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DEVELOPMENT OF EMBEDDED TWO-WAY NESTING IN THE NAVY COASTAL
OCEAN MODEL

1. INTRODUCTION

The Navy Coastal Ocean Model (NCOM) was developed at NRL to meet the Navy’s needs for coastal 
ocean simulation and prediction (Martin, 2000). It can run as a stand-alone ocean model, and has also been 
fully integrated into the Navy’s Coupled Ocean/Atmospheric Mesoscale Prediction System (COAMPS), 
which uses the Earth System Modeling Framework (ESMF) to couple atmosphere, ocean, and wave models. 
While COAMPS provides a framework for one- and two-way coupling among atmosphere, ocean, and wave 
models, embedded coupling between coastal- and regional-scale ocean models is needed to advance their 
operational capability across multiple scales; in particular, in regions that are bathymetrically complex and 
strongly influenced by riverine, estuary, and wetland processes.

While unstructured grids offer the ability to locally vary their mesh size appropriate to the scales of 
the flow dynamics, the generation of unstructured grids can require some effort, and may not be as flexible 
as one desires. An efficient way to model multiscale dynamics in coastal oceans i s to use embedding or 
nesting techniques, where a hierarchy of structured grids can interact with each other (e.g., Penven et al., 
2006; Debreu and Blayo, 2008; Debreu et al., 2012; Haley and Lermusiaux, 2010). This gives greater 
flexibility, as structured grids of different mesh sizes can be placed as needed, and the same ocean model 
can independently run on each grid between the calls for grid-interactions. At present, NCOM has the fully 
operational capability of embedded one (1)-way nesting, where the child grids/nests (fine m esh, o r FM) 
receive and update the boundary conditions/forcing by interpolating the newly available fields on the parent 
grid (coarse mesh, or CM). For two (2)-way interactions, the FM fields n eed t o b e f ed b ack t o t he CM 
grid-points in the nested area via appropriate averaging operators. In this report, we document the recent 
implementation and testing of an embedded 2-way nesting procedure in NCOM.

This report is organized as follows. In Section 2, we first present background information regarding the 
model physics, the basic numerics, and the general aspects of the embedded nesting in NCOM. The imple-
mentation of the 2-way nesting is detailed in Section 3, where we discuss the origin of the inconsistency 
between the 3D baroclinic velocities and the depth-integrated barotropic transports in the feedback. An ef-
fective remedy is proposed. Testing cases are discussed in Section 4 for idealized physical problems, and in 
Section 5 for applications on real coasts, comparing the results from the nested and non-nested simulations. 
A preliminary comparison with field data is included. A summary follows in Section 6.

2. BACKGROUND

2.1 Model physics and basic numerics of NCOM

A brief description of NCOM is given here, while the details are referred to the literature (Martin, 2000; 
Barron et al., 2006). NCOM uses well-established ocean model physics and numerics. It is a free surface
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model based on the primitive equations with the hydrostatic, Boussinesq, and incompressible approxima-
tions, and includes forcing with the atmospheric pressure and local tidal potential, source terms for river and
runoff inflows, and quadratic bottom drag. It combines the numerical features in the Princeton Ocean Model
(POM) and a sigma/z-level model developed at NRL, intending to provide flexibility and a user-choice of a
number of established physical and numerical parameterizations/schemes (e.g., the horizontal and vertical
mixing models, advection, open boundary conditions, etc). The model equations are discretized with finite
differences in flux-conservative form on an Arakawa C-grid. Leapfrog in time is used with an Asselin filter.
The horizontal grid is orthogonal, curvilinear as in POM. The vertical grid uses sigma coordinates in the
upper layers in order to follow the movement of the free surface, and z-levels in the lower layers. The depth
at which the grid changes to the z-levels is specified by the user. The vertical grid can be set up with sigma
layers all the way to the bottom in order to be terrain-following at all depths. The option to use a general-
ized vertical coordinate is also provided. The propagation of surface waves and vertical mixing are treated
implicitly. The capability for wetting and drying of the grid cells is implemented and validated (Martin et
al., 2015).

2.2 General aspects of embedded nesting in NCOM

NCOM’s code structure was designed to facilitate the use of nesting, i.e., almost all the model variables
are passed through the argument lists of the subroutines so that the same code can be used for different
grids/nests. Each grid/nest has its own separate input and output files that all have the same format. This is
not always the most convenient, but it is simple and flexible since parameters and forcing can be individually
specified for different grids.

The setup programs have some routines to make setting up nests easier. The main grid is set up by a call
to subroutine mainset, which generates all the input files needed for the main grid. The subroutine nestset is
then called for each nested/child grid. Subroutine nestset can read the input files that have been generated
for the parent grid in which the nest is embedded to allow interpolation of the FM fields from the values on
the CM. Alternatively, fields can be directly interpolated to the FM from the databases used by the CM, or
from a different source.

Some current restrictions on nesting are mentioned. (1) The vertical grids must match, though the child
grid may have fewer vertical levels if the domain is shallower than the parent grid such that the deeper levels
on the FM would just be land points. (2) The CM and FM must be aligned. (3) The nesting ratio (i.e., the
number of FM cells per CM cell) must be an integer.

Theoretically speaking, any number of nests can be embedded within a given grid/nest. The parameter
file for each nest (OPARM #.D) contains the number of the grid in which the nest is embedded, the location
of the nest within its parent grid, and the nesting ratio. There is no explicit restriction on the grid-nesting
ratio or time-step ratio between the child and parent grid, and the two ratios need not be the same. For
2-way nesting, however, the grid ratio should probably be limited to 3:1. For Arakawa C-grids, 3:1 is the
minimal ratio such that every CM point inside the nested area is co-located with a FM point. This tends
to give the optimal consistency when feeding the FM fields back to the CM, while larger ratios cause too
strong a contrast of the scales resolved to benefit a smooth, strong coupling between the grids (Debreu and
Blayo, 2008).

Since each nest/grid has its own input files, specific barotropic tidal forcing can be applied to the open
boundary of an individual nest, which will then be superimposed on the boundary conditions taken from
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the parent grid. This allows tidal forcing on a child grid to be different from that on the parent grid. This
feature is particularly convenient in nearshore simulations where complex bathymetry and strong nonlinear
interactions can generate additional tidal constituents on a nest that are not being forced on the boundary of
the much larger domain of the CM.

Time integrations on the parent grid and nest(s), interpolation of the boundary conditions for the child
grid from the parent grid, and feeding the FM fields back to the parent grid, are all handled automatically by
NCOM during the model run.

2.2.1 Correspondence of indexes on the CM and FM

The location of the lower-left corner of the nest on the CM is (is, js). Note that this CM cell contains
FM point (2,2), but not FM point (1,1), which is on the boundary of the FM. Let a be the grid ratio. The
indexes (i1, j1) on the CM are converted to the real indexes (x2,y2) on the FM, where

x2 = (i1− is)a+(a+3.0)/2.0, y2 = ( j1− js)a+(a+3.0)/2.0. (1)

In reverse, the FM indexes (i2, j2) are converted to the real indexes (x1,y1) on the CM, where

x1 = is + i2/a− (a+3.0)/(2a), y1 = js + j2/a− (a+3.0)/(2a). (2)

2.2.2 Bathymetry setup

The bathymetry for a nest can be made to be consistent with that on the parent grid (in the sense that the
FM and CM depths are same at the co-located grid points), or refined in the interior of the nest, e.g., being
interpolated from a higher resolution database (or directly from the original data source used for the CM).
Obviously, having a point-wise consistent depth does not imply the identity of the CM and FM bathymetries
(as continuous functions). Subroutine nestset provides the option to refine the FM bathymetry by ‘blending’
the interpolation from the CM with a higher resolution database, while keeping the needed bathymetry-
consistency near the open boundary of the nest. For each grid, NCOM uses both 2D and 3D arrays to mask
the land/sea points at the cell centers, as well as at the velocity points on the cell faces. The mask variable is
binary (1/0 for sea/land).

Near the open boundary of a nest, the following bathymetry rules apply. (i) Setting the land-sea mask:
If the land-sea mask on the CM does not change crossing the FM boundary, the same CM mask is assigned
to the FM boundary points there. If the CM has a land cell on one side and a sea cell on the other side of
the FM boundary, the FM boundary points there are land. (In the case where the CM sea cell is outside and
land cell inside the FM boundary, the inflow would be blocked, making the FM boundary points necessarily
land.) (ii) Setting the depths: For the sigma layers, linear interpolation of the CM depths is used near the FM
boundaries. This allows a change in depth across the open boundary. For the z-levels, we use the same depth
on the FM boundary point as for the CM cell in which the FM point lies. If the CM has a sea cell inside
the FM boundary and a land cell just outside (at the same vertical level), the FM should be shallow in the
same way. But, if the CM has a land cell inside the FM boundary but a sea cell outside (at the same vertical
level), the FM should maintain the same depth across the boundary. (The FM could not use this CM sea
cell since the flow just runs into a wall.) At the transition from sigma layers to z-levels, if there is a z-level
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cell below zw (the user-specified depth of transition), we set the depth hu at a u-point as hu f = huc = zw,
where the subscripts f and c indicate associations with the FM and CM, respectively. Otherwise, we set
hu f = huc = (hc(l− 1)+ hc(l))/2, where hc is the depth at the CM cell center and l is the layer number
increasing downward. The depths at v-points are similarly set. While it is allowed by the rules, it is in
general desirable to avoid large changes in depth across the open boundary of the FM. The rules specified
above are similarly applied when interpolating the CM bathymetry onto the interior FM points of the nest.

When the FM bathymetry is refined using a higher resolution data source, one has the option to update
the CM bathymetry using the average of the FM depths. This is done for the CM points in the interior of
the nest, excluding those near the boundary. This supposedly improves the consistency of cell-integrated
quantities on the CM and FM in the 2-way nesting (e.g., Haley and Lermusiaux, 2010). The following rules
apply when updating the CM bathymetry, assuming a 3:1 grid ratio. (i) If all 9 FM points within a CM
cell are masked as the land/sea, the CM cell is updated as a land/sea point accordingly. (In regions where
the bathymetry is highly complex, it is possible that all FM center points within a CM cell are masked as
the land (or sea), yet the CM cell-center is masked otherwise based on the initial bathymetry setup.) (ii)
If 5 or more FM points are sea points, the CM cell is a sea point. Otherwise, the CM cell is made a land
point. When z-levels are used, the bathymetry is rounded off to the nearest z-level. As a results, updating
the CM bathymetry using the FM-average can become ineffective at some grid points because the round-off
procedure can overwrite the corrections made.

3. TWO-WAY NESTING PROCEDURE IN NCOM

The discussion here is based on a grid-nesting ratio of 3:1. There is no vertical mesh refinement in the
present implementation. The time-stepping refinement factor is the same as the grid-nesting ratio. NCOM
runs independently on the parent grid and the nest(s). Exchange of information, i.e., grid interaction, occurs
upon finishing one time-step of integration on the CM and three time steps on the FM when the fields have
been advanced to the same time level. The boundary forcing for the FM is updated by interpolating the
CM fields at the current time level to the dynamic interfaces (see below). The CM fields on the points
in the interior of the nest, with the outer limits specified by the feedback interfaces, are updated using the
appropriate averages of the FM fields at the current time level. The next cycle of time integration then begins
on each grid.

The interpolation of the CM fields to the FM boundary is the procedure used for 1-way embedded
nesting, and has been implemented and validated in previous efforts. It is briefly summarized here. The CM
fields are linearly interpolated to the FM open boundaries. Near the land-sea boundary of the FM, linear
(mild) extrapolation is applied and constrained by the conditions that (i) the FM surface elevation η has a
zero gradient along the boundary, and (ii) the FM barotropic tangent velocity and baroclinic tangent velocity
both have zero values.

The algorithms/schemes of feeding back the FM fields have been the focus of a number of studies (e.g.
Debreu and Blayo, 2008; Haley and Lermusiaux, 2010). We select from those existing schemes, while
trying to minimize the complexity of the code implementation and modification and to not compromise the
performance of the grid-coupling. Our feedback strategy is described, as follows.

3.1 Separation of the feedback and dynamic interfaces

The existing studies on embedded nesting methods in atmospheric and oceanic modeling show that
this separation is in general necessary (e.g., Debreu and Blayo, 2008; Debreu et al., 2012). Appropriate
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<latexit sha1_base64="FaKqp65fFyztg4l/gOIewP0cRgE=">AAAB93icbVBNS8NAEJ3Ur1o/GvXoZbEIHrQkIqi3ohePFYwttCFstpt27WYTdjdCDfklXjyoePWvePPfuP04aOuDgcd7M8zMC1POlHacb6u0tLyyulZer2xsbm1X7Z3de5VkklCPJDyR7RArypmgnmaa03YqKY5DTlvh8Hrstx6pVCwRd3qUUj/GfcEiRrA2UmBXsyBnQU5O3OL4ISBFYNecujMBWiTujNRghmZgf3V7CcliKjThWKmO66Taz7HUjHBaVLqZoikmQ9ynHUMFjqny88nhBTo0Sg9FiTQlNJqovydyHCs1ikPTGWM9UPPeWPzP62Q6uvBzJtJMU0Gmi6KMI52gcQqoxyQlmo8MwUQycysiAywx0SarignBnX95kXin9cu6c3tWa1zN0ijDPhzAEbhwDg24gSZ4QCCDZ3iFN+vJerHerY9pa8mazezBH1ifP80ikrk=</latexit><latexit sha1_base64="FaKqp65fFyztg4l/gOIewP0cRgE=">AAAB93icbVBNS8NAEJ3Ur1o/GvXoZbEIHrQkIqi3ohePFYwttCFstpt27WYTdjdCDfklXjyoePWvePPfuP04aOuDgcd7M8zMC1POlHacb6u0tLyyulZer2xsbm1X7Z3de5VkklCPJDyR7RArypmgnmaa03YqKY5DTlvh8Hrstx6pVCwRd3qUUj/GfcEiRrA2UmBXsyBnQU5O3OL4ISBFYNecujMBWiTujNRghmZgf3V7CcliKjThWKmO66Taz7HUjHBaVLqZoikmQ9ynHUMFjqny88nhBTo0Sg9FiTQlNJqovydyHCs1ikPTGWM9UPPeWPzP62Q6uvBzJtJMU0Gmi6KMI52gcQqoxyQlmo8MwUQycysiAywx0SarignBnX95kXin9cu6c3tWa1zN0ijDPhzAEbhwDg24gSZ4QCCDZ3iFN+vJerHerY9pa8mazezBH1ifP80ikrk=</latexit><latexit sha1_base64="FaKqp65fFyztg4l/gOIewP0cRgE=">AAAB93icbVBNS8NAEJ3Ur1o/GvXoZbEIHrQkIqi3ohePFYwttCFstpt27WYTdjdCDfklXjyoePWvePPfuP04aOuDgcd7M8zMC1POlHacb6u0tLyyulZer2xsbm1X7Z3de5VkklCPJDyR7RArypmgnmaa03YqKY5DTlvh8Hrstx6pVCwRd3qUUj/GfcEiRrA2UmBXsyBnQU5O3OL4ISBFYNecujMBWiTujNRghmZgf3V7CcliKjThWKmO66Taz7HUjHBaVLqZoikmQ9ynHUMFjqny88nhBTo0Sg9FiTQlNJqovydyHCs1ikPTGWM9UPPeWPzP62Q6uvBzJtJMU0Gmi6KMI52gcQqoxyQlmo8MwUQycysiAywx0SarignBnX95kXin9cu6c3tWa1zN0ijDPhzAEbhwDg24gSZ4QCCDZ3iFN+vJerHerY9pa8mazezBH1ifP80ikrk=</latexit>

uic,jc
<latexit sha1_base64="02kkEcJMz+DS4AYJMiYxsVht+ds=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBg5RECuqt6MVjBWMLbQib7aZdu9nE3U2hhPwOLx5UvPpnvPlv3LY5aOuDgcd7M8zMCxLOlLbtb6u0srq2vlHerGxt7+zuVfcPHlScSkJdEvNYdgKsKGeCupppTjuJpDgKOG0Ho5up3x5TqVgs7vUkoV6EB4KFjGBtJC/1M+ZnJD979EnuV2t23Z4BLROnIDUo0PKrX71+TNKICk04Vqrr2In2Miw1I5zmlV6qaILJCA9o11CBI6q8bHZ0jk6M0kdhLE0JjWbq74kMR0pNosB0RlgP1aI3Ff/zuqkOL72MiSTVVJD5ojDlSMdomgDqM0mJ5hNDMJHM3IrIEEtMtMmpYkJwFl9eJu55/apu3zVqzesijTIcwTGcggMX0IRbaIELBJ7gGV7hzRpbL9a79TFvLVnFzCH8gfX5A3UgkhY=</latexit><latexit sha1_base64="02kkEcJMz+DS4AYJMiYxsVht+ds=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBg5RECuqt6MVjBWMLbQib7aZdu9nE3U2hhPwOLx5UvPpnvPlv3LY5aOuDgcd7M8zMCxLOlLbtb6u0srq2vlHerGxt7+zuVfcPHlScSkJdEvNYdgKsKGeCupppTjuJpDgKOG0Ho5up3x5TqVgs7vUkoV6EB4KFjGBtJC/1M+ZnJD979EnuV2t23Z4BLROnIDUo0PKrX71+TNKICk04Vqrr2In2Miw1I5zmlV6qaILJCA9o11CBI6q8bHZ0jk6M0kdhLE0JjWbq74kMR0pNosB0RlgP1aI3Ff/zuqkOL72MiSTVVJD5ojDlSMdomgDqM0mJ5hNDMJHM3IrIEEtMtMmpYkJwFl9eJu55/apu3zVqzesijTIcwTGcggMX0IRbaIELBJ7gGV7hzRpbL9a79TFvLVnFzCH8gfX5A3UgkhY=</latexit><latexit sha1_base64="02kkEcJMz+DS4AYJMiYxsVht+ds=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBg5RECuqt6MVjBWMLbQib7aZdu9nE3U2hhPwOLx5UvPpnvPlv3LY5aOuDgcd7M8zMCxLOlLbtb6u0srq2vlHerGxt7+zuVfcPHlScSkJdEvNYdgKsKGeCupppTjuJpDgKOG0Ho5up3x5TqVgs7vUkoV6EB4KFjGBtJC/1M+ZnJD979EnuV2t23Z4BLROnIDUo0PKrX71+TNKICk04Vqrr2In2Miw1I5zmlV6qaILJCA9o11CBI6q8bHZ0jk6M0kdhLE0JjWbq74kMR0pNosB0RlgP1aI3Ff/zuqkOL72MiSTVVJD5ojDlSMdomgDqM0mJ5hNDMJHM3IrIEEtMtMmpYkJwFl9eJu55/apu3zVqzesijTIcwTGcggMX0IRbaIELBJ7gGV7hzRpbL9a79TFvLVnFzCH8gfX5A3UgkhY=</latexit>

vic,jc
<latexit sha1_base64="N+4sNkX8l0jWgH6S8iYWzL81fCg=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBg5RECuqt6MVjBWMLbQib7aZdu9nE3U2hhPwOLx5UvPpnvPlv3LY5aOuDgcd7M8zMCxLOlLbtb6u0srq2vlHerGxt7+zuVfcPHlScSkJdEvNYdgKsKGeCupppTjuJpDgKOG0Ho5up3x5TqVgs7vUkoV6EB4KFjGBtJG/sZ8zPSH726JPcr9bsuj0DWiZOQWpQoOVXv3r9mKQRFZpwrFTXsRPtZVhqRjjNK71U0QSTER7QrqECR1R52ezoHJ0YpY/CWJoSGs3U3xMZjpSaRIHpjLAeqkVvKv7ndVMdXnoZE0mqqSDzRWHKkY7RNAHUZ5ISzSeGYCKZuRWRIZaYaJNTxYTgLL68TNzz+lXdvmvUmtdFGmU4gmM4BQcuoAm30AIXCDzBM7zCmzW2Xqx362PeWrKKmUP4A+vzB3avkhc=</latexit><latexit sha1_base64="N+4sNkX8l0jWgH6S8iYWzL81fCg=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBg5RECuqt6MVjBWMLbQib7aZdu9nE3U2hhPwOLx5UvPpnvPlv3LY5aOuDgcd7M8zMCxLOlLbtb6u0srq2vlHerGxt7+zuVfcPHlScSkJdEvNYdgKsKGeCupppTjuJpDgKOG0Ho5up3x5TqVgs7vUkoV6EB4KFjGBtJG/sZ8zPSH726JPcr9bsuj0DWiZOQWpQoOVXv3r9mKQRFZpwrFTXsRPtZVhqRjjNK71U0QSTER7QrqECR1R52ezoHJ0YpY/CWJoSGs3U3xMZjpSaRIHpjLAeqkVvKv7ndVMdXnoZE0mqqSDzRWHKkY7RNAHUZ5ISzSeGYCKZuRWRIZaYaJNTxYTgLL68TNzz+lXdvmvUmtdFGmU4gmM4BQcuoAm30AIXCDzBM7zCmzW2Xqx362PeWrKKmUP4A+vzB3avkhc=</latexit><latexit sha1_base64="N+4sNkX8l0jWgH6S8iYWzL81fCg=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBg5RECuqt6MVjBWMLbQib7aZdu9nE3U2hhPwOLx5UvPpnvPlv3LY5aOuDgcd7M8zMCxLOlLbtb6u0srq2vlHerGxt7+zuVfcPHlScSkJdEvNYdgKsKGeCupppTjuJpDgKOG0Ho5up3x5TqVgs7vUkoV6EB4KFjGBtJG/sZ8zPSH726JPcr9bsuj0DWiZOQWpQoOVXv3r9mKQRFZpwrFTXsRPtZVhqRjjNK71U0QSTER7QrqECR1R52ezoHJ0YpY/CWJoSGs3U3xMZjpSaRIHpjLAeqkVvKv7ndVMdXnoZE0mqqSDzRWHKkY7RNAHUZ5ISzSeGYCKZuRWRIZaYaJNTxYTgLL68TNzz+lXdvmvUmtdFGmU4gmM4BQcuoAm30AIXCDzBM7zCmzW2Xqx362PeWrKKmUP4A+vzB3avkhc=</latexit>

vic,jc+1
<latexit sha1_base64="EAgljcrJVFLAgWX0Dv0Aqe5somM=">AAAB+XicbVDLSsNAFL2pr1pfqS7dDBZBUEoigrorunFZwdhCG8JkOmnHTh7MTCol5lPcuFBx65+482+ctllo64F7OZxzL3Pn+AlnUlnWt1FaWl5ZXSuvVzY2t7Z3zOruvYxTQahDYh6Lto8l5SyijmKK03YiKA59Tlv+8Hrit0ZUSBZHd2qcUDfE/YgFjGClJc+sjryMeRnJTx50P7bz3DNrVt2aAi0SuyA1KND0zK9uLyZpSCNFOJayY1uJcjMsFCOc5pVuKmmCyRD3aUfTCIdUutn09BwdaqWHgljoihSaqr83MhxKOQ59PRliNZDz3kT8z+ukKrhwMxYlqaIRmT0UpBypGE1yQD0mKFF8rAkmgulbERlggYnSaVV0CPb8lxeJc1q/rFu3Z7XGVZFGGfbhAI7AhnNowA00wQECj/AMr/BmPBkvxrvxMRstGcXOHvyB8fkDmzSTxA==</latexit><latexit sha1_base64="EAgljcrJVFLAgWX0Dv0Aqe5somM=">AAAB+XicbVDLSsNAFL2pr1pfqS7dDBZBUEoigrorunFZwdhCG8JkOmnHTh7MTCol5lPcuFBx65+482+ctllo64F7OZxzL3Pn+AlnUlnWt1FaWl5ZXSuvVzY2t7Z3zOruvYxTQahDYh6Lto8l5SyijmKK03YiKA59Tlv+8Hrit0ZUSBZHd2qcUDfE/YgFjGClJc+sjryMeRnJTx50P7bz3DNrVt2aAi0SuyA1KND0zK9uLyZpSCNFOJayY1uJcjMsFCOc5pVuKmmCyRD3aUfTCIdUutn09BwdaqWHgljoihSaqr83MhxKOQ59PRliNZDz3kT8z+ukKrhwMxYlqaIRmT0UpBypGE1yQD0mKFF8rAkmgulbERlggYnSaVV0CPb8lxeJc1q/rFu3Z7XGVZFGGfbhAI7AhnNowA00wQECj/AMr/BmPBkvxrvxMRstGcXOHvyB8fkDmzSTxA==</latexit><latexit sha1_base64="EAgljcrJVFLAgWX0Dv0Aqe5somM=">AAAB+XicbVDLSsNAFL2pr1pfqS7dDBZBUEoigrorunFZwdhCG8JkOmnHTh7MTCol5lPcuFBx65+482+ctllo64F7OZxzL3Pn+AlnUlnWt1FaWl5ZXSuvVzY2t7Z3zOruvYxTQahDYh6Lto8l5SyijmKK03YiKA59Tlv+8Hrit0ZUSBZHd2qcUDfE/YgFjGClJc+sjryMeRnJTx50P7bz3DNrVt2aAi0SuyA1KND0zK9uLyZpSCNFOJayY1uJcjMsFCOc5pVuKmmCyRD3aUfTCIdUutn09BwdaqWHgljoihSaqr83MhxKOQ59PRliNZDz3kT8z+ukKrhwMxYlqaIRmT0UpBypGE1yQD0mKFF8rAkmgulbERlggYnSaVV0CPb8lxeJc1q/rFu3Z7XGVZFGGfbhAI7AhnNowA00wQECj/AMr/BmPBkvxrvxMRstGcXOHvyB8fkDmzSTxA==</latexit>

uif ,jf+2
<latexit sha1_base64="EKBwyXwQXeI9gAkNTca+mr/D994=">AAAB+XicbVDLSsNAFL2pr1pfqS7dDBZBUEpSBHVXdOOygrGFNoTJdNKOnTyYmSgl5lPcuFBx65+482+ctllo64F7OZxzL3Pn+AlnUlnWt1FaWl5ZXSuvVzY2t7Z3zOrunYxTQahDYh6Ljo8l5SyijmKK004iKA59Ttv+6Gritx+okCyObtU4oW6IBxELGMFKS55ZTb2MeVmQn9zrftzIc8+sWXVrCrRI7ILUoEDLM796/ZikIY0U4VjKrm0lys2wUIxwmld6qaQJJiM8oF1NIxxS6WbT03N0qJU+CmKhK1Joqv7eyHAo5Tj09WSI1VDOexPxP6+bquDczViUpIpGZPZQkHKkYjTJAfWZoETxsSaYCKZvRWSIBSZKp1XRIdjzX14kTqN+UbduTmvNyyKNMuzDARyBDWfQhGtogQMEHuEZXuHNeDJejHfjYzZaMoqdPfgD4/MHpGKTyg==</latexit><latexit sha1_base64="EKBwyXwQXeI9gAkNTca+mr/D994=">AAAB+XicbVDLSsNAFL2pr1pfqS7dDBZBUEpSBHVXdOOygrGFNoTJdNKOnTyYmSgl5lPcuFBx65+482+ctllo64F7OZxzL3Pn+AlnUlnWt1FaWl5ZXSuvVzY2t7Z3zOrunYxTQahDYh6Ljo8l5SyijmKK004iKA59Ttv+6Gritx+okCyObtU4oW6IBxELGMFKS55ZTb2MeVmQn9zrftzIc8+sWXVrCrRI7ILUoEDLM796/ZikIY0U4VjKrm0lys2wUIxwmld6qaQJJiM8oF1NIxxS6WbT03N0qJU+CmKhK1Joqv7eyHAo5Tj09WSI1VDOexPxP6+bquDczViUpIpGZPZQkHKkYjTJAfWZoETxsSaYCKZvRWSIBSZKp1XRIdjzX14kTqN+UbduTmvNyyKNMuzDARyBDWfQhGtogQMEHuEZXuHNeDJejHfjYzZaMoqdPfgD4/MHpGKTyg==</latexit><latexit sha1_base64="EKBwyXwQXeI9gAkNTca+mr/D994=">AAAB+XicbVDLSsNAFL2pr1pfqS7dDBZBUEpSBHVXdOOygrGFNoTJdNKOnTyYmSgl5lPcuFBx65+482+ctllo64F7OZxzL3Pn+AlnUlnWt1FaWl5ZXSuvVzY2t7Z3zOrunYxTQahDYh6Ljo8l5SyijmKK004iKA59Ttv+6Gritx+okCyObtU4oW6IBxELGMFKS55ZTb2MeVmQn9zrftzIc8+sWXVrCrRI7ILUoEDLM796/ZikIY0U4VjKrm0lys2wUIxwmld6qaQJJiM8oF1NIxxS6WbT03N0qJU+CmKhK1Joqv7eyHAo5Tj09WSI1VDOexPxP6+bquDczViUpIpGZPZQkHKkYjTJAfWZoETxsSaYCKZvRWSIBSZKp1XRIdjzX14kTqN+UbduTmvNyyKNMuzDARyBDWfQhGtogQMEHuEZXuHNeDJejHfjYzZaMoqdPfgD4/MHpGKTyg==</latexit>

uif ,jf
<latexit sha1_base64="SbE/GprqeuQdWMiIZkEMxpE8yQQ=">AAAB93icbVBNS8NAEJ34WetHox69LBbBg5RUBPVW9OKxgrGFNoTNdtOu3WzC7kaoIb/EiwcVr/4Vb/4bN20O2vpghsd7M+zsCxLOlHacb2tpeWV1bb2yUd3c2t6p2bt79ypOJaEuiXksuwFWlDNBXc00p91EUhwFnHaC8XXhdx6pVCwWd3qSUC/CQ8FCRrA2km/XUj9jfhbmJw9Fz3277jScKdAiaZakDiXavv3VH8QkjajQhGOlek0n0V6GpWaE07zaTxVNMBnjIe0ZKnBElZdND8/RkVEGKIylKaHRVP29keFIqUkUmMkI65Ga9wrxP6+X6vDCy5hIUk0FmT0UphzpGBUpoAGTlGg+MQQTycytiIywxESbrKomhOb8lxeJe9q4bDi3Z/XWVZlGBQ7gEI6hCefQghtogwsEUniGV3iznqwX6936mI0uWeXOPvyB9fkDwgOTWQ==</latexit><latexit sha1_base64="SbE/GprqeuQdWMiIZkEMxpE8yQQ=">AAAB93icbVBNS8NAEJ34WetHox69LBbBg5RUBPVW9OKxgrGFNoTNdtOu3WzC7kaoIb/EiwcVr/4Vb/4bN20O2vpghsd7M+zsCxLOlHacb2tpeWV1bb2yUd3c2t6p2bt79ypOJaEuiXksuwFWlDNBXc00p91EUhwFnHaC8XXhdx6pVCwWd3qSUC/CQ8FCRrA2km/XUj9jfhbmJw9Fz3277jScKdAiaZakDiXavv3VH8QkjajQhGOlek0n0V6GpWaE07zaTxVNMBnjIe0ZKnBElZdND8/RkVEGKIylKaHRVP29keFIqUkUmMkI65Ga9wrxP6+X6vDCy5hIUk0FmT0UphzpGBUpoAGTlGg+MQQTycytiIywxESbrKomhOb8lxeJe9q4bDi3Z/XWVZlGBQ7gEI6hCefQghtogwsEUniGV3iznqwX6936mI0uWeXOPvyB9fkDwgOTWQ==</latexit><latexit sha1_base64="SbE/GprqeuQdWMiIZkEMxpE8yQQ=">AAAB93icbVBNS8NAEJ34WetHox69LBbBg5RUBPVW9OKxgrGFNoTNdtOu3WzC7kaoIb/EiwcVr/4Vb/4bN20O2vpghsd7M+zsCxLOlHacb2tpeWV1bb2yUd3c2t6p2bt79ypOJaEuiXksuwFWlDNBXc00p91EUhwFnHaC8XXhdx6pVCwWd3qSUC/CQ8FCRrA2km/XUj9jfhbmJw9Fz3277jScKdAiaZakDiXavv3VH8QkjajQhGOlek0n0V6GpWaE07zaTxVNMBnjIe0ZKnBElZdND8/RkVEGKIylKaHRVP29keFIqUkUmMkI65Ga9wrxP6+X6vDCy5hIUk0FmT0UphzpGBUpoAGTlGg+MQQTycytiIywxESbrKomhOb8lxeJe9q4bDi3Z/XWVZlGBQ7gEI6hCefQghtogwsEUniGV3iznqwX6936mI0uWeXOPvyB9fkDwgOTWQ==</latexit>

vif ,jf
<latexit sha1_base64="rXpOI0zSyNxNuCAK9PkDnspBx4o=">AAAB93icbVBNS8NAEJ3Ur1o/GvXoJVgED1ISEdRb0YvHCsYW2hA22027drMJu5tCDfklXjyoePWvePPfuGlz0NYHMzzem2FnX5AwKpVtfxuVldW19Y3qZm1re2e3bu7tP8g4FZi4OGax6AZIEkY5cRVVjHQTQVAUMNIJxjeF35kQIWnM79U0IV6EhpyGFCOlJd+sT/yM+lmYnz4WPffNht20Z7CWiVOSBpRo++ZXfxDjNCJcYYak7Dl2orwMCUUxI3mtn0qSIDxGQ9LTlKOISC+bHZ5bx1oZWGEsdHFlzdTfGxmKpJxGgZ6MkBrJRa8Q//N6qQovvYzyJFWE4/lDYcosFVtFCtaACoIVm2qCsKD6VguPkEBY6axqOgRn8cvLxD1rXjXtu/NG67pMowqHcAQn4MAFtOAW2uAChhSe4RXejCfjxXg3PuajFaPcOYA/MD5/AMOUk1o=</latexit><latexit sha1_base64="rXpOI0zSyNxNuCAK9PkDnspBx4o=">AAAB93icbVBNS8NAEJ3Ur1o/GvXoJVgED1ISEdRb0YvHCsYW2hA22027drMJu5tCDfklXjyoePWvePPfuGlz0NYHMzzem2FnX5AwKpVtfxuVldW19Y3qZm1re2e3bu7tP8g4FZi4OGax6AZIEkY5cRVVjHQTQVAUMNIJxjeF35kQIWnM79U0IV6EhpyGFCOlJd+sT/yM+lmYnz4WPffNht20Z7CWiVOSBpRo++ZXfxDjNCJcYYak7Dl2orwMCUUxI3mtn0qSIDxGQ9LTlKOISC+bHZ5bx1oZWGEsdHFlzdTfGxmKpJxGgZ6MkBrJRa8Q//N6qQovvYzyJFWE4/lDYcosFVtFCtaACoIVm2qCsKD6VguPkEBY6axqOgRn8cvLxD1rXjXtu/NG67pMowqHcAQn4MAFtOAW2uAChhSe4RXejCfjxXg3PuajFaPcOYA/MD5/AMOUk1o=</latexit><latexit sha1_base64="rXpOI0zSyNxNuCAK9PkDnspBx4o=">AAAB93icbVBNS8NAEJ3Ur1o/GvXoJVgED1ISEdRb0YvHCsYW2hA22027drMJu5tCDfklXjyoePWvePPfuGlz0NYHMzzem2FnX5AwKpVtfxuVldW19Y3qZm1re2e3bu7tP8g4FZi4OGax6AZIEkY5cRVVjHQTQVAUMNIJxjeF35kQIWnM79U0IV6EhpyGFCOlJd+sT/yM+lmYnz4WPffNht20Z7CWiVOSBpRo++ZXfxDjNCJcYYak7Dl2orwMCUUxI3mtn0qSIDxGQ9LTlKOISC+bHZ5bx1oZWGEsdHFlzdTfGxmKpJxGgZ6MkBrJRa8Q//N6qQovvYzyJFWE4/lDYcosFVtFCtaACoIVm2qCsKD6VguPkEBY6axqOgRn8cvLxD1rXjXtu/NG67pMowqHcAQn4MAFtOAW2uAChhSe4RXejCfjxXg3PuajFaPcOYA/MD5/AMOUk1o=</latexit>

vif+2,jf
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Fig. 1—(a) A schematic illustration of a portion of two embedded nesting grids with a mesh size ratio of
3:1, showing the dynamic interfaces (where the boundary forcing for the FM is updated by interpolating
the CM fields) and the feedback interfaces (i.e., the outer limits within which the CM fields in the interior
of the nest are updated using the appropriate averages of the FM fields). Solid dots and open circles are,
respectively, the centers of the FM and CM cells, where the scalars (e.g., T , S, η) are stored. (b) A CM
cell being divided into 9 FM cells, showing the velocity points. The vertical and horizontal ellipses are
for u and v, respectively. Open symbols are on the CM.

separation can suppress the noise-production near the dynamic interfaces due to the interpolations, and
reduce the inconsistency that may arise due to applying both interpolation and feedback operators on the
same set of CM points (see the review discussion in Debreu and Blayo, 2008). We have explored various
arrangements of placing the feedback interfaces (relative to the dynamics interfaces) and concluded that the
optimal arrangement for NCOM is as indicated in Fig. 1a. The feedback interfaces for the 3D baroclinic
velocities u and v are placed inward of the nest, being one CM-cell away from the respective dynamic
interfaces (which are also the physical boundaries of the nest). The depth-integrated 2D barotropic transports
use the same feedback interfaces as for u and v. For the temperature T and salinity S, the feedback interface
is defined by the centers of the first CM cells (inside the nest) along the physical boundary of the nest.
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However, it is better to place the feedback interface for the surface elevation η on the inner side of the
velocity feedback interfaces, being one CM cell away from the feedback interface for T and S.

3.2 Feedback (averaging) operators

The CM fields are replaced/updated by the appropriate averages of the FM fields, layer-by-layer, within
the limits specified by the corresponding feedback interfaces. For a scalar r = T , S or η , the average of 9
FM points within the CM cell is used, i.e.,

ric, jc = 1
9

[(
ri f , j f + ri f +2, j f +2

)
+
(
ri f , j f +2 + ri f +2, j f

)
+
(
ri f , j f +1 + ri f +2, j f +1

)
+
(
ri f +1, j f + ri f +1, j f +2

)
+ ri f +1, j f +1

]
, (3)

where the arrangement of indexes refers to Fig. 1b. The indexes for the time and the vertical layer are
suppressed for clarity. The sequence of calculations written in (3) is to enforce an 8-fold symmetry.

For the 3D baroclinic velocities, the simple 3-point averages are

uic, jc = 1
3

[(
ui f , j f +ui f , j f +2

)
+ui f , j f +1

]
, (4a)

vic, jc = 1
3

[(
vi f , j f + vi f +2, j f

)
+ vi f +1, j f

]
. (4b)

Debreu et al. (2012) suggests that a higher-order operator, which is a weighted average involving 9 FM
velocity-points, can lead to improvement since it produces a stronger damping of small-scale noise. The
weighted averages are

uic, jc = 1
9

[(
ui f , j f−1 +ui f , j f +3

)
+2
(
ui f , j f +ui f , j f +2

)
+3ui f , j f +1

]
, (5a)

vic, jc = 1
9

[(
vi f−1, j f + vi f +3, j f

)
+2
(
vi f , j f + vi f +2, j f

)
+3vi f +1, j f

]
. (5b)

The depth-integrated 2D barotropic transports are fed back using the same operators as for the 3D u and v.
We have tested both operators, (4) and (5), in the series version of NCOM, and found that the differences
are insignificant. Thus, we opted for the simple 3-point average (4) in the latest version of NCOM.

For clarity, the land-sea masks appropriate to the FM field variables are suppressed in (3)–(5), i.e., as if
all the points are sea points. In coding, the land-sea masks are used so that the averaging is just over the FM
sea points.

3.3 Bathymetry discrepancy and correction of the 3D baroclinic velocities

The bathymetries represented on the CM and FM cannot be identical, because of the different grid
resolution. Despite the effort to improve the consistency of the bathymetries when setting up the grids (see
Section 2.2.2), there remains inconsistency when feeding the 3D baroclinic velocities and depth-integrated
barotropic transports back to the CM. This is because the calculations of depth integration and grid-point
average are not inter-changeable. Consider the simple average over 3 FM u-points where the depths are
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z =−h1,−h2,−h3 and the surface elevations are η = η1,η2,η3. (The subscript f for the FM is suppressed
here.) The depth-integrated transport is defined as

U =
∫

η

−h
u(x,y,z)dz. (6)

The 3-point average of U is

〈U〉= 1
3 (U1 +U2 +U3) =

1
3

(∫
η1

−h1

u1 dz+
∫

η2

−h2

u2 dz+
∫

η3

−h3

u3 dz
)
. (7)

The updated barotropic transport Uc = 〈U〉 is applied at the CM u-point (co-located at the FM point 2), where
the baroclinic velocity is updated to uc = 〈u〉= 1

3 (u1 +u2 +u3), according to the feedback procedure. If we
calculate the transport directly from the newly updated baroclinic velocity, it would be

∫
ηc

−hc

uc dz = 1
3

∫
ηc

−hc

(u1 +u2 +u3)dz, (8)

where hc and ηc are, respectively, the depth and surface elevation at the CM point in question. It is clear that
the calculations in (7) and (8) are not the same, i.e., 〈U〉 6=

∫
〈u〉dz, even if we make the CM depth same as

the FM depth at the co-located point (i.e., hc = h2), and exclude the contribution of surface elevation in the
depth integration.

This is an inherent inconsistency when the 3D baroclinic velocities and 2D barotropic transports are
both fed back to the CM. Directly feeding back the latter is desirable so that the mass fluxes are consistently
represented on the CM and FM. An expedient remedy is to correct the 3D velocities u and v to match the
barotropic transports upon feeding them back to the CM. Evenly distributing the difference between (7)
and (8) over the depth, we obtain a small amount of velocity correction ∆u. We adjust the 3D velocity
to uc = 〈u〉+∆u, layer-by-layer, so that

∫
uc dz = 〈U〉 at the CM points receiving the feedback. The v-

velocity is corrected following a similar procedure. Considering that feeding back the FM fields is, in
effect, perturbing the CM fields, it is not unreasonable to slightly adjust the baroclinic velocities u and v
so that the perturbations are consistent in some sense. The proposed remedy also conforms to the general
numerical procedures (unrelated to grid nesting) in NCOM, which checks and corrects the 3D velocity field
to match the depth-integrated transport field at each time step on each grid. It is evident from our tests that
the proposed remedy is effective to correct the bathymetry-induced inconsistency when updating the CM
velocity fields: In the idealized tests (Section 4) where the water depth is constant, the differences in the
results are found to be slight and insignificant with or without correcting the 3D u,v upon feeding back to
the CM in the 2-way nesting, as expected. However, in the simulations on real coasts (Section 5) where
the bathymetry is highly variable, if the correction of the 3D u,v is turned off in the 2-way nesting, the
Courant-Friedrichs-Lewy (CFL) condition for the vertical advection can become very large at some points
on the CM almost immediately after the feedback procedure is called. Once the correction of the 3D u,v is
turned on, the CFL violation disappears.

3.4 The simplified vs. full two-way nesting

For some large-scale flows, the momentum budget is approximately in geostrophic balance, i.e., the
velocity field primarily evolves according to fff ××× vvv = ∇p(ρ)/ρ , where fff is the Coriolis parameter, and ρ
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and p are the density and pressure fields. Depending on the modeling purposes, it may be sufficient in
physics, and computationally economic, to feed only the FM scalar fields T and S back to the parent grid,
and not the FM velocity field. This assumes that the CM velocity field will be indirectly updated through
the density field when the equation of state is computed using the newly updated T and S because of the
geostrophic balance. To provide modeling flexibility and test the sensitivity of the two-way coupling, we
provide a user-selectable choice to turn on/off the feedback of selected FM variables. In the following
discussions, the term simplified two-way nesting refers to the simulations in which only the FM T and S
are fed back to the parent grid. In a full two-way nesting, the 3D baroclinic velocities, the 2D barotropic
transports, the surface elevation, as well as T and S, are all fed back from the FM to the CM.

4. IDEALIZED EXPERIMENTS

To test and evaluate the implementation of the 2-way nesting schemes, we first set up NCOM simulations
of idealized problems. Two cases are discussed here. The result of a non-nested simulation on a single grid
is referred to as a reference solution and used for comparison. Note that the result on the CM in the 1-way
nesting is also the coarse-resolution reference solution, while the high-resolution reference solution is on a
single grid of mesh size the same as that used on the nest.

4.1 Eastward propagation of an equatorial Kelvin wave

This case is primarily set up to show that, despite the crude assumption, the simple 2-way nesting strategy
of feeding back only T and S can, to some degree, improve the large-scale structure of the CM velocity field
when geostrophic balance approximately holds. The physical problem was previously used by Rowley and
Ginis (1999) to demonstrate their moving nesting scheme in a 1.5-layer, reduced-gravity ocean model. The
Kelvin wave is generated by a local perturbation of the thermocline. Atmospheric forcing at the sea surface
is absent. The Kevin wave steepens as it propagates eastward without dispersion, and develops interesting
structures (e.g., the resolution-limited, sharp wave front) that are useful to test the numerics. In our setup,
a mesh size of 60 km and a time step of 5400 s are used on the parent grid. The vertical grid consists of
30 sigma layers with the layer-thickness increasing log-linearly from z = 0 to z = −2000 m. The initial
conditions are zero velocity, constant S = 35 psu, and T (z) corresponding to the Levitus climatology for the
equatorial Pacific at 180E, which is superimposed with a perturbation for the Kevin wave. The Gaussian-
shaped temperature perturbation has a horizontal scale of 500 km and a maximum at z = −180 m. The
maximum of the perturbation is 4◦C, which corresponds to amplitude of−60 m in the initial perturbation of
the layer thickness in Rowley and Ginis (1999). The initial perturbation generates an eastward-propagating
Kelvin wave, as well as small amplitude, westward-propagating Rossby waves (Philander et al., 1984).

In the absence of bathymetry, the zonal velocity u of the eastward-propagating Kelvin wave is approx-
imately in geostrophic balance with the north-south pressure gradient. On the CM, the SSH is visibly
improved in the simplified 2-way nesting that feeds back only the FM T and S but not the velocities, show-
ing the sharp wave front that resembles the high-resolution reference solution (compare Fig. 2a and Fig. 2c).
In the 1-way nesting (Fig. 2b), the parent grid does not receive any information from the FM nest, and thus
shows a slightly less focused wave front, which is simply a feature of the coarse-resolution reference so-
lution. The major differences in the velocity fields are seen in the near-zero contours (noise level). The
result of the full 2-way nesting (not shown) is little different from that of the simplified 2-way nesting, con-
firming the expectation that it is less important to directly feed the velocity field back to the CM when the
flow dynamics are dominantly controlled by the geostrophic balance. As the Kelvin wave leaves the nest,
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Fig. 2—The zonal velocity u (shade) at z = −181 m, showing the eastward propagation and steepening
of the Kelvin wave at 1200 hr on day 26: (a) the high-resolution (of 20 km) reference solution on a single
grid; (b) the solution on the CM in the 1-way nesting (which is also the coarse-resolution (of 60 km)
reference solution); (c) the solution on the CM in the simplified 2-way nesting. Superimposed are the
contour lines of SSH (solid for 0.005 m; dashed for -0.005 m), indicating the regions of high and low
pressure. The flat bed is at z =−2000 m. In (b) and (c), the dashed box shows the nested area.

small-scale, westward-propagating waves are generated at the eastern boundary of the nest (Fig. 3). While
these reflected waves are due to the imperfection of the numerical open boundary conditions (hence would
not be wanted to be fed back to the CM), it is interesting to note that their presence on the FM is much
more suppressed in the simplified 2-way nesting, compared to that in the 1-way nesting (compare Fig. 3b
and Fig. 3d). Due to the two-way grid-interaction, the solutions on the CM and FM are more consistent.
As a result, the back-scattering (reflection) of the wave at the open boundary is reduced. NCOM provides
several options for the numerical open boundary conditions, from which a user can choose independently
for the scalar fields, the surface elevation, and the velocities on each grid. The reflected waves at the FM
boundary cannot be completely eliminated by the numerical open boundary conditions that are prescribed,
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Fig. 3—The temperature filed at z =−181 m under the eastward-propagating Kevin wave, comparing the
results in the 1-way nesting (left panels) and the simplified 2-way nesting (right panels): (a) and (c), T
on the CM in the nested area; (b) and (b), T on the FM. The time is at 1200 hr on day 30 when the wave
is leaving the nested area. The contour interval is 0.2◦C.

though some options better suppress the reflection than others. They are similarly seen in the reference so-
lution as the Kelvin wave exits the eastern boundary of the model domain (thus are not due to the feedback
procedure), and are clearly resolution-dependent (Fig. 4). This shortcoming may be corrected by adding
a sponge layer near the open boundary, in which an artificially large damping is employed to prevent the
disturbance/noise from propagating back into the nest or model domain (Debreu et al., 2012).

4.2 Evolution of a baroclinic vortex

This idealized problem has been used by various authors to test and evaluate the performance of embed-
ded 1-way and 2-way nesting in ocean models (e.g., Spall and Holland, 1991; Penven et al., 2006; Debreu et
al., 2012) and, hence, may be regarded as a benchmark test. A theoretical study of the physical problem can
be found in McWilliams and Flierl (1979). We set up this experiment closely following the previous studies.
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Fig. 4—The reference solution (non-nested simulation on a single grid) of T at z = −181 m on day
64, showing the resolution-dependent reflection at the eastern boundary when the Kelvin wave exits the
model domain: (a) the low resolution (of 60 km); (b) the high resolution (of 20 km).

An initially axisymmetric vortex is centered at 38.5N, 38.5E in a square basin with a uniform depth of 5000
m, and corresponds to a Gaussian pressure distribution, which has a maximum geostrophic velocity of 1 m/s
and a horizontal e-folding scale of 60 km at the surface. The function describing the pressure perturbation
is slightly modified from that in Penven et al. (2006) and Debreu et al. (2012) so that the function and its
first derivation in z are continuous (see Appendix A). The initial horizontal velocity field is in geostrophic
balance with the horizontal pressure gradient. The parent grid uses a horizontal mesh size of 30 km and
time step of 600 s. The nest is at the center and covers the initial vortex. Following Penven et al. (2006)
and Debreu et al. (2012), we use ten evenly-spaced vertical layers and turn off the horizontal and vertical
diffusion (viscosity), and bottom friction. Recall that the surface layer is always within the sigma coordinate
in NCOM. There is no atmospheric or the tidal forcing.

The evolution of the vortex is dominated by its southwestward propagation under the Coriolis effect,
leaving behind a wake. The anticyclonic vortex approximately maintains its shape as it propagates and
slowly weakens in strength due to the generation of the wake (see the sea surface temperature SST of the
high-resolution reference solution in Figs. 5a – 5c). In contrast, in a coarse-resolution simulation, the vortex
deforms, rapidly loses its strength, and becomes increasingly westward propagating as time goes on (see
the CM solution in the 1-way nesting in Figs. 5d – 5f). The CM solution is significantly improved in the full
2-way nesting due to feeding back the FM fields, with the vortex structure and the wake closely resembling
the high-resolution reference solution up to t = 60 days (Figs. 5g – 5i). The discrepancy in the orientation
of the vortex becomes more noticeable (compare Fig. 5h and Fig. 5b). For t > 60 days, the vortex is outside
the nested area, and the FM nest mostly resolves the wake flow. Consequently, feeding back the FM fields
becomes less effective in influencing the vortex propagation, and the CM solution begins to show the features
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of the coarse-resolution reference solution; for instance, the weakened vortex and the tendency to propagate
west (compare Fig. 5c, Fig. 5f, and Fig. 5i).

While it is used to compute the initial velocity field, the geostrophic balance is not expected during
the evolution of the vortex. For comparison, we have included the result from the simplified 2-way nest-
ing (Figs. 5j – 5l). During the short-term evolution (t < 30 days), the vortex and the wake on the CM are
very similar to the high-resolution reference solution, and much better resolved compared with the coarse-
resolution reference solution (Fig. 5d). This presumably is because the flow is still under the influence of
the initial condition, which is in geostrophic balance. For t > 30 days, however, the vortex structure on the
CM rapidly degenerates, as the ageostrophic flow develops, signifying the failure due to the lack of feeding
back the FM velocity fields.

The sea surface zonal velocity SSU and sea surface height SSH on the CM are shown in Fig. 6 for the
nested area, comparing different simulations. The corresponding results of SSU and SSH on the FM nest
are in Fig. 7. In the full 2-way nesting, the solutions on the CM and FM are consistent, and both similar to
the high-resolution reference solution (compare Fig. 6g and Fig. 7d for t = 30 days, and Fig. 6h and Fig. 7e
for t = 60 days). In comparison, there is a greater discrepancy between the CM and FM solutions in the
1-way nesting; in particular, when the CM solution is no longer accurate enough to represent the truth (e.g.,
for t > 60 days), the FM solution has also significantly departed from the high-resolution reference solution
because of the inaccurate boundary forcing obtained from the CM (compare Fig. 6d and Fig. 7a for t = 30
days, and Fig. 6e and Fig. 7b for t = 60 days). In the simplified 2-way nesting, a considerable inconsistency
is also observed between the CM and FM solutions (compare Fig. 6j and Fig. 7g for t = 30 days, and Fig. 6k
and Fig. 7h for t = 60 days).

As the horizontal structure of the flow is improved, so is the vertical structure, even though there is no
vertical mesh refinement. It is seen in Fig. 8 that the vertical fluctuation of T on the CM given by the full and
simplified 2-way nesting both show better agreement with the high-resolution reference solution, compared
with that given by the 1-way nesting. This is consistent with the results in Fig. 5. At later times (e.g., t = 60
days), the vertical fluctuation of T on the CM in the 1-way nesting becomes much less depth-penetrating
due to the weakened vortex strength, as well as the dislocation of the vortex center (being away from that in
the high-resolution reference solution).

If the high-resolution reference solution is taken as the ‘truth’, the root-mean-square (RMS) errors of the
model variables can be computed. The RMS errors of SST, SSH, and SSU on the CM are compared among
the different simulations in Fig. 9. For t < 60 days when the vortex is inside the nested area, feeding back
the FM fields is effective and reduces the errors in the CM fields; although the errors in SST are similar,
with or without feeding back the FM velocity fields, the errors in SSH and SSU are considerably greater in
the simplified 2-way nesting. For t > 60 days, the RMS errors in the full 2-way nesting suddenly elevate
as the vortex leaves the nested region, and these errors remain the greatest. This, however, should not be
interpreted that the full 2-way nesting becomes inferior to the others, as we have seen in Fig. 5 that at t = 100
days it still resolves the vortex strength and shape better than the other nested simulations. The apparent
elevation of the errors in the full 2-way nesting is largely due to the dislocation of the vortex center (compare
Fig. 5c and Fig. 5i) that is caused by the tendency of the westward propagation on the CM as the influence
of the nest wanes. On the contrary, the RMS errors on the CM in the 1-way nesting plateau for t > 70 days,
as the vortex degenerates due to the insufficient resolution.
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Fig. 5—SST as the baroclinic vortex evolves: (a-c) the high-resolution (of 10 km) reference solution; the
solution on the CM in (d-f) the 1-way nesting (also the 30-km reference solution), (g-i) the full 2-way
nesting, and (j-l) the simplified 2-way nesting. The contour interval is 0.3◦C, increasing from 17.9◦C
towards the maximum at the vortex center.
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Fig. 6—SSU (shade) in the area covered by the nest as the baroclinic vortex evolves: (a-c) the high-
resolution reference solution; the solution on the CM in (d-f) the 1-way nesting, (g-i) the full 2-way
nesting, and (j-l) the simplified 2-way nesting. Superimposed are the contour lines of the CM SSH. The
contour interval is 0.2 m.
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Fig. 7—SSU (shade) on the FM in (a-c) the 1-way nesting, (d-f) the full 2-way nesting, and (g-i) the
simplified 2-way nesting. Superimposed are the contour lines of the FM SSH. The contour interval is 0.2
m.
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Fig. 8—Contours of the CM T (◦C) in the (x,z) plane at the latitude passing through the vortex center
(which is determined based on the SST of the high-resolution reference solution at the given time): the
high-resolution reference solution (dotted black); the 1-way nesting (blue); the full 2-way nesting (red);
the simplified 2-way nesting (green).
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Fig. 9—RMS errors of (a) the CM SST, (b) the CM SSH, and (c) the CM SSU as functions of time. The
curves are for the 1-way nesting (dashed), the full 2-way nesting (solid), and the simplified 2-way nesting
(dotted).
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5. APPLICATIONS ON REAL COASTS

5.1 Mississippi River delta

The non-nested NCOM is well tested in the Gulf of Mexico, since NRL has been running a 1-km res-
olution simulation in the region with COAMPS using 3D-var data assimilation with observations provided
by NAVOCEANO, and archived the results from 2012 to the present date. For testing the embedded 2-way
nesting procedure, we set up the parent grid with 3-km mesh size within the Gulf of Mexico, and a nest with
1-km mesh size in the Mississippi (MS) River Delta (Fig. 10). In this test, we use 40 vertical layers with the
layer thickness increasing log-linearly downward. The top 20 are sigma-layers. The transition to z-layers is
at about 140-m depth. The surface atmospheric forcing uses the NAVGEM05 database (3-hourly fields with
a spatial resolution of 0.5◦). The input data files for the boundary conditions are set up by interpolating the
archived global HYCOM data (3-hourly fields with a spatial resolution of 1/12 degree). Tides are specified
using the Oregon State University US East Coast database (Egbert, Bennett and Foreman, 1994; Egbert and
Erofeeva, 2002). The simulation period is from October 21, 2015 to April 16, 2016. The model results are
output every 3 hours.
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Fig. 10—(a) The model domain of the parent grid, with the dashed box indicating the nested area in the
MS River Delta. The color shade shows the depth. (b) The depth contours in the nested area, showing
the difference in the FM (red) and CM (black) bathymetry.

We have examined all of the model variables at different depths, and times. They are similarly informing,
as far as evaluating the performance of 2-way nesting is of concern. Some examples are given below to
facilitate the discussion.

The daily-averaged meridional sea surface current SSV and sea surface height SSH from the different
nested simulations are shown in Fig. 11 and compared with the non-nested, 1-km simulation (i.e., the high-
resolution reference solution). While the large-scale flow structures are similar overall, some differences are
worth noting. (i) A trace of strong northward SSV (∼ 0.5 m/s) that is associated with the low-salinity plume
from the river mouth (at 29◦09′04′′N 89◦12′27′′W) is observed in both the 1-km reference solution and
the full 2-way nesting (Figs 11a and 11c). This northward SSV at the river mouth, however, is practically
absent on the CM in the 1-way nesting (Fig. 11b). Recall that the CM solution in the 1-way nesting is also
the 3-km reference solution. (ii) The center of the anticyclonic eddy (e.g., the 0.8-m contour of SSH) is
similarly located in the 1-km reference solution and in the full 2-way nesting. In the latter case, the eddy
center is slightly further north, and the positive SSH contours extend further west, causing an enhanced
northward current near 268E. On the CM in the 1-way nesting, the center of the anticyclonic eddy has a
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lower pressure, and is closer to the river mouth (with the eddy center being further north by approximately
0.75◦ and slightly west of that in the 1-km reference solution). (iii) In the simplified 2-way nesting, the eddy
has a smaller east-west range, and is closer to the river mouth than that in the 1-km reference solution and in
the full 2-way nesting. (iv) The effects of lacking the appropriate grid-coupling are much more pronounced
at small scales. For instance, the vertical velocity w on the CM is noisy in the nested area in the simplified
2-way nesting, and clearly discontinuous at the nest boundary (Fig. 12d). This is the consequence of not
feeding the FM velocity fields back to the CM, despite the apparent smoothness of the large-scale fields in
Fig. 11d. By comparison, the w-field in the full 2-way nesting is smooth on the CM, and the scale of the
variations is visibly refined within the nested area (compare Fig. 12c with Fig. 12a and Fig. 12b); the nest
boundary is barely visible. We note the noise at the south boundary (∼ 24N) of the parent grid where the
loop current of the Gulf Stream comes in. The boundary forcing for the parent grid is interpolated from
the archived HYCOM database, which has a spatial resolution of ∼ 9 km. The parent grid is, in effect,
a nest of the global ocean. The stronger noise in the 1-km reference solution is expected because of the
greater contrast between the mesh sizes for the model domain and the database. While the noise at the
boundary of the parent grid is inevitable (without advanced numerical treatments, e.g., sponge layers) due to
the non-embedded (i.e., offline) nesting with the global (or another larger) domain, and undesirable, it in fact
provides evidence to support the finding that the fully-coupled two-way grid-interaction tends to suppress
the noise-generation at the nest boundary, in view of Fig. 12c. This is because the solutions on different
grids become more consistent in the fully-coupled 2-way nesting, as is discussed below.

From the monthly sea surface salinity SSS, e.g., in March 2016 (Fig. 13 and Fig. 14), it is seen that the
region of wind-induced freshwater mixing in the MS River Delta is consistently predicted on the CM and
the FM in the full 2-way nesting (compare Fig. 14c and Fig. 14d), and is similar to that in the 1-km reference
solution. In the 1-way nesting, however, this region of freshwater mixing is noticeably smaller on the CM
than on the FM (compare Fig. 14a and Fig. 14b), with the latter being similar to the 1-km reference solution,
as expected. This is consistent with the finding in the idealized experiments (Section 4) that the discrepancy
between the CM and FM solution is greater in the 1-way nesting due to the lack of grid-coupling. In
the simplified 2-way nesting, the monthly SSS on the CM and the FM appear to be consistent, and both
compare well with the 1-km reference solution, but the CM velocity field is not satisfactory as we have seen
in Fig. 12d.

The vertical profiles of temperature at a point just outside the river mouth are shown in Fig. 15, illus-
trating the fluctuations of the thermocline from March 22 to 27, 2016 in different simulations. On the CM
in the full 2-way nesting, the upper layers are less warm, and the depth of the thermocline is shallower (by
approximately 30 m), compared with the 1-km reference solution and the other nested simulations. How-
ever, it reveals a thermally inverted 21◦C layer trapped in the 20-70 m depth range (Fig. 15c). In the full
2-way nesting, a cooler surface layer develops from 03/22 to mid 03/23, which reappears on 03/25 with
an even lower temperature. These events are similarly seen in the 1-km reference solution, though only a
slightly cooler surface layer reappears on 03/26. These events are not visible on the CM in the simplified
2-way nesting or in the 1-way nesting. The field observations of the vertical temperature profiles at this
point are shown in Fig. 16a for the same time period. (The dataset is from the field experiment of OL16
(Optical Layers, March 2016), which was a joint study of NRL, Harbor Branch Oceanographic Institute,
and the University of North Carolina. The data were collected from an ADCP mooring array. Note that a
comprehensive comparison with the field experiment, including other datasets, is beyond the scope of this
paper.) The observed upper layers are somewhat cooler and thicker than the simulated results, including the
1-km reference solution. It is, however, interesting to note that a better comparison with the data is given
by the full 2-way nesting, including the thermally inverted 21◦C layer (though it occurs at deeper depths in
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the data). Furthermore, the formation of a cooler surface layer is also seen in the data from 03/22 to 03/23,
and around 03/26. For a closer look, we compare the vertical temperature profiles on 03/22/2016 at 15:00
GMT in Fig. 16b. The full 2-way nesting is seen to closely follow the data in the upper layers (z > −60
m), but under-estimate the data in the lower layers. All the other simulations over-estimate the data in the
upper layers, but compare well with the data for z <−70 m. The thermal inversion is absent from the 1-km
reference solution, and nearly so in the CM solution of the 1-way nesting. In the simplified 2-way nesting,
a thermally inverted layer of higher temperature occurs.

In the 1-way nesting, there is a considerable discrepancy between the temperature profiles on the CM
and FM in the upper depth that extends well below the thermocline (Fig. 17). This inconsistency is clearly
corrected by feeding back the FM fields. (This, however, does not explain why the 1-km reference solution
over-predicts the data in the upper layers, while TCM in the full 2-way nesting agrees better with the data.)

Mobile Bay is another area of major practical interest, and can be strongly affected by the northeastward
low-salinity plume from the MS River. As an example, we show the fluctuation of T at a point just outside
Mobile Bay (Fig. 18a) in March 2016. On the CM, the results from the nested simulations are generally
similar, and follow the 1-km reference solution. Note the sudden drop of temperature around 03/21 and
the subsequent recovery following 03/23, which coincide with the events of retreat and reformation of the
freshwater plume from the MS River. Again, the 1-way nesting gives the largest difference between the
solutions on the CM and the FM (Fig. 18b).
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Fig. 11—Daily-averaged meridional sea surface current SSV (shade) on March 19, 2016, superimposed
by the contours of SSH, showing the anticyclonic eddy that is nearly breaking off from the loop current
(below 24N): (a) the 1-km reference solution; (b) the 1-way nesting; (c) the full 2-way nesting; (d) the
simplified 2-way nesting. The contour interval is 0.2 m, with the dashed lines for the negative values.
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Fig. 12—Vertical velocity w at z = −94.05 m (layer 18) on March 19, 2016, 12:00 GMT: (a) the 1-km
reference solution; the CM solution in (b) the 1-way nesting (also the 3-km reference solution), (c) the
full 2-way nesting, and (d) the simplified 2-way nesting. The dashed box in (b) indicates the nested area.
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Fig. 13—The 1-km reference solution of the monthly SSS in March 2016, showing the wind-induced
freshwater mixing in the MS River Delta. Only the area that would be covered by the nest is shown.
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Fig. 14—Monthly SSS in March 2016 from the nested simulations, comparing the solutions in the nested
area on the CM (left panels) with the FM solutions on the nest (right panels): (a-b) the 1-way nesting;
(c-d) the full 2-way nesting; (e-f) the simplified 2-way nesting.
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Fig. 15—Temperature variations in depth-time at a point (271.4427E, 28.9795N) just outside the MS
River mouth: (a) the 1-km reference solution; the CM solution in (b) the 1-way nesting, (c) the full 2-way
nesting, and (d) the simplified 2-way nesting. The 20◦C contour is marked in black.
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Fig. 16—(a) Temperature profiles at (271.4427E, 28.9795N) from the OL16 field experiment. Data were
collected at 19 depths from z =−141.7 to -3.7 m at 1 min intervals from 03/22/2016 06:00 to 03/26/2016
16:59 GMT. The data gap (white) at the end of the time series is due to the failure of a sensor. (b) Depth
variation of T at 15:00 GMT on 03/22/2016. Data: ◦. Curves: the 1-km reference solution (black); the
1-way nesting (blue); the full 2-way nesting (red); the simplified 2-way nesting (green).
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Fig. 17—Differences of temperature profiles on the CM and the FM, ∆T = TCM−TFM, at (271.4427E,
28.9795N): (a) the full 2-way nesting; (b) the simplified 2-way nesting; (c) the 1-way nesting. In (d),
the depths near 271E on the CM (black) and the FM (red) are shown. Note that there is no bathymetry
discrepancy in the sigma layers (z >−120 m).
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Fig. 18—(a) Temperature fluctuations at a point (271.87542E, 30.12943N, and 12-m depth) just outside
Mobile Bay: the 1-km reference solution (black); the solution on the CM in (red) the full 2-way nesting,
(green) the simplified 2-way nesting, and (blue) the 1-way nesting. (b) ∆T = TCM−TFM at this point in
(red) the full 2-way nesting, (green) the simplified 2-way nesting, and (blue) the 1-way nesting.
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5.2 Columbia River on the Pacific northwest coast

This test case is for the Pacific northwest region where the Columbia River discharges into the ocean
(Fig. 19). Again, we use a 3-km horizontal mesh for the parent grid and 40 vertical layers with the layer
thickness increasing log-linearly downward. The top 20 layers are sigma coordinate. A FM nest is set up
south of the Columbia River mouth (at 46.3N 124.0W) and downstream of the fresher-water plume. The
surface atmospheric forcing is set up using the NOGAPS database (3-hourly fields with a spatial resolution
of 0.5◦). The boundary conditions are set up by interpolating the archived Global NCOM data (6-hourly
fields with a spatial resolution of 10 km). Tides are specified using the Oregon State University US West
Coast database. The simulation period is 90 days, from 2012040100 to 2012063000.

The results from the nested simulations (the 1-way nesting, the full and simplified 2-way nesting) and
the 1-km non-nested simulation are compared in Figs. 19 – 26. In the simplified 2-way nesting, the CFL
condition for the vertical advection slightly exceeded 1.0 on the CM during the 90-day simulation, and
could not be reduced by changing the numerical open boundary condition options for the nest; the high
production of noise affects the large-scale horizontal velocity fields on the CM even at the early stages of
the simulation (e.g., the SSV in Fig. 21d). In the full 2-way nesting, the large-scale fields are smooth on the
CM, showing no trace of the nest (which is only slightly visible in the vertical velocity field in Fig. 23c).
This again shows that the two-way nesting procedures are adequate to facilitate smooth interactions between
the grids. This is, however, insufficient to conclude that the full 2-way nesting has improved the solutions
on the parent grid during the 90-day simulation, in view of the overall similar large-scale structures of the
fields from the 1-km and 3-km reference solutions, and the results from the full 2-way nesting.

(a) (b)

129W 128W 127W 126W 125W 124W

43N

44N

45N

46N

47N

48N

-4000

-3000

-2000

-1000

0

m

126W 125W 124W

44N

45N

Fig. 19—(a) The modeling domain of the parent grid (CM) for simulating the Columbia River on the
North Pacific coast, with the dashed box showing the nest (FM). The color shade shows the depth. (b)
The depth contours in the nested area, showing the difference in the FM (red) and CM (black) bathymetry.
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Fig. 20—SSH on day 90 (06/29/2012, 00:00GMT) of the Columbia River simulations: (a) the 1-km
reference solution; (b) the 1-way nesting (also the 3-km reference solution); (c) the full 2-way nesting;
(d) the simplified 2-way nesting. The dashed box indicates the nested area.
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Fig. 21—Meridional sea surface current SSV on day 90 (06/29/2012, 00:00GMT): (a) the 1-km reference
solution; (b) the 1-way nesting; (c) the full 2-way nesting; (d) the simplified 2-way nesting.
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Fig. 22—FM SSV on day 90 (06/29/2012, 00:00GMT): (a) the 1-km reference solution in the nested area;
solutions on the nest in (b) the 1-way nesting, (c) the full 2-way nesting, and (d) the simplified 2-way
nesting. Note the absence of noise in the FM field in (d), compared with the noisy field in the nested area
on the CM in Fig. 21d (which is the consequence of not feeding back the FM velocity fields).
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Fig. 23—Vertical velocity w at z = −94.05 m (layer 18) on 05/01/2012, 00:00GMT: (a) the 1-km
reference solution; (b) the 1-way nesting (also the 3-km reference solution); (c) the full 2-way nesting;
(d) the simplified 2-way nesting.
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Fig. 24—Temperature at z = −94.05 m (layer 18) on 05/01/2012, 00:00GMT: (a) the 1-km reference
solution; (b) the 1-way nesting; (c) the full 2-way nesting; (d) the simplified 2-way nesting.
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Fig. 25—Temperature variation in depth on the CM at 44.5N on 05/01/2012, 00:00GMT: (a) the 1-km
reference solution; (b) the 1-way nesting; (c) the full 2-way nesting; (d) the simplified 2-way nesting.
The dashed vertical line is the seaward boundary of the nest.
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Fig. 26—Monthly SSS in 06/2012: (a) the 1-km reference solution; (b) the 1-way nesting; (c) the full
2-way nesting; (d) the simplified 2-way nesting.
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6. SUMMARY

We have given a detailed documentation of the implementation and testing of embedded nesting in
NCOM. In the previous development of 1-way nesting in NCOM, we have implemented and validated
the interpolation schemes to obtain the boundary conditions/forcing for the fine-mesh (FM) nests from the
coarse-mesh (CM) fields on the parent grid. Thus, the attention here is on the strategies of feeding back the
fields from the FM to the CM in the 2-way nesting.

The feedback procedure in NCOM includes: (a) the appropriate separation of the dynamic interfaces
(where the FM boundary conditions are calculated) and the feedback interfaces (which set the outer limits
of feeding back the FM fields); (b) the feedback (averaging) operators for the scalars and velocity fields;
(c) the correction of the 3D baroclinic velocities to match the depth-integrated barotropic transports in the
feedback. The inconsistency between the baroclinic velocities and the barotropic transports is inherently
due to the presence of bathymetry, and cannot be overcome by making the bathymetry consistent, or even
identical, on the child and parent grids. Not to mention that the discrepancies in bathymetry are virtually
unavoidable in practical applications because of the grid resolutions. The remedy used for (c) is simple, but
effective, and proven to be necessary in realistic coastal simulations to avoid CFL violations on the CM. In
NCOM’s setup programs, an option is provided to update the CM depths after setting up the nests, which
tends to improve the bathymetry consistency.

The implementations of the 2-way nesting are tested using idealized experiments and simulations on
real coasts, and evaluated by comparing the results from the 1-way nesting, the full and simplified 2-way
nesting, and the high-resolution, non-nested simulations (i.e., the reference). The simplified approach feeds
back only the temperature and salinity from the FM to the CM, assuming that the CM velocity fields will be
indirectly updated when the flow dynamics are dominantly in geostrophic balance. The full 2-way nesting
is capable of smoothly fusing the FM and CM fields, leaving little indication of discontinuity/noise in the
nested area in the CM horizontal fields; and the nest locations are only slightly visible in the vertical velocity
field (which is of smaller scale) on the CM. In cases where the results are sensitive to the grid resolution
(e.g., the evolution of a baroclinic vortex), the CM solution is markedly improved in the full 2-way nesting,
becoming more consistent with the FM solution on the nest. The simulation of the Mississippi River Delta
shows the improved prediction of features associated with the fresher-water plume on the CM due to the
feedback of the FM fields, and is supported by the comparison with a field dataset (though this model-
data comparison is limited in scope). While the simplified 2-way nesting can, to some extent, improve the
consistency of solutions on the FM and CM when the geostrophic balance dominates, its skill is limited. The
noise-production on the CM is strong in the simplified approach due to the lack of directly feeding back the
FM velocity fields, making the nested area clearly visible in the vertical velocity field; in some cases (e.g.,
the Columbia River simulation on the Pacific northwest coast), the noise can be so strong that unrealistic fine
structures become visible in the large-scale horizontal fields on the CM, and large, advective CFL violations
occur. Thus, the full 2-way nesting is always recommended when two-way grid-coupling is needed.
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Appendix A

INITIAL CONDITIONS FOR THE BAROCLINIC VORTEX PROBLEM

The dynamic pressure that is used in Penven et al (2006) to initialize the baroclinic vortex motion has
the form P = P0F(z)e−(x

2+y2)/2λ 2
, where the constant P0 = ρ0 f0umλe1/2. The maximum surface geostrophic

velocity um = 1 m/s, following Spall and Holland (1991). The horizontal e-folding scale λ = 60 km at the
surface. The vertical distribution F(z)≡ 0 for z≤−H1 so that there is no motion below the prescribed depth
H1, where the density field remains horizontally uniform. For z >−H1, Penven et al. (2006) chose

F(z) =
H1−1+ z+ e−(z+H1)

(H1−1+ e−H1)
, (A1)

which satisfies F(z = 0) = 1 (so that the magnitude of the surface pressure distribution is controlled by
P0), and F(z = −H1) = F ′(z = −H1) = 0. While the last two conditions ensure the continuity of F and
its derivative F ′ at z = −H1, F ′ is practically discontinuous as z→ −H1 because of the rapid variation
(Fig. A1). This affects the smoothness of the density field, since the density perturbation corresponding to
the dynamics pressure is determined by −∂P/∂ z =−ρ̃g, where g is the gravitational acceleration.

We choose a slightly different function of the vertical distribution for z >−H1, i.e.,

f (z) =
(

z
H1

+ e−(1+z/H1)

)
e, (A2)

which also satisfies f (z = 0) = 1, and f (z = −H1) = f ′(z = −H1) = 0. The derivative f ′(z), however, is
smooth for z > −H1 (Fig. A1). For z ≤ −H1, f (z) ≡ 0. Other initial fields are then calculated, assuming
the geostrophic balance for the horizontal velocities and hydrostatic balance in z accounting for the surface
elevation, as in Penven et al. (2006). The temperature field is from ρ = 1030−0.28T (◦C).
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