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Abstract14

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, sigma15

vertical coordinate, z-star with partial bottom cells, model resolution16

1. Introduction17

Over
ows are density driven currents that 
ow down topographical features and mix18

with the ambient ocean. Dense water forms for a variety of reasons including cooling,19

evaporation, and salt addition (due to brine rejection during ice formation). After the20
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formation of the dense water, which typically occurs in a semi-enclosed region, it can 
ow21

down narrow straits or continental slopes until it reaches its neutral buoyancy level or the22

ocean bottom (Legg 2012). Examples of oceanic over
ows include the Nordic deep over
ows23

such as in the Denmark Strait (Girton and Sanford 2003; K�ase et al. 2003) and Faroe Bank24

Channel (Mauritzen et al. 2005), Antarctic deep over
ows such as from Weddell (Foster and25

Carmack 1976) and Ross seas (Gordon et al. 2004; Muench et al. 2009), and the intermediate26

subtropical over
ows such as from the Red (Peters et al. 2005; Peters and Johns 2005;27

Baumert et al. 2005) and Mediterranean seas (Baringer and Price 1997).28

These dense over
ows a�ect the properties of intermediate and deep water and signif-29

icantly in
uence large-scale ocean circulation(Legg et al. 2009). Climate models without30

accurate over
ow representation may have incorrect heat transport distribution and incor-31

rect magnitude and structure of their meridional overturning circulation (Legg et al. 2009).32

Even when the over
ows are resolved in global ocean models, the mixing and entrainment33

processes are often not resolved and, thus, must be parameterized. The scales associated34

with the mixing due to over
ows are on the order of minutes and meters (Ilicak et al. 2008).35

Additionally, most global ocean circulation models solve the hydrostatic primitive equations,36

so vertical mixing must be parameterized.37

In global simulations using z-coordinate models, downslope 
ows have too much entrain-38

ment, which compromises simulations of the deep ocean (Roberts and Wood 1997; Winton39

et al. 1998; Wang et al. 2008). This spurious mixing is generated by the stair-step repre-40

sentation of the bottom topography, which can be reduced by using partial cells bottom41

cells (Adcroft et al. 1997), but not eliminated. The representation or parameterization of42

over
ows remains di�cult at horizontal resolutions coarser than a few kilometers (Legg et al.43

2006; Snow et al. 2015). There have been schemes developed to eliminate spurious mixing as44

the plume descends the slope for z-coordinate models using various bottom-boundary layer45

models (CAMPIN and Goosse 1999; Beckmann and D�oscher 1997; Killworth and Edwards46

1999; Song and Chao 2000).47

Terrain following coordinate models are well suited for over
ows and often use turbu-48

lence closure models for mixing (Ezer and Mellor 2004; Ezer 2005; Ilicak et al. 2008). Also,49

terrain following coordinates are more commonly used for coastal and regional applications50

than global simulations due to their inherent horizontal pressure gradient errors (Blumberg51

and Mellor 1987; Haidvogel et al. 2000). Isopycnal models are also a natural �t for captur-52

ing over
ow dynamics, however, they require an explicit diapycnal mixing scheme (Hallberg53

2000; Papadakis et al. 2003; Legg et al. 2006). No mixing schemes or over
ow parameteri-54

zations are used in this study, rather this study focuses on a characterization of numerical55

mixing.56

The Dynamics of Over
ows Mixing and Entrainment (DOME) is an initiative responsible57

for developing an idealized over
ow test case that could be used to compare di�erent ocean58

models’ treatment of the over
ow dynamics. This initiative was part of the Gravity Current59

Entrainment Climate Process Team (CPT; Legg et al. 2009). There have been other projects60

with similar goals of understanding the sensitivity of numerical choices in models looking at61

speci�c regions or dynamics. These include Dynamics of North Atlantic Models (DYNAMO;62

Meincke et al. 2001), Data Assimilation and Model Evaluation Experiments in the Gulf63

Stream region (DAMEE-GSR; Willems 1995), and Data Assimilation and Model Evaluation64

Experiments in the North Atlantic Basin (DAMEE-NAB; Chassignet et al. 2000). A direct65
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consequence of various models and laboratory experiments studying the DOME test case (or66

something very similar) is, �rst, an improved description of the important physical processes67

that a�ect over
ows. A second consequence is a deeper understanding of the sensitivity of68

over
ow mixing to physical (in
ow density anomaly, slope angle, ambient 
uid strati�cation,69

etc., e.g. Cenedese et al. (2004); Legg et al. (2006)) and numerical parameters (resolution,70

vertical coordinate, subgrid-scale parameterizations, advection schemes, etc., e.g. �Ozg�okmen71

and Chassignet (2002); �Ozg�okmen et al. (2004a); Anderson (2004); Ezer and Mellor (2004);72

Ezer (2005); Legg et al. (2006); Legg et al. (2008); Wang et al. (2008); Laanaia et al. (2010);73

Bates et al. (2012)). In the DOME scenario, high resolution cases can be used as benchmarks,74

even across models.75

Second, over
ows can be represented with straightforward mathematical models that are76

used to set tracer di�usivity and eddy viscosity. The most commonly used parameterizations77

of this form include the K-pro�le parameterization (KPP, used in z-coordinate models) and78

the Turner-Ellison parameterization (TE, used in isopycnal coordinate models). In KPP,79

vertical mixing is parameterized by specifying vertical viscosity as a function of the local80

gradient Richardson number (Large et al. 1994; Large and Gent 1999).81

The DOME con�guration can be used to test over
ow parameterizations by comparing82

high resolution models without mixing parameterizations to lower resolution models with83

parameterizations. Legg et al. (2006) was able to show that the Hallberg Isopycnal Model84

(HIM) compares well with high resolution (500 m in the horizontal), non-hydrostatic z-85

coordinate (MITgcm) simulations. The HIM model was run at a horizontal resolution of86

10 km using a modi�ed Turner-Ellison parameterization (Turner 1986; Ellison and Turner87

1959) for entrainment due to shear driven mixing based o� of the local gradient Richardson88

number (Hallberg 2000) and the Hallberg Bottom Boundary Layer model to parameterize89

frictional mixing. Similarly, an idealized over
ow con�guration was used to test the HYCOM90

parameterization, which is derived from high resolution, non-hydrostatic simulations using91

Nek5000 (Xu et al. 2006). Ezer and Mellor (2004); Jackson et al. (2008); Ilicak et al.92

(2008); Ilicak et al. (2012) also used an idealized over
ow domain to test new and existing93

parameterizations.94

Over the past 10 years, there have been numerous studies on idealized over
ow using95

di�erent ocean models. Table 1 gives a summary of all those studies and categorizes them96

with respect to the model, vertical grid type, horizontal grid type, numerical di�erentiation97

scheme, the use of bottom drag, the advection scheme type, the mixing scheme type, and98

use of non-hydrostatic primitive equations. Additionally, the studies are categorized by99

whether or not they investigated the sensitivity of the DOME test case to various numerical100

parameters including: vertical and horizontal di�usivity, vertical and horizontal viscosity,101

and vertical and horizontal resolution. Table 2 provides more detail on the type of numerical102

parameters that were studied, but focuses on viscosity and resolution, since that is the focus103

of this paper. Even when looking at speci�c sensitivity studies, the parameters were tested104

in a variety of ways. Table 1 shows whether or not a sensitivity test was conducted for each105

parameter, indicated with a yes (Y) or no (N). The Y* indicates that the parameter was106

varied, but under one of following constraints: (a) not independently with the variation of107

other parameters, (b) the sensitivity of its variation was not studied, or (c) a parameterization108

was used so it is not known exactly how the parameter varied.109

All types of vertical coordinate models have been investigated using the DOME case110
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including z-coordinate models (Ezer and Mellor 2004; Ezer 2005; Tseng and Dietrich 2006;111

Wang et al. 2008), z-coordinate with partial bottom cells (PBCs) (Legg et al. 2006 2008;112

Wang et al. 2008; Bates et al. 2012), sigma coordinate models (Ezer and Mellor 2004;113

�Ozg�okmen et al. 2004b; Ezer 2005; Wang et al. 2008), and isopycnal models (Legg et al.114

2006 2008). In the majority of the cases where a parameter is varied and the rest of the115

parameters are held constant (Y), the sensitivity study only included 2 or 3 di�erent cases.116

For example, the �rst Y that appears in the table is for Ezer (2005) under vertical di�usivity.117

However, Table 2 shows that only two cases are used to test the sensitivity of the vertical118

di�usivity (one with di�usivity equal to zero, and the other with nonzero di�usivity). One no-119

ticeably untested (or unreported) sensitivity test is the variation of vertical resolution, which120

no study has tested as an independent controlling factor of over
ows within the DOME test121

case (most varied vertical and horizontal resolution simultaneously). Riemenschneider and122

Legg (2007) did test vertical resolution dependence on over
ows as an independent control-123

ling factor in the Faroe Bank Channel. Laanaia et al. (2010) also tested vertical resolution124

dependence independently using sigma coordinates in the NEMO-OPA9 model. They found125

that over
ow dynamics were incredibly sensitive to vertical resolution and adding merely 5126

sigma levels in the bottom boundary layer signi�cantly improved over
ow representation.127

Horizontal resolution has been tested frequently, but it is commonly tested in only one of128

the vertical coordinate types (Ezer and Mellor 2004; Legg et al. 2006), for only two horizontal129

resolutions (Bates et al. 2012), while also varying vertical resolution (Ezer and Mellor 2004;130

Ezer 2005; Legg et al. 2006; Tseng and Dietrich 2006; Wang et al. 2008), or while also varying131

viscosity (Ezer 2005; Legg et al. 2006; Wang et al. 2008). The story is similar for the other132

numerical parameters. In particular, Legg et al. (2008) looked at the MITgcm sensitivity133

to vertical and horizontal viscosity, but only at one horizontal and vertical resolution, for a134

smaller set of viscosities than the set of numerical experiments presented in this paper, and135

only for the z-coordinate model.136

The goal of this paper is twofold: (a) to validate MPAS-Ocean, as it is a new ocean137

model, by testing it on a well known benchmark problem, and (b) to conduct a full numeri-138

cal parameter study on the DOME setup that brings together and �lls in some of the missing139

pieces from all of the previous studies. In particular, this work contributes to previous work140

by covering a more expansive range of parameter space than has been previously done, and141

also by investigating the sensitivity to vertical resolution as an independent controlling factor142

of over
ows within the DOME test case. None of the models run for this study have explicit143

mixing schemes or over
ow parameterizations. The goal is to study a characterization of144

numerical mixing, since MPAS-Ocean will be primarily run in z-coordinate mode. Addition-145

ally, the sigma coordinate simulations are done for comparison, so no parameterizations are146

used there either.147

The paper is organized as follows: Section 2 describes MPAS-Ocean and the experimental148

setup; Section 3 describes the analysis techniques used for understanding over
ows; Section 4149

presents the model con�guration to ensure that MPAS-Ocean correctly simulates the DOME150

test case; Section 5 reports the results from a sensitivity study on vertical viscosity, horizontal151

viscosity, vertical resolution, and horizontal resolution for z-star, z-star with PBCs, and152

sigma vertical coordinate con�gurations; and Section 6 summarizes results and provides a153

recommendation for the most computationally cost e�ective option for global circulation154

models.155
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Table 1: Summary of models that have tested DOME
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Ezer and Mellor (2004) POM z, � C I Y* Y* Y* Y* Y* Y* N/A MP M-Y N
�Ozg�okmen et al. (2004b)y Nek5000 � hex-A II N N N N N N N/A PQ none Y

Ezer (2005) POM z, � C I Y Y Y* Y* Y* Y N/A MP M-Y N
Legg et al. (2006) MITgcm zp (low rez*) C III N(0) N(0) Y* Y* Y* Y 0.002 S none N
Legg et al. (2006) MITgcm zp (high rez*) C III N(0) N(0) N N N N 0.002 S none Y
Legg et al. (2006) HIM � C I N N Y* Y* N Y 0.002 B TP N

Tseng and Dietrich (2006) DieCAST z A-C I Y* Y* Y* Y* Y* Y 0.002 4O,2O MR N
Legg et al. (2008) MITgcm zp C III N N Y Y N N 0.002 S, O, 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 IV Y Y* N Y N Y 0.002 FCT MR N
Bates et al. (2012) MOM zp B I N(0) N N Y N Y varied MD SM N

this study MPAS-Ocean z*, z*p, � hex-C III N(0) N(0) Y Y Y Y 0.002 FCT none N

Key: In �rst column, (y) 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, I- Finite Di�erences, II-Spectral
Elements, III-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, 4O-4th order, 2O-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 Setup156

2.1. About the model: MPAS-Ocean157

The model used in this work is MPAS-Ocean (Ringler et al. 2013). MPAS is an acronym158

for Model for Prediction Across Scales and is a software framework for climate model compo-159

nents developed by Los Alamos National Laboratory and the National Center of Atmospheric160

Research. Numerous cores have been developed within the MPAS framework, including a161

shallow-water model (Ringler 2011), a hydrostatic atmosphere model (Rauscher et al. 2013),162

a non-hydrostatic atmosphere model (Skamarock et al. 2012), a hydrostatic ocean model163

(Ringler et al. 2013), and sea-ice and land-ice models (under development).164

The MPAS approach uses a horizontally conforming mesh that is a high-quality, easy-to-165

construct, and multi-resolution tessellation (Ringler et al. 2008). Here high-quality means166

that the mesh size varies smoothly and each polygon has nearly uniform edge lengths. Easy-167

to-construct means that fast algorithms exist to create the meshes. The preference is to168

use Spherical Centroidal Voronoi Tessellations (SCVTs), which are n-sided polygons, but in169

practice mostly hexagons. SCVTs are very convenient for variable resolution meshes because170

they are constructed from a mesh density function, and the mesh quality remains high as the171

number of points increases. The isotropy of a hexagon is also preferred over a quadrilateral172

or triangle. In the study presented here, the horizontal grids are all uniform (not using173

multi-resolution capabilities) in order to isolate parameter changes, especially to compare to174

other models. When SCVTs are used, they are referred to as a hex grid throughout. All175

cases in this work were run on a hex grid, unless noted otherwise.176

The vertical grid uses the Arbitrary Lagrangian-Eulerian (ALE) method, which allows for177

a variety of vertical coordinate options (Petersen et al. 2015). These options include: z-level,178
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Table 2: Summary of Work with DOME

Study Model Numerical Study
Grid Type

(Vertical/Horizontal
/Discretization)

Ezer and Mellor (2004) POM

�x (km) 10 10 10 2.5
z-level z-levels (#) 50 50 50 88

Arakawa C-grid �h(m2s�1) 50 500 5000 500
Finite Di�erence �v(m2s�1) varies varies varies varies

�x (km) 10 10 10 10
sigma �-levels (#) 50 50 50 10

Arakawa C-grid �h(m2s�1) 50 500 5000 500
Finite Di�erence �v(m2s�1) varies varies varies varies

�Ozg�okmen et al. (2004b) Nek5000

�x (km) 0.2
sigma �-levels (#) 8

hex-A grid �h(m2s�1) 1.17
Spectral Element �v(m2s�1) 2.34x10�2

Ezer (2005) POM

�x (km) 10 2.5 . .
z-level z-levels (#) 50 88 . .

Arakawa C-grid �h(m2s�1) 100 10 . .
Finite Di�erence �v(m2s�1) 500 50 . .

�x (km) 10 2.5 10a 10b

sigma �-levels (#) 50 50 50 50
Arakawa C-grid �h(m2s�1) 100 10 100 100
Finite Di�erence �v(m2s�1) 500 50 500 500

Legg et al. (2006)

MITgcm

�x (km) 50 10 2.5 0.5
z-level, PBC z-levels (#) 25 25 60 120

Arakawa C-grid �h(m2s�1) 50 50 5 0.5
Finite Volume �v(m2s�1) 0.5 0.5 5x10�2 1x10�2

HIM

�x (km) 50 10 . .
isopycnal b-levels (#) 25 25 . .

Arakawa C-grid �h(m2s�1) varies varies . .
Finite Di�erence �v(m2s�1) 10�4 10�4, 0.5 . .

Tseng and Dietrich (2006) DieCAST

�x (km) 50 20 10 5 2.5
z-levels (#) 18 18 18 37 73
�h(m2s�1) 4 4 4 4 4

z-level �v(m2s�1) 1x10�5

Arakawa A- & C-grid �x (km) 5 5 5 5
Finite Di�erence z-levels (#) 37 37 37 37

�h(m2s�1) 20 200 4 4
�v(m2s�1) 1x10�5 1x10�5 2x10�4 8x10�3

Legg et al. (2008)

MITgcm

�x (km) 2.5
z-level, PBC z-levels (#) 60

Arakawa C-grid �h(m2s�1) 2x10�4 0.05 0.5 0.05 0.05
Finite Volume �v(m2s�1) 5 5 5 0.5 50

HIM

�x (km) 2.5
isopycnal b-levels (#) 25

Arakawa C-grid �h(m2s�1) varied varied varied
Finite Di�erence �v(m2s�1) 1x10�4 1x10�4 1x10�4

param. type BMO JHP TP

Wang et al. (2008) FEOM

�x (km) 20 10 10 5 2.5
z-level, full & partial z-levels (#) 36 72 72 144 144

tri-A grid �h(m2s�1) 50 50 50 50 50
Finite Element �v(m2s�1) 0.05 0.05 0.2 0.05 0.05

�x (km) 20 10 10 5 2.5
sigma z-levels (#) 36 36 36 36 36

triangle grid �h(m2s�1) 50 50 50 50 50
Finite Element �v(m2s�1) 0.05 0.05 0.2 0.05 0.05

Bates et al. (2012) MOM

�x (km) 40 40 4.1
z-level, PBC z-levels (#) 50 50 50

Arakawa B-grid �h(m2s�1) 500 500 500
Finite Di�erence �v(m2s�1) 0.5 1x10�4 0.5

Key: aKH=0 & bKM =0.
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where all layers have �xed thickness except for the top layer; z-star, where all layer thicknesses179

compress in proportion to the sea surface height (Adcroft and Campin 2004); sigma, where all180

layers are used and layers contract to follow bottom bathymetry (i.e. no vacant land cells at181

the bottom of the column); z-tilde, where thicknesses respond to high-frequency oscillations182

in a Lagrangian manner (Leclair and Madec 2011); and idealized isopycnal, which has no183

vertical transport between layers. In the simulations presented here, z-level, z-star, and184

sigma vertical coordinates are tested. Additionally, partial bottom cells can be used, which185

has been shown to be important for representing over
ows (Adcroft et al. 1997).186

The numerical methods used by MPAS-Ocean include a �nite-volume discretization of187

the primitive equations using a C-grid staggering in the horizontal (Thuburn et al. 2009;188

Ringler et al. 2010), a split-explicit time stepping algorithm (Higdon 2005), and a 
ux-189

corrected transport (FCT) tracer advection scheme that is quasi third-order and monotonic190

(Skamarock and Gassmann 2011). For more speci�c details on the MPAS-Ocean numerics,191

see Ringler et al. (2013).192

2.2. Test Case: DOME193

Fig. 1 shows the domain used. Dense water enters the domain at the embayment in the194

northern end. The in
ow condition is discussed in Section 4, but was veri�ed to match Legg195

et al. (2006) at the 2.5 km resolution. The domain spans 2000 km in the x-direction, 800 km196

in the y-direction, and 3600 m in the z-direction. The embayment is 100 km across, 50 km197

long, and 600 m deep. The physical parameters are set according to the reference case (Case198

1) of Legg et al. (2006). This corresponds to an in
ow density anomaly of �b0 = 0:019 ms�2,199

an in
ow 
ux of 8:64� 106 m3s�1, an ambient strati�cation of N = 2:3� 10�3 s�1, a Coriolis200

parameter of f0 = 1� 10�4 s�1, and topographic slope angle of tan(�) = 0:01. The ambient201

strati�cation parameter corresponds to a background temperature strati�cation de�ned by202

T (z) =
N2�ref

g�t
z + Tref (1)

where Tref = 15�C, �ref = 1029:2 kgm�3, g = 9:81 ms�2, and �t = 0:2 kg=(m3K). The vertical203

coordinate is de�ned at the surface as z = 0 and is positive in the upwards direction. The204

in
ow density anomaly parameter corresponds with an in
ow temperature de�ned by205

Tin
ow = �
�b0�ref

g�t
+ Tref : (2)

This results in a linear temperature pro�le that ranges from 5�C at z=-3600 m and 15�C at206

the surface with an in
ow temperature of 5�C. A passive tracer is introduced, with � = 0207

initially throughout the domain, and � = 1 in the in
ow water. Bottom drag is used with a208

drag coe�cient of Cd = 0:002. Vertical and horizontal tracer di�usivity are both set to zero.209

Salinity is constant, and a linear equation of state is used, where �t is the thermal expansion210

coe�cient. The in
ow occurs on the northern wall of the embayment, in the bottom west211

corner of the wall, as speci�ed in Legg et al. (2006). To prevent large increases in the sea212

surface height, an out
ow condition is applied to the western wall, where the water volume213

added at the in
ow is removed from the domain. The out
ow 
ux is distributed equally214

across the entire western boundary. It was veri�ed that the domain-averaged sea surface215
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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-
ux216

boundary condition, and all walls are no-slip.217

The full range of DOME parameters and overall dimensions of the domain are chosen218

to cover the values typical of the Denmark Strait Over
ow, the Mediterranean Out
ow,219

the Red Sea Out
ow, and some of the Antarctic over
ows (Legg et al. 2006). The most220

signi�cant simpli�cations made in the idealized system are the use of linear strati�cation221

and the topographic pro�les. However, observational measurements made by Girton and222

Sanford (2003) from the Denmark Strait Over
ow can be used as a rough estimate. Legg223

et al. (2006) compared di�erent cases (with di�erent physical parameters, such as slope angle,224

strati�cation, in
ow density, etc.) to the observations made with Girton and Sanford (2003).225

It was found that rate of plume descent, the downstream change in plume density, and the226

entrainment velocity all matched reasonably well when the di�erences in the idealized setup227

versus the observations were taken into account.228

Since the physical parameters used in this work roughly compare to the Denmark Strait,229

the observed thickness of the Denmark Strait can be used as a rough estimate of the resolution230

requirements . According to Winton et al. (1998), the requirements for z-coordinate models231

using full cells to transport dense over
ow without excess entrainment are dx < h=tan(�)232

and dz < h, where h is the thickness of the over
ow plume and � is the topographic slope.233

The observed thickness of the Denmark Strait over
ow is 160 m. Therefore, the conditions234

require dx < 16 km and dz < 160 m. If we provide �ve grid cells to span this length, then a235

satisfactory grid uses dx = 3:2 km and dz = 32 m. This study explores the DOME system236

at the following resolutions: dx = 50, 25, 10, and 2.5 km and dz = 120, 60, 30, and 15 m.237

Therefore, the investigation includes cases where the resolution requirements are met, and238

others that do not satisfy the conditions.239

2.3. Brief Description of Experiments240

Section 4 describes a series of experiments that not only validates MPAS-Ocean against241

other models, but also determines a base case. Numerical experiments were done to perform242

the following studies: in
ow conditions (Section 4.2); vertical viscosity, horizontal viscosity,243
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and vertical grid type (Section 4.4); and �nally a direct comparison to MITgcm and HIM244

(Section 4.5).245

Section 5 describes the large set of experiments that are necessary in order to investigate246

the sensitivity of the over
ow system on various numerical parameters, including vertical247

parameters (viscosity and resolution, Section 5.1), horizontal parameters (viscosity and res-248

olution, Section 5.2), and vertical grid type (Section 5.3). A summary of these experiments249

can be found in Table 4. In all comparisons, all other parameters are held constant to isolate250

the e�ect of a single parameter. Additional comparisons are done to look at the dependence251

on the grid Reynolds number.252

3. Analysis253

3.1. Two-dimensional Visualization Metrics254

In order to make a fair comparison across vertical resolutions, grid types, and partial255

bottom cells, the bottom tracer concentration is computed across a uniform thickness, �zplot,256

as257

�bottom(x; y) =

R zbot+�zplot
zbot

�(x; y; z)dz
�zplot

(3)

where zbot(x; y) is the z-coordinate of the bottom topography. Previous studies employing the258

DOME test case plotted tracer concentration in the deepest cell only. This caused striping259

in the y-direction in our simulations with high vertical resolution and partial bottom cells.260

In all plots in this paper, concentrations below a cut-o� of 0.01 are white, and land cells261

near the northern wall are shown in gray.262

The plume thickness,263

�P (x; y) =
Z

�>0:01
dz; (4)

is simply the vertical extent of the plume envelope, de�ned by a boundary of 1% tracer264

concentration. It is particularly useful for visualizing columnar vortices in three dimensions.265

The test case used in this study is equivalent to Case 1 from Legg et al. (2006), which266

is the most commonly used case in other studies as well (Ezer 2005; Tseng and Dietrich267

2006; Wang et al. 2008). This test case is classi�ed to be in the \eddy regime" based on268

the classi�cations determined by Cenedese et al. (2004). Therefore, this metric is able to269

capture these three-dimensional eddy features (Fig. 2).270

The plume height,271

h(x; y) =
R

(z � zbot(x; y))�(x; y; z)dzR
�(x; y; z)dz

; (5)

is the tracer-weighted average distance of the plume above the bottom topography. For272

example, for a 100m-thick plume with constant � traveling along the bottom topography,273

the plume height is 50m. In practice, this is a discrete summation over cells in a column,274

where z is the z-coordinate of the middle of the cell. Plots of plume height portray the275

vertical distribution of the plume in (x; y) space. It is another way to see three-dimensional276

features in a two-dimensional plot. In particular, the plume edge where there is high eddy277

activity becomes apparent (Fig. 2).278
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3.2. One-Dimensional Analysis279

As was done in Legg et al. (2006) and various studies thereafter, the following metrics are280

used, especially for comparison between cases and comparison to other models. The plume281

path,282

Y (x) =
R R

y�(x; y; z)dzdyR R
�(x; y; z)dzdy

; (6)

is the tracer-weighted plume path in y. These integrals are computed over the full domain283

in y and z. All 1D metrics presented in this study are time-averaged over the period of284

22-40 days. This metric simpli�es the results by giving an approximate path of the plume285

in one-dimensional space. The plume buoyancy,286

�b(x) =
R R

b(x; y; z)�(x; y; z)dzdyR R
�(x; y; z)dzdy

; (7)

is the tracer-weighted plume buoyancy, where b = g(�ref��)=�ref . This is the mean buoyancy287

of the over
ow water as a function of along-slope distance. For all the plots of plume288

buoyancy in the paper, �b(x) is normalized as �b=j�b0j, where �b = (�b � bref), �b0 =289

0:019 ms�2, bref = 0 since buoyancy and density are both referenced to their surface values,290

and �ref = 1029 kg=m3.291

Entrainment and mixing are analyzed by looking at the transport within the plume in292

the along-slope direction, de�ned by293

T (x) =
Z

A
U(x; y; z)dydz; (8)

where A is the y � z cross-section where � > 0:01, and U is the zonal (eastward) velocity.294

The entrainment coe�cient, (Legg et al. 2006),295

�E(x) =
dT (x)
dx =L(x)

T (x)=A(x)
(9)

is a dimensionless measure of the 
ux of water entering (positive �E) or exiting (negative �E)296

the plume envelope. Here L is the length of the interface between over
ow water (� > 0:01)297

and ambient water in the (y; z) plane, approximated as the length of the plume across298

the slope in y, at each x location. The entrainment coe�cient is the ratio of the average299

velocity across the plume envelope to the average velocity through the cross-section within300

the envelope. In other words, the ratio of velocities entering versus traveling through the301

plume. At high horizontal resolutions, eddies make L and A highly variable in x, so the302

entrainment coe�cient is smoothed with an averaging window of 8 points before plotting.303

We introduce two new metrics that were not used by Legg et al. (2006) and others. The304

mean plume thickness is the plume thickness (Equation 4) averaged again in the y-direction,305

�P (x) =
R R

�>0:01 dzdyR
dy

: (10)

Similarly, the mean plume height is computed by integrating the plume height (Equation 5)306

in y,307

h(x) =
R R

(z � zbot(x; y))�(x; y; z)dzdyR R
�(x; y; z)dzdy

: (11)
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3.3. Scalar Metric Analysis308

Additionally, the initial angle of descent is used as a scalar metric to compare cases and309

is de�ned as310

� =
�y�

�x�
; (12)

where x� and y� represent the best-�t line for the plume path (x; Y ) from x = �100 km311

to 0 km. Thus, the initial angle of descent is actually the slope of the best-�t line. When312

� = 0 the plume runs parallel to the slope (westward) and when � = 1 the plume travels to313

the southwest at 45�. Lastly, the mean �nal buoyancy of the plume is calculated by �nding314

the mean plume buoyancy from Equation 7. The mean is computed from the mean plume315

buoyancy values located west of x = �200 km. Initial angle of descent and �nal mean316

buoyancy provide scalar metrics that are useful for comparing a large number of cases at317

once.318

4. Model Con�guration319

4.1. A Qualitative Look at an Over
ow320

Fig. 2 shows various snapshots from the base case simulation, which will be described321

in greater detail in Sections 4.2 - 4.5 and Table 4. The expected qualitative features of322

idealized over
ows are present. First, the plume descends the slope and is de
ected along323

the slope to the west, due to the Coriolis e�ect. Second, there are large eddies that grow in324

amplitude throughout the simulation. These are most easily seen in plots of plume thickness325

and temperature and agree with previous work (Cenedese et al. 2004; Ezer and Mellor 2004;326

Legg et al. 2006; Wang et al. 2008). According to the classi�cations of Cenedese et al. (2004),327

this chosen set of physical parameters seems to �t in the \Eddy Regime", which is reasonable328

since the Froude number is one. Vertical water columns can be seen above each eddy, as329

was found in von Appen et al. (2014). Therefore, plume thickness can be used as a measure330

of eddy strength. The stronger the eddy, the thicker the vertical column of tracer will be.331

When looking at 2D plots of plume thickness, the eddy strength will be deduced by the332

magnitude of the plume thickness and the eddy size is approximated by the extent of the333

circle made up by the column of tracer. Although the strength of the eddy and thickness334

of the column vary by the numerical parameters used, the thickness can be as high as 2000335

m (the vertical domain is 3600 at the deepest). Thus, these eddies are mostly barotropic,336

spanning almost the entirety of the water column, as was found in Lane-Ser� and Baines337

(1998). The tracer concentration of the in
ow water is one, and the ambient water is zero.338

As the plume descends from the embayment, ambient water is entrained, so that the plume339

expands and the tracer concentration drops. Entrainment occurs at the boundary at the top340

and sides of the plume, as seen by the envelope of blue around the green in Figs. 2a and b.341

4.2. In
ow Conditions342

The in
ow condition is set based on the analytic representation described by Legg et al.343

(2006), Equations 3-8. Their in
ow was chosen so that it satis�ed the following: it is in344

geostrophic balance, has a maximum Froude number of 1, and has a gradient Richardson345

number that is everywhere locally greater than 1/3 (to minimize mixing in the embayment).346
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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-347

iments presented here is calibrated to produce the same volumetric 
ux as the MITgcm348

simulations at the 2.5 km resolution. Regardless of resolution (horizontal or vertical) or349

vertical coordinate type, all cases have the same in
ow volumetric 
ux of 8:64x106 m3s�1.350

A sensitivity study is performed, which shows that the results are largely insensitive to351

the in
ow rate, in both qualitative 2D comparisons (not shown) and 1D metrics such as352

plume path and plume buoyancy (Fig. 3). This is similar to the �ndings in Riemenschneider353

and Legg (2007), where they report that variations in in
ow forcing show only a very minor354

e�ect on mixing.355

Fig. 3 shows four of the 1D metrics for simulations with four di�erent in
ow rates.356

Whereas plume path and plume buoyancy appear una�ected by the in
ow condition, trans-357

port is directly proportional to the in
ow rate. Overall, results are insensitive to in
ow358

changes of 10-20%. Mean plume thickness is reduced for only the case with the lowest in
ow359

rate, which is likely due to a reduction in turbulent mixing.360
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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 Settings361

Conventionally, stability requirements allow the time step to be changed directly propor-362

tional to the horizontal grid size (i.e. if grid size decreases by two, time step decreases by363

two). However, at �ne vertical resolutions, vertical stability often requires a smaller time364

step. Furthermore, since the sigma coordinates apply very small vertical grid spacings in the365

region of the embayment, an even smaller time step may be required for the cases utilizing366

sigma coordinates. The exact time steps used for all simulations can be found in Table 3.367

In order to avoid overly thin partial bottom cells (PBCs), wherever PBCs occur that are368

less than 10% full, these bottom cells are removed and the deepest active cell is assigned369

to be a full cell one level up. Previously cells between 5 and 10% full were �lled to 10%,370

but this caused striping of tracers in the y-direction, even when visualizing with constant371

thickness in (3).372

MPAS-Ocean includes several parameterizations that were not turned on for this study.373

This includes the Gent-McWilliams (GM) parameterization for eddy-induced transport (Gent374

and McWilliams 1990; Gent et al. 1995), Richardson number-based vertical mixing (Pacanowski375

and Philander 1981), and KPP vertical mixing (Large et al. 1994; Large and Gent 1999). A376

simple constant vertical viscosity and constant horizontal Laplacian mixing was chosen so377

that parameters in the study may be set explicitly, and to compare with previous DOME378

studies with the same settings (Legg et al. 2006 2008). The GM parameterization is typically379

not used in over
ow tests, as its purpose is to improve global eddy-induced transports, rather380

than improving over
ow characteristics.381

No over
ow parameterizations were used in this study. Typically, z-coordinate models382

have too much mixing in over
ows, and isopycnal-coordinate models have too little. Various383

bottom boundary layer models are used in z-coordinate simulations to eliminate spurious384

mixing (CAMPIN and Goosse 1999; Beckmann and D�oscher 1997; Killworth and Edwards385

1999; Song and Chao 2000). Over
ow mixing parameterizations are used by isopycnal-386

coordinate models to increase the entrainment (Legg et al. 2006 2008), for example by the387

Richardson-number based Ellison and Turner scheme (Ellison and Turner 1959).388

4.4. The Base Case Con�guration389

A relatively small parameter space is now explored in order to determine a base case for390

the full numerical parameter study. The base case is chosen such that the time-averaged391

metrics match the results in Legg et al. (2008), which investigated the sensitivity of the392

MITgcm to vertical viscosity, horizontal viscosity, and advection scheme. It was determined393

that there is insigni�cant variability due to changes in horizontal viscosity and advection394

scheme, but that vertical viscosity is important. The recommended choices for these param-395

eters (for the MITgcm) was determined by comparing directly to HIM simulations using the396
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Hallberg and Jackson mixing scheme, which is based o� of Direct Numerical Simulations397

and is therefore assumed to be the closest to the \truth". An equivalent comparison is now398

utilized for setting the vertical and horizontal viscosity parameters to be used in the MPAS-399

Ocean z-star, z-star with PBC, and sigma simulations. Among the 1D metrics, plume path400

and plume buoyancy are particularly useful because they show the most variations between401

cases. Legg et al. (2008) also focused on plume path and plume buoyancy. In general, sigma402

cases are equally as sensitive as z-star cases to changes in horizontal and vertical viscosity403

(see Fig. 16).404

Based o� of the metrics, setting the constant vertical viscosity to �v = 0:05 m2s�1 is the405

best match to HIM for the z-star and z-star PBC vertical coordinate types, and thus, that406

is the value used for the base case con�guration.407

A constant harmonic (Laplacian) horizontal viscosity of 5:0 m2s�1 is chosen for the base408

case. As was done in Legg et al. (2008), 0:5 m2s�1 and 50 m2s�1 are also tested. Overall,409

the metrics show less sensitivity to horizontal viscosity than vertical viscosity (see Fig. 16),410

which was also found in Legg et al. (2008). Speci�cally, the largest horizontal viscosity case411

has a �nal plume buoyancy of approximately 68% the original buoyancy, compared to 58%412

from the two smaller horizontal viscosities. Thus, the middle horizontal viscosity value is413

chosen for the base case, which also matches the base case horizontal viscosity from Legg414

et al. (2008).415

4.5. Comparison against other models416

Fig. 4 shows a side-by-side comparison of bottom tracer concentration for z-star PBC,417

sigma, MITgcm, and HIM. The two MPAS-Ocean cases use the base case con�guration dis-418

cussed in the previous section. For the sake of comparison to previous results, the traditional419

visualization technique of showing the single cell immediately above the topographic slope is420

utilized. The overall shape and distribution of the plume is very similar in the MPAS-Ocean421

z-star and MITgcm results. The plumes are also at approximately the same location along422

the slope. As seen in Fig. 5, the plume paths of the z-coordinate runs are almost identi-423

cal, especially for the �rst 200 km out of the embayment. The MITgcm model has a �nal424

mean buoyancy of about 62% of its initial value, while the MPAS-Ocean z-coordinate model425

has a �nal mean buoyancy of about 57% of its initial value. This means that the MPAS-426

Ocean z-coordinate model does appear to have more numerical mixing than the MITgcm427

model. These small di�erences could be attributed to di�erent horizontal coordinates (hex428

vs. quad), di�erent advection schemes, or slightly di�erent time averaging windows. On429

the other hand, the MPAS-Ocean sigma coordinate results show much less mixing and fur-430

ther across-slope transport than the z-coordinate models when run using the same vertical431

viscosity, as expected (Ezer and Mellor 2004; Wang et al. 2008).432

It was expected that the MPAS-Ocean sigma coordinate results would be more similar433

to the HIM results than the z-coordinate results, however, the sigma results have much less434

mixing than the HIM results as well. The results in Fig. 4 and 5 show sigma results run at435

a smaller vertical viscosity than the z-coordinate results as it provided a better match to the436

mixing in the HIM simulations. The di�erences between sigma and HIM are likely due to437

the mixing parameterizations in the HIM simulations (Legg et al. 2006 2008). There may be438

additional sensitivity to the slightly di�erent in
ow conditions or that the results are from439

day 40 instead of day 28.440
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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
m2s�1). MPAS-Ocean sigma results are run using (�v = 0:005 m2s�1). HIM results are run using the
Jackson Hallberg mixing scheme (Jackson et al. 2008).

5. Parameter Study441

The following parameter study is designed as an extension of previous work that looked442

at the sensitivity of over
ows to various numerical parameters ( �Ozg�okmen et al. 2004b; Ezer443

and Mellor 2004; Ezer 2005; Legg et al. 2006; Tseng and Dietrich 2006; Legg et al. 2008; Wang444

et al. 2008). The following parameters are varied under the control of all other parameters:445

vertical viscosity, horizontal viscosity, vertical resolution, and horizontal resolution. Special446

attention is paid to the time step and grid Re in all simulations. Vertical and horizontal447

viscosity ranges have been chosen based o� of the validation studies in Section 4.4. The448

coarsest horizontal resolution under consideration is dx = 50 km, which is approximately449

equivalent to a low-resolution, 1� OGCM grid, such as those used in the IPCC (2013). The450

resolution of dx = 10 km, is a typical high resolution, 1=10� OGCM grid, and dx = 25 km451

was chosen to show the mid-range. The highest resolution simulations use dx = 2:5 km,452
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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 m2s�1). MPAS-Ocean sigma results are run using (�v = 0:005 m2s�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.453

The exact numbers are chosen to match resolutions used in other idealized over
ow studies454

(Legg et al. 2006 2008; Wang et al. 2008). Similarly, the vertical resolution range used for455

this study matches other models (Legg et al. 2006 2008; Wang et al. 2008). The simulations456

use vertical resolutions of dz = 120 m (30 layers), dz = 60 m (60 layers), dz = 30 m (120457

layers), and dz = 15 m (240 layers). DOME was designed to mimic the con�guration of458

the Nordic Sea over
ows, which have sill depths around 500-800 m and �nal product water459

reaching neutral buoyancy around 1600-3000 m deep (Legg et al. 2009). The range of460

vertical resolution parameters provides a reasonable variety of vertical representations of461

these over
ow structures. Global ocean models have layers ranging from 30 to 150 m in462

thickness at sill depths and 100|250 m at product water depths (Maltrud and McClean463

2005; Ringler et al. 2013), but ocean models planned for the near future will have much �ner464

vertical grids.465

Table 4 summarizes the parameter ranges used in this study. All combinations of ver-466

tical and horizontal resolutions were tested. These combinations were tested with a vari-467

ety of horizontal and vertical viscosities, resulting in over 300 di�erent cases. The choices468

were made such that the sensitivity to each individual parameter could be understood (e.g.469

changing vertical resolution, horizontal resolution, vertical viscosity, or horizontal viscosity470

independently), as well as the sensitivity to the grid Reynolds number, which characterizes471

the strength of the turbulence in the system in relation to the grid scale. When the grid472

Reynolds number is su�ciently high, spurious mixing occurs as the numerical discretization473

fails to e�ectively resolve the turbulence. For harmonic di�usion, the horizontal and vertical474

grid Reynolds numbers are de�ned as475

Redx =
Udx
�h

(13)

476

Redz =
Wdz
�v

; (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 2.5 , 10, 25, 50
Vertical resolution , m 15, 30, 60 , 120

Horizontal viscosity , m2s�1 0.5, 5, 20, 50, 100
Vertical viscosity:

wide range, m2s�1 0.002, 0.005, 0.01, 0.025, 0.05, 0.5
narrow range for z-star PBC, m2s�1 0.0125, 0.025, 0.05 , 0.1

narrow range for sigma, m2s�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 from477

the plume location of the base case after 40 days. For the base case, Redx = 150 and ranges478

from 15 to 3 � 104 across all cases, while in the vertical, Redz = 0:9 for the base case and479

ranges from 0:1 to 6:7 across all cases. Ilicak et al. (2012) found that spurious mixing is480

strongly dependent on the horizontal grid Reynolds number. They tested idealized cases481

from Redx = 1:5|1.5�105, and showed that spurious dianeutral transport is signi�cantly482

reduced when Redx < 10. Our ranges for resolution and viscosity were based on past DOME483

con�gurations and typical real-world settings, which have a similar but smaller range of484

Redx.485

5.1. Sensitivity to Vertical Parameters486

In this section, the simulations’ sensitivity to individual vertical parameters (vertical487

resolution and vertical viscosity) will be explored, as well as the sensitivity to changing the488

two simultaneously such that the vertical grid Reynolds number is held constant. The e�ects489

of vertical and horizontal viscosity are strongest in regions of large vertical and horizontal490

gradients of velocity, respectively, with the largest shear e�ects occurring in the bottom491

Ekman layer. However, the system’s response to changes in vertical viscosity should be492

qualitatively similar to that for horizontal viscosity. Both are responsible for smoothing the493

divergence of horizontal velocity, which leads to a reduction in grid scale random 
uctuations494

of both horizontal and vertical velocity (Ilicak et al. 2012). Thus, increasing either horizontal495

or vertical viscosity (or decreasing grid Reynolds number) acts to reduce spurious mixing,496

resulting in a more laminar 
ow with less entrainment. Since the largest shear occurs near497

the bottom boundary where vertical gradients of velocity are large, vertical viscosity a�ects498

the plume dynamics more than the horizontal viscosity.499

Fig. 6 shows a tiled plot of 16 di�erent cases for two di�erent metrics. All cases are run500

using z-star PBC with a horizontal resolution of 2.5 km. The top 16 plots show bottom tracer501

concentration with a constant visualization thickness, �zplot = 120 m, across all resolutions.502

The bottom 16 plots show plume thickness. Each column represents a di�erent vertical503

viscosity with the largest on the far left, �v = 0:1 m2s�1, and the smallest on the far right,504

�v = 0:0125 m2s�1. Vertical resolution is varied along the rows where the top row is the505

coarsest resolution, dz = 120 m, and the bottom row is the �nest resolution, dz = 15 m.506

Due to the speci�c parameter values used, the upper-left to lower-right diagonals of the tiled507

visualizations show cases with constant vertical grid Reynolds numbers. The overall plume508

shape and how the tracer concentration is distributed within the plume as vertical viscosity509
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and vertical resolution change can be observed by looking at the �rst 16 plots of Fig. 6. The510

change in eddying behavior can be observed in the plume thickness plots in the last 16 plots511

of Fig. 6. An overall qualitative look at these plots shows that decreasing vertical viscosity512

results in the plume to propagating further along-slope. Finer vertical resolutions transport513

higher concentrations of the plume further downslope. At �ner vertical resolutions there is514

higher sensitivity to variations in vertical viscosity.515

Legg et al. (2006) found that increasing vertical viscosity led to a suppression of eddy516

activity using the HIM model. The same �nding was also reported in Ezer and Mellor (2004).517

The results presented in Fig. 6 agree with the previous �ndings, but only for eddies in the518

eastern extents of the plume, near the embayment. When the eddies near the embayment519

are suppressed, the plume levels o� and moves along slope rather than downslope, which520

has also been observed in Legg et al. (2008). A reversal of this behavior is observed in521

the region near the plume front, where increased vertical viscosity leads to stronger eddies522

that have partially traveled downslope. Eddy strength also increases as vertical resolution523

coarsens, especially for cases run at the smallest vertical viscosity. It is clear that the plume524

behavior, particularly the eddy behavior, is dependent on both vertical viscosity and vertical525

resolution, and that the two e�ects are interrelated. A more quantitative discussion of these526

results are given in the following sections.527

We begin with an overview of how to interpret the 1D metrics, and proceed to their528

sensitivity to vertical parameters. The plume path (Fig. 7a) shows the average path of the529

plume as it descends the slope. Since the plume is on a decreasing slope, the Y location530

on the y-axis indicates how far down the slope the plume has descended in addition to its531

southward extent. If there is more mixing, the plume will not descend as far and will level532

o� at a higher Y value. The plume buoyancy (Fig. 7b) is scaled by the initial buoyancy,533

so that value on the y-axis is the percentage of the initial buoyancy. Plume buoyancy is534

initially �1 at the inlet of the embayment, and adjusts to values near �0:7 with little mixing535

(equivalent to saying the plume is approximately 70% its initial buoyancy), and �0:4 (40%536

its initial buoyancy) with high mixing. Mean plume height and mean plume thickness (Fig.537

7c and 7d) give insight on the vertical structure of the plume. Whereas the mean plume538

height continues to increase as the plume descends down the slope, the mean plume thickness539

shows that total thickness of the plume peaks in the middle of the plume where there is the540

highest eddy activity. The westward transport (Fig. 7e) increases until x = �600 km and541

then decreases. The dominant term in the entrainment coe�cient de�nition (Equation 9) is542

dT=dx, so entrainment is large and positive just after the embayment until x = �150 km,543

small to x = �650 km, and then negative for the remaining part of the domain.544

5.1.1. Sensitivity at Coarse Vertical Resolution545

At the coarsest resolution of dz = 120 m, plume, path, transport, and entrainment are less546

sensitive to vertical viscosity than at �ner vertical resolutions. For the case with the lowest547

vertical viscosity, the plume buoyancy in Fig. 7b levels o� at 45% of its initial buoyancy,548

compared to 55% for high vertical viscosity. Low vertical viscosity allows more turbulence,549

which causes more mixing and entrainment, so that product water is lighter, as summarized550

at the top of Fig. 9. Lower vertical viscosity does result in an increase in plume height as551

can be seen in Fig. 7c, due to the dilution of the plume in the vertical. Since plume thickness552

and plume height are indications of eddying behavior, at course vertical resolution, a lower553
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Figure 6: Top 16 plots are bottom tracer concentration with �zplot = 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 and554

Mellor (2004); Tseng and Dietrich (2006); Legg et al. (2006). The plume thickness and height555

do not show the same pattern west of approximately x = �640 km. This is likely due to the556

strong eddy in that region, which appears as a �lament that is partially separated from the557
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plume head in the course vertical resolution simulations. In Legg et al. (2008), the sensitivity558

to vertical viscosity was shown for this same case but at a vertical resolution of dz = 60 m.559

When comparing cases run at a vertical viscosity of �v = 0:5 m2s�1 and �v = 2� 10�4 m2s�1,560

they report a �nal mean buoyancy of about 90% and 50% of its initial value, respectively,561

and an initial angle of descent of 0:6 and 0:2, respectively. Whereas their study covered a562

viscosity range that spans three orders of magnitude, the simulations presented in Fig. 7563

only span a single order of magnitude, however, these results do fall within the ranges from564

Legg et al. (2008).565
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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 Resolution566

Sensitivity to vertical viscosity at high versus low resolutions is quite di�erent. To il-567

lustrate, Fig. 8 shows the same 1D metrics and comparisons as Fig. 7 but for a constant568

vertical resolution of dz = 15 m. The plots indicate that if the resolution is not high enough,569

the simulation does not capture the additional dynamics a�orded by varying the viscosity.570

For these high vertical resolution simulations, as vertical viscosity increases, the plume path571

gradually steepens (Fig. 8a) and the plume buoyancy decreases (Fig. 8b). In the region572

near the front of the plume, mean plume height (Fig. 8c) and mean plume thickness (Fig.573

8d) increase as vertical viscosity increases. In a localized region close to the embayment574

(between x = 0 and �50 km), there is a slight increase in transport (Fig. 8e) and an asso-575

ciated decrease in entrainment coe�cient (
ux into the plume) (Fig. 8f) for larger values of576

vertical viscosity. The small di�erences in entrainment of ambient water early on are enough577

to alter the plume buoyancy, which then remains nearly constant as it propagates across the578

slope.579
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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 Resolutions580

As was mentioned in the coarse vertical resolution discussion, the e�ect of vertical viscos-581

ity reverses trends inside the plume. For all vertical resolutions, the plume descends further582

along slope as vertical viscosity decreases. This makes the plume thickness comparison in583

the region near the front of the plume irrelevant. This area is cut o� in most of the plots of584

plume thickness. In the western region of the plume, as vertical viscosity increases, the plume585

thickens and eddy strength increases. In the eastern region of the plume, the trend reverses:586

as vertical viscosity decreases, eddy strength increases. For each vertical resolution, there is587

an x location where the trend reverses. For dz = 120 m, the trend reverses at x = �640 km.588

For dz = 60 m, the trend reverses at x = �470 km. For dz = 30 m, the trend reverses at589

x = �430 km. For dz = 15 m, the trend reverses at x = �300 km. The eastern region590

matches what was found in Legg et al. (2008). Lower vertical viscosity results in stronger591

eddies and more numerical mixing in the region close to the embayment, that is the eastern592

region of the plume. This results in less dense plumes that descend less down the slope,593

which keeps the eddies localized near the top of the slope. With higher vertical viscosity, the594

eddies in the eastern region are suppressed, thus lowering numerical mixing. This results in595

a denser plume that descends down the slope more, which likely provides additional kinetic596

energy to the plume, thus strengthening the downslope eddies in the western region. The597

dynamics of the di�erent eddying regimes will be the focus of a future study by the authors.598

5.1.4. Summary of Vertical Parameter Sensitivity for all Cases599

The intricate relationships between vertical parameters can be further understood by600

looking at scalar metrics, which are averaged from the 1D metrics and can be used to601

characterize the plume dynamics of a single simulation in a straightforward manner. For602

these 0D comparisons, the focus is on initial angle of descent and mean �nal buoyancy,603

described in Sec. 3.3. Initial angle of descent provides a bulk value for the steepness of the604

plume’s descent downslope. Mean �nal buoyancy characterizes the density and depth of the605

plume after the initial adjustment. As can be seen in 1D plots, plume buoyancy levels o�606

fairly quickly after the exit from the embayment.607

Fig. 9 shows both of the scalar metrics for the entire parameter study for z-star PBC.608

For all the horizontal resolutions, initial angle of descent is slightly sensitive to vertical res-609

olution, especially at high horizontal resolution and small vertical viscosity. The largest610

percent di�erence in initial angle of descent is for the �nest horizontal resolution cases and611

the two largest vertical viscosities, which has a maximum of 30% change between di�erent612

vertical resolutions. The two smaller viscosities at the �nest horizontal resolution have about613

a 15% change in initial angle of descent values. The sensitivity is similar for the largest ver-614

tical viscosity cases run at the intermediate horizontal resolution. However, all other cases615

show almost not change in initial angle of descent values versus vertical resolution. On the616

other hand, initial angle of descent does show some sensitivity to vertical viscosity for all617

resolutions. At dx = 2:5 km horizontal resolution, initial angle of descent in Fig. 9a is618

very sensitive to vertical viscosity, with percent di�erences as high as almost 50% for the619

dz = 60 m cases. Legg et al. (2006) also found that initial angle of descent was relatively620

insensitive to changes in resolution, even when both horizontal and vertical resolutions were621

changed simultaneously. However, Legg et al. (2008) then showed that initial angle of de-622

scent is sensitive to vertical viscosity. On the other hand, mean �nal buoyancy shows strong623
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sensitivity to both vertical viscosity and vertical resolution. The percent di�erences are as624

high as about 20% for changes in vertical resolution and about 23% for changes in vertical625

viscosity at the �nest horizontal resolution. These percent di�erences decrease as horizontal626

resolution decreases. At the intermediate resolution, the percent di�erence in mean plume627

buoyancy for changes in vertical viscosity are about 16%, and for changes in vertical reso-628

lution, they are about 11%. At the lowest resolution, they are insigni�cantly di�erent. In629

general, as either vertical resolution decreases or vertical viscosity decreases, the �nal mean630

plume density decreases, which matches the �ndings of Riemenschneider and Legg (2007).631

Also, in Legg et al. (2006), it was shown that as vertical resolution was coarsened from632

dz = 30 m to dz = 144 m, the �nal buoyancy of the over
ow decreased. Since the horizontal633

and vertical resolutions were varied simultaneously in those comparisons, it is not evident634

which has a greater e�ect on the �nal buoyancy. However, this work shows that it is likely635

the changes in vertical resolution, not the changes in horizontal resolution.636

Vertical viscosity is a slightly stronger control on mean �nal buoyancy and is less compu-637

tationally expensive than increasing vertical resolution. Therefore, going to resolutions �ner638

than dz = 60 m does not seem worthwhile for these types of over
ows, because viscosity639

may be decreased to reduce mixing instead. This is particularly true for dx = 10 km, where640

mean �nal buoyancy is not changed by moving to vertical resolutions �ner than dz = 60 m.641

This is consistent with the �ndings of Winton et al. (1998), which suggests that z-coordinate642

models need to be run with several points in the frictional boundary layer to match the643

results given by density coordinate models and theory. This would mean for an over
ow644

plume of approximately 160 m in thickness, the vertical resolution should be approximately645

32 m. These two recommendations approximately agree.646

The results in Fig. 9 may be interpreted using the grid Reynolds number, as summarized647

by the diagrams at the top. For example, in Fig. 9b, mean �nal buoyancy increases with648

higher dz and larger vertical viscosity. The highest value of vertical grid Reynolds number649

(Redz = 6:7, when dz = 120 m and �v = 0:0125 m2s�1) produces the most mixing and highest650

�nal buoyancy, while the lowest value (Redz = 0:1, from dz = 15 m and �v = 0:1 m2s�1)651

produces the least. Despite this pattern, Redz is not strictly a controlling parameter for652

these results. Gray circles indicate constant Redz values within each panel, and produce653

varying values for initial angle of descent and mean �nal buoyancy.654

25



m
ea

n 
fin

al
 b

uo
ya

nc
y 

¥! more mixing 
¥! more entrainment 
¥! results in product water that is lighter 
¥! due to higher grid Re through: 

¥! higher dx or dz (lower resolution) 
¥! lower viscosity 

¥! that is, simulation is under-resolved. 

free parameter 

in
iti

al
 a

ng
le

 o
f d

es
ce

nt
 

¥! more mixing 
¥! more entrainment 
¥! results in product water that is lighter 
¥! so that overflow is shallower 
¥! due to higher grid Re through: 

¥! higher dx or dz (lower resolution) 
¥! lower viscosity 

¥! that is, simulation is under-resolved. 

free parameter 

15 30 60 120

-0.1

0

0.1

0.2

0.3

0.4

In
iti

al
A

ng
le

of
D

es
ce

nt

dz (m)

(a) dx = 2:5 km

15 30 60 120
-0.7

-0.6

-0.5

-0.4

-0.3

dz (m)

M
ea

n
F

in
al

B
uo

ya
nc

y

(b) dx = 2:5 km

15 30 60 120

-0.1

0

0.1

0.2

0.3

0.4

In
iti

al
A

ng
le

of
D

es
ce

nt

dz (m)

(c) dx = 10 km

15 30 60 120
-0.7

-0.6

-0.5

-0.4

-0.3

dz (m)

M
ea

n
F

in
al

B
uo

ya
nc

y

(d) dx = 10 km

15 30 60 120

-0.1

0

0.1

0.2

0.3

0.4

In
iti

al
A

ng
le

of
D

es
ce

nt

dz (m)

(e) dx = 50 km

15 30 60 120
-0.7

-0.6

-0.5

-0.4

-0.3

dz (m)

M
ea

n
F

in
al

B
uo

ya
nc

y

HIM
MIT
sigma, 8v = 0 :005m2=s
8v = 0 :1m2=s
8v = 0 :05m2=s
8v = 0 :025m2=s
8v = 0 :0125m2=s

(f) dx = 50 km

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 �v = 0:005 m2=s. Dotted lines are the reference cases for the MITgcm (black) and HIM
models (gray). MITgcm used dx = 2:5 km, dz = 60 m, and �v = 0:05 m2=s. HIM used dx = 2:5 km, 25
isopycnal layers, and �v = 10�4 m2=s. Gray circles indicate the MPAS-OCEAN cases that have a constant
vertical grid Reynolds number (Redz = 0:9). The legend in (f) applies for all six plots.
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5.2. Sensitivity to Horizontal Parameters655

In this section, the simulations’ sensitivity to individual horizontal parameters (horizontal656

resolution and horizontal viscosity) will be explored, as well as the sensitivity to changing the657

two simultaneously such that the horizontal grid Reynolds number is held constant. First,658

a tour of the results will be explained.659

Fig. 10 shows bottom tracer concentration plotted at a visualization thickness of �zplot =660

120 m. Each column represents a di�erent horizontal resolution and viscosity, and each row661

represents a di�erent vertical resolution and viscosity. These parameters were chosen such662

that the horizontal grid Reynolds number (Redx = 150) and vertical grid Reynolds number663

(Redz = 0:9) were constant. Fig. 11 shows the same orientation of tiled plots but for plume664

thickness. As with Legg et al. (2006), the dx = 2:5 km resolution case has eddies present,665

which can be seen in the plots of plume thickness in Fig. 6. Legg et al. (2006) also found666

that at 10 km resolution, eddies are no longer present and the plume looks similar to the667

laminar regime found at higher Ekman numbers in Cenedese et al. (2004). The MPAS-668

Ocean simulations con�rm this when run at approximately the same vertical resolution as669

the MITgcm simulations (which was run at dz = 144 m). However, with the higher vertical670

resolution of dz = 15 m, eddies are present at the horizontal resolution of dx = 10 km. In671

fact, eddies are present at a vertical resolution of dz = 60 m, which is shown in Fig. 11. As672

was found in Legg et al. (2006), the plume structure is not properly resolved in the lowest673

horizontal resolution of dx = 50 km. This does not improve as vertical resolution is increased,674

or by varying horizontal and vertical viscosity. It appears that there is a qualitative shift675

in the plume evolution between 10 and 50 km horizontal resolution, that is una�ected by676

the viscosity parameters and vertical resolution. The cause of this shift is discussed below.677

Lastly, an interesting di�erence between horizontal and vertical resolution can be observed678

in Fig. 10. As vertical resolution increases, the plume propagates further along the slope (in679

x). However, as horizontal resolution increases, the plume extent is less far along the slope680

(in x). This is particularly evident at higher vertical resolutions and also occurs in sigma681

vertical coordinate simulations.682
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Figure 10: Bottom tracer concentration for z-star PBC with �zplot = 120 m for all 3 horizontal resolutions
and 4 vertical resolutions with a constant horizontal (Redx = 150) and vertical grid Reynolds number
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Fig. 12 shows all 1D metrics for four horizontal resolutions, with all other parameters683

held constant (dz = 60 m, z-star PBC vertical coordinate, �v = 0:5 m2=s, and �h = 5 m2=s).684

As can be inferred from the 2D plots, the dx = 50 km resolution case produces signi�cantly685

di�erent plume dynamics. These low resolution simulations are so under-resolved in the686

horizontal, that varying any other parameter makes no di�erence. These under-resolved687

simulations produce results that are much di�erent for nearly all of the metrics when com-688

pared to the higher horizontal resolution simulations. For example, there is over a 40%689

di�erence in �nal plume buoyancy values. The max mean plume height is over 700 m more690

in the low resolution cases versus the highest resolution case. This can also be seen in Fig.691

9. The dx = 2:5 km and dx = 10 km horizontal resolution scalar metrics are quite similar,692

while dx = 25 km is between the dx =10 km and 50 km in most metrics.693

The primary reason for the poor performance of the 50 km grid is that it does not694

su�ciently resolve the Rossby Radius of deformation, which is 20-50 km in this idealized695

domain (Wang et al. 2008; Legg et al. 2008). Simulations are generally considered \eddy-696

permitting" if they contain at least two grid cells per eddy radius. Visually, eddies have a 50697

km radius (Fig. 11), roughly corresponding to the Rossby Radius, so the dx = 25 km resolu-698

tion lies in the transition between non-eddy-permitting (dx = 50 km) and eddy-permitting699

(dx = 10 km).700

The metrics and plots show that at dx = 50 km, a great deal of mixing occurs within the701

embayment. Similar behavior can be seen in (Legg et al. 2008, Fig 13c), where the MITgcm702

used dx = 50 km. In this idealized DOME domain, the embayment is analogous to the end703

of the channel in realistic over
ows. In a low-resolution z-coordinate global ocean model,704

mixing would occur in the channel, even before the plume exits and descends. This can be705

seen, for example, in Fig 11 of Chang et al. (2009), where there is very little heavy water at706

the Faroe Bank Channel exit in the 1 degree and 1/3 degree simulations; and in Fig. 13b of707

Riemenschneider and Legg (2007), where a resolution of dx = 50 km produces much lower708

density than higher resolution cases before the channel exit.709

A doubling of horizontal resolution typically increases computation time by a factor of710

8{10: doubling in two horizontal directions, a halving of the timestep, plus imperfect scaling.711

Thus it is important to assess what grid cell size is required to properly resolve over
ows.712

All results of this study show that dx = 50 km is insu�cient without the application of713

eddy parameterizations or over
ow parameterizations, while dx = 10 km is su�cient, and714

increasing to dx = 2:5 km provides no further gains. The dx = 25 km case is in the transition715

region between having su�cient and insu�cient resolution.716

Riemenschneider and Legg (2007) show that simulations at dx = 50 km horizontal res-717

olution produce signi�cantly di�erent results from dx = 20 km resolutions, even when the718

horizontal and vertical viscosities are held constant. They also report that changing the719

horizontal resolution had the most e�ect on mixing. It is di�cult to justify that for the720

MPAS-Ocean results. For the highest vertical resolution of dz = 15 m, at a constant ver-721

tical and horizontal viscosity, the three horizontal resolutions (�nest to coarsest) give ap-722

proximately 55%, 50%, and 43% of the initial buoyancy value. For the highest horizontal723

resolution of 2.5 km, at a constant vertical and horizontal viscosity, the four vertical reso-724

lutions (�nest to coarsest) give approximately 55%; 54%; 47%; 37% of the initial buoyancy725

value. This suggests that changing vertical and horizontal resolution both signi�cantly a�ect726

mixing. Additionally, the mixing is also largely a�ected by vertical viscosity (and horizontal727
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viscosity to a much lesser extent). However, it is true that the mixing for any simulation run728

at dx = 50 km is signi�cantly di�erent because it is so under-resolved. It is also important729

to note that Legg et al. (2006) states that the physical case chosen here (Case 1 from Legg730

et al. (2006)) might be slightly less sensitive to resolution than physical cases with higher731

Richardson numbers (such as cases with a weaker in
ow density anomaly, i.e. less dense732

in
ow).733

Also in Riemenschneider and Legg (2007), the MITgcm was run without the use of any734

mixing parameterizations at a resolution of dx = 2:5 km in the horizontal and dz = 25 m735

in the vertical for a regional study of the Faroe Bank Channel. Good agreement was found736

at this resolution with observations when comparing the structure of the plume and the737

magnitude of the entrainment, which indicates that for realistic over
ows, 10 km horizontal738

resolution might not be enough.739

31



-800 -600 -400 -200 0
-300

-250

-200

-150

-100

-50

0

50

x (km)

Y
(k

m
)

Plume Path

dx=50 km
dx=25 km
dx=10 km
dx=2.5 km

(a)

-800 -600 -400 -200 0
-1

-0.9

-0.8

-0.7

-0.6

-0.5

-0.4

x (km)

"
b=

j"
b 0

j

Plume Buoyancy

dx=50 km
dx=25 km
dx=10 km
dx=2.5 km

(b)

-800 -600 -400 -200 0
0

200

400

600

800

1000

x (km)

h
(m

)

Mean Plume Height

dx=50 km
dx=25 km
dx=10 km
dx=2.5 km

(c)

-800 -600 -400 -200 0
0

100

200

300

400

500

600

x (km)

/ P
(x

)
(m

)
Mean Plume Thickness

dx=50 km
dx=25 km
dx=10 km
dx=2.5 km

(d)

-1400 -1200 -1000 -800 -600 -400 -200 0
-5

-4

-3

-2

-1

0

1x 10
7

x (km)

Tr
an

sp
or

t
(m

3 =
s)

Transport

dx=50 km
dx=25 km
dx=10 km
dx=2.5 km

(e)

-800 -600 -400 -200 0
-3

-2

-1

0

1

2

3x 10
-3

x (km)

,
E

Entrainment Coe/ cient

dx=50 km
dx=25 km
dx=10 km
dx=2.5 km

(f)

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 = 5 m2=s and vertical viscosity, �v = 0:05 m2=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 viscosity740

parameters tested can be found in Table 4. Since the results are signi�cantly less sensitive741

to horizontal viscosity compared to vertical viscosity, which matches Legg et al. (2008), a742

full isolated horizontal viscosity parameter study is not presented here.743

5.3. Sensitivity to Vertical Grid Type744

MPAS-Ocean uses the ALE method in the vertical, which has been validated in a variety745

of con�gurations (Petersen et al. 2015). The primary grids compared in this study are: z-star746

with full cells; z-star with PBCs; and sigma coordinates. In addition, some z-level with PBC747

cases were run for validation and comparison. Most MPAS-Ocean real-world simulations to748

date have used z-star with PBCs (Ringler et al. 2013).749

Fig. 13 shows bottom tracer concentration for three of the vertical grid types: z-star full750

cell, z-star PBC, and sigma. These tiled plots give a qualitative look at the di�erences in751

vertical grid types at a variety of vertical viscosities. The results for z-star full cell and z-star752

PBC are similar, especially compared to the sigma results, which show much less mixing (as753

was shown in Ezer and Mellor (2004); Wang et al. (2008)). The z-type vertical coordinate754

simulations, even with PBCs, induce spurious mixing due to the stair-step representation of755

the bottom topography, which is why the z-type coordinate results have more mixing than756

the sigma coordinate results. This is particularly evident by looking at the 1D metrics in Fig.757

14, which compares all four of the vertical grid types. The three z-type vertical coordinate758

cases are very close in almost all of the 1D metrics, but the z-star full cell case does result in759

a slower (Fig. 14a), thicker plume (Fig. 14c) that pulls up o� the slope more than the others760

(Fig. 14c). Changes from z-level to z-star were not expected, so these results are reassuring.761

The sigma case shows a steeper plume path (Fig. 14a), a less dilute plume (Fig. 14b), a762

thinner plume (Fig. 14d) that is closer to the slope (Fig. 14c), with less transport (Fig. 14e)763

and less entrainment in the �rst 200 m of the plume descent (Fig. 14f). These di�erences in764

the sigma case are all expected as there is clearly less mixing in the sigma simulations.765
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Figure 13: Bottom tracer concentration using a visualization thickness of �zplot = 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-
ment coe�cient plotted for all four vertical grid types (z-star PBC, z-star full cel, z-coordinate PBC, and
sigma) using the base case, dx=2.5 km, and 60 vertical layers (dz = 60 m for z coordinates). All metrics are
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,766

eddies are present when the vertical resolution is high enough. Similar results were found767

with the isopycnal model used in Legg et al. (2006). The 10 km isopycnal results had more768

eddy structure than the 10 km z-coordinate calculations. This is a signi�cant di�erence769

from the z-star PBC results. Also, the previous work of Ezer and Mellor (2004) and Wang770

et al. (2008) has shown that sigma coordinate simulations are less dependent on horizontal771

resolution than z-coordinate models. This study showed that to be true, which can be seen772

in the scalar plots in Fig. 9. The sigma coordinate model’s mean �nal buoyancies were all773

very close for all three horizontal resolutions. Additionally, the sigma coordinate simulations774

were also less sensitive to changes in vertical resolution than the z-type simulations, which775

can be seen in Fig. 9b. This is mostly because spurious mixing is so low for all sigma runs,776

even at low resolution. However, the sigma coordinate simulations have higher mean �nal777

buoyancy than the HIM simulations, indicating that there is more mixing and entrainment in778

the MPAS-O sigma simulations than in the isopycnal HIM simulations. Although MPAS-O779

sigma does not have an explicit diapycnal mixing scheme, the vertical viscosity is an order780

of magnitude smaller in the sigma cases plotted (green dash line) in Fig. 9b compared to781

the z-star PBC cases. The vertical viscosity greatly changes the plume metrics in the sigma782

case, as can be seen in Fig. 16. For a vertical viscosity (�v = 0:05 m2=s) equivalent to the783

z-coordinate simulations in Fig. 9b, the mean �nal buoyancy is approximately 70% its initial784

buoyancy value. This point is plotted in Fig. 16. This value shows that there is much less785

mixing in the sigma coordinate simulations compared to all other simulations, if the vertical786

viscosity is set equivalently.787

Lastly, Fig. 9 shows how sigma results depend on vertical resolution for all three hori-788

zontal resolutions using both the initial angle of descent and mean �nal buoyancy metrics.789

This shows that at the two higher horizontal resolutions, sigma results are insensitive to790

changes in vertical resolution, especially compared to the z-coordinate results. However, at791

the coarsest horizontal resolution of dx = 50 km, there is over a 5% change in mean �nal792

buoyancy between the coarsest and �nest vertical resolution. The �ndings of Laanaia et al.793

(2010) found that there needed to be at least 5 sigma layers within the bottom boundary794

layer, which was approximately 30 m thick. For the four di�erent sigma vertical resolution795

cases the sigma layers are distributed accordingly. For the 30 layer case, the layers are 120796

m thick in the basin and 20 m thick in the embayment. For the 60 layer case, the layers are797

60 m thick in the basin and 10 m thick in the embayment. For the 120 layer case, the layers798

are 30 m thick in the basin and 5 m thick in the embayment. For the 240 layer case, the799

layers are 15 m thick in the basin and 2.5 m thick in the embayment. The bottom boundary800

layer is probably well resolved in all four vertical resolution cases near the embayment, but is801

likely under-resolved in the basin for the two coarsest vertical resolution cases. The metrics802

in Fig. 9 do not indicate that any combination of vertical or horizontal resolution for the803

sigma coordinate simulations are under resolved, as there is very little di�erence in both804

initial angle of descent and mean �nal buoyancy as vertical resolution is varied.805

Down-slope bottom Ekman transport is a metric that can be used to understand the806

transport added due to the bottom Ekman boundary layer. For this metric, y-transport807

is calculated similar to (8), except the meridional velocity is integrated in the x direction808

rather than the zonal velocity being integrated in the y direction. Transport is z-integrated809

in the same way. Y-transport is calculated for �ve di�erent vertical viscosity cases (�v =810
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0:5; 0:05; 0:025; 0:01; 0:002 m2s�1) and for a case run with vertical viscosity set to zero. The811

base case con�guration is used for all other numerical parameters. As de�ned by Ezer (2005),812

down-slope bottom Ekman transport is calculated by subtracting o� the y-transport for the813

case run with zero vertical viscosity (assumed no Ekman layer and zero Ekman transport)814

from the y-transport for cases run with non-zero vertical viscosity. This metric shows only815

the induced transport from the bottom Ekman layer as the plume moves down the slope.816

As was found in Ezer (2005), as vertical viscosity increases, Ekman transport and down-817

slope 
ow are enhanced. This is true for both z-star PBC and sigma coordinate solutions818

and is shown in Figure 15. There are two separate processes by which increases in vertical819

viscosity enhance the down-slope 
ow: (1) a reduction in turbulent mixing that leads to820

sharper initial angles of descent and denser plumes, and (2) an enhancement of the drag821

between vertical layers, which induces transport 90� to the left of the 
ow. Whereas only822

the latter should be attributed to Ekman processes, both of these e�ects are captured by823

the calculation of Ekman transport used here.824

The maximum Ekman transport is larger for z-star PBC than for sigma coordinate cases,825

however, the Ekman transport is larger for the sigma cases further downslope than for the z-826

star PBC cases, as expected from looking at Figure 13. Changing vertical resolution instead827

of vertical viscosity has the opposite e�ect on down-slope bottom Ekman transport. As dz828

decreases, there is less mixing, which leads to a less diluted plume, thus, the down-slope Ek-829

man transport increases. The down-slope bottom Ekman transport does not vary as much as830

dz changes, compared changing vertical viscosity. For z-star PBC, the maximum y-transport831

is approximately �15:5 Sv (for dz = 60 m), �14:5 Sv (for dz = 30 m), and �13 Sv (for832

dz = 30 m). However, further down the slope at approximately y = �150 km, dz = 120 m833

has a y-transport of approximately �4 Sv and all three �ner resolution have a y-transport834

of about �8 Sv. For sigma, the y-transport is very similar for all vertical resolutions, except835

that the 30 layer (coarsest resolution) case has about 3 Sv more of transport at the bottom836

half of the slope.837

These e�ects of vertical resolution and vertical viscosity on the down-slope bottom Ekman838

transport can be directly linked to the vertical grid Reynolds number. Decreasing vertical839

viscosity and increasing vertical resolution both lead to more Ekman transport due to a better840

resolved Ekman bottom boundary layer. This general trend was found in these results,841

however, there are some outliers. This is likely due to the eddying behavior induced by842

various di�erent processes that is explained in Sec. 5.1.3.843

Fig. 16 shows scalar metrics comparing the di�erent vertical grid types for a range of844

vertical and horizontal viscosities. These plots show that sigma simulations are de�nitely845

less sensitive to horizontal viscosity than z-star PBC simulations are for the initial angle of846

descent. However, mean �nal buoyancy sensitivity to horizontal viscosity is similar for both847

vertical grid types. Overall, all the vertical grid types are much more sensitive to vertical848

viscosity than horizontal viscosity, as was found in Legg et al. (2008), where this was shown849

for MITgcm simulations and speculated for sigma coordinate simulations.850

6. Conclusions and Discussion851

This study, which focuses on the sensitivity of over
ow simulations to vertical grid types,852

resolution, and viscosity using MPAS-Ocean, is an extension and generalization of previous853
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Figure 15: Ekman transport at various vertical viscosities for dx = 2:5 km horizontal resolution and dz =
60 m vertical resolution for z-star PBCs (left) and sigma. Metrics are time-averaged over the period of day
22 to day 40.
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Figure 16: Averaged scalar metrics, showing initial angle of descent (left column) and mean �nal buoyancy
(right column) varying vertical viscosity (top row) and horizontal viscosity (bottom row) for MPAS-Ocean
z-coordinates and sigma coordinate with MITgcm z-coordinate and HIM isopycnal coordinate. These cases
are all run in the base case con�guration, which is a dz = 60 m and dx = 2:5 km, changing only the one
parameter independently.

work by �Ozg�okmen and Chassignet (2002); �Ozg�okmen et al. (2004a); Anderson (2004); Ezer854

and Mellor (2004); Ezer (2005); Legg et al. (2006 2008); Wang et al. (2008); Bates et al.855

(2012).856

Development of MPAS-Ocean began in 2010. It was �rst released to the public in 2013 and857

the �rst publication, on high-resolution global ocean simulations, appeared that same year858

(Ringler et al. 2013). Idealized test cases with speci�c initial conditions and parameters are859
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an essential part of the development and validation process. For the DOME test case, MPAS-860

Ocean produced nearly identical results as MITgcm and HIM under the same conditions. It861

is important to emphasize that all simulations presented here using MPAS-Ocean were run862

with no mixing parameterizations and no over
ow parameterizations.863

The parameter study presented in Section 5 thoroughly examines the sensitivity of the864

over
ow simulations to vertical and horizontal numerical parameters, including viscosity,865

resolution, and grid Reynolds number, as well as vertical grid type. The highlights of the866

full parameter study are summarized here.867

6.1. Vertical Parameters868

Over
ow simulations are highly sensitive to changing vertical viscosity, which has been869

shown in Legg et al. (2008). However, it is shown here that the sensitivity to vertical viscosity870

is di�erent at low and high resolution. In particular, at high vertical resolution, high vertical871

viscosity results in stronger eddies. Also, at low resolution, metrics are less sensitive to872

vertical viscosity than at higher resolution. This is particularly true for plume path.873

Sensitivity of over
ow simulations to vertical resolution as an independent controlling874

factor of over
ows within the DOME test case has not been done in any of the previous875

studies. This study has shown that plume path and plume buoyancy are nearly as sensitive876

to vertical resolution as they are to vertical viscosity. Speci�cally, there is higher sensitivity877

to vertical resolution when smaller vertical viscosity is used, compared with larger vertical878

viscosity cases. This is particularly true for plume buoyancy.879

At low horizontal resolution (dx = 50 km), there is very little sensitivity to vertical880

resolution or viscosity. At medium and higher horizontal resolution (dx = 10 km and 2:5 km)881

mixing characteristics improve from dz = 120 m to dz = 60 m vertical resolution, i.e. there882

is less spurious mixing, less entrainment of ambient 
uid into the plume, and product water883

is denser. Mixing characteristics do not change much from dz = 60 m to dz = 30 m and884

15 m. In this range, vertical viscosity provides more control over the �nal buoyancy and885

plume path. In real-world simulations, higher vertical resolutions may still be needed for886

better representation of bottom topography.887

6.2. Horizontal Parameters888

There is little sensitivity to horizontal viscosity, which matches the conclusion of Legg889

et al. (2008). The main rationale provided in Legg et al. (2008) is that vertical viscosity890

strongly in
uences the thickness of the Ekman layer, where horizontal viscosity does not.891

This is why results were indi�erent to the horizontal viscosity used, as long as the horizontal892

viscosity was small enough to permit eddies. A horizontal resolution of dx = 50 km, which is893

larger than the Rossby Radius of deformation, provides a crude representation of the overall894

plume structure, but spurious mixing and entrainment is high, regardless of the viscosity895

or vertical resolution. At the recommended vertical resolution of dz = 60 m, horizontal896

resolutions of dx =10 km and dx =2.5 km are nearly identical for all four vertical viscosities897

tested for the initial angle of descent and mean plume buoyancy metrics. Thus, dx =10 km898

is su�cient to resolve the mesoscale dynamics of this type of over
ow, which has slopes and899

density gradients that mimic over
ows in the North Atlantic. Whereas others have stated900

that horizontal resolution plays a big role in mixing behavior (Legg et al. 2006; Wang et al.901

2008), this study suggests horizontal resolution alone does not signi�cantly a�ect mixing902
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below dx =10 km. Rather, mixing is most strongly a�ected by changes in vertical viscosity,903

and to a lesser degree by vertical resolution.904

6.3. Vertical Grid Type905

Sigma results are less sensitive to variations in vertical and horizontal resolution than906

z-coordinate results, which was also found in Ezer and Mellor (2004); Wang et al. (2008).907

Sigma coordinates do a much better job of capturing the overall plume structure (also shown908

in Ezer and Mellor (2004); Wang et al. (2008)), but here it is shown that they are also able909

to capture eddies at the lowest horizontal resolution of dx = 50 km. As expected (Ezer and910

Mellor 2004; �Ozg�okmen et al. 2004b; Wang et al. 2008), sigma produces much less mixing911

than z-coordinates. In fact, sigma can produce lower ranges of mixing than possible with any912

con�guration of z-coordinates. As was speculated in Legg et al. (2008), this work shows that913

sigma coordinate simulations are as sensitive to vertical viscosity as z-coordinate simulations.914

6.4. Recommendations for Ocean Global Circulation Models915

The most substantial �ndings from this study include a stronger sensitivity of the mixing916

to vertical resolution (within the full range tested dz = 120; 60; 30; 15 m) than horizontal917

resolution (within the range dx = 10; 2:5 km), a qualitative behavior shift in the over
ow918

dynamics between horizontal resolutions of 50 km and 10 km, and a stronger dependence on919

vertical viscosity at �ner resolutions. Our primary recommendation for modelers is that a920

horizontal resolution of 10 km and a vertical resolution of 60 m are su�cient for these types921

of over
ows, as long as high-resolution topography is not required. Once such resolutions922

are attainable, vertical viscosity is the primary control over the mixing (when considering923

only what was tested in this work), which in turn sets the characteristics of the product924

water. Additionally, this study shows that higher resolution captures more of the dynamics925

of over
ows, such that over
ow parameterizations that have been tuned to low-resolution926

horizontal grids (e.g. 1� global grid) will likely need to be recon�gured to work at high-927

resolution (1=10� or �ner). Since spurious mixing is reduced but not removed by increasing928

resolution, over
ow parameterizations will still need to be used.929

Finally, as computational power increases and the standard grids for climate models930

become �ner, vertical viscosity will play an increasingly important role in accurately repre-931

senting the plume evolution and mixing characteristics of oceanic over
ows. Special attention932

and future studies should be devoted to these issues going forward, since getting over
ows933

right is vital for accurate representation of large-scale circulation in the ocean.934

6.5. Future Work with Realistic Over
ow Con�gurations935

There has been previous work looking at global realistic over
ow simulations including936

Riemenschneider and Legg (2007); Chang et al. (2009); Seim et al. (2010); Snow et al. (2015).937

This study focuses on how the numerical parameters in MPAS-Ocean a�ect over
ow sim-938

ulations in an idealized domain. All of the simulations presented here have been run on a939

uniform grid using hexagonal cells. The advantage of MPAS-Ocean is that it utilizes an un-940

structured horizontal mesh capable of non-uniform resolution. Adding horizontal re�nement941

in over
ow regions may improve over
ow characteristics in global simulations with realistic942

topography. This will be the focus of our work in the near future. MPAS-Ocean provides a943

natural framework for this type of study, as high horizontal resolution in multiple over
ow944

regions may be nested within a low resolution global domain.945
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