white, and statically stable water in red. Most downwelling oc-672

curs in regions of static instability or neutral stability, in a horizontally thin673

attracting filament. The right panel of Figure 15 shows the same visualiza-674

tion augmented with a cross-sectional plot of sigma-theta, the potential density675

anomaly, at 35 m depth. A strong density front is visible along approximately676

3.6◦W, and it is in this region where the static instability is highest and minor677
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subduction occurs. This plot also highlights a secondary density front along678

the Spanish coast (approximately 36.6◦N near Motril), where much more signif-679

icant subduction is forecast to occur at a depth of approximately 20 m to 30 m.680

Here, the subduction process is induced by topographic interaction as the fluid681

approaches the bathymetry, resulting in the downward subduction (by as much682

as 50 m) indicated by the trajectories.683

By allowing the user to combine features in a modular way, 3DSeaVizKit684

allows them to begin with a visualization such as Fig. 14 and interactively create685

tailored visualizations such as Fig. 15, shedding light on 3D features that would686

otherwise be challenging to find and understand.687

4.4.3. Visualization of Uncertainties688

The sensitivity of ocean flow dynamics to small perturbations in the model689

parameters, initial conditions, and boundary conditions requires quantifying690

the uncertainties in the forecast [124, 125]. For the CALYPSO real-time ex-691

periment, several 300-member ensemble forecasts were issued and one of them692

covered the period of interest. These probabilistic ocean forecasts were created693

by applying perturbations to initial conditions downscaled to higher resolution694

from three models: HYCOM [126, 108], CMEMS [127], and WMOP [120, 121]695

(1/3 of the realizations used each larger-scale forecast product). This ensemble696

initialization was completed using ESSE procedures [77, 78, 68]. 3DSeaVizKit697

was then used to construct a 3D picture of the uncertainty in the ocean fields698

and dynamics.699

Figure 16 shows forecasts of the uncertainties in the velocity field at 18:00700

UTC, April 12, 2019 in the full CALYPSO domain shown in black in Figure 5d.701

The multivariate 3D visualization is split into the western Alboran Sea in Fig-702

ure 16(a) and the eastern Alboran Sea in Figure 16(b). They show the standard703

deviation of velocity in horizontal maps at 5 m, 100 m, 250 m, and 450 m704

depth, and vertical cross-sections located along 3.01◦W in the western Alboran705

Sea and along 2.7◦W in the eastern Alboran Sea. In addition, streamtubes of706

the ensemble mean velocity field at the surface are shown. From the multivari-707

ate 3D visualization of the western Alboran Sea in Figure 16(a), we find large708

forecast uncertainties associated with the position of the Western Alboran Gyre,709

in addition to significant but lower uncertainties in the Atlantic Jet, a frontal710

jet of Atlantic waters surrounding the gyre, and especially around the Alboran711

Ridge (located approximately 36◦N, 3◦W). For the eastern Alboran Sea shown712

in Figure 16(b), a smaller, cyclonic eddy is present but weak, with significant713

uncertainty associated with the location of the intermittent Almeŕıa–Oran front.714

5. Summary and Conclusions715

We presented 3DSeaVizKit, a web-based toolkit for 3D visualization of ocean716

and geoscience data fields. It enables interactive visualization and exploratory717

analysis of a wide variety of ocean phenomena using primary and derived field718

variables. Its development was motivated by the challenge of visualizing the719
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(a) Western Alboran Sea

(b) Eastern Alboran Sea

Figure 16: CALYPSO: Multivariate 3D uncertainty visualization using 3DSeaVizKit for the
ensemble forecast for April 9-15, 2019, as computed in real-time by our ESSE MSEAS-PE
probabilistic modeling system. (a) and (b): Real-time forecasts of the standard deviation of
the velocity field (cm s−1) at 18:00 UTC, April 12, 2019. The horizontal maps shown are
at 5 m, 100 m, 250 m, and 450 m depth, and the vertical cross-section are along 3.01◦W in
the western Alboran Sea (a) and along 2.7◦W in the eastern Alboran Sea (b). Additionally,
streamtubes of the ensemble mean surface velocity field forecast are shown, colored by the
magnitude of the local ensemble mean velocity (cm s−1).

multivariate, multidimensional, and multiresolution outputs of ocean simula-720

tions. However, the tool can be extended to support the broader geoscience721

community.722

The 3DSeaVizKit suite provides the user with utilities for plotting scalar,723
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vector, and trajectory data using lines, cross sections, isosurfaces, and stream-724

tubes. Interactivity and ease of use are key features. Visualizations are served725

through a web-based GUI built on the Plotly JavaScript library and accelerated726

through WebGL-enabled graphics processing units. With the tool’s modular de-727

sign, users have control over visualization parameters such as colormap, lighting,728

domain limits, and section and map locations, and can create new complex vi-729

sualizations by combining the base features. Applications of 3DSeaVizKit were730

demonstrated in Massachusetts coastal regions (NSF-ALPHA and BIOMAPS),731

the Gulf of Mexico (GOM), and the Alboran Sea (CALYPSO).732

In the Nantucket and Martha’s Vineyard region, 3DSeaVizKit revealed the733

3D structures of cold, tidally mixed waters over Nantucket Shoals and their734

westward transport toward deeper offshore regions. It highlighted submesoscale735

tilted eddies, meanders, and high-vorticity features associated with the New736

England shelfbreak front. It also showed the influence of bathymetry on coastal737

currents, overflows, tidal fronts, and internal waves around Martha’s Vineyard738

and Muskeget Channel, together with associated surface convergence zones and739

transport barriers. In Massachusetts Bay, 3DSeaVizKit enabled a joint analy-740

sis of 3D chlorophyll and ocean-acidification fields. It showed depth-dependent741

chlorophyll distributions associated with wind-driven upwelling, nutrient sup-742

ply, internal tides, and advection by the Maine Coastal Current, with subsur-743

face chlorophyll maxima and localized enhancements around Stellwagen Bank.744

It also exposed mid-depth pH maxima, regions of surface chlorophyll depletion745

linked to lower-pH waters, and the influence of internal-tide mixing and Gulf746

of Maine inflows on acidification patterns. In the Gulf of Mexico, the toolkit747

highlighted the 3D evolution of the Loop Current system and its eddies, includ-748

ing their formation, separation, drift, interaction, and decay. It also exposed749

the vertical extent and coherence of eddies, streamers, and topographically in-750

fluenced features, distinguishing structures that spanned hundreds of meters in751

depth from smaller-scale features confined to the upper ocean. In the Albo-752

ran Sea, 3DSeaVizKit showed the structure and variability of gyres, smaller753

eddies, and coastal recirculations, while highlighting regions of downwelling and754

subduction as well as the roles of fronts, bathymetry, and instability in this755

downward transport. It also provided an interactive 3D depiction of forecast756

uncertainty in major circulation features.757

Across all applications, 3DSeaVizKit showed that interactive 3D visualiza-758

tion can reveal coherent structures, transport pathways, circulation features,759

physical-biogeochemical interactions, subduction processes, and uncertainty pat-760

terns that are difficult to infer from isolated 2D views. These capabilities support761

both scientific discovery and operational oceanography as ocean simulations and762

observational products continue to increase in complexity and resolution. Fu-763

ture extensions include new multiresolution 3D visualization and integration764

with mapping software such as Google Maps, in which a coarsened image is765

continuously refined as the user zooms into an area of interest. Additional766

developments include uncertainty and risk visualization with large ensemble767

forecasts [125, 124, 128, 19, 104] as well as location-based and feature-based768

probability visualization [9, 128]. Other application areas include reachability769
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and path planning for ocean platforms [53, 129, 105, 130], acoustics forecasting770

[55, 56, 15, 131], and pollution mitigation and marine ecosystem monitoring771

[132, 133, 64, 134].772

Appendix A. Data Pre-processing: NetCDF files to CSV773

In the pre-processing, we split each netCDF file into discrete time steps, plac-774

ing each time step into a separate CSV file and performing a user-specified level775

of down-sampling in order to reduce file size. At this point, it is common for the776

data file to have a non-uniformly spaced grid due to the terrain-following grid777

employed by many ocean models. Since interpolation on a non-uniformly spaced778

grid is incredibly slow performance-wise on both a pre-processing and front-end779

visualizing basis, the pre-processor interpolates each value to a uniform Carte-780

sian grid where the grid spacing is equal. This uniform grid is user-specified and781

arbitrary; however, forcibly fixing a non-uniformly spaced grid onto an inappro-782

priately matched uniform Cartesian grid can result in a misleading visualization.783

Therefore, the uniformly interpolated grid must be chosen with consideration of784

the input data. Finally, the pre-processing pipeline applies a data mask to indi-785

cate missing values. Altogether, the pre-processing steps are necessary for the786

front-end Plotly web framework [34] to display the data properly and efficiently.787
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