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Abstract

Despite great efforts towards automation and reproducik:lic,” me.h generation remains a
major ‘gray area’ in coastal ocean modeling. In this manuscript'« = introduce the NOAA Office of
Coast Survey (OCS) mesh generation tool ‘OCSMesh’, an end-to-er. data-driven, object-oriented,
unstructured mesh generation Python tool that uses geomet.y and sizing function objects to define
mesh domain and resolution, primarily targeting SCHISK applications. OCSMesh leverages
SCHISM’s greater flexibility and robustness win .kewed elements to deliver faithful
representations of the DEM (Digital Elevation Model, =« dif.erent modeling scales (i.e., creek-to-
ocean). The main novelties OCSMesh brings are/.ts 1 .ientless pursuit of fidelity to the underlying
DEM (e.g., capable of resolving arbitrarily smal. c.an: els with no restriction, which is essential
for compound flood studies), greater effic’ciiv*. and active and continued development. We
demonstrate OCSMesh applications with 1.9 exa nples. In the first, we reproduce a cross-scale
mesh used by a SCHISM-based 3-dimensiona: -uerational forecast system. Results show that the
OCSMesh-based model can reproduc: <he skill ot .ne operational model while taking a fraction of
the time needed for mesh developmen.. The second example shows how the highly efficient
OCSMesh mesh merging process  :an b. used in a relocatable forecasting scenario. We show that
within reasonable time (< 2-hours) e ar: able to not only create a high-resolution mesh for a large
river basin, but also merge it ‘nto (e coarser operational mesh. With that approach we can deliver
more realistic flood predictio. = for tne area of interest, which are essential for timely flood hazard
mitigation.

Keywords: crcss-seile coastal modeling, open-source, Python, SCHISM, triangulation,
STOFS3D.
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1. Introduction

Unstructured grid (UG) models have been increasingly used in cross-scale coasta’ oc an
modeling studies. This trend is largely attributed to UG’s greater flexibility and ac ui.~v i
capturing the terrain by enabling localized refinement or coarsening as a function ot ‘et ions’
relevance and project-specific resolution requirements (Ye et al., 2019). Mesh nene,o*an is the
most laborious and consequential step during the development of an ocear circ. l22.ion model. This
step is often performed by humans with the aid of software based on a graghic.' user interface and
guided by a highly subjective decision-making process that faile*2 r-omote automation,
objectivity, and reproducibility (Conroy et al., 2012; Roberts et /., ..019). Several automated
unstructured mesh generation packages have been developed in )rde. *~-address these limitations
(Gorman et al., 2008; Conroy et al., 2012; Remacle and Lambreci. =, 2018; Roberts et al., 2019;
Trotta et al., 2021). However, despite these efforts, mesh y neration is still regarded as an ‘art’ as
it requires almost unachievable trade-offs between ac’uracy (i.e., faithful representation of
topographic and bathymetric features), computatic=al 22*'(i.e., mesh resolution in terms of the
node and element count), and mesh ‘quality” (e.. ...egt larity of triangles or other types of cells).
Given that computational costs and model st oilic, are generally non-negotiable requirements, this
trilemma is usually resolved at the expense 01 225h accuracy.

Automated mesh generation®>ckages are often designed envisioning its application
towards a particular modeling sys'em, < 2d as a result, they tend to compensate for the limitations
of these models. For instance, *=.acco=.nodate the numerical instabilities inherent in many ocean
models, modern automated . *ash generation packages are designed with advanced features to
ensure equilateral triaxculation and smooth transitions in mesh resolution (Gorman et al., 2008;
Conroy et al., 2012; 20be *. et al., 2019). While these features are crucial for the numerical
stability of targeteu models, an excessive focus on smoothness and ‘mesh quality’ inevitably leads
to the creaticn 0. unnecessarily larger meshes (Ye et al.,, 2023). This in turn increases
computati=. 2! cests, thus further skewing the mesh generation trilemma by sacrificing both
accuracy 'nd csts in favor of model stability. Another common feature in those packages is
Dig’al "_levvaticnh Models (DEMs) smoothing before and after the interpolation of topobathy data
irto thiowaiesh. This common practice, prevalent in the literature, would fundamentally alter the
charcoteristics of the DEM and thus introduce system-wide changes in the simulated processes

that modelers would then attempt to erroneously compensate during model calibration (Ye et al.,
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2018; Cai et al. 2020; Zhang et al., 2024). For example, most published works in coastal ocfan
modeling focus on the choice of model, algorithm, and parameters, but glossed over the r=ica,
role played by mesh representation of the DEM, therefore making the analysis dubiots 2’ bes.
(Zhang et al. 2024). Therefore, we believe that the development of an objective dei nsible,
reproducible, and accuracy-focused automated mesh generation package is ‘cact hased on
numerically robust ocean models that free the mesh generation process from tl ese'mesh “quality’
error compensations.

SCHISM is a community-supported, open-source model that stand. out for its ability to
seamlessly simulate 3D baroclinic circulation across creek-to-ocear sc>les using highly efficient
semi-implicit finite-element/finite-volume methods for solving-a . .de ~ange of hydrodynamic
processes and biogeochemical applications (Zhang and Baptista, -708; Cai et al. 2021). SCHISM
also strives to faithfully ingest the observed bathymetry: oy allowing skewed horizontal mesh
elements as well as mixed-element meshes (triangular w. qu.drangular), thus waiving the need
for bathymetry smoothing and other types of artificic."'mes 1 manipulations (Zhang et al., 2016;
Zhang et al. 2024). In fact, judicious use of s’ ew:d zlements is particularly advantageous in
nearshore regime due to the numerous cor.p.iny meshing constraints. For example, defense
structures like levees and jetties are usually 1. ~ater in close proximity to navigation channels. The
combination of these horizontal mes, rolerances .vith highly configurable vertical grid schemes
leads to extremely powerful ‘roiy norp.asm’ (a single SCHISM grid allows 1D/2D/3D
configurations in different regions, *hat ran effectively support a myriad of real-world applications
(Zhang et al., 2015; Zhang et al. 2016). To fully leverage SCHISM’s robustness, the mesh
generation process must be re-or..nted towards two in silico oceanography principles described in
Zhang et al. (2024): i) the 2:nderlying terrain is a first order model forcing, and as such should not
be smoothed heyatd the resolution of the unstructured mesh; and ii) the mesh resolution and
domain extent:she ld 2 dependent on the simulated processes (and thus, is not a consequence of
the numerical 1, stabilities of the targeted model).

=~ this p per we introduce the NOAA Office of Coast Survey (OCS) mesh generation tool
‘OC%ivir 3h’; >n automated unstructured mesh generation Python package targeting SCHISM-
b sew. anr.ications. OCSMesh was designed to deliver faithful representation of the DEM by
lev.raging SCHISM’s greater flexibility and efficiency with skewed triangular and optional

quadrilateral elements. Different from other mesh generation packages, the main novelties
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OCSMesh brings are its relentless pursuit of fidelity to the underlying DEM (e.g., capable of
resolving arbitrarily small channels with no restriction, which is essential for compound-*'a0.
studies), greater efficiency, and active and continued development. The software features 2 suit,
of specialized functions specifically designed to translate SCHISM’s mesh .aei 2ration
requirements into continuous cross-scale meshes that extend from small crec!s s, stems to
expansive oceanic domains. OCSMesh’s capability of individually generatiig <~nd seamlessly
merging different mesh domains (i.e., river systems, floodplain, and oce.n) c..sures that the
generated meshes are well-suited for integration within operational mode ing rrameworks and
relocatable ocean modeling platforms, enhancing the effectiveness i flexiility of simulations
across contrasting spatial scales. OCSMesh is freely distributes' v.= Git Hub! and can easily be
installed on different operating systems. In fact, a few user group. have successfully utilized this
tool in their own mesh development work (Mani et al., 2022 Sunetal., 2022; Martins et al., 2024).

This manuscript is structured as follows: S7caon o describes the application cases,
including the model setup and short synoptic history > the major events during the simulation;
Section 3 describes the OCSMesh main functi ns‘ans' end-to-end mesh generation workflow;
Sections 4 and 5 present the outcomes of th. .2 application cases; Section 6 presents the final

discussions and conclusions.

2. Description of App'icatior. Cases

Floods can be @r’ven by different types of forcings of fluvial (riverine flood wave), pluvial
(direct precipitation®;.2nd < >7stal (storm surges) origins. If these all occur simultaneously and in
close progrescion ¢ each other they can exacerbate flood impacts (Wahl et al., 2015). State-of-
the-art models nave demonstrated their capacity to combine features of traditional hydrology and
ocean mor'=**ng .>rough the development of seamlessly integrated creek-to-ocean model meshes,
which lec. 's to 1 10re accurate representations of the compounding effects of coastal floods (Ye et
al., 202%)..He.» we developed two cross-scale examples to demonstrate 1) OCSMesh mesh

nenerac o workflow and mesh merging processes, and 2) its deployability during major

1 OCSMesh GitHub Repo; URL: https://github.com/noaa-ocs-modeling/OCSMesh, last accessed in Mar 2025.
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compound-flooding events. These examples were set up based on the Surge and Tide Operatio:.al
Forecast System Three-Dimensional Component for the Atlantic Basin (STOFS3D-Atla=tic,
model, and the outputs from the OCSMesh-based model were compared to STOFS3D-AL 2tic’,
outputs.

The first example shows how OCSMesh performs the very laborious and e,22r-y rone task
of creating cross-scale meshes. More specifically, this example demonstrat :s *.ow OCSMesh
generates a size function-based floodplain mesh, then triangulates a continuc ‘s u.w.inage network
(creek, rivers, and channels) derived from representations of the thalwegs < ad river banks in the
DEM, and finally merges them into STOFS3D-Atlantic ocean mes'. . ‘gure 1). The goal of this
example is to assess whether OCSMesh can reasonably develop:a © > 1mls ss creek-to-ocean mesh
for the entire US East Coast in a timely manner and produce mou>! estimates comparable to that
of STOFS3D.

80°00'W 70°00'W

Water Level Stations
V'  Temperature Stations
O Salinity Stations
m]

Current Stations

+ NWM Inputs

River Domain

Floodplain Domain

90°0’W 80°00'W 70°00'W 60°00'W Ocean Domain
Figure 1..(seogra, hical domain of the STOFS3D-Atlantic mesh, in-situ data locations used for model output

comparican, o “Ivational Water Model-based river heads.

2 STOFS-3D-Atlantic: 3-D Surge and Tide Operational Forecast System for the Atlantic Basin; URL:
https://polar.ncep.noaa.gov/estofs/, last accessed in Mar 2025.
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The second example demonstrates the software’s potential deployability within® a
relocatable operational modeling framework during an emergency scenario. A frequent ro=:tes,
from users when approaching coastal flood events is high-resolution data, which can be ¢ uine'.
by deploying a separate nested high resolution numerical model into larger-scale oc72n tcrecasts
(Trotta et al., 2021). Here we used a different approach where a high-resolution cc»nc¢ ind flood
mesh for the Pearl River Basin between the states of Mississippi and Louisian: w7s created using
OCSMesh and merged into the STOFS3D-Atlantic mesh with the ohjc>tive or conserving
computational costs (by increasing resolution only where necessary) while a wnscaling processes
in the area of interest. Our goal with this example is to evaluatzv."ether OCSMesh’s mesh
generation and merging processes can be efficiently used in ~el.“atab.e cases by seamlessly
merging the high-resolution mesh generated for a target area 1.~ a baseline mesh in a timely
manner (between forecast cycles).

Modeled total water levels, water temperati.c, san.ity, and surface velocities were
compared at 1220 stations, including 744 water level, »“.3 te nperature, 115 water salinity, and 53
currents gauges corresponding to the location ¢ exusting CO-OPS, USGS, and NDBC stations
(Figure 1). The location of these stations wus 'Seu 10r creating point-based model outputs for

further skill assessment (Section 4.2.2).

2.1. Baseline Model fur Cor iparison

In its operational v rsion STOFS3D-Atlantic uses NOAA’s High-Resolution Rapid
Refresh (given high-nriority) and Global Forecast System (given low-priority) as surface
meteorological forcira. 11> clobal operational Real-Time Ocean Forecast System (G-RTOFS) is
used for subti'al .. =e-diri.ensional boundary forcing of water temperature, salinity, and currents.
Subtidal water lev.! forcing is taken from Copernicus gridded Absolute Dynamic Topography
(ADT) sato'lite ~ltimetry. River heads are forced using 7446 inlet points from the NOAA’s
Nationai Vater Model (NWM) (Cosgrove et al., 2024) (Figure 1). The model open boundary is
tida! y fr iced v zing the finite element solution FES2014 global ocean tide atlas (Lyard et al., 2021).
Cur hwadzast version only differs from the operational STOFS3D in terms of atmospheric forcing,
whic> was derived from the fifth generation ECMWF atmospheric reanalysis (ERA5) (Hersbach

et al., 2020), and in terms of three-dimensional open boundary forcing based on the data-
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assimilative HYbrid Coordinate Ocean Model (HYCOM) (Chassignet et al., 2007). All hindc st
simulations in this paper were hotstarted using the HYCOM 3D fields. A detailed descript==2 0.
the STOFS3D-Atlantic setup adopted in this study is provided by Cui et al. (2024). Note Y. th.
operational version of ‘STOFS3D-Atlantic’ differs from the hindcast version shown:=.th.> paper
in that the former has been continuously run for a few years, with each forecast .2tstcted from
the previous forecast cycle.

The STOFS3D-Atlantic mesh, in its current version, has a total of 2.9/c,709 nodes and
5,728,020 elements. Mesh resolution varies from 100 meters near river b.nks and parts of the
coastline to 1,000 meters overland (Figure 2 a, b, ¢). Horizontal reso’4u. s in the continental shelf
vary between 1,000 and 4,000 meters while in the deep-water reg?an. eso’ ations are mostly within
the 5,000 and 6,000 meters range.
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Figure 2. STOFS3D-Atlartic horizontai (a) mesh resolution, where b) is a zoom-in view of the coastal Louisiana and
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¢) is the histogram of mesh re.~lution distribution; d) is the number of vertical layers in the vertical grid and e) is a

zoom-in view of the on coasw. " l_ouisiana, f) is the vertical grid configuration along a typical transect shown in (e).

The v tical g.id uses the Localized Sigma Coordinates with Shaved Cell (LSC?) vertical
coordinat : sys.»m for cross-scale applications (Zhang et al., 2015), which allows for each grid
node t=-hav. s own sigma discretization by treating the mismatch in the number of vertical layers
betv. 271 ne.ghboring nodes as “shaved’ cells at the bottom. As shown in Figure 2 (d, e, and f), the
S OFS3D-Atlantic vertical grid has a large number of layers (up to 50) in the deep-ocean areas,

and transitions to 2 vertical levels (surface and bottom, i.e., 1 layer) over the floodplain. This
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discretization allows SCHISM to treat the floodplain in 2D depth-averaged mode, wk'ie
seamlessly transitioning to 3D configuration over the river and ocean domains. Figure 2f s=aw_
the vertical discretization of a transect from upstream Mobile Bay - Alabama to the con irente.
shelf (Figure 2e).

For efficiency, classical first-order Upwind finite volume transport schenicva. used for
upstream/overland regions, where salinity and temperature gradients are sme I. ' major rivers,
estuaries, and the ocean, where 3D processes are important, we used a w:ira-c.uer Weighted
Essentially Non-Oscillatory (WENO) for transport as it better preserves baroclinic gradients
compared to lower-order schemes (Ye et al., 2019). Bottom frictior v, 's set as dependent on the
water depth, with coefficients varying from 0.0025 (in estuaries “nd ,ceans) to 0.01 (in the
watersheds). Relaxation of tracers was applied to cells within 1.c degrees of the open boundary.
Smagorinsky-like filter was applied over pre-defined ocea. zones to avoid spurious oscillations.
The entire STOFS3D-Atlantic setup was automated 7:.c ~an »e found on the SCHISM GitHub
repositorys. For details on the aforementioned parame < rs, r :fer to the setup driver script* and to
Cui et al. (2024).

It is worth noting that the goal of this . 2anuscript is not to improve STOFS3D-Atlantic
setup and parameterization but instead to <los.ly replicate it with an OCSMesh-generated
horizontal mesh. Therefore, assessinc ne model sctup and calibration is beyond the scope of this

work.

2.2. Case-study Tin.>frame

The model rues inc'ie'e most of the 2021 hurricane season for a period between July 01 to
September 30 Thic first 45 days of simulations were discarded from the analysis to avoid direct
influence fron" the HY COM hotstart as well as to allow plenty of time for the NWM flows to
propagate f-aom ‘he river heads to the river mouths. During the August 15 to September 30
timefran. . sixr ajor hurricanes passed through the STOFS3D-Atlantic domain, with three making
land all .vithn. the CONUS (Figure 3).

} SCHi1SM GitHub Repo; URL: https://github.com/schism-dev/schism, last access in Mar 2025.
4 STOFS 3D Atlantic driver script; URL: https:/github.com/schism-dev/schism/blob/master/src/Utility/Pre-
Processing/STOFS-3D-Atl-shadow-VIMS/Pre_processing/stofs3d_atl_driver.py, last accessed in Mar 2025.
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Figure 3. Hurricanes that crossed the m¢ del ac main between Aug-15 and Sep-30, along with their respective paths

and categories (Saffir-Simpson Hurricane *find scale).

Hurricane Grace movea across the Caribbean before making landfall in the Yucatan
Peninsula as a Category 1 ~urricane on August 19, eventually regaining strength over the Gulf and
making landfall or: ‘he M <ican coast on August 21 as a Category 3 storm (Reinhard et al., 2022).
Henri was a Cetey. *v 1 urricane that made landfall as a tropical storm on August 22. After making
landfall in Rhod» Island, Henri followed an unusual track moving west before moving east and
dissipati~1 ove: the Atlantic (Pasch et al., 2022). Hurricane Ida made landfall at Port Fourchon,
Louisiar « o August 29 as a Category 4 hurricane, causing above ground water levels of more
than -~ me’ers along the east bank of the Mississippi River and delivering more than 250 mm of
orecinitation over portions of southeastern Louisiana and Mississippi (Beven et al., 2022).
Hurricane Larry reached Category 3 right before entering the STOFS3D-Atlantic domain. Larry
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then passed through east of the Bermuda Islands as a Category 1 hurricane and made landfal! in
southeastern Newfoundland on September 11 (Brown et al., 2021). Hurricane Nicholas-=aac
landfall on September 14 in the Matagorda Peninsula - Texas as a Category 1 hurricane. A *toug'.
its formation can be traced back to August 28 over the coast of Africa, it was not unt!.Sey.‘ember
13, while over the warm waters and unstable atmospheric conditions of the Gulf, (>at durricane
Nicholas gained strength. Nicholas is reported to have brought heavy rainfal” anu caused major
flooding across the southeastern United States (Latto and Berg, 2022). Lastiy, Hu...cane Sam was
a high-intensity hurricane that passed eastward of Bermuda before weckening as it moved
northeastwards (Pasch and Roberts, 2022). Sam reached its maxim:.i. ~trength over the Atlantic
on September 26 (before entering the STOFS3D-Atlantic domai»).

3. OCSMesh Design and Application
3.1. Mesh Engines

The NOAA Office of Coast Survey (OC™) mesh generation tool ‘OCSMesh’ is a data-
driven, object-oriented, unstructured mesh ge. ~ration Python tool that uses geometry and sizing
function objects to define mesh doma.:. and resolution, primarily targeting SCHISM applications.
OCSMesh is mainly designed for FyEM hased workflows (although it also supports shape or mesh-
based workflows) and is higk':« Ticvi%e to accommodate skewed triangular and quadrilateral
elements. OCSMesh relies 6. the Python wrapper for the IGSAW library (JIGSAW-Python?®) as
the main meshing engi»: (Engwirda, 2014). It also utilizes the Triangle® mesh engine (Shewchuk,
2002) through some =€.its ¢ **"ity functions for meshing constrained areas (Section 3.4).

The JISSAL Lengiiie performs mesh generation based on a hybrid solution of conventional
Delaunay triai gula:ion. The algorithm is based on the Frontal-Delaunay paradigm, being more
theoretica!',rouust than advancing-front techniques and outperforming Delaunay-refinement
technique  (Enc wirda, 2014). This unstructured mesh generation and tessellation library can be
app! ed”o plancr, surface, and volumetric triangulation domains. OCSMesh relies on the JIGSAW-

> JIGSAW-Python Library; URL: https://github.com/schism-dev/schism, last accessed in Mar 2025.
6 python wrapper around Jonathan Richard Shewchuk's two-dimensional quality mesh generator; URL:
https://github.com/drufat/triangle, last accessed in Mar 2025

10
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Python package for the C++ JIGSAW scripts to perform mesh construction for 2-dimensio:.al
geometry and user-defined mesh-size constraints. Triangle is a light weight C-based packag~seu
for exact Delaunay triangulations, constrained Delaunay triangulations, conforming .D.'7dna:

triangulations, and VVoronoi diagrams (Shewchuk, 2002). Triangle mesh generation:i=.di..7en by
command line switches that control several aspects of the mesh generation, incltai2a minimum
internal element angle, maximum triangle area constraint, and the specificatio; of‘auxiliary mesh
points. In OCSMesh, the merging of different meshes, which is essential for »reewu-ocean mesh
generation, is entirely reliant on Triangle (see Section 3.4).

3.2.  Software Design

The built-in Geom and Hfun objects are responsit = for pre-mesh generation processing.
Geom is a singleton object representing the mesh dome’n u it ca.1 be created via input raster, shape,
or pre-existing mesh files. The Raster class defines ¢ tects used for handling DEM files (e.g.,
GeoTIFF and NetCDF); it also wraps severa FastirlO functionalities, including: clipping,
reprojecting and CRS handling, windowin¢, cctour extractions, etc. The Raster-based Geom
object uses the Raster class to define the 1. 2sh domain by enclosing polygons created from
specified elevation contour boundarie . ~xtracted frum DEM files. Other geometry types supported
by OCSMesh are: Mesh-based fo' de:.niny the domain based on a pre-existing mesh, Polygon-
based for manually defined doraii...ard Collector type for a combination of the aforementioned
geometries. The Collector ty, = is the most convenient Geom for SCHISM applications as it allows
for the ingestion of a 'ist of raster files, where the list’s order corresponds to the order of priority
in which raster files.are »ansidered, thus allowing for a more faithful representation of the
topography and bathymetry.

The Hf un (. '7e 1unction) object defines the element size through several size specifications
methods, s::ch & alobal maximum and minimum, based on DEM slopes, and based on a detected
or specii xd rec on or the distance from it. These size specification methods can be combined
with'n t*.e Hiu > object for highly customizable mesh resolutions and transitions. Like the Geom
0.jecy,tve Hfun object can be defined based on rasters, mesh, or a combination of the two
(Coictor type). Unlike the common approach used in other meshing tools, OCSMesh optimizes

the size function generation by addressing it tile by tile (raster and/or mesh), where: i) a mesh is

11
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created for each tile according to the multiple size specifications, ii) the element size values of t"iIs
mesh are interpolated back onto the mesh, and iii) all these tile-specific meshes are com*ine.
according to their order of priority. This unstructured Hfun is more memory efficient and " 'exibl’.
than matrix-based approaches (Mani et al., 2021) used by most mesh generation soft: are.

Finally, the JIGSAW array representation (msh_t) of the Geom and Hio G.iects are
generated and passed to the mesh engine. Mesh post-processing in OCSMesh “nc'udes fixing
common mesh generation problems such as node duplicates, isolated and . nci.ca nodes, small
elements, unconnected patches, and folded-boundaries. In addition, the inter »olation of topobathy
elevations into the mesh and the automatic detection of the mesh e ndaries (land, open, and
islands) can be carried out as part of the post-processing. Mesh soc dari 2s can be defined either
as a function of the elevation of the boundary nodes (i.e., eleva.>n < 0 = Ocean Boundary), or
based on its location in relation to predefined polygons. For more information readers are
encouraged to refer to the OCSMesh GitHub repository (>ee Joftware and data availability) and
official NOAA Technical Memorandum (Mani et al., . “21)

3.3. SCHISM-based Mesh Ge:. >ratic 1 Criteria

OCSMesh achieves seamless .. 2d-ocean mesh generation for SCHISM-based applications
by: 1) enforcing customizable /ubu main-specific mesh generation requirements, and ii)
integrating the resulting subdoma. > meshes into a domain-wide mesh (pre-generated ‘ocean’
mesh). For compound flooa. 1, the .argeted subdomains are the floodplain and rivers. SCHISM-

based mesh generatior criteria foi these subdomains are summarized as follows.

33.. . loodplain

Heuristically when developing a SCHISM mesh for the floodplain, the dry watershed
boundar, must lways remain dry. In other words, the upper limit of the floodplain mesh domain
mus’ be set a. 2n elevation above the probable reach of extreme flood levels. This prevents the
flyoa :=2es from reaching an unrealistic ‘wall” at the boundary of the mesh, and thus being

reficated back and interfering with the incoming flood. Moreover, higher resolutions should be
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used near the coastline and river banks for refined wetting and drying representations and smo¢ cth

flow conveyance and routing.

3.3.2. River

River systems can be numerically represented during the delineation of t 1e f.ocdplain mesh
by either passing the river network as high-resolution arcs to the Hfun or ~ct c.as a separate
system composed of basic river features, such as river bank and thalwegs. The former does not
ensure channel connectivity while potentially resulting in an urs.ccassarny large number of
elements, and therefore should be avoided in compound flooding-ap, "«cat’ons. The latter demands
a more detailed representation of the river arcs that captures esser..’al riverine features, in addition
to complementary inner and outer arcs (see Ye et al., 2023\

Meshes for the riverine subdomain should tak< < va, *age of SCHISM’s polymorphism
and treat the river system as a combination of quc ™ ancular-like elements (for well-defined
channels) and triangular elements (for river j'nct.ons and other complex areas), as well as
seamlessly migrate between 3D, 2D (horizor ... 2nu vertical), and quasi-1D configurations (Ye et
al., 2020). According to Zhang et al. (20 ar adrangular elements can be used to: i) more
accurately represent flow due to its fic v-aligned sc yments (Holleman et al., 2013); ii) improve the
representation of 3D processes 75 o recut of its higher and easy-to-control cross-channel
resolution; and iii) reduce mesh e.2mer. count. At the same time, triangular elements allow for
greater flexibility, which is.<ssenu.! when representing channel crossings and complex riverine

structures at river junctions.

3.4.  Worknow

In oxder > automate the generation of continuous compound flooding meshes for SCHISM,
we deve oed - workflow that separately fulfills the aforementioned criteria for each mesh
subc'om-.un. 1.2 horizontal mesh generation and merge with the pre-generated ‘ocean’ mesh is
n rfo. »e7 entirely within OCSMesh, while prior river delineation and model deployment are
nencrmed by other SCHISM-oriented packages (Ye et al., 2023; Calzada et al., 2023). The

workflow is shown in Figure 4 and later tested in Sections 4 and 5. It should be mentioned that
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although the entire workflow is being considered, we will focus our discussions on the segme:ts
pertaining to OCSMesh as the evaluations of the complementary packages (Figure 4a and-"») 1.

beyond the scope of this study.

Channel /L Channel Arcs
Polygons

]
Triangular ]
Junctions E
1
]
1

I:I River Mesh ‘=n

|:| Meskt' Comi. natiow |

| Mesh Merge | !
, .' :
id) i - i
i | Mesh Merge H River Mesh 4 i
! L e _ i
a l s N
! | Mesh Cleanup | ! Ocean' fesh
: I : ~
i | Mesh Boundaries | :EC) - i
i :v—’li‘ Grid Crea !
i i i
i - i T ! i
: Final Mesh v, Model Setup !
e — o ____ | l !
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| Output Assessment | :
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Figur: 4. > vorki 2w for deployable compound flood meshes using OCSMesh. Parts ‘a’ and ‘e’ are outside

Q7SI sh ar.d are handled by other SCHISM-oriented packages. Part ‘b’ illustrates the floodplain mesh generation
wi. ~h relies on JIGSAW, and Part ‘c’ shows the river mesh generation that uses polygons that represent major river
reatures and are triangulated using Triangle. Part ‘d” represents the mesh merging processes which also relies on
Triangle.
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In addition to the topographic and bathymetric DEM datasets, the workflow also resire.
river channel data (Figure 4a), which can be manually delineated or automatically extracte ! “Aer.
we use RiverMeshTools (Ye et al., 2023), a parallel Python-based tool that accurately 'etec*s river
thalwegs from DEMs (pyDEM) to generate river data for mesh generation €. Mapper).
RiverMapper can output either arcs (line-strings with equal number of vertices alciig.the channel,
each indicating features such as channel banks, center, etc. spaced equally >crucc each channel
section) or polygons (cleaned up arcs that ensure the representation of mair. river features). Both
RiverMapper outputs can be used as inputs to OCSMesh, with th< < ss used for quadrangular
elements and the polygons for triangular elements.

As mentioned before, the floodplain mesh should encomp.:ss the entire floodplain so that
during storm surge events the flood does not reach the ec«.es (dry boundary) of the mesh. In our
case studies we adopted the +10 meters contour line as *:i.c ~tancard cut-off value for the floodplain
extent (Geom object). The wet-boundary of the floo.:lair mesh was extended over the ocean
domain (down to the -50 meters contour line) to ( nsiie nverlap between subdomains generated by
OCSMesh and the ocean side mesh (assumer. a.*npud In the scope of this paper) during the mesh
merging process (Figure 4d). Although custc.nizer. refinements based on the topography, contour
lines, constant resolution between ¢ tour lines, feature (line) or polygon, as well as feature
channels  (add_subtidal_flowlinriie. . «dd_contour, add_constant value, add_feature,
add_subtidal_flowlimiter, respecti.2lv) can be applied for generating floodplain mesh (see Mani
et al., 2021), we passed a ccstant global minimum resolution of 500 meters to the Hfun, at the
expense of increased.final mesr: size. This demonstrates that even very large meshes can be
handled by the mesk gei.arator and easily integrated by our creek-to-ocean mesh generation
workflow.

Going ‘sacr to uie river subdomain, OCSMesh utility scripts can be used to quadrangulate
RiverMapr2r’s c:cs and identify overlaps between the individual river reaches (Figure 4c). These
overlap ¢ =as al ! treated as river junctions and then triangulated using the Triangle mesh engine.
To cuar ntee [2at the junction attributes identified by RiverMapper are represented in the mesh,
R ver. "anper’s polygon coordinates are passed to the Triangle mesh engine as auxiliary points.
Coriactivity is ensured by directly triangulating between the boundary nodes of the quadrangular

mesh (channels) and the boundary nodes of the triangular mesh (junctions). To replicate the
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STOFS3D mesh, which only has (elongated) triangular elements in the river channels, a simp’er
approach is adopted where only RiverMapper polygons are used (both for channels and juns*ans,
to generate a triangular river mesh. Note that this triangle-only approach is still muc»<nor.
efficient than the size function approach, which results in excessively large mezhes due to
prioritization of mesh ‘quality’ while still lacking cross-channel resolution, espcaial 7 in very
narrow rivers.

The floodplain and river meshes are then merged to a pre-generateu 2cCe... mesh (Figure
4d) using OCSMesh utility  functions for  merging . ov=rlapping  meshes
(utils.merge_overlapping_meshes), followed by a mesh cleanup (*5 ¢ *minate node duplication,
isolated and pinched nodes, infinitesimally small area elemer:s, ad ‘solated small patches).
Lastly, mesh boundaries (land, open, and islands) are defined (=ing the OCSMesh boundary
extraction functions.

Figure 5 illustrates the OCSMesh merging prorcs. whcre the floodplain mesh (Figure 5a)
is generated based on DEMs using the Geom and Hi. ' ob,ects that are passed to the JIGSAW
engine. The river mesh (Figure 5b) is triangul ter” from the RiverMapper polygons using the
Triangle engine. These two meshes are passrJ w the inerge_overlapping_meshes utility function
(Figure 5c). The function then carves out the i.20¢ slain based on the river mesh (buffered by some
layers of adjacent elements - see yel w areas in rigure 5¢), and remeshes the constrained gap
using the Triangle mesh engine. N'ute .»at ule floodplain nodes that fall within the gap are passed

to the Triangle engine as auxiliary  ~int; thus preserving the original floodplain triangulation.

a) 89°39'00"W 89°38724"W 89°37'48"W. i ¥ 89°39'00"W. 89°38"24"W. 89°37'48"W. 89°37°12"W. 89°36'36™ 3 3824"W. 89 8"W 89°37'12"W
Z - . u " T

30°13'48"N
30°13'48"N
30°13'48"N
30°13'48"N

30°13'12"N
30°13'12"N
30°13'12"N
30°13'12"N

6"N

2 r—— 1 o — =
39'00: 89°38¢ "W 89°37'48"W 89°37'12"W 8973636 89939'00"W 89°38724"W 89°37'48"W 89°37'12"W 89°36'36™ 89°38"24" 89 89°36'

Fiy, re 5. Generation of a continuous floodplain + river mesh, where a) depicts the Geom and Hfun - based floodplain
mesh, b) depicts the RiverMapper-based river mesh, and c) depicts the final merged product (note the buffer zones

around river banks).
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The last section of the workflow (Figure 4e) is carried out by PySCHISM (Calzada ~* al.,
2023), a Python-based package for preparing inputs for 3D baroclinic SCHISM runs, .in *.din,
open boundary forcing, riverine input, and atmospheric forcing. A description of th>.au.>mated

STOFS3D-based model setup and its parameters is provided in Section 2.1.

4. Example Application 1: Automating the STOFS3D-Atle .. > Mesn Generation with
OCSMesh
4.1. Model Pre-Processing

In order to make our results reproducible we w:te a step-by-step Jupyter Notebook
tutorial” covering the floodplain and river mesh generz_ior and inerge process following the design
criteria of Section 3.3 and the workflow of Secticn 5. for the entire STOFS3D domain. This
tutorial is publicly available on the OCSMesh C tk.ub '\nd can be easily adapted for specific use
cases. Assuming that many OCSMesh users nay . ot have access to High Performance Computing
systems or cloud computing, we ran the tutc ‘2: on a consumer-grade laptop with a 12th Gen
Intel(R) Core (TM) i9 processor and . =B of installed RAM.

To demonstrate the versati' ity . OCSMesh, even for large scale and high-resolution cases
such as the one proposed here, 2 rec2+wed the time and memory usage during the mesh generation
process. The first step (Figu. 4b), which consists of the generation of the floodplain mesh, took
less than 1 hour to caraplete, resulting in a 1.1 million-node mesh. The triangulation of the
RiverMapper polygr=- fo: *"e entire East Coast and the Gulf rivers took about 15 minutes and
resulted in a 2.4 n.. lion-nude mesh. Merging the river mesh into the floodplain took close to 40
minutes and resulte ' .in a mesh with 3.2 million nodes. Finally, this mesh was merged to the 1.4-
million ne7i.ace.n mesh, taking nearly 3 hours to complete (most memory-intensive step). The

total mes. ing p' ocess is therefore close to 5 hours.

7 Example Application 1 Tutorial: URL: https://github.com/noaa-ocs-
modeling/OCSMesh/blob/main/Tutorials/ApplicationExample01.ipynb, last accessed in Apr 2025.
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The resultant horizontal mesh has a significantly larger number of nodes (over 5 millirn)
in comparison to the almost 3 million-node STOFS3D grid; as in the STOFS3D mesh, most=adec
are located on the floodplain and the riverine domains (Figure 6 a, b, c).
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500

Mesh Resolution as Average Edge Lengths (m)

100

0
5

500 00 00 0
10059 (001000 1104009, 5050
0 Edge Length (meters)

0006090008000

Number of Layers LSC2

Figure 6. OC~"es;. 2 horizontal mesh resolution, where b) is a zoom-in view of the on coastal Louisiana and c) is
the histog: = m of m sh resolution distribution; d) shows the number of vertical layers used; e) is a zoom-in view of the

on cor.w.ou. 1ana, f) is the vertical grid configuration along a typical transect shown in (e).

Note that the automated mesh’s large size is not solely due to the higher resolution of the

floodplain (500 meters) but also due to the addition of a large number of elements during the
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floodplain and river mesh merging process (Figure 5c). For instance, the merged floodplain ¢ 1d
river mesh has a substantially larger number of nodes (3.2 million) than the original STOFS2D _
floodplain (1.1 million nodes) and river (1.4 million nodes) meshes combined. This inc.»se i'.
mesh size during merging is due to OCSMesh standard configuration, where all ncl2s 1.om the
low priority mesh (floodplain) are preserved while ensuring that the new triangles i..:‘e ¢ internal
angle larger than 30 degrees. These criteria can be relaxed if computational cor. is a concern.
However, excessively small internal angles will create sharp transitions that nay «iversely affect

wetting and drying over the floodplain (Figure 7).

Figure 7. Mesh (black) created by merging the river r’esh  >lue) into the floodplain mesh (green) without restrictions

(a) and with standard OCSMesh constraint for interna. 2ngle . (b).

In Figure 7 we show two_ ..cmaing criteria; an excessively relaxed criteria (Figure 7a),
where the transition (in black) doe. not p eserve the original floodplain mesh nodes as no auxiliary
points and no minimum interiial ar.'e are enforced, versus the standard criteria where a minimum
30-degree angle is enforced wri.2 also keeping the original floodplain mesh nodes (Figure 7b).
Similarly, the merging ¢ the 3.2-million node floodplain+river mesh with the pre-existing 1.4-
million node ocear mes. also results in a final mesh that is larger (5 million nodes) than the
combined node coiint € the input meshes.

The sai. = vertical grid configuration was used for both manually-created STOFS3D mesh,
and autetnatea DCSMesh mesh. The OCSMesh mesh-based model was successfully deployed
with-aicve 1.orizontal and vertical discretizations using the automated scripts for STOFS3D
deple mer ¢ (stofs3d_atl_driver.py on the SCHISM GitHub repository?).

8 STOFS 3D Atlantic driver script; URL: https:/github.com/schism-dev/schism/blob/master/src/Utility/Pre-
Processing/STOFS-3D-Atl-shadow-VIMS/Pre processing/stofs3d atl driver.py, last accessed in Mar 2025.
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4.2. Model Evaluation

Simulations for both models, STOFS3D (3 million nodes) and OCSMesh-ba:-dmaodel (5
million nodes), were carried out in a high-performance computing environmer..tiing fifty
compute nodes for a total of four thousand cores. The model had to be resta ‘ec" thinpughout the
simulation as it exceeded the wall-clock time limit of 8 hours. To complet» ti.» 9Y-uay simulation
over nineteen hours for the STOFS3D simulations and forty hours.for “he OCSMesh-based

simulations were needed.

4.2.1. Qualitative Assessment

The last of the three in silico oceanography graur g pr.nciples described by Zhang et al.
(2024) stresses that model assessment should focus on . xcerses. Thus, qualitative skill assessment
cannot be substituted by quantitative error metric. w.ic’ are often misleading, easily manipulated,
and do not necessarily assess the underlying prcesses. One of the most well documented issues
encountered during the development of a cros. scuie 3D SCHISM model is the proper delineation
and meshing (horizontal and vertical; ~f different iegimes (or zones, such as deep/open ocean or
eddying regime, nearshore non-ecd .y reyime, and near steep slopes in the transitional regime).
More specifically, meshes for the ¢ dvi*,g regime should not include abrupt changes in resolution
as it may distort eddying prc2sses (Danilov and Wang, 2015). Still, both eddying and transitional
regimes must follow the hydrostauc assumption (horizontal scale >> vertical scale), as its violation
may cause spurious cald-v ater upwelling (Zhang et al., 2016). Even though our automated mesh
only covers the nc-eddy.ng and overland areas, the merging with the manually created ocean
mesh may intr.duc> errors that should be investigated. Figure 8 presents a sea-surface temperature
comparisor hetv.2en the STOFS3D and OCSMesh-based models against level-3 satellite data from
Low Eai > Orby (LS3-LEO) (Jonasson et al. 2022).
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Figure 8. STOFS3D (first row), OCSMesh-bz . 4 model (second row), and level-3 satellite sea-surface data (third row)
comparison for the model hotstart (first c7.u.. ), ae., 52 (second column), day 72 (third column), and day 88 (fourth

column).

Figures 8a, 8e, and 8i s..aw the STOFS3D, OCSMesh, and LS3-LEO data at the time of
the model hotstart us...> HYCOM. As expected, the STOFS3D and OCSMesh-based model
hotstarts are nearly iactical (as both use the same ocean mesh) and strongly resemble the
observations (Fijure 2i). As mentioned in Section 2.2, the first 45 days of simulations were
discarded to . ‘nimize the influence of the hotstart. Figures 8b, 8f, and 8j show the sea-surface
temperatt re av 'ay 52, which coincides with Hurricane Grace’s landfall over the Mexican Veracruz
coast.~~d 1. tiansition of Henri from a tropical storm to a Category 1 hurricane (Figure 8j). As
seer. iv. Ficure 8j, Hurricane Grace caused the emergence of a significantly colder water wake
a g its track as it crossed the northern Yucatan Peninsula and moved westward. Both models

(Figures 8b and 8f) captured this behavior, although with colder temperatures. The models also
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captured the upwelling from the intensification of Hurricane Henri over the US east coast (Figu'es
8b and 8f). On day 72, both models (Figures 8c and 8g) show a clear trail of cold water upw="'iny
along Hurricane Larry’s track, which is similar to the observations (Figures 8k). Last, we h.iigh.
day 88 (Figures 8d, 8h, and 8l), which comes after a long period of heavy rain2!l ¢ ‘er the
Mississippi Basin in the aftermath of Hurricanes Ida and Nicholas. Both modc:='. sca-surface
temperatures show larger and colder river plumes (Figures 8d and 8h) tha tke nbservations
(Figures 8lI), attributed to either an underestimation of the river boundai: tei...erature or an
overestimation of the riverine flood. In Section 5 a high resolution, re ncatable example is
presented and followed by a deeper discussion on the hydrologicw = mplications of estimating
compound floods without coupling to a hydrological model.

Elsewhere, the models were able to capture the general < a-temperature features, with a
slight underestimation of temperatures (1 degree Celsius.<.c less) between latitudes of 15 and 30
degrees north. We also see slightly colder temperatur7s . 'ony steep bathymetries, such as along
the Venezuelan coast, the northern Yucatan Peninsulz “iort'.eastern Florida, and the Bahamas. It
is worthwhile to mention that these slightly colc 2r »vators along the continental coast are not the
spurious cold-water upwelling mentioned ir u.c 0revious paragraph, as similar patterns are also
observed in the satellite imagery (Figures 8j, ?K, #.ad 8l). It can also be noted that the OCSMesh-
based model produced warmer sea-su ~ ace tempei..tures around the Bahamas (Figures 8b, 8c, and
8d) when compared to STOFS3D i ‘~ureo 8f, 8g, and 8h). That particular behavior, although
closer to the observations, seemet ~our erintuitive since both models use the same mesh for the
ocean domain. The most like! s expi.nation is that, as part of the mesh merging process, OCSMesh
fills gaps between meshes using x user-defined maximum area threshold. The threshold selected
was high enough to also "'l the smaller islands within the Bahamas and Turks and Caicos, which
effectively exnanc'=d the . on-eddy regime meshing areas. Meshing around steep slopes requires
special care 23 uv>cunented in the SCHISM Manual (see Meshing for cross-scale regimes
chapter®); ever, =mall changes in the horizontal and vertical discretization can lead to major
changes: cola vater upwelling because SCHISM does not apply any bathymetry smoothing. This

type o1 v saliw tive assessment of the simulation results is crucial for identifying features introduced

9 SCHISM Manual - Meshing for cross-scale regimes: URL: https://schism-dev.github.io/schism/master/mesh-
generation/cross_regime.html, last accessed Feb 2025.
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during the automated mesh generation process that otherwise would not be captured using stand: rd
quantitative skill metrics.

The main concern over the floodplain+river domain is that the flow is properly cc »eye'.
downstream. Flow impediments, especially in the cross-channel direction, rezult in the
underestimation of flow downstream and overestimation of lateral inundation upsu22n. having a
direct impact on the representation of the compound nature of coastal flood: (Y: et al., 2023).
Figure 9 shows both models wetting and drying from the beginning of the.si. ~ulacon (July 01) to
August 15 (when we began assessing the model outputs) for one of the longe st riverine systems in
the STOFS3D domain (almost 100 km in the Pascagoula River - M.

88°30'W

_88°45"W

30°45'N

STOFS3D

30°30'N

OCSMesh

Jul-01-2021 < oJul-.-2021  Jul-14-2021  Jul-30-2021  Aug- 15 - 2021
Figure 9. STOFZ 3D \ b, c, 0, €) and OCSMesh (T, g, h, i, j) wetting (blue) and drying (transparent gray) for five
timesteps within e . -arm Jp’ period: Jul - 01 (a and f), Jul - 7 (b and g), Jul - 14 (c and h), Jul - 30 (d and i), and
Aug - 15 (e and J).

v ~ aust 15, both models had propagated the flows from the upstream NWM all the way
te.th “nou.h of the river. It should be mentioned that the operational mesh uses an older version
o1 RiverMapper that was triangulated using a graphical user interface software. Thus, flood
conveyance is expected from the operational mesh. The STOFS3D wetting and drying shows a
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larger inundated area when compared to the OCSMesh-based model. That cannot necessarily ve
attributed to flow impediments as RiverMapper (which was used for the STOFS3D mesh) en=uire.
flood conveyance. Instead, that may be a consequence of the coarser floodplain resolut.» . the .
leads to inadequate wetting and drying. Our results also show that long ‘warm-up’ nerids are

necessary for compound flood studies to ensure an initial state where all rivers are c:anerly “filled

up’.

4.2.2. Quantitative Model-to-Model Comparison

Here we use standard metrics (i.e., correlation coefficient, <w@ncard deviation, and root
mean square error) to evaluate model reproducibility. Our goc .is not to evaluate STOFS3D
performance, but instead to assess our ability to reproduc: the operational model outputs using
automated meshing. For that reason, we focused our cua tita /e assessment on model-to-model
comparison. Outcomes from the model skill assessi“nt figainst observations) were left to a
separate publication that is currently under develc preznt: This quantitative comparison was carried
out with a beta version of the NOAA Shared-Zy . 2r v..rastructure and Skill Assessment package?®.
The location of all the available NOAA CG 2PS and NDBC, and USGS stations were used and

the result is summarized in Figure 10.

10 NOAA Shared Cyber-Infrastructure Package; URL.: https:/github.com/NOAA-CO-OPS/Next-Gen-NOS-OFS-
Skill-Assessment, last accessed in Apr 2025.
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Figure 10. Taylor ¢ »arar..> for a) water levels, b) temperature, c) salinity, and d) currents. The bold marks represent
the median valu' - for the “ocation of the different data sources (CO-OPS, USGS, or NDBC). The cyan star represents
the OCSMe.. . ~sea ~odel average from all stations. The black star represents perfect skill (i.e., perfect match with

STOFS3L, Conto r lines represent root mean square error.

Ovv model produces water level estimates at downstream stations (most CO-OPS station
loca ans) that are ver