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Abstract. We present a new high-resolution coupled
atmosphere–ocean model, SHiELD-MOM6, which inte-
grates the Geophysical Fluid Dynamics Laboratory (GFDL)
advanced atmospheric model, the System for High-
resolution modeling for Earth-to-Local Domains (SHiELD),
the Modular Ocean Model version 6 (MOM6), and the Sea
Ice Simulator (SIS2). The model leverages the Flexible Mod-
eling System (FMS) coupler and its innovative exchange grid
to enable a robust and scalable two-way interaction between
the atmosphere and ocean. The atmospheric component is
built on the non-hydrostatic Finite-Volume Cubed-Sphere
Dynamical Core (FV3) with the latest version of the SHiELD
physics parameterization suite, while the ocean component is
the latest version of MOM, supporting kilometer-scale, high-
resolution and regional applications. Validation of this new
coupled model is demonstrated through a suite of experi-
ments, including idealized hurricane simulations and a real-
istic North Atlantic case study featuring Hurricane Helene of
2024. By analyzing the storm intensity, its structure, and its
effects on the ocean phenomena such as the upwelling and
sea-level changes, the results reveal that air–sea interactions
are effectively captured. Scalability tests further confirm the
model’s computational efficiency. This work established a
unified modular cornerstone for advancing high-resolution
coupled modeling with significant implications for weather
forecasting and climate research.

1 Introduction

With the increasingly larger computing resources, advanc-
ing weather and climate models to higher resolutions has be-
come both feasible and a natural evolution in model devel-
opment. This progression enables a more accurate represen-
tation of key processes from the explicit simulation of small-
scale convection, which often interacts with larger mesoscale
atmospheric dynamics, to essential air–sea exchanges and
oceanic processes. These improvements are vital for enhanc-
ing forecast skill and refining climate projections. Moreover,
accurately simulating weather and climate extremes requires
models that capture the full spectrum of underlying physical
mechanisms, deepening our understanding of event forma-
tion, intensity, and impacts. Such capabilities are essential
for comprehensive risk assessment and the development of
effective mitigation strategies.

Building on decades of advancements in numerical model-
ing at the Geophysical Fluid Dynamics Laboratory (GFDL),
this work introduces the SHiELD-MOM6 model, a high-
resolution coupled system that seamlessly integrates GFDL’s
advanced atmospheric model, SHiELD, with the Modular
Ocean Model version 6 (MOM6) and the Sea Ice Simulator
(SIS2). By coupling these components, the model provides a
robust framework for investigating air–sea interactions at fine
scales, offering new insights into extreme weather events and
climate variability by exploring key processes such as trop-
ical cyclone dynamics, storm surges, oceanic heat transport,
and sea ice variability.
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Coupling the atmospheric and oceanic components
presents inherent challenges due to their differing grid ge-
ometries, numerical schemes, and time-stepping protocols.
To overcome these obstacles, the SHiELD-MOM6 model
employs the Flexible Modeling System (FMS) full coupler
along with its innovative exchange grid framework (Balaji
et al., 2006). This approach facilitates the robust two-way
transfer of prognostic variables, fluxes, and key physical pro-
cesses between the grid of the atmospheric model and that
of the ocean model. In doing so, the framework preserves
the conservation of mass, heat, and momentum across scales
while accurately capturing the feedback mechanisms criti-
cal to any physical phenomenon. This coupling technique
has been used in GFDL’s flagship models such as SPEAR,
CM4, and ESM4 (Delworth et al., 2020; Held et al., 2019;
Dunne et al., 2020) and their predecessors for many years,
demonstrating its reliability in simulating complex earth sys-
tem processes across scales.

This paper is organized as follows. Section 2 describes
the primary components of the model, including detailed
overviews of the infrastructure layer and the atmosphere and
ocean components. Section 3 outlines the coupling method-
ology, including the science framework and software infras-
tructure. This emphasizes the role of the FMS full coupler
and exchange grid in coupling the model components and
details the fluxes exchanged between atmosphere and ocean.
Section 4 presents the validation experiments, discussing
both idealized hurricane simulation and a realistic simulation
of Hurricane Helene of September 2024. Section 5 details the
model scalability and computational performance. Section 6
summarizes the key findings and outlines current and future
development efforts.

2 Model primary components

In this section, we present the main components used to
build the SHiELD-MOM6 model. GFDL’s infrastructure
layer, the Flexible Modeling System (FMS), is presented
first. Second is the atmosphere model SHiELD, based on the
Finite-Volume Cubed-Sphere Dynamical Core (FV3). Last
are GFDL’s Modular Ocean Model version 6 (MOM6) and
the Sea Ice Simulation version 2 (SIS2). References for each
component can be found in the model documentation or
through the links in Appendix A.

2.1 Infrastructure layer

The Flexible Modeling System (FMS) was one of the first
modeling frameworks developed to facilitate the construc-
tion of coupled models and has been under continued devel-
opment since 1998 at GFDL. It is a software environment
that supports the efficient development, construction, exe-
cution, and scientific interpretation of atmospheric, oceanic,
and climate system models written in Fortran for high perfor-

mance computing (HPC) systems. This framework allows an
efficient development of numerical algorithms and computa-
tional tools across various high-end computing architectures
using common user-friendly representations of the underly-
ing platforms. It supports distributed and shared memory sys-
tems, as well as high-performance architectures. At GFDL,
scientific groups can simultaneously develop new physics
and algorithms, coordinating periodically through this frame-
work. FMS does not determine model configurations and pa-
rameter settings or choose among various options, as these
require scientific research. The development of new earth
system model components, from a science perspective, lies
outside its scope; however, the collaborative software review
process for contributed model components remains a vital
part of the framework in promoting scientifically sound im-
plementation and model behavior. FMS includes the follow-
ing:

– Message Passing Interface (MPI) domain decomposi-
tion: This provides software infrastructure for the seam-
less and efficient utilization of MPI libraries for scalable
parallel computations.

– Software infrastructure: This provides tools for par-
allelization, I/O, data exchange between model grids,
time-stepping orchestration, makefiles, and sample run
scripts, insulating users from machine-specific details.

– Standardized interfaces: This ensures standardized in-
terfaces between component models, coordinates diag-
nostic calculations, and prepares input data. It includes
common pre-processing and post-processing software
when necessary.

2.2 Atmosphere components

The atmospheric component model we use in the regional
coupled system is the System for High-resolution modeling
for Earth-to-Local Domain (SHiELD), which was built and
has been continuously developed at GFDL as an advanced
model for a broad range of applications (Harris et al., 2020).

SHiELD employs FV3, a non-hydrostatic finite-volume
cubed-sphere dynamical core that has been in develop-
ment at GFDL for almost three decades (Lin and Rood,
1996, 1997; Lin, 2004; Putman and Lin, 2007; Harris and
Lin, 2013; Chen et al., 2013; Harris et al., 2016; Mouallem
et al., 2022, 2023; Santos et al., 2025). It is used in many
weather and climate models for a wide range of applications,
from short-term weather forecasts to centuries-long climate
simulations, moving nest hurricane forecasts, chemical and
aerosol transport modeling, cloud-resolving modeling, and
so on (Cheng et al., 2024; Ramstrom et al., 2024; Harris et al.,
2023; Bolot et al., 2023; Merlis et al., 2024a, b). FV3 solves
the hydrostatic or non-hydrostatic compressible Euler equa-
tions on a gnomonic cubed-sphere grid with a Lagrangian
vertical coordinate. The algorithm is fully explicit except for

Geosci. Model Dev., 18, 6461–6478, 2025 https://doi.org/10.5194/gmd-18-6461-2025



J. Mouallem et al.: Development of a high-resolution coupled SHiELD-MOM6 model – Part 1 6463

fast vertically propagating sound and gravity waves which
are solved by the semi-implicit method. The long time step
of the solver also serves as the physics time step. Within each
long time step, the user can specify the number of vertical
remapping loops, during which subcycled tracer advection is
performed. Additionally, the number of acoustic time steps
per remapping loop can be set, defining an acoustic time step
in which sound and gravity wave processes are advanced and
thermodynamic variables are advected. Coupling with other
components, such as the ocean, will occur at intervals cor-
responding to a multiple of the long time step (physics time
step).

The detailed description of the solver’s horizontal and
vertical Lagrangian discretizations can be found in Lin and
Rood (1996, 1997) and Lin (2004). FV3’s numerics are ex-
tensively described in the aforementioned references and will
not be repeated here. However, its versatility and compu-
tational efficiency make it a strong foundation for a vari-
ety of atmospheric modeling applications, including high-
resolution weather forecasting and climate simulations.

The physics parameterizations in SHiELD were originally
adopted from the Global Forecast System (GFS) physics
package but have been significantly updated. Currently, we
use the GFDL microphysics scheme (Zhou et al., 2019), the
eddy-diffusivity mass-flux (EDMF) boundary layer scheme
(Zhang et al., 2015), the scale-aware simplified Arakawa–
Schubert (SAS) of Han et al. (2017), the Noah land surface
model of Ek et al. (2003) or Noah-MP of Niu et al. (2011),
and a modified version of the mixed-layer ocean of Pollard
et al. (1973). Three major SHiELD configurations are being
heavily tested and updated continuously: (a) global SHiELD
(Harris et al., 2020; Zhou et al., 2024), (b) T-SHiELD (Gao
et al., 2021, 2023), and (c) C-SHiELD (Harris et al., 2019;
Kaltenbaugh et al., 2022). SHiELD could also be config-
ured differently depending on the application of interest;
for example, S-SHiELD for seasonal to subseasonal pre-
diction is being developed. Notably, all SHiELD configura-
tions share the same codebase and executable and pre/post-
processing tools, adhering to the unified modeling philoso-
phy of “one code, one executable, one workflow”. In this
work, we employ a regional configuration of SHiELD based
on the limited-area configuration of FV3 (Black et al., 2021),
which has been widely utilized in both research and opera-
tional settings. This setup has demonstrated skill in providing
accurate forecasts of up to 60 h with minimal computational
resources (Black et al., 2021).

2.3 Ocean components

The Modular Ocean Model version 6 (MOM6) and the Sea
Ice Simulator version 2 (SIS2), developed at GFDL, pro-
vide a robust framework for simulating ocean and sea ice
processes with high accuracy and computational efficiency
(Adcroft et al., 2019). MOM6 employs a finite-volume ap-
proach on a C-grid, enabling the conservation of mass, heat,

and tracers while allowing for flexibility in resolving com-
plex oceanic features, such as boundary currents, mesoscale
eddies, and thermohaline circulations. Its vertical Lagrangian
remapping algorithm allows the usage of any vertical coordi-
nate to remap horizontal layers to a Eulerian reference, im-
plicitly resolving advection and effectively eliminating the
Courant–Friedrichs–Lewy (CFL) restriction in the vertical
direction (similar to FV3) (see Griffies et al., 2020). MOM6
is highly configurable, supporting applications ranging from
idealized studies to high-resolution global simulations and
earth system models.

SIS2 complements MOM6 by simulating the dynamics
and thermodynamics of sea ice, including the growth, melt,
deformation, and ridging processes of ice. It incorporates ad-
vanced parameterizations to model sea ice interactions with
the ocean and atmosphere, such as brine rejection, surface
albedo, and momentum fluxes. These capabilities allow SIS2
to capture the essential feedback mechanisms between sea
ice, ocean circulation, and atmospheric forcing.

The coupling of MOM6 and SIS2 through the FMS frame-
work enables the seamless integration of ocean and sea ice
dynamics with atmospheric processes. The exchange grid fa-
cilitates conservative and accurate flux exchanges, ensuring a
realistic representation of interfacial processes, such as heat
and momentum transfer. The inclusion of SIS2 enhances the
model’s ability to simulate polar and high-latitude phenom-
ena, such as sea ice extent variability and its impact.

The physical model configuration of MOM6 follows
closely to that of Adcroft et al. (2019). We make a few
changes, shifting from a hybrid vertical coordinate designed
for climate simulation to employ a telescoping resolution z∗

vertical coordinate that yields relatively fine grid spacing in
the upper ocean (see Reichl et al., 2024, their Fig. 1). The
surface vertical grid spacing is 2 m in this configuration, in-
creasing to 10 m at about 100 m depth. The ocean initial con-
dition imposes a 20 m mixed-layer depth everywhere, with a
31 °C mixed-layer temperature and a gradient of 0.05 °Cm−1

below. Vertical mixing in the ocean surface boundary layer is
described by Reichl and Hallberg (2018), including a wind-
speed-dependent Langmuir turbulence parameterization fol-
lowing Reichl and Li (2019) and Li et al. (2017). Stratified
shear-driven mixing is parameterized following Jackson et al.
(2008). While MOM6 can be configured to work with open
boundary conditions, we do not employ that since it has little
impact on the simulations presented here.

3 Coupling methodology

This section outlines the coupling methodology. The first
subsection thoroughly examines the variables exchanged that
underpin the primary physical processes essential to the cou-
pling procedure. The second subsection details the technical
framework and implementation strategy that facilitate an effi-
cient exchange and interaction among model components. It
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Figure 1. Key variable exchanges through the atmosphere, ex-
change grid, and ocean components. A full description is shown
in Tables 1 and 2.

is worth mentioning that the land component is still coupled
through the SHiELD physics suite rather than at the full cou-
pler level. Work is currently in progress to integrate GFDL’s
latest land model at the coupler level.

3.1 Physical processes

As discussed in the previous section, any variable or param-
eter can be projected between the native grids of model com-
ponents and the exchange grid. In the current model, several
dynamic and physical variables from both the atmosphere
and ocean are mapped onto the exchange grid (called Xgrid
hereafter), where relevant quantities are computed and then
projected back to each component, as shown in Fig. 1.

Table 1 details the atmosphere- and ocean-related vari-
ables projected onto the exchange grid. Atmosphere vari-
ables are categorized into dynamic and physics variables.
The dynamic variables from FV3 include wind compo-
nents at the lowest level, surface pressure, temperature,
sea-level pressure, lower-layer height, and tracer data. The
physics variables, which reflect surface-level outputs from
the model’s physics suite, encompass different shortwave
and longwave radiation fluxes, liquid and frozen precipita-
tion rates, and the cosine of the zenith angle. The ocean-
related variables include surface parameters (at the shallow-
est model level) such as surface current components, sea sur-
face temperature, and various roughness factors for momen-
tum, heat, and moisture. In addition, albedos and their direc-
tional fluxes in both visible and near-infrared wavelengths
are passed through the coupler, which are crucial for the en-
ergy balance between the ocean surface and the atmosphere.

In the GFDL FMS coupler (described in the following sec-
tion), air–sea fluxes of momentum, heat, and moisture (u∗,
Hs, Hl) are computed using a bulk aerodynamic method.
These fluxes are essential for transferring energy and mass

between the atmosphere and ocean components, such as
SHiELD and MOM6. At the heart of this calculation is the
Monin–Obukhov similarity theory (MOST), which accounts
for the impact of atmospheric stability on the surface ex-
change coefficients for momentum, heat, and moisture (Held,
2001). These coefficients are then used in the bulk formu-
las to calculate the fluxes, based on input fields like near-
surface air properties, sea surface temperature, and surface
ocean currents.

Table 2 summarizes the variables computed on the ex-
change grid and projected back to the atmosphere and ocean.
For the atmosphere, this includes frictional velocity and
ocean surface temperature; sensible and latent heat fluxes;
and roughness lengths for momentum, heat, and moisture.
For the ocean, sensible and latent heat fluxes, friction ve-
locity, zonal and meridional momentums, precipitation rates,
and several shortwave and longwave fluxes are considered.

3.2 Software framework

The SHiELD_build system was initially developed by the
Modeling Systems Division (MSD) at GFDL in 2015. It
was then known as the fv3GFS_build system before being
renamed to SHiELD_build in 2020. It employed a simpli-
fied version of the FMS coupler, which is used by other
GFDL models such as SPEAR, CM4, and ESM4. The official
repository on GitHub has been actively maintained and to-
day it supports various model workflows, including a SOLO
core FV3, SHiELD, SHiELD employing the full coupler,
SHiELD and MOM6, and SHiELD MOM6 and WaveWatch
III (under current development). The system offers multi-
ple compilation modes and compiler options based on model
configurations, including Intel, GNU, and NVHPC compil-
ers. The main workflow is to compile model components into
libraries, starting from a basic underlying infrastructure layer
such as NCEP and FMS libraries to other model components
such as the atmosphere and ocean, linking them through the
FMS coupler to finally produce the final executable. For a
code overview, please refer to Appendix A.

The FMS full coupler is a fundamental infrastructure layer
serving as the main program driver and coupling component
models: atmosphere, ocean, ice, and land. All GFDL models
utilize this driver, even those running an individual model
component such as AMIP (Atmospheric Model Intercom-
parison Project) or OMIP (Ocean Model Intercomparison
Project) configurations. For example, in an AMIP configura-
tion, the atmospheric model is run using observed or forced
sea surface temperatures and sea ice as boundary conditions,
without coupling to a physically based ocean model that in-
tegrates in time. This setup is used to assess the performance
of atmospheric models and to understand how the simulated
climate responds to the prescribed conditions. The FMS full
coupler supports this configuration by utilizing null modules
for ocean, ice, and land. An illustrative schematic is shown
in Fig. 2. The FV3 dynamical core computes prognostic dy-
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Table 1. Summary of the key atmosphere and ocean variables projected onto the Xgrid. Atmosphere variables are categorized into dynamic
variables (output from the FV3 dynamical core) and physics variables (surface-level outputs from the physics suite).

Symbol Code variable Meaning Units

Variables from FV3⇒ Xgrid

ua u_bot Lowest-level wind – zonal component ms−1

va v_bot Lowest-level wind – meridional component ms−1

Ta t_bot Lowest-level temperature K
Pa p_bot Lowest-level pressure Pa
qa tr_bot Lowest-level specific humidity –
za z_bot Height for the lowest layer m

Surface variables from SHiELD physics⇒ Xgrid

cos(θ) coszen Cosine of the zenith angle –
pl lprec Liquid precipitation rate kgm−2 s−1

pf fprec Frozen precipitation rate kgm−2 s−1

φlw,down flux_lw Downward longwave flux Wm−2

φ
vis,dir
sw,net flux_sw_vis_dir Net (upward–downward) direct visible shortwave flux Wm−2

φ
vis,dif
sw,net flux_sw_vis_dif Net (upward–downward) diffused visible shortwave flux Wm−2

φ
tot,dir
sw,net flux_sw_dir Net (upward–downward) direct total shortwave flux Wm−2

φ
tot,dif
sw,net flux_sw_dif Net (upward–downward) diffused total shortwave flux Wm−2

φ
vis,dir
sw,down flux_sw_down_vis_dir Downward direct visible shortwave flux Wm−2

φ
vis,dif
sw,down flux_sw_down_vis_dif Downward diffused visible shortwave flux Wm−2

φ
tot,dir
sw,down flux_sw_down_total_dir Downward direct total shortwave flux Wm−2

φ
tot,dif
sw,down flux_sw_down_total_dif Downward diffused total shortwave flux Wm−2

Ocean variables⇒ Xgrid

uo u_surf Surface current – zonal component ms−1

vo v_surf Surface current – meridional component ms−1

To t_surf Sea surface temperature K
z0 rough_mom Roughness length for momentum m
z0t rough_heat Roughness length for heat m
z0q rough_moist Roughness length for moisture m

αdir
vis albedo_vis_dir Albedo for direct visible shortwave flux –

αdif
vis albedo_vis_dif Albedo for diffused visible shortwave flux –

αdir
nir albedo_nir_dir Albedo for direct near-infrared shortwave flux –

αdif
nir albedo_nir_dif Albedo for diffused near-infrared shortwave flux –

namic quantities in the atmosphere; SHiELD_physics drives
the physics tendencies from radiation, planetary boundary
layer (PBL), precipitation, etc.; and FMS represents the li-
braries described in Sect. 2.1. The other null components,
including ocean_null, ice_null and land_null, represent no-
op modules to satisfy the full coupler requirements. For an
OMIP configuration, the null modules of the ocean and ice
are replaced by the corresponding source codes of the ocean
and ice, accompanied by a null module for the atmosphere.

It should be noted that, previously, SHiELD did not uti-
lize the FMS full coupler; however, it has now been fully
integrated with other GFDL models using the complete FMS
coupler infrastructure, as detailed in Mouallem (2024).

In the coupled SHiELD and MOM6/SIS2, the ocean and
ice null components are replaced by the MOM6 and SIS2
source codes, fulfilling the coupler requirements for the
ocean and ice modules. This process is illustrated in the cen-
ter schematic of Fig. 2. To achieve a consistent two-way cou-
pling between the atmosphere and ocean, dynamic variables
from FV3 and physics variables from SHiELD’s physics
must be accurately passed from the atmosphere to the ex-
change grid; meanwhile, ocean variables projected onto the
exchange grid must be properly passed into the atmosphere
dynamics and physics suite. The ultimate goal is to develop
a fully coupled model, including comprehensive components
of the land and wave models, extending the setup presented
in this paper.
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Table 2. Summary of key Xgrid variables projected back to the atmosphere and ocean.

Scientific symbol Code variable Meaning Units

Xgrid⇒ Atmosphere and ocean

u∗ ex_u_star Friction velocity ms−1

hs ex_flux_t Sensible heat flux Wm−2

hl ex_flux_tr Latent heat flux Wm−2

Xgrid⇒ Atmosphere

Ts ex_t_surf Sea surface temperature K
z0 ex_rough_mom Roughness length for momentum m
z0t ex_rough_heat Roughness length for heat m

Xgrid⇒ Ocean

τu ex_flux_u Zonal momentum flux Nm−2

τv ex_flux_v Meridional momentum flux Nm−2

cos(θ) ex_coszen Cosine of the solar zenith angle –
Psfc ex_slp Sea-level (surface) pressure mbar
pl ex_lprec Liquid precipitation rate kgm−2 s−1

pf ex_fprec Frozen precipitation rate kgm−2 s−1

φlw,net ex_flux_lw Net (up–down) longwave radiation flux Wm−2

φ
vis,dir
sw,net ex_flux_sw_vis_dir Net (up–down) direct visible shortwave flux Wm−2

φ
nir,dir
sw,net ex_flux_sw_dir Net (up–down) direct near-infrared shortwave flux Wm−2

φ
vis,dif
sw,net ex_flux_sw_vis_dif Net (up–down) diffuse visible shortwave flux Wm−2

φ
nir,dif
sw,net ex_flux_sw_dif Net (up–down) diffuse near-infrared shortwave flux Wm−2

φ
vis,dir
sw,down ex_flux_sw_down_vis_dir Downward direct visible shortwave flux Wm−2

φ
nir,dir
sw,down ex_flux_sw_down_total_dir Downward direct near-infrared shortwave flux Wm−2

φ
vis,dif
sw,down ex_flux_sw_down_vis_dif Downward diffuse visible shortwave flux Wm−2

φ
nir,dif
sw,down ex_flux_sw_down_total_dif Downward diffuse near-infrared shortwave flux Wm−2

Figure 2. Schematic of the SHiELD model component infrastructure, showing the configuration utilizing the FMS full coupler (a), the
updated configuration incorporating MOM6 and SIS2 for the ocean and ice components (b), and the future target model including land and
wave model components (c). Red components represent the FMS infrastructure layer, and striped diagonal boxes represent null components.
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It is important to note that the ice model, represented by
SIS2 here, is required for the full coupler to enable complete
ocean–atmosphere coupling, as atmospheric fluxes projected
onto the exchange grid must first pass through the ice layer
before reaching the ocean component and vice versa. Conse-
quently, from an infrastructure standpoint, SIS2 is included
in this setup even though no ice is present in the simulations
shown later on. Additionally, achieving a fully realistic con-
figuration including realistic ice will require further develop-
ment.

This design choice reflects the broader architecture of
GFDL coupled model framework, where the atmosphere
communicates with the land and sea ice components via the
exchange grid. It is worth noting that the ice and ocean run
on the same grid, eliminating the need for interpolation when
exchanging fluxes between them. From a physical stand-
point, when sea ice is present, it acts as a barrier between the
atmosphere and ocean (modulating fluxes). Therefore, atmo-
spheric fluxes have to pass through this layer before being
passed to the ocean and vice versa. This ensures a realis-
tic representation of air–ice–ocean interactions. To keep the
algorithm simple and consistent, the flux route structure is
used even over open waters; however, in this case there is
no physical atmosphere–ice and ice–ocean interactions. This
approach keeps the algorithm consistent without introducing
computational costs.

The GFDL exchange grid has been a main component
of FMS used to facilitate data exchange between different
model components, obeying scientific principles and maxi-
mizing computing efficiency (Balaji et al., 2006). Each com-
ponent is discretized in a different way on a different grid de-
pending on the science and computational requirements; for
example, FV3 employs a cubed sphere grid, and the ice and
ocean utilize a tripolar grid. Figure 3 presents a schematic
representation of the exchange process between the atmo-
sphere and ice. The process begins with projecting relevant
variables onto the exchange grid: lower-layer atmospheric
variables and surface-layer ocean variables, as indicated by
the light-blue and mauve sides of the double arrows for the
atmosphere and ice, respectively. Next, fluxes and physical
processes within the surface boundary layer are computed
on this intermediate grid. Finally, the updated quantities are
mapped back to their respective native grids, with the pro-
jection directions represented by the red side of the double
arrow. This coupling framework is highly flexible, allowing
flux exchanges to occur at a user-defined time step, which
should be a multiple of the model component time steps. No-
tably, the exchange process maintains conservation proper-
ties, making it suitable for applications ranging from short-
term weather forecasting to long-term climate prediction.

Figure 3. Schematic of a one-dimensional exchange grid and com-
munication map between the atmosphere and ice components at dif-
ferent resolutions. The red sides of the arrow indicate the step where
variables are projected from the exchange grid. The light-blue and
mauve sides of the arrows represent the projection of variables onto
the exchange grid from the atmosphere or ice components, respec-
tively.

4 Simulations

4.1 Idealized doubly periodic simulations

We perform idealized simulations of an axisymmetric hurri-
cane following the initial condition of Reed and Jablonowski
(2012). No steering flow is prescribed and a constant f-
plane is imposed over the whole domain. The computa-
tional domain is similar to that of Gao et al. (2024), employ-
ing a square doubly periodic domain of 1000km× 1000km
and a resolution of 2 km centered at 20 N. Different from
Gao et al. (2024), we do not employ telescopic nesting and
only consider the top parent grid as the computational do-
main. The initial vortex has a maximum wind of 20 ms−1

at 125 km radius. The physical parameterization is consis-
tent with the nested domain of the T-SHiELD configuration,
as in Gao et al. (2021, 2023). We use the GFDL single-
moment five-category microphysics scheme following Zhou
et al. (2022); a turbulent kinetic energy-based eddy diffu-
sivity mass flux (TKE-EDMF) boundary layer scheme, as
for Han and Bretherton (2019); the Rapid Radiative Transfer
Model for General Circulation Models radiation scheme, de-
scribed in Iacono et al. (2008); and the scale-aware deep and
shallow convection parameterizations in Han et al. (2017).
For simplicity, and to validate the coupling workflow, we
employ a matching ocean grid in terms of domain size and
resolution. The ocean model configuration is as described in
Sect. 2.3.

First, we run the standalone SHiELD model for 9 d, with
the results denoted as S in Table 3. The second case, SM,
couples SHiELD with MOM6 throughout the simulation. In
the third case, we initially run the standalone SHiELD model
for 3 d to spin up the tropical cyclone (TC) close to the
rapid intensification phase, then introduce a dynamic MOM6
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Table 3. Acronyms and descriptions for the three simulations: stan-
dalone SHiELD, SHiELD coupled with MOM6, and SHiELD and
MOM6 restarted from standalone SHiELD on day 3.

Acronym Simulation description

S SHiELD
SM SHiELD + MOM6
SMF SHiELD + MOM6; ocean coupling enabled at day 3

ocean just as the storm approaches full intensity. This case is
referred to as SMF.

Figure 4 shows the time evolution of the maximum surface
wind speed and minimum sea-level pressure for the simula-
tions listed in Table 3. As observed, there is an initial tran-
sient period of approximately 3 d, after which the hurricane
intensifies, reaching its peak just before day 5, as indicated by
the S curve. In the SM simulation, dynamic ocean coupling
enables surface cooling beneath the storm, which limits heat
and enthalpy fluxes into the atmosphere and ultimately weak-
ens the storm. In contrast, the S case uses a prescribed con-
stant sea surface temperature, preventing ocean cooling and
thus sustaining a stronger storm. Case SMF initiates from
case S at day 3 and slowly converges to case SMF just be-
fore the 6th day. This demonstrates the progressive adjust-
ment of the coupled system, highlighting the role of air–sea
interactions in regulating storm intensity and further validat-
ing the atmosphere–ocean coupling mechanism as the system
evolves toward a dynamically consistent state dictated by en-
ergy exchanges between the hurricane and the ocean.

Figure 5 presents the time evolution of surface winds (top
two rows) and sea surface currents (bottom two rows) from
days 3 to 10 for the SMF simulation. The atmospheric re-
sponse exhibits an intensifying hurricane, with maximum
surface wind speeds peaking between day 4 and day 5, fol-
lowed by a gradual weakening. The wind field structure
maintains a well-defined circulation throughout the simula-
tion, with a distinct eye forming during peak intensity. In the
ocean response, strong surface currents develop in conjunc-
tion with the atmospheric forcing, with peak currents ob-
served starting the 7th day. The currents exhibit a cyclonic
structure, intensifying in response to the storm’s wind stress
and progressively evolving as the system reaches a more dy-
namically coupled state. The emergence of asymmetries in
the ocean currents after day 7 highlights the increasing role
of oceanic processes such as eddy formation and energy dis-
sipation. As expected, due to the Coriolis effect, these cur-
rents are deflected to the right, resulting in a net outward
flow away from the center. This outward transport induces
upwelling, bringing colder water from deeper layers to the
surface. Combined with wind-inducing vertical mixing at the
ocean surface boundary layer, this leads to a cooling effect
observable in the temperature profile shown next. This figure
underscores the strong two-way interaction between the at-

mosphere and ocean, where momentum and energy exchange
drive the evolution of both the storm and the oceanic circula-
tion.

Figure 6 shows two-dimensional snapshots of sensible
and latent heat fluxes and sea surface temperature (SST) at
t = 10 h into day 3 for simulations S and SMF. The top row
corresponds to S, where the SST is held constant through-
out the simulation, while the bottom row represents SMF,
which includes ocean feedback mechanisms. Both the sen-
sible and latent heat fluxes exhibit intense magnitudes in S
compared to SMF. This difference is primarily attributed to
the prescribed constant SST in S, which maintains a sus-
tained and continuous supply of heat to the atmosphere. In
contrast, SMF shows a reduction in both fluxes due to SST
cooling induced by oceanic upwelling, which brings colder
subsurface water to the surface. The cooling effect is clear
in the SST panel for SMF, where a well-defined cold wake
forms beneath the storm. This behavior is discussed in the
subsequent figures.

Figure 7 illustrates the ocean response to the hurricane
from days 3 to 9, showing the daily evolution of key surface
variables: sea surface height (SSH), current speed, and sea
surface temperature (SST) in a latitudinal cross-section at the
storm’s center. The left panels depict the temporal evolution
of these variables on each day, while the right panels show
spatial snapshots on day 6. The SSH (top panel) exhibits a
pronounced depression at the storm’s center, which deepens
over time in response to the intensifying low pressure, mir-
roring the hurricane’s intensification phase. The middle panel
shows the evolution of surface current speed, with peak cur-
rents forming near the storm’s core and intensifying through
day 9. The bottom panel illustrates the SST response, where
significant cooling is observed beneath the storm, driven by
wind-induced mixing and upwelling of colder subsurface
water. The strong correlation between SSH, current speed,
and SST highlights the dynamic coupling between the ocean
and the atmosphere, reinforcing the role of ocean feedback
in modulating storm intensity.

Figure 8 illustrates the evolution of key subsurface quan-
tities, the ocean mixed-layer depth (MLD), and temperature
in response to the simulated hurricane. We notice a progres-
sive deepening of the mixed layer as the storm intensifies.
The most pronounced deepening occurs at the storm’s core
at around days 8 and 9. This indicates a strong vertical mix-
ing induced by hurricane-driven wind stress and turbulent
processes. The top-right panel provides a spatial snapshot of
MLD on day 6, revealing a well-defined radial structure with
the deepest mixing concentrated near the storm’s center.

The bottom panel represents the subsurface ocean temper-
ature minimum and mean as a function of depth and time
for a 4° box section at the domain’s center. A progressive
subsurface cooling is evident for both quantities, with the
thermocline deepening over time as mixing entrains colder
subsurface water. This further explains the evolution of the
ocean surface cooling trend seen in the previous figures.

Geosci. Model Dev., 18, 6461–6478, 2025 https://doi.org/10.5194/gmd-18-6461-2025



J. Mouallem et al.: Development of a high-resolution coupled SHiELD-MOM6 model – Part 1 6469

Figure 4. Time series of simulated maximum surface wind speed and minimum sea-level pressure for the simulation S, SM, and SMF, listed
in Table 3.

4.2 Realistic simulations

In this section, we consider a realistic domain spanning the
North Atlantic region. We perform a simulation of Hurricane
Helene to analyze and capture the ocean response. In the cur-
rent simulation, the model domain is initialized at 00:00Z on
26 September 2024, when Hurricane Helene was still a Cat-
egory 1 hurricane before undergoing rapid intensification to
a Category 4 storm. The atmospheric initial conditions are
taken from a GFS analysis. For the first case, the ocean is ini-
tialized at rest with a constant SST, while for the second case,
the ocean is initialized from the GLORYS dataset (GLO-
RYS12V1, 2018; Lellouche et al., 2021). The atmosphere
component runs at a 1 km resolution, while the ocean com-
ponent runs at a 3 km resolution to further validate the cou-
pling process. The land surface model employed is NOAH-
MP, which serves as the default land model in SHiELD. It is
worth noting again that the coupling to the land model here
is done through the SHiELD_physics suite and not at the full
coupler level.

The goal of this analysis is to assess the coupling frame-
work’s performance qualitatively rather than to provide an
accurate forecast of Helene’s track and intensity, particularly
in the first case. By using a quiescent ocean with constant
SST, we can isolate the atmospheric effects on the ocean and
evaluate the coupled model’s behavior without additional en-
vironmental complexities.

Figure 9 illustrates the interaction between atmospheric
surface winds (top row) and ocean surface currents (bot-

tom row). Initially, a symmetric wind field surrounds the
storm, but as the hurricane intensifies, wind asymmetries
emerge, particularly near the coastline. The strong hurricane
surface winds generate rapid responses in the ocean, leading
to the formation of strong currents. The ocean surface cur-
rents display a classic hurricane-induced structure (Bender et
al., 1993), with intensified flow on the right-hand side of the
storm track due to inertial resonance (Price, 1981). As the
storm moves northward, ocean currents become more pro-
nounced along the continental shelf, highlighting the role of
bathymetric effects in modulating the ocean response.

Figure 10 presents the evolution of SSH and SST in re-
sponse to the hurricane in 16 h intervals compared to their
initial values. The SSH panels (top row) indicate a develop-
ing storm surge along the northern Gulf Coast, with signif-
icant sea-level anomalies forming at the storm center. Over
time, the SSH field shows a pronounced dip directly under
the storm, corresponding to the atmospheric pressure drop as
seen in the idealized test case, while coastal regions expe-
rience positive SSH anomalies indicative of a storm surge.
The SST panels (bottom row) reveal strong ocean cooling
along the hurricane’s path, driven by wind-induced mixing
and upwelling. This cooling intensifies as the storm strength-
ens, particularly in regions where wind stress is highest. This
is also in line with the behavior seen in the idealized test case.

Figure 11 shows the evolution of the SSH and SST anoma-
lies from a GLORYS-initialized ocean in response to the
same atmosphere. Compared to the idealized case, shown
in Fig. 10, the realistic ocean features realistic mesoscale
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Figure 5. Two-dimensional time evolution snapshots of surface winds and sea surface currents for simulation SMF. Black arrows correspond
to localized velocity vectors.

structures influencing both spatial patterns of SSH and SST
anomalies. The SSH response still exhibits a developing
storm surge along the northern gulf coast. SST changes are
still dominated by wind-driven mixing and upwelling and
exhibit a cooling pattern along the hurricane’s path. These
responses are consistent with those observed in the ideal-
ized ocean setup. An additional comparative analysis could
be performed here, but it is beyond the scope of this study.
Overall, these results demonstrate that the coupling frame-
work performs reliably in a realistic setting, reproducing key
oceanic responses to tropical hurricane forcing.

5 Model scalability

Parallel efficiency is a key factor for the performance of cou-
pled ocean–atmosphere models, particularly when simulat-
ing large-scale high-resolution problems. There are already
reports on the scalability of standalone SHiELD and stan-

dalone MOM6. In this section, we investigate the parallel
efficiency of the coupled model SHiELD-MOM6, focusing
on three main objectives: (a) validating the scalability of the
full coupled model, (b) demonstrating that the usage of the
FMS coupler and exchange grid can effectively handle mas-
sive parallel simulations, and (c) assessing the coupling pro-
cess additional computational overhead.

We evaluate the parallel speed-up of the SHiELD/MOM6
system to understand its performance under varying numbers
of CPU cores, investigating strong scaling by simulating a
constant size problem with different core configurations and
weak scaling by simulating increasingly larger problem sizes
while maintaining a constant number of grid cells per pro-
cessing element.

These tests were performed on the supercomputer GAEA,
operated by the National Climate-Computing Research Cen-
ter located at the Oak Ridge National Laboratory (ORNL).
The C6 cluster partition of GAEA is an HPE-EX Cray X3000
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Figure 6. Two-dimensional snapshots of sensible and latent heat fluxes and sea surface temperature at t = 10 h into day 3 for simulations
S (a–c) and SMF (d–f).

system with 2048 compute nodes (2 × AMD EPYC 9654
2.4 GHz base, 96 cores per socket), HPE Slingshot Intercon-
nect, 384 GB DDR4 per node, 584 TB totaling an expected
peak of 11.21 PF.

For the strong scaling, we consider the idealized doubly
periodic simulations, shown in Sect. 4, with a fixed larger
domain size of 1024× 1024 grid cells. Scaling tests were
conducted using various processor layouts: 8× 16, 16× 32,
32×64, and 64×128, which correspond to 128×64, 64×32,
32× 16, and 16× 8 grid cells per processing element, re-
spectively. Additionally, two cores were allocated per task.
In these tests, the atmosphere and ocean were run serially
on the same set of processors. The coupling time step is still
unchanged and is set to match the atmosphere physics time
step (or the long atmosphere time step). The strong scaling
performance of the model is illustrated in Fig. 12, which
shows the achieved speedup factor as a function of the num-
ber of processing elements (PEs). The actual speedup (red)
is compared to the ideal linear scaling (black). The reference
case considers the case with the smallest number of PEs.
The results demonstrate a near-ideal scaling up to 16 000,
after which the actual speedup begins to deviate from the
ideal case. Despite this deviation, the model maintains strong
parallel efficiency, demonstrating substantial computational
gains with increasing processor count. In addition to strong
scaling, we also performed a weak scaling analysis where
we fixed the grid cell count per PE at 32× 16 and increased
the number of PEs up to 16 000. The results indicate that the
model maintains high efficiency (> 90%), demonstrating ex-

cellent parallel scalability. The slight decrease in efficiency
at higher processor counts can be attributed to increased
communication overhead and load imbalance. Overall, the
strong and weak scaling results demonstrate the model’s ex-
cellent parallel performance, making it well suited to large-
scale simulations of high-performance computing architec-
tures. Additional work is needed to assess model scalabil-
ity when the atmosphere and ocean components run concur-
rently on separate processor sets. This includes identifying an
efficient processor distribution strategy that optimizes load
balance for practical applications.

6 Conclusion and future work

In this work, we have developed and validated the new cou-
pled SHiELD-MOM6 model that advances our ability to
simulate complex interactions between the atmosphere and
ocean. Built upon the robust frameworks of GFDL’s FMS,
FV3-based SHiELD atmospheric model, MOM6 ocean
model, and SIS2 Sea Ice Simulator, the coupled system
achieves a two-way atmosphere–ocean integration through
the FMS coupler and exchange grid. During the implementa-
tion process, we have ensured that the coupling method en-
ables a precise conservative transfer of dynamic and physics
variables between the atmosphere and ocean within the es-
sential physical processes such as momentum, heat, and
moisture exchanges for their accurate representation.
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Figure 7. Time evolution of sea surface height (a, b), sea surface current speed (c, d), and sea surface temperature (e, f) along the latitude
section passed by the storm center in the SMF domain (a, c, e) from day 3 to day 9. Corresponding two-dimensional spatial snapshots of
these variables on day 6 are shown on the right (b, d, f).

Figure 8. (a, b) Time evolution of the mixed-layer depth along a central latitude cross-section from day 3 to day 9, with a two-dimensional
spatial snapshot of day 6 shown on the right. (c, d) The ocean temperature minimum and mean as a function of depth from day 3 to day 9.
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Figure 9. Two-dimensional time evolution snapshots of surface winds and sea surface currents for Hurricane Helene with an idealized ocean.
Black arrows correspond to localized velocity vectors.

Figure 10. Two-dimensional time evolution snapshots of sea surface height (top) and temperature (bottom) compared to their initial values
for Hurricane Helene with an idealized ocean. Black arrows correspond to localized velocity vectors.

The idealized and realistic scenario simulations highlight
the new system’s capabilities. In the idealized hurricane
test case, the model successfully captured key features of
the storm development, including its intensification phase,
evolution of storm structure, and corresponding ocean re-
sponses like surface current adjustment and wind-induced
upwelling. Similarly, realistic simulations of Hurricane He-
lene of September 2024 demonstrated the model capability to
simulate and reproduce complex phenomena such as storm
surge development, coastal current modulation, and signifi-

cant sea surface temperature changes driven by air–sea inter-
actions.

Additionally, scalability tests on high-performance com-
puting systems revealed that the SHiELD-MOM6 model is
not only scientifically robust but also computationally effi-
cient for the extent of the current configuration and tests.
The effective parallel performance achieved through the op-
timized coupling strategy and exchange grid paves the way
for its application in operational settings, ranging from short-
term weather forecasts to extended future climate simula-
tions.
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Figure 11. As for Fig. 10 but for a realistic ocean.

Figure 12. Strong scaling (a) and weak scaling (b): actual speedup/efficiency (red circles) compared to ideal speedup/efficiency (black
squares) as a function of the number of PEs.

Overall, the new SHiELD-MOM6 model represents a ma-
jor advancement in coupled model development at GFDL.
Its flexible and modular design, combined with state-of-
the-art numerical frameworks and infrastructure, provide a
solid foundation for future studies and forecasts on severe
weather systems, which need correct representations of air–
sea interactions like hurricanes. Current development efforts
include integrating additional model components such as
WaveWatch III for wave dynamics, further refinement of
physical parameterizations, and extensive validation against
observational datasets. These improvements will further en-

hance our understanding of air–sea interactions and con-
tribute to more accurate forecasting and climate prediction
efforts.

This work highlights the critical role of unified modeling
approaches in addressing the inherent complexities of cou-
pled systems and sets a foundation for continued progress in
model development for weather and climate science.
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Appendix A

The official code repositories are all on GitHub under
NOAA-GFDL. The main branches are up to date and con-
tinuously under development. The source code for the main
components discussed in Sect. 2 are as follows:

– https://github.com/NOAA-GFDL/GFDL_atmos_
cubed_sphere (last access: 22 September 2025)

– https://github.com/NOAA-GFDL/FMScoupler (last ac-
cess: 22 September 2025)

– https://github.com/NOAA-GFDL/FMS (last access: 22
September 2025)

– https://github.com/NOAA-GFDL/atmos_drivers (last
access: 22 September 2025)

– https://github.com/NOAA-GFDL/SHiELD_physics
(last access: 22 September 2025)

– https://github.com/NOAA-GFDL/land_null (last ac-
cess: 22 September 2025)

– https://github.com/NOAA-GFDL/ice_param (last ac-
cess: 22 September 2025)

– https://github.com/NOAA-GFDL/MOM6 (last access:
22 September 2025)

– https://github.com/NOAA-GFDL/SIS2 (last access: 22
September 2025)

The source code for the build component is under:

– https://github.com/NOAA-GFDL/SHiELD_build (last
access: 22 September 2025)

Code and data availability. SHiELD-MOM6 is under active de-
velopment and can be built and run from the latest official re-
leases from the NOAA-GFDL GitHub repository as listed in
Appendix A. The simulation files and source code for the
static version of the model used in this study are available at
https://doi.org/10.5281/zenodo.15178709 (Mouallem, 2025).
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