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Abstract

MPAS-Ocean is used to simulate an idealized, density-driven over ow using the dynamics
of over ow mixing and entrainment (DOME) setup. Numerical simulations are carried out
using three of the vertical coordinate types available in MPAS-Ocean, including z-star with
partial bottom cells, z-star with full cells, and sigma coordinates. The results are rst
benchmarked against other models, including the MITgcm’s z-coordinate model and HIM’s
isopycnal coordinate model, which are used to set the base case used for this work. A
full parameter study is presented that looks at how sensitive over ow simulations are to
vertical grid type, resolution, and viscosity. Horizontal resolutions with 50 km grid cells are
under-resolved and produce poor results, regardless of other parameter settings. Vertical
grids ranging in thickness from 15 m to 120 m were tested. A horizontal resolution of
10 km and a vertical resolution of 60 m are su cient to resolve the mesoscale dynamics of
the DOME con guration, which mimics real-world over ow parameters. Mixing and nal
buoyancy are least sensitive to horizontal viscosity, but strongly sensitive to vertical viscosity.
This suggests that vertical viscosity could be adjusted in over ow water formation regions
to in uence mixing and product water characteristics. Lastly, the study shows that sigma
coordinates produce much less mixing than z-type coordinates, resulting in heavier plumes
that go further down slope. Sigma coordinate are less sensitive to changes in resolution but
as sensitive to vertical viscosity compared to z-coordinates.

Keywords: dynamics of over ow mixing and entrainment (DOME), MPAS-Ocean, sigma
vertical coordinate, z-star with partial bottom cells, model resolution

1. Introduction

Over ows are density driven currents that ow down topographical features and mix
with the ambient ocean. Dense water forms for a variety of reasons including cooling,
evaporation, and salt addition (due to brine rejection during ice formation). After the
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formation of the dense water, which typically occurs in a semi-enclosed region, it can ow
down narrow straits or continental slopes until it reaches its neutral buoyancy level or the
ocean bottom (Legg|2012). Examples of oceanic over ows include the Nordic deep over ows
such as in the Denmark Strait (Girton and Sanford |2003; |Kase et al. [2003) and Faroe Bank
Channel (Mauritzen et al.[|2005), Antarctic deep over ows such as from Weddell (Foster and
Carmack1976)) and Ross seas (Gordon et al.|2004; Muench et al.|2009), and the intermediate
subtropical over ows such as from the Red (Peters et al.|2005; Peters and Johns| 2005;
Baumert et al. 2005) and Mediterranean seas (Baringer and Price|1997).

These dense over ows a ect the properties of intermediate and deep water and signif-
icantly in uence large-scale ocean circulation(Legg et al. 2009). Climate models without
accurate over ow representation may have incorrect heat transport distribution and incor-
rect magnitude and structure of their meridional overturning circulation (Legg et al. 2009).
Even when the over ows are resolved in global ocean models, the mixing and entrainment
processes are often not resolved and, thus, must be parameterized. The scales associated
with the mixing due to over ows are on the order of minutes and meters (llicak et al.|2008).
Additionally, most global ocean circulation models solve the hydrostatic primitive equations,
so vertical mixing must be parameterized.

In global simulations using z-coordinate models, downslope ows have too much entrain-
ment, which compromises simulations of the deep ocean (Roberts and Wood| (1997} Winton
et al. |1998; Wang et al.||2008). This spurious mixing is generated by the stair-step repre-
sentation of the bottom topography, which can be reduced by using partial cells bottom
cells (Adcroft et al. [1997), but not eliminated. The representation or parameterization of
over ows remains di cult at horizontal resolutions coarser than a few kilometers (Legg et al.
2006; Snow et al. 2015). There have been schemes developed to eliminate spurious mixing as
the plume descends the slope for z-coordinate models using various bottom-boundary layer
models (CAMPIN and Goosse 1999; Beckmann and Doscher[1997; Killworth and Edwards
1999; 'Song and Chao 2000).

Terrain following coordinate models are well suited for over ows and often use turbu-
lence closure models for mixing (Ezer and Mellor,2004; |[Ezer| 2005; [Ilicak et al.[[2008). Also,
terrain following coordinates are more commonly used for coastal and regional applications
than global simulations due to their inherent horizontal pressure gradient errors (Blumberg
and Mellor|(1987; Haidvogel et al.|2000). Isopycnal models are also a natural t for captur-
ing over ow dynamics, however, they require an explicit diapycnal mixing scheme (Hallberg
2000; Papadakis et al.[2003; |Legg et al. 2006). No mixing schemes or over ow parameteri-
zations are used in this study, rather this study focuses on a characterization of numerical
mixing.

The Dynamics of Over ows Mixing and Entrainment (DOME) is an initiative responsible
for developing an idealized over ow test case that could be used to compare di erent ocean
models’ treatment of the over ow dynamics. This initiative was part of the Gravity Current
Entrainment Climate Process Team (CPT; Legg et al. 2009). There have been other projects
with similar goals of understanding the sensitivity of numerical choices in models looking at
speci c regions or dynamics. These include Dynamics of North Atlantic Models (DYNAMO;
Meincke et al.[2001), Data Assimilation and Model Evaluation Experiments in the Gulf
Stream region (DAMEE-GSR; Willems||1995), and Data Assimilation and Model Evaluation
Experiments in the North Atlantic Basin (DAMEE-NAB; Chassignet et al.[2000). A direct
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consequence of various models and laboratory experiments studying the DOME test case (or
something very similar) is, rst, an improved description of the important physical processes
that a ect over ows. A second consequence is a deeper understanding of the sensitivity of
over ow mixing to physical (in ow density anomaly, slope angle, ambient uid strati cation,
etc., e.g. (Cenedese et al.| (2004); Legg et al. (2006)) and numerical parameters (resolution,
vertical coordinate, subgrid-scale parameterizations, advection schemes, etc., e.g. (Ozgokmen
and Chassignet (2002)); |Ozgokmen et al.| (2004a); /Anderson (2004); |[Ezer and Mellor| (2004);
Ezer (2005); Legg et al.[ (2006); |Legg et al. (2008); Wang et al. (2008); Laanaia et al. (2010);
Bates et al.[(2012)). In the DOME scenario, high resolution cases can be used as benchmarks,
even across models.

Second, over ows can be represented with straightforward mathematical models that are
used to set tracer di usivity and eddy viscosity. The most commonly used parameterizations
of this form include the K-pro le parameterization (KPP, used in z-coordinate models) and
the Turner-Ellison parameterization (TE, used in isopycnal coordinate models). In KPP,
vertical mixing is parameterized by specifying vertical viscosity as a function of the local
gradient Richardson number (Large et al. [1994; Large and Gent 1999).

The DOME con guration can be used to test over ow parameterizations by comparing
high resolution models without mixing parameterizations to lower resolution models with
parameterizations. |Legg et al.| (2006) was able to show that the Hallberg Isopycnal Model
(HIM) compares well with high resolution (500 m in the horizontal), non-hydrostatic z-
coordinate (MITgcm) simulations. The HIM model was run at a horizontal resolution of
10 km using a modi ed Turner-Ellison parameterization (Turner 1986; Ellison and Turner
1959) for entrainment due to shear driven mixing based o of the local gradient Richardson
number (Hallberg| 2000) and the Hallberg Bottom Boundary Layer model to parameterize
frictional mixing. Similarly, an idealized over ow con guration was used to test the HYCOM
parameterization, which is derived from high resolution, non-hydrostatic simulations using
Nek5000 (Xu et al. [2006). |Ezer and Mellor| (2004); Jackson et al.| (2008); |llicak et al.
(2008); [llicak et al. (2012) also used an idealized over ow domain to test new and existing
parameterizations.

Over the past 10 years, there have been numerous studies on idealized over ow using
di erent ocean models. Table [1] gives a summary of all those studies and categorizes them
with respect to the model, vertical grid type, horizontal grid type, numerical di erentiation
scheme, the use of bottom drag, the advection scheme type, the mixing scheme type, and
use of non-hydrostatic primitive equations. Additionally, the studies are categorized by
whether or not they investigated the sensitivity of the DOME test case to various numerical
parameters including: vertical and horizontal di usivity, vertical and horizontal viscosity,
and vertical and horizontal resolution. Table [2 provides more detail on the type of numerical
parameters that were studied, but focuses on viscosity and resolution, since that is the focus
of this paper. Even when looking at speci c sensitivity studies, the parameters were tested
in a variety of ways. Table [ shows whether or not a sensitivity test was conducted for each
parameter, indicated with a yes (Y) or no (N). The Y* indicates that the parameter was
varied, but under one of following constraints: (a) not independently with the variation of
other parameters, (b) the sensitivity of its variation was not studied, or (c) a parameterization
was used so it is not known exactly how the parameter varied.

All types of vertical coordinate models have been investigated using the DOME case

3
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including z-coordinate models (Ezer and Mellor|[2004; Ezer 2005; [Tseng and Dietrich 2006;
Wang et al. [2008), z-coordinate with partial bottom cells (PBCs) (Legg et al.| 2006| 2008;
Wang et al. |2008; Bates et al.[ 2012), sigma coordinate models (Ezer and Mellor| 2004;
Ozgokmen et al.| 2004b; [Ezer| 2005; Wang et al. [2008), and isopycnal models (Legg et al.
2006 |2008). In the majority of the cases where a parameter is varied and the rest of the
parameters are held constant (), the sensitivity study only included 2 or 3 di erent cases.
For example, the rstY that appears in the table is for |[Ezer (2005) under vertical di usivity.
However, Table [2] shows that only two cases are used to test the sensitivity of the vertical
di usivity (one with di usivity equal to zero, and the other with nonzero di usivity). One no-
ticeably untested (or unreported) sensitivity test is the variation of vertical resolution, which
no study has tested as an independent controlling factor of over ows within the DOME test
case (most varied vertical and horizontal resolution simultaneously). |Riemenschneider and
Legg| (2007) did test vertical resolution dependence on over ows as an independent control-
ling factor in the Faroe Bank Channel. [Laanaia et al. (2010) also tested vertical resolution
dependence independently using sigma coordinates in the NEMO-OPA9 model. They found
that over ow dynamics were incredibly sensitive to vertical resolution and adding merely 5
sigma levels in the bottom boundary layer signi cantly improved over ow representation.

Horizontal resolution has been tested frequently, but it is commonly tested in only one of
the vertical coordinate types (Ezer and Mellor2004; |Legg et al.|2006)), for only two horizontal
resolutions (Bates et al.|2012), while also varying vertical resolution (Ezer and Mellor [2004;
Ezer|2005; Legg et al.|[2006; ' Tseng and Dietrich 2006; Wang et al.|2008), or while also varying
viscosity (Ezer| 2005; |Legg et al. |2006; Wang et al. 2008). The story is similar for the other
numerical parameters. In particular, Legg et al.| (2008) looked at the MITgcm sensitivity
to vertical and horizontal viscosity, but only at one horizontal and vertical resolution, for a
smaller set of viscosities than the set of numerical experiments presented in this paper, and
only for the z-coordinate model.

The goal of this paper is twofold: (a) to validate MPAS-Ocean, as it is a new ocean
model, by testing it on a well known benchmark problem, and (b) to conduct a full numeri-
cal parameter study on the DOME setup that brings together and Ils in some of the missing
pieces from all of the previous studies. In particular, this work contributes to previous work
by covering a more expansive range of parameter space than has been previously done, and
also by investigating the sensitivity to vertical resolution as an independent controlling factor
of over ows within the DOME test case. None of the models run for this study have explicit
mixing schemes or over ow parameterizations. The goal is to study a characterization of
numerical mixing, since MPAS-Ocean will be primarily run in z-coordinate mode. Addition-
ally, the sigma coordinate simulations are done for comparison, so no parameterizations are
used there either.

The paper is organized as follows: Section |2 describes MPAS-Ocean and the experimental
setup; Section [3|describes the analysis techniques used for understanding over ows; Section 4]
presents the model con guration to ensure that MPAS-Ocean correctly simulates the DOME
test case; Section[5 reports the results from a sensitivity study on vertical viscosity, horizontal
viscosity, vertical resolution, and horizontal resolution for z-star, z-star with PBCs, and
sigma vertical coordinate con gurations; and Section [6 summarizes results and provides a
recommendation for the most computationally cost e ective option for global circulation
models.
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Table 1: Summary of models that have tested DOME

| c o
g g Z Z g g2 3 3 © s g E
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§ g & & § § 8 < z

S s > > s 3

Ezer and Mellor| (2004) POM z, C | Y* Y™* Y™* Y* Y™* Y™* N/A MP M-Y N
Ozgokmen et al.| (2004b)Y Nek5000 hex-A 1 N N N N N N N/A PQ none Y
Ezer| (2005) POM z, C 1 Y Y Y* Y* Y* Y N/A MP M-Y N
Legg et al.| (2006) MITgcm zp (low rez*) C i N(0) N(0) Y* Y* Y* Y 0.002 S none N
Legg et al.| (2006) MITgcm zp (high rez*) C 1 N(0) N(0) N N N N 0.002 S none Y
Legg et al.| (2006) HIM C | N N Y* Y* N Y 0.002 B TP N
_|[Tseng and Dietrich| (2006) DieCAST z A-C 1 Y* Y* Y* Y* Y* Y 0.002 40,20 MR N
Legg et al.| (2008) MITgcm zp [ 11 N N Y Y N N 0.002 S, 0, P N N
Legg et al.| (2008) HIM C I N N N N N N 0.002 B TP,JHP N
Wang et al.| (2008) FEOM z, zp, tri-A v Y Y* N Y N Y 0.002 FCT MR N
Bates et al.| (2012) MOM zp B ] N(0) N N Y N Y varied MD SM N
this study MPAS-Ocean z*, 2*p, hex-C | 111 | N(O) | N(0) Y Y Y Y 0.002 FCT none N

Key: In rst column, (¥) indicates that the study did not utilize the DOME setup exactly. For V. Grid Type, zp means z-level with PBCs. H.
Grid Types are listed as either structured Arakawa grids (A-C), or unstructured grids (hex, tri, etc.). Please note that not all grids were uniform,
evenly spaced points in both the vertical and horizontal. Numerics indicate how di erentiation is done, |- Finite Di erences, Il-Spectral
Elements, Ill-Finite Volume, IV-Finite Element. Y/N answers indicate where or not the study varied that parameter (Y) or held it constant
throughout all test runs (N). N(0) means zero di usion was used in all cases. The Y* indicates that either the parameter was varied but not
independently, the sensitivity of its variation was not studied, or a parameterization was used. Advection schemes: MP-MPDATA, PQ-Pointwise
Quadrature, S-Superbee, 40-4th order, 20-2nd order, O-OS7MP, P-Prather, B-Bott’s, FCT-Flux Corrected Transport, MD-multi-dimensional
piecewise parabolic method. Mixing Schemes: M-Y-Mellor, TP-Turner Parameterization, Yamada, JHP-Jackson and Hallberg scheme,
MR-modi ed Ri-dependent scheme, SM-Smagorinsky friction scheme. *MITgcm high resolution simulations of 2.5 km and ner used a stretched,
non-uniform grid with higher resolution in the embayment.

2. Numerical Setup

2.1. About the model: MPAS-Ocean

The model used in this work is MPAS-Ocean (Ringler et al. [2013). MPAS is an acronym
for Model for Prediction Across Scales and is a software framework for climate model compo-
nents developed by Los Alamos National Laboratory and the National Center of Atmospheric
Research. Numerous cores have been developed within the MPAS framework, including a
shallow-water model (Ringler|2011), a hydrostatic atmosphere model (Rauscher et al.|2013),
a non-hydrostatic atmosphere model (Skamarock et al.[[2012), a hydrostatic ocean model
(Ringler et al.|2013), and sea-ice and land-ice models (under development).

The MPAS approach uses a horizontally conforming mesh that is a high-quality, easy-to-
construct, and multi-resolution tessellation (Ringler et al.|2008). Here high-quality means
that the mesh size varies smoothly and each polygon has nearly uniform edge lengths. Easy-
to-construct means that fast algorithms exist to create the meshes. The preference is to
use Spherical Centroidal Voronoi Tessellations (SCVTSs), which are n-sided polygons, but in
practice mostly hexagons. SCVTs are very convenient for variable resolution meshes because
they are constructed from a mesh density function, and the mesh quality remains high as the
number of points increases. The isotropy of a hexagon is also preferred over a quadrilateral
or triangle. In the study presented here, the horizontal grids are all uniform (not using
multi-resolution capabilities) in order to isolate parameter changes, especially to compare to
other models. When SCVTs are used, they are referred to as a hex grid throughout. All
cases in this work were run on a hex grid, unless noted otherwise.

The vertical grid uses the Arbitrary Lagrangian-Eulerian (ALE) method, which allows for
a variety of vertical coordinate options (Petersen et al.[2015). These options include: z-level,



Table 2: Summary of Work with DOME

Grid Type
Study Model (\Vertical/Horizontal Numerical Study
/Discretization)
x (km) 10 10 10 25
z-level z-levels (#) 50 © 50 ' 50 = 88
Arakawa C-grid h(m?s 1) 50 ' 500 ' 5000 ' 500
Ezer and Mellor| (2004) POM Finite Di erence v(m?s 1) varies; varies; varies ; varies
x (km) 0 10 ° 10 10
sigma -levels (#) 50 © 50 & 50 . 10
Arakawa C-grid h(m?s 1) 50 ' 500 ' 5000 . 500
Finite Di erence v(mZs 1) varies. varies. varies | varies
x (km) 0.2
Ozgokmen et al.| (2004b) Nek5000 sigma. levels () 8
hex-A grid h(m<s ) 1.17
Spectral Element v(m?s 1) 2.34x10 2
x (km) 10 '~ 25 ° '
z-level z-levels (#) 50 & 88 :
Arakawa C-grid h(mzs 1) 100 : 10 : :
Ezer| (2005) POM Finite Di erence v(mZs 1) 500 ; 50 ; . ; .
x_(km) 10 25 ° 10* © 10°
sigma -levels (#) 50 © 50 ' 50 . 50
Arakawa C-grid h(mZs 1) 100 © 10 | 100 . 100
Finite Di erence v(mZs Ty 500 = 50 | 500 500
x (km) 50 =~ 10 =~ 25 05
t t t
MITgecm z-level, PBC_ z—Ieve;s (1:&) 25 , 25 , 60 , 120
Arakawa C-grid h(m<s ) 50 ) 50 ) 5 ) 0.5
ini 7. 1 f f 7t z
Legg et al] (2006) Finite Volume v(mss *) 0.5 , 0.5 | 5x10 | 1x10
x (km) 50 10
HIM isopycnal b-levels (#) 25 | 25
. T —+ -
Arakawa C-grid h(m<s ) varies varies
Finite Di erence v(m?s 1) 10 ¥ 10 % 05 .
x (km) 50 ' 20 ' 10 ' 5 ' 25
z-levels (#) 18 '~ 18 18 37 73
h(mZs 1) 4 T 4 4 4 4
Z T 5
Tseng and Dietrich (2006) | DiecAST z-level v(m®s ) a0 ,
Arakawa A- & C-grid x (km) 5 ) 5 ) 5 ) 5
Finite Di erence z-levels (#) 37 . 37 . 31 3l
h(m?s 1) 20~ 200 . 4 4
v(m?s 1) 1x10 ° 1x10 ° 2x10 * 8x10 3
x (km) 2.5
MITgem z-level, PBC_ z—Ieve;s (1;:*) — '60 ' '
Arakawa C-grid h(mss ) 2x10 , 005 05  0.05 0.05
Finite Volume v(mZs 1) 5 5 . 5 . 05 50
Legg et al.| (2008) X _(Km) 25
isopycnal b-levels (#) 25
HIM Arakawa C-grid h(m?s 1) varied ' varied ' varied
Finite Di erence V(mzs 1) 1x10 * I 1x10 4 I 1x10 *
param. type BMO | JHP TP
x (km) 20 T 10 T 10 7 5 T 25
z-level, full & partial z-levels (#) 36 72 72 . 144 144
tri-A grid h(mZs 1) 50 ' 50 = 50 . 50 ' 50
P T T T T T
Wang et al] (2008) FEOM Finite Element v(m?s 1) 005 005 02 005 005
x (km) 20~ 10 10 5 25
sigma z-levels (#) 36 36 36 36 _ 36
triangle grid h(mZs 1) 50 ' 50 50 . 50 ' 50
Finite Element v(mZs 1) 0.05 ' 005 02 . 0.05 . 0.05
x (km) 40 ' 40 ' 4.1
t t
Bates ot al] (2012) MOM z-level, PBC_ z—Ieve;s (1;&) 50 # 50 , 50
Arakawa B-grid h(m<s ) 500 ) 500 ) 500
Finite Di erence v(mZs 1) 0.5 . 1x10 0.5

Key: 2K ;=0 & PKy,=0.
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where all layers have xed thickness except for the top layer; z-star, where all layer thicknesses
compress in proportion to the sea surface height (Adcroft and Campin|2004); sigma, where all
layers are used and layers contract to follow bottom bathymetry (i.e. no vacant land cells at
the bottom of the column); z-tilde, where thicknesses respond to high-frequency oscillations
in a Lagrangian manner (Leclair and Madec| 2011); and idealized isopycnal, which has no
vertical transport between layers. In the simulations presented here, z-level, z-star, and
sigma vertical coordinates are tested. Additionally, partial bottom cells can be used, which
has been shown to be important for representing over ows (Adcroft et al. 1997).

The numerical methods used by MPAS-Ocean include a nite-volume discretization of
the primitive equations using a C-grid staggering in the horizontal (Thuburn et al. [2009;
Ringler et al.| 2010), a split-explicit time stepping algorithm (Higdon 2005), and a ux-
corrected transport (FCT) tracer advection scheme that is quasi third-order and monotonic
(Skamarock and Gassmann|[2011). For more speci c¢ details on the MPAS-Ocean numerics,
see Ringler et al. (2013).

2.2. Test Case: DOME

Fig. [1 shows the domain used. Dense water enters the domain at the embayment in the
northern end. The in ow condition is discussed in Section [4, but was veri ed to match |[Legg
et al. (2006) at the 2.5 km resolution. The domain spans 2000 km in the x-direction, 800 km
in the y-direction, and 3600 m in the z-direction. The embayment is 100 km across, 50 km
long, and 600 m deep. The physical parameters are set according to the reference case (Case
1) of |Legg et al.| (2006). This corresponds to an in ow density anomaly of by = 0:019ms 2,
anin ow uxof864 10°m3s !, an ambient strati cation of N =2:3 10 3s !, a Coriolis
parameter of fy =1 10 “#s !, and topographic slope angle of tan( ) = 0:01. The ambient
strati cation parameter corresponds to a background temperature strati cation de ned by

_ N2 ref
T(z) = g, 2t Tref €
t

where Tret = 15 C, o = 1029:2kgm 3, g =9:81ms 2, and = 0:2kg=(m3K). The vertical
coordinate is de ned at the surface as z = 0 and is positive in the upwards direction. The
in ow density anomaly parameter corresponds with an in ow temperature de ned by

b
Tin ow = Sy Tref: (2)

0t

This results in a linear temperature pro le that ranges from 5 C at z=-3600 m and 15 C at
the surface with an in ow temperature of 5 C. A passive tracer is introduced, with =0
initially throughout the domain, and =1 in the in ow water. Bottom drag is used with a
drag coe cient of C4 = 0:002. Vertical and horizontal tracer di usivity are both set to zero.
Salinity is constant, and a linear equation of state is used, where . is the thermal expansion
coe cient. The in ow occurs on the northern wall of the embayment, in the bottom west
corner of the wall, as speci ed in Legg et al. (2006). To prevent large increases in the sea
surface height, an out ow condition is applied to the western wall, where the water volume
added at the in ow is removed from the domain. The out ow ux is distributed equally
across the entire western boundary. It was veri ed that the domain-averaged sea surface

7
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Figure 1: A schematic showing the DOME domain.

height remains constant to within 0.02 m after 40 days. The remaining walls have a no- ux
boundary condition, and all walls are no-slip.

The full range of DOME parameters and overall dimensions of the domain are chosen
to cover the values typical of the Denmark Strait Over ow, the Mediterranean Out ow,
the Red Sea Out ow, and some of the Antarctic over ows (Legg et al. |2006). The most
signi cant simpli cations made in the idealized system are the use of linear strati cation
and the topographic pro les. However, observational measurements made by Girton and
Sanford (2003) from the Denmark Strait Over ow can be used as a rough estimate. |Legg
et al.[(2006) compared di erent cases (with di erent physical parameters, such as slope angle,
strati cation, in ow density, etc.) to the observations made with |Girton and Sanford (2003).
It was found that rate of plume descent, the downstream change in plume density, and the
entrainment velocity all matched reasonably well when the di erences in the idealized setup
versus the observations were taken into account.

Since the physical parameters used in this work roughly compare to the Denmark Strait,
the observed thickness of the Denmark Strait can be used as a rough estimate of the resolution
requirements . According to Winton et al. (1998), the requirements for z-coordinate models
using full cells to transport dense over ow without excess entrainment are dx < h=tan( )
and dz < h, where h is the thickness of the over ow plume and is the topographic slope.
The observed thickness of the Denmark Strait over ow is 160 m. Therefore, the conditions
require dx < 16 km and dz < 160 m. If we provide ve grid cells to span this length, then a
satisfactory grid uses dx = 3:2 km and dz = 32 m. This study explores the DOME system
at the following resolutions: dx = 50, 25, 10, and 2.5 km and dz = 120, 60, 30, and 15 m.
Therefore, the investigation includes cases where the resolution requirements are met, and
others that do not satisfy the conditions.

2.3. Brief Description of Experiments

Section [4] describes a series of experiments that not only validates MPAS-Ocean against
other models, but also determines a base case. Numerical experiments were done to perform
the following studies: in ow conditions (Section [4.2); vertical viscosity, horizontal viscosity,
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and vertical grid type (Section [4.4); and nally a direct comparison to MITgcm and HIM
(Section [4.5)).

Section [§ describes the large set of experiments that are necessary in order to investigate
the sensitivity of the over ow system on various numerical parameters, including vertical
parameters (viscosity and resolution, Section [5.1)), horizontal parameters (viscosity and res-
olution, Section [5.2), and vertical grid type (Section [5.3). A summary of these experiments
can be found in Table[d In all comparisons, all other parameters are held constant to isolate
the e ect of a single parameter. Additional comparisons are done to look at the dependence
on the grid Reynolds number.

3. Analysis

3.1. Two-dimensional Visualization Metrics

In order to make a fair comparison across vertical resolutions, grid types, and partial
bottom cells, the bottom tracer concentration is computed across a uniform thickness,  zpjo,

as
Zpot+  Zplot (X.y.z)dz

bottom (X; Y) = Zhot 3)
Zplot

where z,0t(X; y) is the z-coordinate of the bottom topography. Previous studies employing the
DOME test case plotted tracer concentration in the deepest cell only. This caused striping
in the y-direction in our simulations with high vertical resolution and partial bottom cells.
In all plots in this paper, concentrations below a cut-o of 0.01 are white, and land cells
near the northern wall are shown in gray.

The plume thickness, 7

p(X;y) = dz; (4)
>0:01

is simply the vertical extent of the plume envelope, de ned by a boundary of 1% tracer
concentration. It is particularly useful for visualizing columnar vortices in three dimensions.
The test case used in this study is equivalent to Case 1 from |Legg et al.| (2006), which
is the most commonly used case in other studies as well (Ezer [2005; [Tseng and Dietrich
2006; Wang et al. 2008). This test case is classi ed to be in the \eddy regime" based on
the classi cations determined by [Cenedese et al. (2004). Therefore, this metric is able to
capture these three-dimensional eddy features (Fig. [2).

The plume height,

R
(z_ Za(xy)) (Xy;2)dz,

neay) = (X;y;z)dz ’ ©)

is the tracer-weighted average distance of the plume above the bottom topography. For
example, for a 100m-thick plume with constant traveling along the bottom topography,
the plume height is 50m. In practice, this is a discrete summation over cells in a column,
where z is the z-coordinate of the middle of the cell. Plots of plume height portray the
vertical distribution of the plume in (X;y) space. It is another way to see three-dimensional
features in a two-dimensional plot. In particular, the plume edge where there is high eddy
activity becomes apparent (Fig. [2).
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3.2. One-Dimensional Analysis

As was done in|Legg et al.| (2006) and various studies thereafter, the following metrics are
used, especially for comparison between cases and comparison to other models. The plume
path,

RR

g Ry (Gy;z)dzdy. (©)
(x;y; z)dzdy

is the tracer-weighted plume path in y. These integrals are computed over the full domain

iny and z. All 1D metrics presented in this study are time-averaged over the period of

22-40 days. This metric simpli es the results by giving an approximate path of the plume

in one-dimensional space. The plumg Buoyancy,

b6 y:z) (Xjy;z)dzdy

M) = N Ky )y i

Y(X) =

is the tracer-weighted plume buoyancy, where b = g( e )= ref. This is the mean buoyancy
of the over ow water as a function of along-slope distance. For all the plots of plume
buoyancy in the paper, b(x) is normalized as b=j bgj, where b = (b Dbrs), Dby =
0:019ms 2, b = 0 since buoyancy and density are both referenced to their surface values,
and e = 1029 kg=m3.

Entrainment and mixing are analyzed by looking at the transport within the plume in
the along-slope direction, de ned by

T(x)= U(xy;z)dydz; €)
A
where A is the y  z cross-section where > 0:01, and U is the zonal (eastward) velocity.
The entrainment coe cient, (Legg et al.|2006),

dT (X) —

E(X) = LL(X)
T(X)=A(X)
is a dimensionless measure of the ux of water entering (positive g) or exiting (negative g)
the plume envelope. Here L is the length of the interface between over ow water ( > 0:01)
and ambient water in the (y;z) plane, approximated as the length of the plume across
the slope in y, at each x location. The entrainment coe cient is the ratio of the average
velocity across the plume envelope to the average velocity through the cross-section within
the envelope. In other words, the ratio of velocities entering versus traveling through the
plume. At high horizontal resolutions, eddies make L and A highly variable in X, so the

entrainment coe cient is smoothed with an averaging window of 8 points before plotting.
We introduce two new metrics that were not used by |Legg et al. (2006) and others. The
mean plume thickness is the plume thickness éEquation [) averaged again in the y-direction,

(9)

dzd
b (x) = —?gjy—” (10)

Similarly, the mean plume height is computed by integrating the plume height (Equation [5)
iny, R
(z L,z°'(xy)) (Xy;2z)dzdy

o) = (X;y;z)dzdy

(11)

10
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3.3. Scalar Metric Analysis

Additionally, the initial angle of descent is used as a scalar metric to compare cases and

is de ned as
y

S (12
where x and y represent the best- t line for the plume path (x;Y) from x = 100 km
to 0 km. Thus, the initial angle of descent is actually the slope of the best- t line. When

= 0 the plume runs parallel to the slope (westward) and when = 1 the plume travels to

the southwest at 45 . Lastly, the mean nal buoyancy of the plume is calculated by nding
the mean plume buoyancy from Equation [/l The mean is computed from the mean plume
buoyancy values located west of x = 200 km. Initial angle of descent and nal mean
buoyancy provide scalar metrics that are useful for comparing a large number of cases at
once.

4. Model Con guration

4.1. A Qualitative Look at an Over ow

Fig. [ shows various snapshots from the base case simulation, which will be described
in greater detail in Sections [4.2] - 4.5 and Table 4l The expected qualitative features of
idealized over ows are present. First, the plume descends the slope and is de ected along
the slope to the west, due to the Coriolis e ect. Second, there are large eddies that grow in
amplitude throughout the simulation. These are most easily seen in plots of plume thickness
and temperature and agree with previous work (Cenedese et al. [2004; Ezer and Mellor,2004;
Legg et al. 2006; Wang et al.[[2008). According to the classi cations of |Cenedese et al. (2004),
this chosen set of physical parameters seems to t in the \Eddy Regime", which is reasonable
since the Froude number is one. Vertical water columns can be seen above each eddy, as
was found in von Appen et al.| (2014). Therefore, plume thickness can be used as a measure
of eddy strength. The stronger the eddy, the thicker the vertical column of tracer will be.
When looking at 2D plots of plume thickness, the eddy strength will be deduced by the
magnitude of the plume thickness and the eddy size is approximated by the extent of the
circle made up by the column of tracer. Although the strength of the eddy and thickness
of the column vary by the numerical parameters used, the thickness can be as high as 2000
m (the vertical domain is 3600 at the deepest). Thus, these eddies are mostly barotropic,
spanning almost the entirety of the water column, as was found in [Lane-Ser and Baines
(1998). The tracer concentration of the in ow water is one, and the ambient water is zero.
As the plume descends from the embayment, ambient water is entrained, so that the plume
expands and the tracer concentration drops. Entrainment occurs at the boundary at the top
and sides of the plume, as seen by the envelope of blue around the green in Figs. [2a and b.

4.2. In ow Conditions

The in ow condition is set based on the analytic representation described by |[Legg et al.
(2006), Equations 3-8. Their in ow was chosen so that it satis ed the following: it is in
geostrophic balance, has a maximum Froude number of 1, and has a gradient Richardson
number that is everywhere locally greater than 1/3 (to minimize mixing in the embayment).

11
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Figure 2: Images of base case at 40 days, with a horizontal resolution of 2.5km and dz=60 m using z-star
PBC.

In order to compare directly with the MITgcm simulations, the in ow ux in the exper-
iments presented here is calibrated to produce the same volumetric ux as the MITgcm
simulations at the 2.5 km resolution. Regardless of resolution (horizontal or vertical) or
vertical coordinate type, all cases have the same in ow volumetric ux of 8:64x10%° m3s 1.
A sensitivity study is performed, which shows that the results are largely insensitive to
the in ow rate, in both qualitative 2D comparisons (not shown) and 1D metrics such as
plume path and plume buoyancy (Fig. [3). This is similar to the ndings in Riemenschneider|

and Legg| (2007), where they report that variations in in ow forcing show only a very minor

e ect on mixing.

Fig. [3 shows four of the 1D metrics for simulations with four di erent in ow rates.
Whereas plume path and plume buoyancy appear una ected by the in ow condition, trans-
port is directly proportional to the in ow rate. Overall, results are insensitive to in ow
changes of 10-20%. Mean plume thickness is reduced for only the case with the lowest in ow
rate, which is likely due to a reduction in turbulent mixing.

12



Plume Path Plume Buoyancy

50 0.4
0 - 0.5 -
%0 e 06 ——
£-100 — —= <
= 0.7
> -150 a
0.8
-200
—T¥n, ow .0.9{— LR, ow |
20 S e
30 —0:5%n. ow| =058 o
%Boo -600 -400 200 [} oo -600 -400 -200 0
x (km) x (km)
(@ (b)
1X 10" Transport 250 Mean Plume Thickness
_ 200
e N\ %
E \\ £150
5-1 < P = T —
o - L = - — -
2 _— =100 e N
< / TN
F o2 ~____
— T, ow I N e 50—=7%n, i
- ;@ln.o /\N% — ;Ig$|n9vr\$
—gEih o — — 05N 6
4300 -1200 1000  -800 -600 400 200 0 -800 600 -400 200 0
x (km) x (km)
© (d)

Figure 3: Plume path, plume buoyancy, transport, and mean plume thickness for the base case using four
di erent in ow rates (full in ow, 90%, 80%, and 50% of in ow). These cases are run with dx=2.5 km and
dz=60 m and metrics are time averaged from day 22 to day 40.
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Table 3: Time steps (seconds) used for all simulations.

Horizontal Resolution ¥ 2.5 km 10 km 25 km 50km
Vertical Resolution # z z z z

120m (30 layers) | 60 | 60 | 240 | 240 | NA | NA | 600 | 600

60m (60 layers) | 60 | 60 | 240 | 240 | 300 | NA | 600 | 300
30m (120 layers) | 60 | 15 | 240 | 60 | NA | NA | 600 | 300
15m (240 layers) | 60 | 15 | 240 | 60 | NA | NA | 300 | 150

4.3. Model Settings

Conventionally, stability requirements allow the time step to be changed directly propor-
tional to the horizontal grid size (i.e. if grid size decreases by two, time step decreases by
two). However, at ne vertical resolutions, vertical stability often requires a smaller time
step. Furthermore, since the sigma coordinates apply very small vertical grid spacings in the
region of the embayment, an even smaller time step may be required for the cases utilizing
sigma coordinates. The exact time steps used for all simulations can be found in Table [3|

In order to avoid overly thin partial bottom cells (PBCs), wherever PBCs occur that are
less than 10% full, these bottom cells are removed and the deepest active cell is assigned
to be a full cell one level up. Previously cells between 5 and 10% full were lled to 10%,
but this caused striping of tracers in the y-direction, even when visualizing with constant
thickness in (3).

MPAS-Ocean includes several parameterizations that were not turned on for this study.
This includes the Gent-McWilliams (GM) parameterization for eddy-induced transport (Gent
and McWilliams|1990; Gent et al.[1995), Richardson number-based vertical mixing (Pacanowski
and Philander|[1981), and KPP vertical mixing (Large et al.|1994; Large and Gent/|1999). A
simple constant vertical viscosity and constant horizontal Laplacian mixing was chosen so
that parameters in the study may be set explicitly, and to compare with previous DOME
studies with the same settings (Legg et al.|2006|2008). The GM parameterization is typically
not used in over ow tests, as its purpose is to improve global eddy-induced transports, rather
than improving over ow characteristics.

No over ow parameterizations were used in this study. Typically, z-coordinate models
have too much mixing in over ows, and isopycnal-coordinate models have too little. Various
bottom boundary layer models are used in z-coordinate simulations to eliminate spurious
mixing (CAMPIN and Goosse 1999; Beckmann and Doscher (1997 Killworth and Edwards
1999; |Song and Chao [2000). Over ow mixing parameterizations are used by isopycnal-
coordinate models to increase the entrainment (Legg et al.[[2006|[2008), for example by the
Richardson-number based Ellison and Turner scheme (Ellison and Turner;|1959).

4.4. The Base Case Con guration

A relatively small parameter space is now explored in order to determine a base case for
the full numerical parameter study. The base case is chosen such that the time-averaged
metrics match the results in Legg et al.| (2008), which investigated the sensitivity of the
MITgcm to vertical viscosity, horizontal viscosity, and advection scheme. It was determined
that there is insigni cant variability due to changes in horizontal viscosity and advection
scheme, but that vertical viscosity is important. The recommended choices for these param-
eters (for the MITgcm) was determined by comparing directly to HIM simulations using the
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Hallberg and Jackson mixing scheme, which is based o of Direct Numerical Simulations
and is therefore assumed to be the closest to the \truth". An equivalent comparison is now
utilized for setting the vertical and horizontal viscosity parameters to be used in the MPAS-
Ocean z-star, z-star with PBC, and sigma simulations. Among the 1D metrics, plume path
and plume buoyancy are particularly useful because they show the most variations between
cases. |Legg et al.| (2008) also focused on plume path and plume buoyancy. In general, sigma
cases are equally as sensitive as z-star cases to changes in horizontal and vertical viscosity
(see Fig. [16).

Based 0 of the metrics, setting the constant vertical viscosity to , = 0:05m?s 1! is the
best match to HIM for the z-star and z-star PBC vertical coordinate types, and thus, that
is the value used for the base case con guration.

A constant harmonic (Laplacian) horizontal viscosity of 5:0m?s ! is chosen for the base
case. As was done in |Legg et al| (2008), 0:5m?s * and 50m?s ! are also tested. Overall,
the metrics show less sensitivity to horizontal viscosity than vertical viscosity (see Fig. [16)),
which was also found in |Legg et al.| (2008). Speci cally, the largest horizontal viscosity case
has a nal plume buoyancy of approximately 68% the original buoyancy, compared to 58%
from the two smaller horizontal viscosities. Thus, the middle horizontal viscosity value is
chosen for the base case, which also matches the base case horizontal viscosity from [Legg
et al. (2008).

4.5. Comparison against other models

Fig. [ shows a side-by-side comparison of bottom tracer concentration for z-star PBC,
sigma, MITgcm, and HIM. The two MPAS-Ocean cases use the base case con guration dis-
cussed in the previous section. For the sake of comparison to previous results, the traditional
visualization technique of showing the single cell immediately above the topographic slope is
utilized. The overall shape and distribution of the plume is very similar in the MPAS-Ocean
z-star and MITgcm results. The plumes are also at approximately the same location along
the slope. As seen in Fig. [ the plume paths of the z-coordinate runs are almost identi-
cal, especially for the rst 200 km out of the embayment. The MITgcm model has a nal
mean buoyancy of about 62% of its initial value, while the MPAS-Ocean z-coordinate model
has a nal mean buoyancy of about 57% of its initial value. This means that the MPAS-
Ocean z-coordinate model does appear to have more numerical mixing than the MITgcm
model. These small di erences could be attributed to di erent horizontal coordinates (hex
vs. quad), di erent advection schemes, or slightly di erent time averaging windows. On
the other hand, the MPAS-Ocean sigma coordinate results show much less mixing and fur-
ther across-slope transport than the z-coordinate models when run using the same vertical
viscosity, as expected (Ezer and Mellor||2004; Wang et al. |2008).

It was expected that the MPAS-Ocean sigma coordinate results would be more similar
to the HIM results than the z-coordinate results, however, the sigma results have much less
mixing than the HIM results as well. The results in Fig. [ and [5 show sigma results run at
a smaller vertical viscosity than the z-coordinate results as it provided a better match to the
mixing in the HIM simulations. The di erences between sigma and HIM are likely due to
the mixing parameterizations in the HIM simulations (Legg et al.|[2006/2008). There may be
additional sensitivity to the slightly di erent in ow conditions or that the results are from
day 40 instead of day 28.
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Figure 4: Tracer concentration in the bottom cell for MPAS-Ocean (z-star PBC and sigma), MITgcm (z-level
PBC), and HIM (isopycnal). MPAS-Ocean and MITgcm plots are for day 28 and HIM plot is for day 40

(Legg et al. 2008). MPAS-Ocean and MITgcm z-level PBC results are run using base case value ( v = 0:05
m?s 1). MPAS-Ocean sigma results are run using ( v = 0:005 m?s ). HIM results are run using the

Jackson Hallberg mixing scheme (Jackson et al.[2008).

5. Parameter Study

The following parameter study is designed as an extension of previous work that looked
at the sensitivity of over ows to various numerical parameters (Ozgokmen et al.[2004b; [Ezer|
and Mellor|2004; [Ezer|2005; [Legg et al.[2006; Tseng and Dietrich|2006; [Legg et al.[2008; Wang]
et al|2008). The following parameters are varied under the control of all other parameters:
vertical viscosity, horizontal viscosity, vertical resolution, and horizontal resolution. Special
attention is paid to the time step and grid Re in all simulations. Vertical and horizontal
viscosity ranges have been chosen based o of the validation studies in Section 4.4, The
coarsest horizontal resolution under consideration is dx = 50 km, which is approximately
equivalent to a low-resolution, 1 OGCM grid, such as those used in the (2013). The
resolution of dx = 10 km, is a typical high resolution, 1=10 OGCM grid, and dx = 25 km
was chosen to show the mid-range. The highest resolution simulations use dx = 2:5 km,
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Figure 5: Plume path and plume buoyancy plots comparing MPAS-Ocean z-coordinate and sigma coordinate
simulations with MITgcm and HIM cases. Metrics were time averaged over day 22 to day 40 (for MPAS-
Ocean), approximately day 23 to day 37 (for MITgcm), and probably day 0 to day 40 (for HIM). MITgcm
and HIM data are from |Legg et al. (2008). MPAS-Ocean and MITgcm z-level PBC results are run using
base case value ( v = 0:05 m?s !). MPAS-Ocean sigma results are run using ( v = 0:005 m?s 1). HIM
results are run using the Jackson Hallberg mixing scheme (Jackson et al.|2008)).

which has currently only been applied in regional models and not yet applicable to OGCMs.
The exact numbers are chosen to match resolutions used in other idealized over ow studies
(Legg et al.| 2006 [2008; Wang et al.[2008). Similarly, the vertical resolution range used for
this study matches other models (Legg et al.|2006/2008; Wang et al. [2008). The simulations
use vertical resolutions of dz = 120 m (30 layers), dz = 60 m (60 layers), dz = 30 m (120
layers), and dz = 15 m (240 layers). DOME was designed to mimic the con guration of
the Nordic Sea over ows, which have sill depths around 500-800 m and nal product water
reaching neutral buoyancy around 1600-3000 m deep (Legg et al. |2009). The range of
vertical resolution parameters provides a reasonable variety of vertical representations of
these over ow structures. Global ocean models have layers ranging from 30 to 150 m in
thickness at sill depths and 100 | 250 m at product water depths (Maltrud and McClean
2005; [Ringler et al.|[2013), but ocean models planned for the near future will have much ner
vertical grids.

Table [ summarizes the parameter ranges used in this study. All combinations of ver-
tical and horizontal resolutions were tested. These combinations were tested with a vari-
ety of horizontal and vertical viscosities, resulting in over 300 di erent cases. The choices
were made such that the sensitivity to each individual parameter could be understood (e.g.
changing vertical resolution, horizontal resolution, vertical viscosity, or horizontal viscosity
independently), as well as the sensitivity to the grid Reynolds number, which characterizes
the strength of the turbulence in the system in relation to the grid scale. When the grid
Reynolds number is su ciently high, spurious mixing occurs as the numerical discretization
fails to e ectively resolve the turbulence. For harmonic di usion, the horizontal and vertical
grid Reynolds numbers are de ned as

Regx = U_dx (13)
h

_ Wdz

Req, = ; (14)

\
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Table 4: MPAS-Ocean model parameters used for this study. Bold indicates base case, where di erent vertical
viscosities are used for z-star PBC and sigma base cases. Most, but not all, combinations of resolutions and
viscosities were conducted.

Horizontal resolution , km | 25, 10, 25, 50

Vertical resolution ,m 15, 30, 60, 120
Horizontal viscosity , m?s 1 | 0.5, 5, 20, 50, 100
Vertical viscosity:

wide range, m?s * | 0.002, 0.005, 0.01, 0.025, 0.05, 0.5
narrow range for z-star PBC, m?s 1 | 0.0125, 0.025, 0.05, 0.1
narrow range for sigma, m?s 1 | 0.00125, 0.0025, 0.005 , 0.01

Grid types z-level PBC, z-star full cell, z-star PBC , sigma

where the horizontal and vertical velocity scales for all cases, U and W, are computed from
the plume location of the base case after 40 days. For the base case, Regqx = 150 and ranges
from 15 to 3  10* across all cases, while in the vertical, Rey, = 0:9 for the base case and
ranges from 0:1 to 6:7 across all cases. |llicak et al.| (2012) found that spurious mixing is
strongly dependent on the horizontal grid Reynolds number. They tested idealized cases
from Regx = 1:5] 1.5 10°, and showed that spurious dianeutral transport is signi cantly
reduced when Regy < 10. Our ranges for resolution and viscosity were based on past DOME
con gurations and typical real-world settings, which have a similar but smaller range of
Reyx.

5.1. Sensitivity to Vertical Parameters

In this section, the simulations’ sensitivity to individual vertical parameters (vertical
resolution and vertical viscosity) will be explored, as well as the sensitivity to changing the
two simultaneously such that the vertical grid Reynolds number is held constant. The e ects
of vertical and horizontal viscosity are strongest in regions of large vertical and horizontal
gradients of velocity, respectively, with the largest shear e ects occurring in the bottom
Ekman layer. However, the system’s response to changes in vertical viscosity should be
qualitatively similar to that for horizontal viscosity. Both are responsible for smoothing the
divergence of horizontal velocity, which leads to a reduction in grid scale random uctuations
of both horizontal and vertical velocity (llicak et al.[2012). Thus, increasing either horizontal
or vertical viscosity (or decreasing grid Reynolds number) acts to reduce spurious mixing,
resulting in a more laminar ow with less entrainment. Since the largest shear occurs near
the bottom boundary where vertical gradients of velocity are large, vertical viscosity a ects
the plume dynamics more than the horizontal viscosity.

Fig. [6] shows a tiled plot of 16 di erent cases for two di erent metrics. All cases are run
using z-star PBC with a horizontal resolution of 2.5 km. The top 16 plots show bottom tracer
concentration with a constant visualization thickness, zp = 120 m, across all resolutions.
The bottom 16 plots show plume thickness. Each column represents a di erent vertical
viscosity with the largest on the far left, , = 0:1 m?s 1, and the smallest on the far right,

v = 0:0125 m?s . Vertical resolution is varied along the rows where the top row is the
coarsest resolution, dz = 120 m, and the bottom row is the nest resolution, dz = 15 m.
Due to the speci ¢ parameter values used, the upper-left to lower-right diagonals of the tiled
visualizations show cases with constant vertical grid Reynolds numbers. The overall plume
shape and how the tracer concentration is distributed within the plume as vertical viscosity
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and vertical resolution change can be observed by looking at the rst 16 plots of Fig. [l The
change in eddying behavior can be observed in the plume thickness plots in the last 16 plots
of Fig. [l An overall qualitative look at these plots shows that decreasing vertical viscosity
results in the plume to propagating further along-slope. Finer vertical resolutions transport
higher concentrations of the plume further downslope. At ner vertical resolutions there is
higher sensitivity to variations in vertical viscosity.

Legg et al. (2006) found that increasing vertical viscosity led to a suppression of eddy
activity using the HIM model. The same nding was also reported in|Ezer and Mellor (2004).
The results presented in Fig. [6| agree with the previous ndings, but only for eddies in the
eastern extents of the plume, near the embayment. When the eddies near the embayment
are suppressed, the plume levels 0 and moves along slope rather than downslope, which
has also been observed in |Legg et al. (2008). A reversal of this behavior is observed in
the region near the plume front, where increased vertical viscosity leads to stronger eddies
that have partially traveled downslope. Eddy strength also increases as vertical resolution
coarsens, especially for cases run at the smallest vertical viscosity. It is clear that the plume
behavior, particularly the eddy behavior, is dependent on both vertical viscosity and vertical
resolution, and that the two e ects are interrelated. A more quantitative discussion of these
results are given in the following sections.

We begin with an overview of how to interpret the 1D metrics, and proceed to their
sensitivity to vertical parameters. The plume path (Fig. shows the average path of the
plume as it descends the slope. Since the plume is on a decreasing slope, the Y location
on the y-axis indicates how far down the slope the plume has descended in addition to its
southward extent. If there is more mixing, the plume will not descend as far and will level
0 at a higher Y value. The plume buoyancy (Fig. is scaled by the initial buoyancy,
so that value on the y-axis is the percentage of the initial buoyancy. Plume buoyancy is
initially 1 at the inlet of the embayment, and adjusts to values near 0:7 with little mixing
(equivalent to saying the plume is approximately 70% its initial buoyancy), and 0:4 (40%
its initial buoyancy) with high mixing. Mean plume height and mean plume thickness (Fig.
and give insight on the vertical structure of the plume. Whereas the mean plume
height continues to increase as the plume descends down the slope, the mean plume thickness
shows that total thickness of the plume peaks in the middle of the plume where there is the
highest eddy activity. The westward transport (Fig. increases until x = 600 km and
then decreases. The dominant term in the entrainment coe cient de nition (Equation [9) is
dT=dx, so entrainment is large and positive just after the embayment until x = 150 km,
small to x = 650 km, and then negative for the remaining part of the domain.

5.1.1. Sensitivity at Coarse Vertical Resolution

At the coarsest resolution of dz = 120 m, plume, path, transport, and entrainment are less
sensitive to vertical viscosity than at ner vertical resolutions. For the case with the lowest
vertical viscosity, the plume buoyancy in Fig. levels o at 45% of its initial buoyancy,
compared to 55% for high vertical viscosity. Low vertical viscosity allows more turbulence,
which causes more mixing and entrainment, so that product water is lighter, as summarized
at the top of Fig. [0 Lower vertical viscosity does result in an increase in plume height as
can be seen in Fig. [7c|, due to the dilution of the plume in the vertical. Since plume thickness
and plume height are indications of eddying behavior, at course vertical resolution, a lower
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Figure 6: Top 16 plots are bottom tracer concentration with  zy = 120 m, for the 2.5 km resolution study,
with z-star PBC. Bottom 16 plots are plume thickness for the same cases. All are plotted at day 40.

vertical viscosity results in more intense eddies, which matches what was found in |[Ezer and
Mellor (2004); Tseng and Dietrich (2006); Legg et al. (2006). The plume thickness and height
do not show the same pattern west of approximately x = 640 km. This is likely due to the
strong eddy in that region, which appears as a lament that is partially separated from the
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plume head in the course vertical resolution simulations. In|Legg et al. (2008), the sensitivity
to vertical viscosity was shown for this same case but at a vertical resolution of dz = 60 m.
When comparing cases run at a vertical viscosity of , =0:5m?s tand , =2 10 “m3s 1,
they report a nal mean buoyancy of about 90% and 50% of its initial value, respectively,
and an initial angle of descent of 0:6 and 0:2, respectively. Whereas their study covered a
viscosity range that spans three orders of magnitude, the simulations presented in Fig. [7]
only span a single order of magnitude, however, these results do fall within the ranges from
Legg et al.| (2008).
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Figure 7: Plume path, plume buoyancy, mean plume height, mean plume thickness, transport, and entrain-
ment coe cient for dx = 2:5 km horizontal resolution with z-star PBCs and a constant dz = 120 m for all
four vertical viscosities. Metrics are time-averaged over the period of day 22 to day 40.
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5.1.2. Sensitivity at Fine Vertical Resolution

Sensitivity to vertical viscosity at high versus low resolutions is quite di erent. To il-
lustrate, Fig. [8 shows the same 1D metrics and comparisons as Fig. [7| but for a constant
vertical resolution of dz = 15 m. The plots indicate that if the resolution is not high enough,
the simulation does not capture the additional dynamics a orded by varying the viscosity.
For these high vertical resolution simulations, as vertical viscosity increases, the plume path
gradually steepens (Fig. and the plume buoyancy decreases (Fig. [8b). In the region
near the front of the plume, mean plume height (Fig. and mean plume thickness (Fig.

o . . T ' . .
increase as vertical viscosity increases. In a localized region close to the embayment

575

576

577

578

579

(between x = 0 and 50 km), there is a slight increase in transport (Fig. and an asso-
ciated decrease in entrainment coe cient ( ux into the plume) (Fig. for larger values of
vertical viscosity. The small di erences in entrainment of ambient water early on are enough
to alter the plume buoyancy, which then remains nearly constant as it propagates across the
slope.
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Figure 8: Plume path, plume buoyancy, mean plume height, mean plume thickness, transport, and entrain-
ment coe cient for dx = 2:5 km horizontal resolution with z-star PBCs and a constant dz = 15 m for all
four vertical viscosities. Metrics are time-averaged over the period of day 22 to day 40.
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5.1.3. Comparing Sensitivity at Fine and Coarse Vertical Resolutions

As was mentioned in the coarse vertical resolution discussion, the e ect of vertical viscos-
ity reverses trends inside the plume. For all vertical resolutions, the plume descends further
along slope as vertical viscosity decreases. This makes the plume thickness comparison in
the region near the front of the plume irrelevant. This area is cut o in most of the plots of
plume thickness. In the western region of the plume, as vertical viscosity increases, the plume
thickens and eddy strength increases. In the eastern region of the plume, the trend reverses:
as vertical viscosity decreases, eddy strength increases. For each vertical resolution, there is
an x location where the trend reverses. For dz = 120 m, the trend reverses at x = 640 km.
For dz = 60 m, the trend reverses at x = 470 km. For dz = 30 m, the trend reverses at
X = 430 km. For dz = 15 m, the trend reverses at x = 300 km. The eastern region
matches what was found in Legg et al. (2008). Lower vertical viscosity results in stronger
eddies and more numerical mixing in the region close to the embayment, that is the eastern
region of the plume. This results in less dense plumes that descend less down the slope,
which keeps the eddies localized near the top of the slope. With higher vertical viscosity, the
eddies in the eastern region are suppressed, thus lowering numerical mixing. This results in
a denser plume that descends down the slope more, which likely provides additional kinetic
energy to the plume, thus strengthening the downslope eddies in the western region. The
dynamics of the di erent eddying regimes will be the focus of a future study by the authors.

5.1.4. Summary of Vertical Parameter Sensitivity for all Cases

The intricate relationships between vertical parameters can be further understood by
looking at scalar metrics, which are averaged from the 1D metrics and can be used to
characterize the plume dynamics of a single simulation in a straightforward manner. For
these 0D comparisons, the focus is on initial angle of descent and mean nal buoyancy,
described in Sec. 3.3 Initial angle of descent provides a bulk value for the steepness of the
plume’s descent downslope. Mean nal buoyancy characterizes the density and depth of the
plume after the initial adjustment. As can be seen in 1D plots, plume buoyancy levels o
fairly quickly after the exit from the embayment.

Fig. [9 shows both of the scalar metrics for the entire parameter study for z-star PBC.
For all the horizontal resolutions, initial angle of descent is slightly sensitive to vertical res-
olution, especially at high horizontal resolution and small vertical viscosity. The largest
percent di erence in initial angle of descent is for the nest horizontal resolution cases and
the two largest vertical viscosities, which has a maximum of 30% change between di erent
vertical resolutions. The two smaller viscosities at the nest horizontal resolution have about
a 15% change in initial angle of descent values. The sensitivity is similar for the largest ver-
tical viscosity cases run at the intermediate horizontal resolution. However, all other cases
show almost not change in initial angle of descent values versus vertical resolution. On the
other hand, initial angle of descent does show some sensitivity to vertical viscosity for all
resolutions. At dx = 2:5 km horizontal resolution, initial angle of descent in Fig. [9a is
very sensitive to vertical viscosity, with percent di erences as high as almost 50% for the
dz = 60 m cases. Legg et al.| (2006) also found that initial angle of descent was relatively
insensitive to changes in resolution, even when both horizontal and vertical resolutions were
changed simultaneously. However, |Legg et al.| (2008) then showed that initial angle of de-
scent is sensitive to vertical viscosity. On the other hand, mean nal buoyancy shows strong
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sensitivity to both vertical viscosity and vertical resolution. The percent di erences are as
high as about 20% for changes in vertical resolution and about 23% for changes in vertical
viscosity at the nest horizontal resolution. These percent di erences decrease as horizontal
resolution decreases. At the intermediate resolution, the percent di erence in mean plume
buoyancy for changes in vertical viscosity are about 16%, and for changes in vertical reso-
lution, they are about 11%. At the lowest resolution, they are insigni cantly di erent. In
general, as either vertical resolution decreases or vertical viscosity decreases, the nal mean
plume density decreases, which matches the ndings of Riemenschneider and Legg| (2007).
Also, in |Legg et al.| (2006), it was shown that as vertical resolution was coarsened from
dz =30 m to dz = 144 m, the nal buoyancy of the over ow decreased. Since the horizontal
and vertical resolutions were varied simultaneously in those comparisons, it is not evident
which has a greater e ect on the nal buoyancy. However, this work shows that it is likely
the changes in vertical resolution, not the changes in horizontal resolution.

Vertical viscosity is a slightly stronger control on mean nal buoyancy and is less compu-
tationally expensive than increasing vertical resolution. Therefore, going to resolutions ner
than dz = 60 m does not seem worthwhile for these types of over ows, because viscosity
may be decreased to reduce mixing instead. This is particularly true for dx = 10 km, where
mean nal buoyancy is not changed by moving to vertical resolutions ner than dz = 60 m.
This is consistent with the ndings of Winton et al.| (1998), which suggests that z-coordinate
models need to be run with several points in the frictional boundary layer to match the
results given by density coordinate models and theory. This would mean for an over ow
plume of approximately 160 m in thickness, the vertical resolution should be approximately
32 m. These two recommendations approximately agree.

The results in Fig. [ may be interpreted using the grid Reynolds number, as summarized
by the diagrams at the top. For example, in Fig. [9b, mean nal buoyancy increases with
higher dz and larger vertical viscosity. The highest value of vertical grid Reynolds number
(Req, = 6:7, whendz = 120mand , = 0:0125m?s 1) produces the most mixing and highest

nal buoyancy, while the lowest value (Reg, = 0:1, from dz = 15m and , = 0:1m?s 1)
produces the least. Despite this pattern, Rey, is not strictly a controlling parameter for
these results. Gray circles indicate constant Rey, values within each panel, and produce
varying values for initial angle of descent and mean nal buoyancy.
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Figure 9: Averaged scalar metrics, showing initial angle of descent (left column) and mean nal buoyancy
(right column) for three horizontal resolutions (rows). All solid lines are MPAS-Ocean z-star PBC, with
varying vertical viscosities labelled in the legends. Dashed green lines are MPAS-Ocean using sigma vertical
coordinates and , = 0:005 m?=s. Dotted lines are the reference cases for the MITgecm (black) and HIM
models (gray). MITgem used dx = 2:5 km, dz = 60 m, and , = 0:05 m?=s. HIM used dx = 2:5 km, 25
isopycnal layers, and , = 10 * m?=s. Gray circles indicate the MPAS-OCEAN cases that have a constant
vertical grid Reynolds number (Reg, = 0:9). The legend in (f) applies for all six plots.
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5.2. Sensitivity to Horizontal Parameters

In this section, the simulations’ sensitivity to individual horizontal parameters (horizontal
resolution and horizontal viscosity) will be explored, as well as the sensitivity to changing the
two simultaneously such that the horizontal grid Reynolds number is held constant. First,
a tour of the results will be explained.

Fig. shows bottom tracer concentration plotted at a visualization thickness of  zpjoc =
120 m. Each column represents a di erent horizontal resolution and viscosity, and each row
represents a di erent vertical resolution and viscosity. These parameters were chosen such
that the horizontal grid Reynolds number (Regx = 150) and vertical grid Reynolds number
(Reg; = 0:9) were constant. Fig. |11 shows the same orientation of tiled plots but for plume
thickness. As with |Legg et al.| (2006), the dx = 2:5km resolution case has eddies present,
which can be seen in the plots of plume thickness in Fig. [6] |Legg et al.| (2006) also found
that at 10 km resolution, eddies are no longer present and the plume looks similar to the
laminar regime found at higher Ekman numbers in (Cenedese et al.| (2004). The MPAS-
Ocean simulations con rm this when run at approximately the same vertical resolution as
the MITgcem simulations (which was run at dz = 144 m). However, with the higher vertical
resolution of dz = 15m, eddies are present at the horizontal resolution of dx = 10km. In
fact, eddies are present at a vertical resolution of dz = 60 m, which is shown in Fig. [1I As
was found in |Legg et al. (2006), the plume structure is not properly resolved in the lowest
horizontal resolution of dx = 50 km. This does not improve as vertical resolution is increased,
or by varying horizontal and vertical viscosity. It appears that there is a qualitative shift
in the plume evolution between 10 and 50 km horizontal resolution, that is una ected by
the viscosity parameters and vertical resolution. The cause of this shift is discussed below.
Lastly, an interesting di erence between horizontal and vertical resolution can be observed
in Fig. [10} As vertical resolution increases, the plume propagates further along the slope (in
X). However, as horizontal resolution increases, the plume extent is less far along the slope
(in x). This is particularly evident at higher vertical resolutions and also occurs in sigma
vertical coordinate simulations.
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Fig. [12] shows all 1D metrics for four horizontal resolutions, with all other parameters
held constant (dz = 60 m, z-star PBC vertical coordinate, , = 0:5 m?=s, and , =5 m?=s).
As can be inferred from the 2D plots, the dx = 50 km resolution case produces signi cantly
di erent plume dynamics. These low resolution simulations are so under-resolved in the
horizontal, that varying any other parameter makes no di erence. These under-resolved
simulations produce results that are much di erent for nearly all of the metrics when com-
pared to the higher horizontal resolution simulations. For example, there is over a 40%
di erence in nal plume buoyancy values. The max mean plume height is over 700 m more
in the low resolution cases versus the highest resolution case. This can also be seen in Fig.
O The dx = 2:5 km and dx = 10 km horizontal resolution scalar metrics are quite similar,
while dx = 25 km is between the dx =10 km and 50 km in most metrics.

The primary reason for the poor performance of the 50 km grid is that it does not
su ciently resolve the Rossby Radius of deformation, which is 20-50 km in this idealized
domain (Wang et al.[2008; |Legg et al. 2008). Simulations are generally considered \eddy-
permitting” if they contain at least two grid cells per eddy radius. Visually, eddies have a 50
km radius (Fig. [1I), roughly corresponding to the Rossby Radius, so the dx = 25 km resolu-
tion lies in the transition between non-eddy-permitting (dx = 50 km) and eddy-permitting
(dx = 10 km).

The metrics and plots show that at dx = 50 km, a great deal of mixing occurs within the
embayment. Similar behavior can be seen in (Legg et al.[2008, Fig 13c), where the MITgcm
used dx = 50 km. In this idealized DOME domain, the embayment is analogous to the end
of the channel in realistic over ows. In a low-resolution z-coordinate global ocean model,
mixing would occur in the channel, even before the plume exits and descends. This can be
seen, for example, in Fig 11 of (Chang et al.| (2009), where there is very little heavy water at
the Faroe Bank Channel exit in the 1 degree and 1/3 degree simulations; and in Fig. 13b of
Riemenschneider and Legg| (2007), where a resolution of dx = 50 km produces much lower
density than higher resolution cases before the channel exit.

A doubling of horizontal resolution typically increases computation time by a factor of
8{10: doubling in two horizontal directions, a halving of the timestep, plus imperfect scaling.
Thus it is important to assess what grid cell size is required to properly resolve over ows.
All results of this study show that dx = 50km is insu cient without the application of
eddy parameterizations or over ow parameterizations, while dx = 10km is su cient, and
increasing to dx = 2:5km provides no further gains. The dx = 25km case is in the transition
region between having su cient and insu cient resolution.

Riemenschneider and Legg| (2007) show that simulations at dx = 50 km horizontal res-
olution produce signi cantly di erent results from dx = 20 km resolutions, even when the
horizontal and vertical viscosities are held constant. They also report that changing the
horizontal resolution had the most e ect on mixing. It is di cult to justify that for the
MPAS-Ocean results. For the highest vertical resolution of dz = 15 m, at a constant ver-
tical and horizontal viscosity, the three horizontal resolutions ( nest to coarsest) give ap-
proximately 55%, 50%, and 43% of the initial buoyancy value. For the highest horizontal
resolution of 2.5 km, at a constant vertical and horizontal viscosity, the four vertical reso-
lutions ( nest to coarsest) give approximately 55%; 54%; 47%; 37% of the initial buoyancy
value. This suggests that changing vertical and horizontal resolution both signi cantly a ect
mixing. Additionally, the mixing is also largely a ected by vertical viscosity (and horizontal
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viscosity to a much lesser extent). However, it is true that the mixing for any simulation run
at dx = 50 km is signi cantly di erent because it is so under-resolved. It is also important
to note that |Legg et al.| (2006) states that the physical case chosen here (Case 1 from |Legg
et al. (2006)) might be slightly less sensitive to resolution than physical cases with higher
Richardson numbers (such as cases with a weaker in ow density anomaly, i.e. less dense
in ow).

Also in Riemenschneider and Legg| (2007), the MITgcm was run without the use of any
mixing parameterizations at a resolution of dx = 2:5 km in the horizontal and dz = 25 m
in the vertical for a regional study of the Faroe Bank Channel. Good agreement was found
at this resolution with observations when comparing the structure of the plume and the
magnitude of the entrainment, which indicates that for realistic over ows, 10 km horizontal
resolution might not be enough.
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Figure 12: Plume path, plume buoyancy, mean plume height, mean plume thickness, transport, and entrain-
ment coe cient for a constant vertical resolution of dz = 60 m, z-star PBC, constant horizontal viscosity,

h = 5m?=s and vertical viscosity, , = 0:05 m?=s, for all four horizontal resolutions (dx = 2:5; 10; 25; 50 km).
All metrics are time averaged over the period day 22 to day 40.
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The sensitivity to horizontal viscosity was explored and the range of horizontal viscosity
parameters tested can be found in Table [4 Since the results are signi cantly less sensitive
to horizontal viscosity compared to vertical viscosity, which matches |Legg et al. (2008), a
full isolated horizontal viscosity parameter study is not presented here.

5.3. Sensitivity to Vertical Grid Type

MPAS-Ocean uses the ALE method in the vertical, which has been validated in a variety
of con gurations (Petersen et al.[2015). The primary grids compared in this study are: z-star
with full cells; z-star with PBCs; and sigma coordinates. In addition, some z-level with PBC
cases were run for validation and comparison. Most MPAS-Ocean real-world simulations to
date have used z-star with PBCs (Ringler et al./[2013).

Fig. [13 shows bottom tracer concentration for three of the vertical grid types: z-star full
cell, z-star PBC, and sigma. These tiled plots give a qualitative look at the di erences in
vertical grid types at a variety of vertical viscosities. The results for z-star full cell and z-star
PBC are similar, especially compared to the sigma results, which show much less mixing (as
was shown in [Ezer and Mellor; (2004); Wang et al.| (2008)). The z-type vertical coordinate
simulations, even with PBCs, induce spurious mixing due to the stair-step representation of
the bottom topography, which is why the z-type coordinate results have more mixing than
the sigma coordinate results. This is particularly evident by looking at the 1D metrics in Fig.
[14], which compares all four of the vertical grid types. The three z-type vertical coordinate
cases are very close in almost all of the 1D metrics, but the z-star full cell case does result in
a slower (Fig. [14a)), thicker plume (Fig. that pulls up o the slope more than the others
(Fig. [14c). Changes from z-level to z-star were not expected, so these results are reassuring.
The sigma case shows a steeper plume path (Fig. [14a), a less dilute plume (Fig. [14b), a
thinner plume (Fig. that is closer to the slope (Fig. [14c), with less transport (Fig. [14€)
and less entrainment in the rst 200 m of the plume descent (Fig. [14f). These di erences in
the sigma case are all expected as there is clearly less mixing in the sigma simulations.
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Figure 13: Bottom tracer concentration using a visualization thickness of zy,t = 60m varying vertical
viscosity for the three di erent vertical grid types of z-star, z-star PBC, and sigma. All simulations use
dx = 2:5 km, 60 layers (dz = 60 m for z coordinates), and all images show day 40.
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Figure 14: Plume path, plume buoyancy, mean plume height, mean plume thickness, transport, and entrain-
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time-averaged over the period of day 22 to day 40.
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One interesting feature of the sigma case results is that even at low horizontal resolution,
eddies are present when the vertical resolution is high enough. Similar results were found
with the isopycnal model used in |Legg et al. (2006). The 10 km isopycnal results had more
eddy structure than the 10 km z-coordinate calculations. This is a signi cant di erence
from the z-star PBC results. Also, the previous work of |[Ezer and Mellor| (2004) and Wang
et al. (2008) has shown that sigma coordinate simulations are less dependent on horizontal
resolution than z-coordinate models. This study showed that to be true, which can be seen
in the scalar plots in Fig. 8l The sigma coordinate model’s mean nal buoyancies were all
very close for all three horizontal resolutions. Additionally, the sigma coordinate simulations
were also less sensitive to changes in vertical resolution than the z-type simulations, which
can be seen in Fig. @bl This is mostly because spurious mixing is so low for all sigma runs,
even at low resolution. However, the sigma coordinate simulations have higher mean nal
buoyancy than the HIM simulations, indicating that there is more mixing and entrainment in
the MPAS-O sigma simulations than in the isopycnal HIM simulations. Although MPAS-O
sigma does not have an explicit diapycnal mixing scheme, the vertical viscosity is an order
of magnitude smaller in the sigma cases plotted (green dash line) in Fig. compared to
the z-star PBC cases. The vertical viscosity greatly changes the plume metrics in the sigma
case, as can be seen in Fig. . For a vertical viscosity ( , = 0:05 m2=s) equivalent to the
z-coordinate simulations in Fig. [9b] the mean nal buoyancy is approximately 70% its initial
buoyancy value. This point is plotted in Fig. [I6] This value shows that there is much less
mixing in the sigma coordinate simulations compared to all other simulations, if the vertical
viscosity is set equivalently.

Lastly, Fig. [9 shows how sigma results depend on vertical resolution for all three hori-
zontal resolutions using both the initial angle of descent and mean nal buoyancy metrics.
This shows that at the two higher horizontal resolutions, sigma results are insensitive to
changes in vertical resolution, especially compared to the z-coordinate results. However, at
the coarsest horizontal resolution of dx = 50 km, there is over a 5% change in mean nal
buoyancy between the coarsest and nest vertical resolution. The ndings of Laanaia et al.
(2010) found that there needed to be at least 5 sigma layers within the bottom boundary
layer, which was approximately 30 m thick. For the four di erent sigma vertical resolution
cases the sigma layers are distributed accordingly. For the 30 layer case, the layers are 120
m thick in the basin and 20 m thick in the embayment. For the 60 layer case, the layers are
60 m thick in the basin and 10 m thick in the embayment. For the 120 layer case, the layers
are 30 m thick in the basin and 5 m thick in the embayment. For the 240 layer case, the
layers are 15 m thick in the basin and 2.5 m thick in the embayment. The bottom boundary
layer is probably well resolved in all four vertical resolution cases near the embayment, but is
likely under-resolved in the basin for the two coarsest vertical resolution cases. The metrics
in Fig. [9 do not indicate that any combination of vertical or horizontal resolution for the
sigma coordinate simulations are under resolved, as there is very little di erence in both
initial angle of descent and mean nal buoyancy as vertical resolution is varied.

Down-slope bottom Ekman transport is a metric that can be used to understand the
transport added due to the bottom Ekman boundary layer. For this metric, y-transport
is calculated similar to (8), except the meridional velocity is integrated in the x direction
rather than the zonal velocity being integrated in the y direction. Transport is z-integrated
in the same way. Y-transport is calculated for ve di erent vertical viscosity cases ( =
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0:5; 0:05; 0:025; 0:01; 0:002 m?s 1) and for a case run with vertical viscosity set to zero. The
base case con guration is used for all other numerical parameters. As de ned by Ezer (2005),
down-slope bottom Ekman transport is calculated by subtracting o the y-transport for the
case run with zero vertical viscosity (assumed no Ekman layer and zero Ekman transport)
from the y-transport for cases run with non-zero vertical viscosity. This metric shows only
the induced transport from the bottom Ekman layer as the plume moves down the slope.

As was found in [Ezer| (2005), as vertical viscosity increases, Ekman transport and down-
slope ow are enhanced. This is true for both z-star PBC and sigma coordinate solutions
and is shown in Figure [I5] There are two separate processes by which increases in vertical
viscosity enhance the down-slope ow: (1) a reduction in turbulent mixing that leads to
sharper initial angles of descent and denser plumes, and (2) an enhancement of the drag
between vertical layers, which induces transport 90 to the left of the ow. Whereas only
the latter should be attributed to Ekman processes, both of these e ects are captured by
the calculation of Ekman transport used here.

The maximum Ekman transport is larger for z-star PBC than for sigma coordinate cases,
however, the Ekman transport is larger for the sigma cases further downslope than for the z-
star PBC cases, as expected from looking at Figure[13] Changing vertical resolution instead
of vertical viscosity has the opposite e ect on down-slope bottom Ekman transport. As dz
decreases, there is less mixing, which leads to a less diluted plume, thus, the down-slope Ek-
man transport increases. The down-slope bottom Ekman transport does not vary as much as
dz changes, compared changing vertical viscosity. For z-star PBC, the maximum y-transport
is approximately 15:5 Sv (for dz = 60 m), 14:5 Sv (for dz = 30 m), and 13 Sv (for
dz = 30 m). However, further down the slope at approximately y = 150 km, dz = 120 m
has a y-transport of approximately 4 Sv and all three ner resolution have a y-transport
of about 8 Sv. For sigma, the y-transport is very similar for all vertical resolutions, except
that the 30 layer (coarsest resolution) case has about 3 Sv more of transport at the bottom
half of the slope.

These e ects of vertical resolution and vertical viscosity on the down-slope bottom Ekman
transport can be directly linked to the vertical grid Reynolds number. Decreasing vertical
viscosity and increasing vertical resolution both lead to more Ekman transport due to a better
resolved Ekman bottom boundary layer. This general trend was found in these results,
however, there are some outliers. This is likely due to the eddying behavior induced by
various di erent processes that is explained in Sec. [5.1.3

Fig. [16] shows scalar metrics comparing the di erent vertical grid types for a range of
vertical and horizontal viscosities. These plots show that sigma simulations are de nitely
less sensitive to horizontal viscosity than z-star PBC simulations are for the initial angle of
descent. However, mean nal buoyancy sensitivity to horizontal viscosity is similar for both
vertical grid types. Overall, all the vertical grid types are much more sensitive to vertical
viscosity than horizontal viscosity, as was found in Legg et al.| (2008), where this was shown
for MITgem simulations and speculated for sigma coordinate simulations.

6. Conclusions and Discussion

This study, which focuses on the sensitivity of over ow simulations to vertical grid types,
resolution, and viscosity using MPAS-Ocean, is an extension and generalization of previous
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work by [Ozgokmen and Chassignet (2002)); Ozgokmen et al. (2004a); Anderson (2004); Ezer
and Mellor (2004); |[Ezer| (2005); Legg et al. (2006/2008); Wang et al. (2008); Bates et al.
(2012).

Development of MPAS-Ocean began in 2010. Itwas rst released to the public in 2013 and
the rst publication, on high-resolution global ocean simulations, appeared that same year
(Ringler et al./[2013). Idealized test cases with speci c initial conditions and parameters are
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an essential part of the development and validation process. For the DOME test case, MPAS-
Ocean produced nearly identical results as MITgecm and HIM under the same conditions. It
is important to emphasize that all simulations presented here using MPAS-Ocean were run
with no mixing parameterizations and no over ow parameterizations.

The parameter study presented in Section 5| thoroughly examines the sensitivity of the
over ow simulations to vertical and horizontal numerical parameters, including viscosity,
resolution, and grid Reynolds number, as well as vertical grid type. The highlights of the
full parameter study are summarized here.

6.1. Vertical Parameters

Over ow simulations are highly sensitive to changing vertical viscosity, which has been
shown in|Legg et al. (2008). However, it is shown here that the sensitivity to vertical viscosity
is di erent at low and high resolution. In particular, at high vertical resolution, high vertical
viscosity results in stronger eddies. Also, at low resolution, metrics are less sensitive to
vertical viscosity than at higher resolution. This is particularly true for plume path.

Sensitivity of over ow simulations to vertical resolution as an independent controlling
factor of over ows within the DOME test case has not been done in any of the previous
studies. This study has shown that plume path and plume buoyancy are nearly as sensitive
to vertical resolution as they are to vertical viscosity. Speci cally, there is higher sensitivity
to vertical resolution when smaller vertical viscosity is used, compared with larger vertical
viscosity cases. This is particularly true for plume buoyancy.

At low horizontal resolution (dx = 50 km), there is very little sensitivity to vertical
resolution or viscosity. At medium and higher horizontal resolution (dx = 10 km and 2:5 km)
mixing characteristics improve from dz = 120 m to dz = 60 m vertical resolution, i.e. there
is less spurious mixing, less entrainment of ambient uid into the plume, and product water
is denser. Mixing characteristics do not change much from dz = 60 m to dz = 30 m and
15 m. In this range, vertical viscosity provides more control over the nal buoyancy and
plume path. In real-world simulations, higher vertical resolutions may still be needed for
better representation of bottom topography.

6.2. Horizontal Parameters

There is little sensitivity to horizontal viscosity, which matches the conclusion of |Legg
et al. (2008). The main rationale provided in |Legg et al. (2008) is that vertical viscosity
strongly in uences the thickness of the Ekman layer, where horizontal viscosity does not.
This is why results were indi erent to the horizontal viscosity used, as long as the horizontal
viscosity was small enough to permit eddies. A horizontal resolution of dx = 50 km, which is
larger than the Rossby Radius of deformation, provides a crude representation of the overall
plume structure, but spurious mixing and entrainment is high, regardless of the viscosity
or vertical resolution. At the recommended vertical resolution of dz = 60 m, horizontal
resolutions of dx =10 km and dx =2.5 km are nearly identical for all four vertical viscosities
tested for the initial angle of descent and mean plume buoyancy metrics. Thus, dx =10 km
is su cient to resolve the mesoscale dynamics of this type of over ow, which has slopes and
density gradients that mimic over ows in the North Atlantic. Whereas others have stated
that horizontal resolution plays a big role in mixing behavior (Legg et al. [2006; Wang et al.
2008), this study suggests horizontal resolution alone does not signi cantly a ect mixing
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below dx =10 km. Rather, mixing is most strongly a ected by changes in vertical viscosity,
and to a lesser degree by vertical resolution.

6.3. Vertical Grid Type

Sigma results are less sensitive to variations in vertical and horizontal resolution than
z-coordinate results, which was also found in |[Ezer and Mellor| (2004); Wang et al.| (2008).
Sigma coordinates do a much better job of capturing the overall plume structure (also shown
in Ezer and Mellor| (2004); Wang et al.| (2008)), but here it is shown that they are also able
to capture eddies at the lowest horizontal resolution of dx = 50 km. As expected (Ezer and
Mellor [2004; Ozgokmen et al.| 2004b; Wang et al.| 2008), sigma produces much less mixing
than z-coordinates. In fact, sigma can produce lower ranges of mixing than possible with any
con guration of z-coordinates. As was speculated in|Legg et al. (2008), this work shows that
sigma coordinate simulations are as sensitive to vertical viscosity as z-coordinate simulations.

6.4. Recommendations for Ocean Global Circulation Models

The most substantial ndings from this study include a stronger sensitivity of the mixing
to vertical resolution (within the full range tested dz = 120;60; 30; 15 m) than horizontal
resolution (within the range dx = 10;2:5 km), a qualitative behavior shift in the over ow
dynamics between horizontal resolutions of 50 km and 10 km, and a stronger dependence on
vertical viscosity at ner resolutions. Our primary recommendation for modelers is that a
horizontal resolution of 10 km and a vertical resolution of 60 m are su cient for these types
of over ows, as long as high-resolution topography is not required. Once such resolutions
are attainable, vertical viscosity is the primary control over the mixing (when considering
only what was tested in this work), which in turn sets the characteristics of the product
water. Additionally, this study shows that higher resolution captures more of the dynamics
of over ows, such that over ow parameterizations that have been tuned to low-resolution
horizontal grids (e.g. 1 global grid) will likely need to be recon gured to work at high-
resolution (1=10 or ner). Since spurious mixing is reduced but not removed by increasing
resolution, over ow parameterizations will still need to be used.

Finally, as computational power increases and the standard grids for climate models
become ner, vertical viscosity will play an increasingly important role in accurately repre-
senting the plume evolution and mixing characteristics of oceanic over ows. Special attention
and future studies should be devoted to these issues going forward, since getting over ows
right is vital for accurate representation of large-scale circulation in the ocean.

6.5. Future Work with Realistic Over ow Con gurations

There has been previous work looking at global realistic over ow simulations including
Riemenschneider and Legg (2007); Chang et al.| (2009); |Seim et al.| (2010); |Snow et al.| (2015).
This study focuses on how the numerical parameters in MPAS-Ocean a ect over ow sim-
ulations in an idealized domain. All of the simulations presented here have been run on a
uniform grid using hexagonal cells. The advantage of MPAS-Ocean is that it utilizes an un-
structured horizontal mesh capable of non-uniform resolution. Adding horizontal re nement
in over ow regions may improve over ow characteristics in global simulations with realistic
topography. This will be the focus of our work in the near future. MPAS-Ocean provides a
natural framework for this type of study, as high horizontal resolution in multiple over ow
regions may be nested within a low resolution global domain.
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