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The	ALE	method
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Cell-mean	data	on	old	grid High-order	reconstruction Regridding Cell-mean	data	after	remapping

• The	arbitrary	Lagrangian-Eulerian	(ALE)	method	first	integrates	the	
layer	conservation	equations	forward	in	a	truly	Lagrangian	phase,	then	
remap	variables	to	a	desired	vertical	grid	in	a	second	phase.

• A	suitable	regridding	approach	and	accurate	remapping	is	crucial	for	the	
application	of	the	ALE	method	for	ocean	climate	modelling.
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Reconstruction	-	general

• BLOM	uses	the	piecewise	polynomial	method	and	high-order	extensions	
as	described	by	White	and	Adcroft	(2008);	White	et	al.	(2009).

• Support	for	PCM,	PLM,	PPM	and	PQM	reconstructions	on	non-uniform	
grids.

• Compact	schemes	(Lacor	et	al.	2004)	are	used	for	obtaining	edge	value	
and	slope	estimates.	The	4th	order	accurate	edge	values	(ih4)	for	PPM	are	
related	to	cell	averages	by

	 while	6th	order	accurate	edge	values	(ih6)	and	5th	order	accurate	edge	
slopes	(ih5)	for	PQM	are	found	by

• Explicit	schemes	are	used	to	obtain	boundary	edge	values	and	slopes,	with	
selectable	order	of	accuracy	from	1st		to	6th.
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High-order accurate remapping

High-order accurate vertical ‘remapping’ can be achieved by fitting high de-
gree polynomials over the column profiles (i.e. layer-mean T, S distributions).

Two popular methods are PPM (Piecewise Parabolic Method) and PQM
(Piecewise Quartic Method).

Conceptually: fit polynomials using both layer-means and interpolation of
edge value/slope information.

1
White and Adcroft (2008) A high-order finite volume remapping scheme for nonuniform

grids: The piecewise quartic method (PQM). J. Comp. Phys.
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Reconstruction	-	robustness

• Highly	variable	cell	widths	are	handled	by	merging	cells	as	necessary	to	
maintain	overall	high	accuracy	and	well-conditioned	linear	equation	
systems.	With	n	cells	in	a	stencil	Sn,	the	cell	widths	hi	must	obey	the	
following	criterion	for	all	stencils:
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Reconstruction	-	robustness

• Highly	variable	cell	widths	are	handled	by	merging	cells	as	necessary	to	
maintain	overall	high	accuracy	and	well-conditioned	linear	equation	
systems.	With	n	cells	in	a	stencil	Sn,	the	cell	widths	hi	must	obey	the	
following	criterion	for	all	stencils:

• If	the	ih6/ih5		scheme	leads	to	a	tridiagonal	matrix	row	that	is	not	
diagonally	dominant	(																									),	replace	that	row	with	coefficients	
from	the	reduced	order	scheme	ih4/ih3.

• When	using	PQM	in	realistic	1°	configuration,	~10%	of	the	ih6/ih5		
coefficients	had	to	be	replaced.
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Reconstruction	-	limiting

• A	non-oscillatory	limiting	for	PPM	and	PQM	reconstructions,	optionally	
positive	definite,	improves	accuracy	at	smooth	extrema,	while	controlling	
spurious	oscillations	near	sharp	features.	Inspired	by	Colella	and	Sekora	
(2008),	but	simplified.

PPM	reconstruction,	no	limiting PPM	reconstruction,	monotonic	limiting



Ocean	Model	Development	Workshop,	NCAR,	Boulder,	September	2024

Reconstruction	-	limiting

• A	non-oscillatory	limiting	for	PPM	and	PCM	reconstructions,	optionally	
positive	definite,	improves	accuracy	at	smooth	extrema,	while	controlling	
spurious	oscillations	near	sharp	features.	Inspired	by	Colella	and	Sekora	
(2008),	but	simplified.

PPM	reconstruction,	no	limiting,	colour
based	on	sign	of	2nd	derivative

PPM	reconstruction,	non-oscillatory	limiting

With	same	sign	2nd	derivative	at	
neighbouring	cells,	skip	limiting



Ocean	Model	Development	Workshop,	NCAR,	Boulder,	September	2024

Reconstruction	-	limiting

• A	non-oscillatory	limiting	for	PPM	and	PCM	reconstructions,	optionally	
positive	definite,	improves	accuracy	at	smooth	extrema,	while	controlling	
spurious	oscillations	near	sharp	features.	Inspired	by	Colella	and	Sekora	
(2008),	but	simplified.

• Options	for	limiting	at	the	boundary:
§ Piecewise	constant	reconstruction	at	boundary	is	the	only	strictly	

monotonic	approach	possible,	but	leads	to	unrealistic	layer	
structure	towards	bathymetry	in	long	simulations	with	hybrid	
coordinate.

§ Preferred	option	is	a	type	of	Neumann	boundary	condition	with	
constraint	on	the	slope	of	the	edge	adjacent	to	the	boundary.
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Available	polynomial	reconstruction	methods	and	
options	for	limiting,	tested	with	1000	remappings	
between	a	uniform	and	randomly	perturbed	non-
uniform	grid.
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Vertical	coordinate	and	regridding

• Using	the	ALE	method,	BLOM	currently	supports	regridding	to	the	vertical	
coordinates:	p-level	and	hybrid.

• Hybrid	vertical	coordinate:
• Hybrid	between	continuous	isopycnals	(prescribed	σ2	at	layer	
interfaces)	and	p-levels	(prescribed	pressure	at	layer	interfaces).

• For	continuous	isopycnals,	regridded	interfaces	can	be	found	either	
by	direct	intersection	with	reconstructed	σ2	or	by	nudging	
interfaces	to	gradually	reduce	deviation	from	prescribed	σ2,	making	
use	of	reconstructed	𝛳	and	S.

• In	general,	the	maximum	of	regridded	continuous	isopycnals	and						
p-levels	is	chosen	to	achieve	desired	vertical	resolution	in	the	PBL.

• A	transition	zone	between	continuous	isopycnals	and	p-levels	are	
beneficial	for	a	smoother	change	in	vertical	resolution.

KeyCLIM workshop,	March	2022
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Direct	intersection	with	reconstructed	σ2

Vertical	coordinate	and	regridding

Regridding	by	nudging	towards	prescribed	σ2	

Impact	of	regridding	approaches	for	hybrid	coordinate.



Ocean	Model	Development	Workshop,	NCAR,	Boulder,	September	2024

Potential	density

V
e
rt
ic
a
l	
in
d
e
x

T
ra
n
s
it
io
n
	z
o
n
e

Reference	densities

Density	at	p-levels

Target	densities

No	transition	zone Transition	zone	between	continuous	
isopycnals	and	p-levels

Schematic	of	the	construction	of	
target	densities	in	the	transition	zone

Vertical	coordinate	and	regridding
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Vertical	coordinate	and	regridding

PPM	with	monotonic	limiter PPM	with	non-oscillatory	limiter

Impact	of	limiter	choice	in	long	simulations.
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Physical	parameterizations	with	the	ALE	method

• Vertical	diffusivities	are	obtained	using	the	nonlocal	K	Profile	
Parameterization	(KPP;	Large	et	al.	1994),	as	implemented	in	the	CVMix	
community	package.

• A	deviation	from	the	standard	KPP	is	nonlocal	distribution	of	surface	
momentum	flux	and	nonlocal	distribution	of	brine	from	sea-ice	freezing.

• The	KPP	parameterization	gives	insufficient	mixing	in	gravity	currents	and	
work	remains	to	handle	this	in	a	satisfactory	manner.

• Currently	exploring	surface	wave	effects	and	double	diffusion.

Ocean	Model	Development	Workshop,	NCAR,	Boulder,	September	2024

Surface

Ocean	boundary	layer	depth

Mixed	layer	depth

Nonlocal	absorption	profile	
of	freshwater	and	non-solar	
heat	surface	fluxes

Nonlocal	absorption	profile	
of	brine	flux
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Neutral	diffusion Isopycnic	layer	diffusion

Hybrid	layer	diffusion Neutral	sublayers

Physical	parameterizations	with	the	ALE	method

For	eddy-induced	diffusion	with	the	ALE	
method,	BLOM	makes	use	of	neutral	
diffusion	along	nonlocal	neutral	sublayers,	
as	recently	proposed	by	Shao	et	al.	(2020).	
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1. Introduction and motivation

Bergen Layered Ocean Model (BLOM), previously called Miami Isopycnic Co-
ordinate Ocean Model (MICOM), is the ocean component of Norwegian Earth
System Model (NorESM). BLOM has used potential density as vertical coor-
dinate, motivated by the fact that isopycnic surfaces are mostly a good approxi-
mation to neutral surfaces. A bulk mixed layer with variable horizontal density
sits on top of the isopycnic layers with its depth parameterized by considering a
turbulent kinetic energy balance equation.

In a layered model, layer thickness is a prognostic variable, with its evolution
found by solving the continuity equation expressed with a generalized vertical
coordinate. The arbitrary Lagrangian-Eulerian (ALE) method (see e.g Ad-
croft and Hallberg 2006) first integrates the layer conservation equations forward
in a truly Lagrangian phase, then remap variables to a desired vertical grid in
a second phase. The development of a hybrid vertical coordinate in BLOM
follows the ALE method.

Advantages of a hybrid vertical coordinate includes the possibility of vertical
resolution in the planetary boundary layer (PBL) and more freedom when select-
ing physical parameterizations. Disadvantages are potentially more numerical
mixing and difficulty in constructing a global regridding method that provides
an optimal local grid.

2. Vertical regridding and remapping

A suitable regridding approach and accurate remapping is crucial for the applica-
tion of the ALE method for ocean climate modelling. The steps taken in BLOM
for polynomial reconstruction of variables on the source grid, regridding and
finally remapping of variables to the source grid are visualized in Fig. 1 and
builds on the approach of White and Adcroft (2008); White et al. (2009).

High-order accurate remapping

‘Remapping’ is an ‘integral’ form of advection — don’t consider fluxes
through interfaces, integrate over ‘intersection’ of moving meshes.
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Leads to a conservative Lagrangian advection scheme supporting CFL � 1.

Accuracy depends on degree of polynomial reconstruction — want high-
order methods to minimise dissipation.

Generalised vertical coordinates (& unstructured horizontal grids) – Darren Engwirda 14/29 – github.com/dengwirda

Figure 1: Reconstruction, regridding
and remapping as illustrated by Eng-
wirda and Kelley (2016).

To achieve high accuracy, both the 3rd-order accurate piecewise parabolic
method (PPM) and the 5th-order accurate piecewise quartic method (PQM)
have been considered.

High-order accurate remapping

High-order accurate vertical ‘remapping’ can be achieved by fitting high de-
gree polynomials over the column profiles (i.e. layer-mean T, S distributions).

Two popular methods are PPM (Piecewise Parabolic Method) and PQM
(Piecewise Quartic Method).

Conceptually: fit polynomials using both layer-means and interpolation of
edge value/slope information.

1White and Adcroft (2008) A high-order finite volume remapping scheme for nonuniform

grids: The piecewise quartic method (PQM). J. Comp. Phys.
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High-order accurate remapping

High-order accurate vertical ‘remapping’ can be achieved by fitting high de-
gree polynomials over the column profiles (i.e. layer-mean T, S distributions).

Two popular methods are PPM (Piecewise Parabolic Method) and PQM
(Piecewise Quartic Method).

Conceptually: fit polynomials using both layer-means and interpolation of
edge value/slope information.

1White and Adcroft (2008) A high-order finite volume remapping scheme for nonuniform

grids: The piecewise quartic method (PQM). J. Comp. Phys.
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Figure 2: The piecewise parabolic and
piecewise quartic methods as illus-
trated by Engwirda and Kelley (2016).

Compact schemes (Lacor et al. 2004) are used for obtaining edge values and
slopes. Edge values are then related to cell averages by
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The coefficients U, V, 0, 1, 2 and 3 are determined to achieve 4th-order accurate
edge estimates (8⌘4) for PPM and 6th- and 5th-order accurate edge and slope
estimates (8⌘6), respectively, for PQM.

A standalone Fortran module has been implemented supporting various meth-
ods for reconstruction, regridding and remapping. Features include:

• Support for PCM, PLM, PPM and PQM reconstructions.
• Selectable order of accuracy, from 1st to 6th, of the explicit schemes to

estimate boundary edge and slope values.
• Handling of highly variable cell widths by merging cells as necessary to

maintain overall high accuracy and well-conditioned linear equation systems.
• Use of the reduced order 8⌘4 scheme locally, if the 8⌘6 scheme for edge and

slope estimates leads to tridiagonal matrices that are not diagonally dominant.
• A non-oscillatory limiting method, optionally positive definite, for PPM and

PCM reconstructions, improving accuracy at smooth extrema, while control-
ling spurious oscillations near sharp features.

• Various options for limiting at the boundary.
• Various options for regridding, making use of the polynomial reconstruction.

Figure 3: Available polynomial reconstruction methods and options for limiting, tested
with 1000 remappings between a uniform and randomly perturbed non-uniform grid.

Using the ALE method, BLOM currently support the following vertical grids:
• Hybrid: Using the high-order reconstructions of potential temperature and

salinity, the interfaces are nudged to approach reference densities at interfaces
(continuous isopycnals). Minimum layer thickness are enforced at the upper
boundary to facilitate resolution in the PBL (Bleck 2002).

• p-level: Constant pressure levels.

Figure 4: Potential temperature and layer structure in a Pacific section in the final
month of a second OMIP2 forcing cycle. Isopycnic, hybrid and ?-level coordinate
simulations in left, middle and right panels, respectively.

3. Neutral mixing

Eddy-induced diffusion in the ocean interior occurs primarily along neutral sur-
faces, on which water parcels are neutrally buoyant. For isopycnic coordinates,
layer-wise eddy diffusion are mostly a reasonable approximation to neutral dif-
fusion. With other vertical grids, there may be regions where layers are not
well-aligned with neutral surfaces. In I-level models this has traditionally been
handled using a rotated diffusion operator oriented along the neutral tangent
plane. Shao et al. (2020) recently proposed a method for implementing neutral
diffusion making use of nonlocal neutral sublayers and this is implemented in
BLOM for use with the ALE method.

KeyCLIM workshop,	March	2022

Neutral	diffusion
• Text

Illustration	of	an	ocean	cross-section	showing	neutral	surfaces	and	eddy	
diffusion	along	those	surfaces.(a) Neutral diffusion

KeyCLIM workshop,	March	2022

Neutral	diffusion
• Text

Layer-wise	eddy	diffusion	with	isopycnic	coordinate	and	a	bulk	mixed	layer	
on	top.

pref

(b) Isopycnic layer diffusion

KeyCLIM workshop,	March	2022

Neutral	diffusion
• Text

pref

Layer-wise	eddy	diffusion	with	hybrid	coordinate.(c) Hybrid layer diffusion
KeyCLIM workshop,	March	2022

Neutral	diffusion
• Text

Illustration	of	the	construction	of	neutral	sublayers	from	local	neutral	
interfaces	anchored	at	model	grid	cell	interfaces.	Based	on	the	method	by	
Shao	et	al.	(2020).(d) Neutral sublayers

4. Vertical mixing

When using the ALE method, vertical diffusivities are obtained using the nonlo-
cal K Profile Parameterization (KPP; Large et al. 1994), as implemented in the
CVMix community package. A deviation from the standard KPP is nonlocal
distribution of surface momentum flux and nonlocal distribution of brine from
sea-ice freezing, where we absorb the brine flux towards the base of the PBL.
There are still numerous options of the CVMix implementation of KPP yet to
fully explored, such as surface wave effects and double diffusion. The KPP
parameterization gives insufficient mixing in gravity currents and work remains
to handle this in a satisfactory manner. The generalized vertical coordinate gives
the possibility to explore other full column parameterizations of vertical mixing.

5. Eddy-induced transport

Neutral slope estimates are used in BLOM for the parameterization of Gent-
McWilliams (GM) eddy-induced transport and eddy diffusivity. From the neu-
tral diffusion algorithm, nonlocal neutral slopes are extracted to replace the
neutral slopes previously found by a local finite difference scheme. Since the
vertical grids with the ALE method provides vertical resolution in the PBL,
the parametrization of submesoscale eddy-induced transport in the PBL by
Fox-Kemper et al. (2008) has now been fully implemented, compared to a ver-
tically integrated buoyancy flux simplification used with the bulk mixed layer
formulation.

Figure 6: Total Meridional Overturning Circulation (MOC) in left panels, mesoscale
eddy-induced MOC (GM) in middle panels and submesoscale eddy-induced MOC in
right panels. Isopycnic and hybrid coordinate simulations in upper and lower panels,
respectively.

6. Coupled ocean/sea-ice simulations

Extensive testing of the ALE method in BLOM has been done using OMIP
type simulations (coupled ocean/sea-ice simulations with observation based at-
mosphere and runoff forcing) with 1� ocean resolution and 56 vertical levels.
Minimum thickness of the top layer is 2.5 m. Figs. 7-9 shows results from the
last 20 years of the second cycle of OMIP2 forcing (JRA55 based atmospheric
forcing). Various options of the ALE method and the isopycnic BLOM CMIP6
simulation are compared. These simulations also include iHAMOCC for ocean
biogeochemistry.

Figure 7: Global zonal mean potential temperature bias compared to observations.
Upper panels with ?-level coordinate and lower panels with hybrid coordinate. Left,
middle and right panels uses PLM, PPM and PQM reconstructions, respectively.

Figure 8: Atlantic overturning circulation. Upper panels with ?-level coordinates and
lower panels with hybrid coordinate. Left, middle and right panels uses PLM, PPM
and PQM reconstructions, respectively.

Figure 9: Global zonal
mean oxygen concentra-
tion and bias compared
to observations. Isopy-
cnic and hybrid coordi-
nate simulations in left
and right panels, respec-
tively.

7. Fully coupled simulations

Fully coupled NorESM simulations have been carried out using the hybrid verti-
cal coordinate in BLOM. Initial impressions with 1� ocean resolution shows that
a cold bias in the subpolar Atlantic seems more persistent than in the CMIP6
version of NorESM. Other concerns are weaker poleward oceanic heat transport
and warm hemispheric SST bias in summer season. As for the OMIP simu-
lations, the fully coupled simulations with the hybrid coordinate gives a more
realistically stratified Southern Ocean.

Further, tests are being carried out with 1/8� ocean resolution. With hybrid
coordinate, the Atlantic Water inflow into the Arctic is more realistic compared
to using isopycnic coordinate (Fig. 10), while a remaining challenge is the for-
mation of a persistent Weddell Sea polynya.

Figure 10: Ideal age at 400 m depth after 20 years of integration of fully coupled
NorESM with BLOM at 1/8� resolution. Isopycnic and hybrid coordinate simulations
in left and right panels, respectively.

References

Adcroft, A., and R. Hallberg, 2006: On methods for solving the oceanic equations of motion in generalized vertical coordinates. Ocean

Modelling, 11, 224–233.
Bleck, R., 2002: An oceanic general circulation model framed in hybrid isopycnic-Cartesian coordinates. Ocean Modelling, 2, 55–88.
Engwirda, D., and M. Kelley, 2016: A WENO-type slope-limiter for a family of piecewise polynomial methods. arXiv, doi:

10.48550/ARXIV.1606.08188.
Fox-Kemper, B., R. Ferrari, and R. Hallberg, 2008: Parameterization of Mixed Layer Eddies. Part I: Theory and Diagnosis. J. Phys.

Oceanogr., 38, 1145–1165.
Lacor, C., S. Smirnov, and M. Baelmans, 2004: A finite volume formulation of compact central schemes on arbitrary structured grids. J.

Comput. Phys., 198, 535–566, doi:10.1016/j.jcp.2004.01.025.
Large, W. G., J. C. McWilliams, and S. C. Doney, 1994: Oceanic vertical mixing: A review and a model with a nonlocal boundary layer

parameterization. Rev. Geophys., 32, 363–403.
Shao, A. E., A. Adcroft, R. Hallberg, and S. M. Griffies, 2020: A General-Coordinate, Nonlocal Neutral Diffusion Operator. J. Adv. Model.

Earth Syst., 12, doi:10.1029/2019MS001992.
White, L., and ——, 2008: A high-order finite volume remapping scheme for nonuniform grids: The piecewise quartic method (PQM). J.

Comput. Phys., 227, 7394–7422, doi:10.1016/j.jcp.2008.04.026.
——, ——, and R. Hallberg, 2009: High-order regridding-remapping schemes for continuous isopycnal and generalized coordinates in

ocean models. J. Comput. Phys., 228, 8665–8692, doi:10.1016/j.jcp.2009.08.016.

Ocean Sciences Meeting, New Orleans, USA, 18–23 February 2024

Total	meridional	overturning	
circulation	(MOC)

Mesoscale	eddy-induced	MOC Submesoscale	eddy-induced	MOC

Is
op
yc
ni
c

H
yb
ri
d

Physical	parameterizations	with	the	ALE	method

• The	parameterization	of	Gent-McWilliams	
(GM)	eddy-induced	transport	makes	use	of	
the	neutral	slope	estimation	of	the	neutral	
diffusion	algorithm.

• With	vertical	resolution	in	the	PBL	with	
hybrid	vertical	coordinate,	submesoscale	
eddy-induced	transport	(Fox-Kemper	et	
al.,	2008)	has	now	been	fully	implemented.
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Coupled	ocean/sea-ice	simulations

• Run	in	the	NorESM	framework	with	CICE5	as	sea-ice	component.
• OMIP2	forcing	(JRA55	based	atmospheric	forcing).
• Tripolar	ocean	grid	with	1°	resolution	along	the	Equator.
• 56	vertical	levels.	Minimum	thickness	of	the	top	layer	is	2.5	m.
• Primarily	showing	time	averages	over	the	last	20	years	of	the	second	cycle	
of	OMIP2	forcing.

• These	simulations	also	include	iHAMOCC	for	ocean	biogeochemistry
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Summary

• Several	reconstruction	methods	of	different	accuracies	have	been	
implemented	in	a	robust	manner,	with	multiple	limiting	options,	including	a	
novel	non-oscillatory	limiter.

• Realism	of	simulations	are	sensitive	to	choice	of	limiter	and	regridding	
approach.

• Physical	parameterizations	have	been	adapted	to	use	with	the	ALE	method.
• For	reconstruction,	small	gains	were	found	by	going	higher	in	accuracy	than	
PPM	with	non-oscillatory	limiter.

• The	vertical	reconstruction,	(direct)	regridding	and	remapping	
functionality	are	implemented	in	a	standalone	Fortran	module.
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1. Introduction and motivation

Bergen Layered Ocean Model (BLOM), previously called Miami Isopycnic Co-
ordinate Ocean Model (MICOM), is the ocean component of Norwegian Earth
System Model (NorESM). BLOM has used potential density as vertical coor-
dinate, motivated by the fact that isopycnic surfaces are mostly a good approxi-
mation to neutral surfaces. A bulk mixed layer with variable horizontal density
sits on top of the isopycnic layers with its depth parameterized by considering a
turbulent kinetic energy balance equation.

In a layered model, layer thickness is a prognostic variable, with its evolution
found by solving the continuity equation expressed with a generalized vertical
coordinate. The arbitrary Lagrangian-Eulerian (ALE) method (see e.g Ad-
croft and Hallberg 2006) first integrates the layer conservation equations forward
in a truly Lagrangian phase, then remap variables to a desired vertical grid in
a second phase. The development of a hybrid vertical coordinate in BLOM
follows the ALE method.

Advantages of a hybrid vertical coordinate includes the possibility of vertical
resolution in the planetary boundary layer (PBL) and more freedom when select-
ing physical parameterizations. Disadvantages are potentially more numerical
mixing and difficulty in constructing a global regridding method that provides
an optimal local grid.

2. Vertical regridding and remapping

A suitable regridding approach and accurate remapping is crucial for the applica-
tion of the ALE method for ocean climate modelling. The steps taken in BLOM
for polynomial reconstruction of variables on the source grid, regridding and
finally remapping of variables to the source grid are visualized in Fig. 1 and
builds on the approach of White and Adcroft (2008); White et al. (2009).

High-order accurate remapping

‘Remapping’ is an ‘integral’ form of advection — don’t consider fluxes
through interfaces, integrate over ‘intersection’ of moving meshes.
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Q̂j(x) dx , (Q̂j(x) ‘reconstructed’ polynomials.) (9)

Leads to a conservative Lagrangian advection scheme supporting CFL � 1.

Accuracy depends on degree of polynomial reconstruction — want high-
order methods to minimise dissipation.

Generalised vertical coordinates (& unstructured horizontal grids) – Darren Engwirda 14/29 – github.com/dengwirda

Figure 1: Reconstruction, regridding
and remapping as illustrated by Eng-
wirda and Kelley (2016).

To achieve high accuracy, both the 3rd-order accurate piecewise parabolic
method (PPM) and the 5th-order accurate piecewise quartic method (PQM)
have been considered.

High-order accurate remapping

High-order accurate vertical ‘remapping’ can be achieved by fitting high de-
gree polynomials over the column profiles (i.e. layer-mean T, S distributions).

Two popular methods are PPM (Piecewise Parabolic Method) and PQM
(Piecewise Quartic Method).

Conceptually: fit polynomials using both layer-means and interpolation of
edge value/slope information.

1White and Adcroft (2008) A high-order finite volume remapping scheme for nonuniform

grids: The piecewise quartic method (PQM). J. Comp. Phys.
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Figure 2: The piecewise parabolic and
piecewise quartic methods as illus-
trated by Engwirda and Kelley (2016).

Compact schemes (Lacor et al. 2004) are used for obtaining edge values and
slopes. Edge values are then related to cell averages by

UD 9�1
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and edge slopes related to cell averages by
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The coefficients U, V, 0, 1, 2 and 3 are determined to achieve 4th-order accurate
edge estimates (8⌘4) for PPM and 6th- and 5th-order accurate edge and slope
estimates (8⌘6), respectively, for PQM.

A standalone Fortran module has been implemented supporting various meth-
ods for reconstruction, regridding and remapping. Features include:

• Support for PCM, PLM, PPM and PQM reconstructions.
• Selectable order of accuracy, from 1st to 6th, of the explicit schemes to

estimate boundary edge and slope values.
• Handling of highly variable cell widths by merging cells as necessary to

maintain overall high accuracy and well-conditioned linear equation systems.
• Use of the reduced order 8⌘4 scheme locally, if the 8⌘6 scheme for edge and

slope estimates leads to tridiagonal matrices that are not diagonally dominant.
• A non-oscillatory limiting method, optionally positive definite, for PPM and

PCM reconstructions, improving accuracy at smooth extrema, while control-
ling spurious oscillations near sharp features.

• Various options for limiting at the boundary.
• Various options for regridding, making use of the polynomial reconstruction.

Figure 3: Available polynomial reconstruction methods and options for limiting, tested
with 1000 remappings between a uniform and randomly perturbed non-uniform grid.

Using the ALE method, BLOM currently support the following vertical grids:
• Hybrid: Using the high-order reconstructions of potential temperature and

salinity, the interfaces are nudged to approach reference densities at interfaces
(continuous isopycnals). Minimum layer thickness are enforced at the upper
boundary to facilitate resolution in the PBL (Bleck 2002).

• p-level: Constant pressure levels.

Figure 4: Potential temperature and layer structure in a Pacific section in the final
month of a second OMIP2 forcing cycle. Isopycnic, hybrid and ?-level coordinate
simulations in left, middle and right panels, respectively.

3. Neutral mixing

Eddy-induced diffusion in the ocean interior occurs primarily along neutral sur-
faces, on which water parcels are neutrally buoyant. For isopycnic coordinates,
layer-wise eddy diffusion are mostly a reasonable approximation to neutral dif-
fusion. With other vertical grids, there may be regions where layers are not
well-aligned with neutral surfaces. In I-level models this has traditionally been
handled using a rotated diffusion operator oriented along the neutral tangent
plane. Shao et al. (2020) recently proposed a method for implementing neutral
diffusion making use of nonlocal neutral sublayers and this is implemented in
BLOM for use with the ALE method.

KeyCLIM workshop,	March	2022

Neutral	diffusion
• Text

Illustration	of	an	ocean	cross-section	showing	neutral	surfaces	and	eddy	
diffusion	along	those	surfaces.(a) Neutral diffusion
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Neutral	diffusion
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Layer-wise	eddy	diffusion	with	isopycnic	coordinate	and	a	bulk	mixed	layer	
on	top.
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(b) Isopycnic layer diffusion
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Layer-wise	eddy	diffusion	with	hybrid	coordinate.(c) Hybrid layer diffusion
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Neutral	diffusion
• Text

Illustration	of	the	construction	of	neutral	sublayers	from	local	neutral	
interfaces	anchored	at	model	grid	cell	interfaces.	Based	on	the	method	by	
Shao	et	al.	(2020).(d) Neutral sublayers

4. Vertical mixing

When using the ALE method, vertical diffusivities are obtained using the nonlo-
cal K Profile Parameterization (KPP; Large et al. 1994), as implemented in the
CVMix community package. A deviation from the standard KPP is nonlocal
distribution of surface momentum flux and nonlocal distribution of brine from
sea-ice freezing, where we absorb the brine flux towards the base of the PBL.
There are still numerous options of the CVMix implementation of KPP yet to
fully explored, such as surface wave effects and double diffusion. The KPP
parameterization gives insufficient mixing in gravity currents and work remains
to handle this in a satisfactory manner. The generalized vertical coordinate gives
the possibility to explore other full column parameterizations of vertical mixing.

5. Eddy-induced transport

Neutral slope estimates are used in BLOM for the parameterization of Gent-
McWilliams (GM) eddy-induced transport and eddy diffusivity. From the neu-
tral diffusion algorithm, nonlocal neutral slopes are extracted to replace the
neutral slopes previously found by a local finite difference scheme. Since the
vertical grids with the ALE method provides vertical resolution in the PBL,
the parametrization of submesoscale eddy-induced transport in the PBL by
Fox-Kemper et al. (2008) has now been fully implemented, compared to a ver-
tically integrated buoyancy flux simplification used with the bulk mixed layer
formulation.

Figure 6: Total Meridional Overturning Circulation (MOC) in left panels, mesoscale
eddy-induced MOC (GM) in middle panels and submesoscale eddy-induced MOC in
right panels. Isopycnic and hybrid coordinate simulations in upper and lower panels,
respectively.

6. Coupled ocean/sea-ice simulations

Extensive testing of the ALE method in BLOM has been done using OMIP
type simulations (coupled ocean/sea-ice simulations with observation based at-
mosphere and runoff forcing) with 1� ocean resolution and 56 vertical levels.
Minimum thickness of the top layer is 2.5 m. Figs. 7-9 shows results from the
last 20 years of the second cycle of OMIP2 forcing (JRA55 based atmospheric
forcing). Various options of the ALE method and the isopycnic BLOM CMIP6
simulation are compared. These simulations also include iHAMOCC for ocean
biogeochemistry.

Figure 7: Global zonal mean potential temperature bias compared to observations.
Upper panels with ?-level coordinate and lower panels with hybrid coordinate. Left,
middle and right panels uses PLM, PPM and PQM reconstructions, respectively.

Figure 8: Atlantic overturning circulation. Upper panels with ?-level coordinates and
lower panels with hybrid coordinate. Left, middle and right panels uses PLM, PPM
and PQM reconstructions, respectively.

Figure 9: Global zonal
mean oxygen concentra-
tion and bias compared
to observations. Isopy-
cnic and hybrid coordi-
nate simulations in left
and right panels, respec-
tively.

7. Fully coupled simulations

Fully coupled NorESM simulations have been carried out using the hybrid verti-
cal coordinate in BLOM. Initial impressions with 1� ocean resolution shows that
a cold bias in the subpolar Atlantic seems more persistent than in the CMIP6
version of NorESM. Other concerns are weaker poleward oceanic heat transport
and warm hemispheric SST bias in summer season. As for the OMIP simu-
lations, the fully coupled simulations with the hybrid coordinate gives a more
realistically stratified Southern Ocean.

Further, tests are being carried out with 1/8� ocean resolution. With hybrid
coordinate, the Atlantic Water inflow into the Arctic is more realistic compared
to using isopycnic coordinate (Fig. 10), while a remaining challenge is the for-
mation of a persistent Weddell Sea polynya.

Figure 10: Ideal age at 400 m depth after 20 years of integration of fully coupled
NorESM with BLOM at 1/8� resolution. Isopycnic and hybrid coordinate simulations
in left and right panels, respectively.
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