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Abstract

A parameterisation scheme for restratification of the mixed layer by subme-
soscale mixed layer eddies is implemented in the NEMO ocean model. Its im-
pact on the mixed layer depth (MLD) is examined in 30-year integrations of
“uncoupled” ocean-ice (GO5) and “coupled” atmosphere-ocean-ice-land (GC2)
1/4° global climate configurations used by the Met Office Hadley Centre. The
impact of the scheme on the MLD in GO5 is up to twice as large in subtropical
and mid-latitudes when the mixed layer Rossby radius is not limited to guard
against CFL-type instabilities and excessively strong volume overturning. Such
a limit is not found to be necessary for stable integration of the scheme in
NEMO. An alternative form of the scheme is described that approximates the
mixed layer Rossby radius as a function only of latitude. This formulation is
more generally robust to instability and has a comparatively larger impact on
the MLD than the original formulation, but yields qualitatively similar results.
The global mean impact of the scheme on the MLD is found to be almost twice
as large in 1° and 2° configurations of GO5 as it is in the 1/4° configuration.
This is shown to be the result of the scheme overcompensating for the decay

in strength of resolved mixed layer density fronts in this model with decreasing
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horizontal grid resolution. The MLD criterion defining the depth scale of the
scheme is shown to affect its global mean impact on the MLD by nearly a factor
of 3 in GO5 and GC2, depending on whether the criterion is chosen to capture
the actively mixing layer or the well-mixed layer. The parameterisation reduces
the magnitude of deep MLD biases while increasing the magnitude of shallow
biases. The globally averaged winter MLD bias is reduced from 17% to 9% of
climatological values in GO5 but changes from +3% to —4% in GC2. Summer
mixed layers are too shallow on average in both configurations and their average
magnitude is increased by the parameterisation.

Keywords: parameterisation, surface mixed layer, oceanic boundary layer,

mixed layer depth, submesoscale, NEMO

1. Introduction

The vertical transports of heat and transfers of momentum within the near-

surface ocean mixed layer depend on many physical processes including: convec-

tive overturning (Marshall and Schott, [1999)), wind-driven inertial oscillations

with occasional shear spiking (Large and Crawford 1995, Langmuir turbulence

driven by interactions between surface waves and ocean currents (Craik and
ILeibovich, 1976; [McWilliams et al.| 1997), wind-driven reductions in stability
2005)), and instabilities of the zonal flow (Haine and Marshall, [1998)
involving baroclinic (Boccaletti et al. |2007), symmetric (Stone, 1970; |Thomas|
2013)), inertial and mixed Rossby-inertia wave (Sakail
instabilities.

Many of these processes are not resolved at all in ocean general circulation

models used for climate simulation. Their parameterisation is clearly a complex
and demanding undertaking, particularly bearing in mind that the parameteri-
sations need to vary appropriately as the motions that are resolved by the model
vary with its grid spacing; that is they should be scale-aware
[2017a} [Pearson et all [2017). Parameterisations of Langmuir turbulence
2019), symmetric instabilities (Bachman et al.| [2017b)) and shear spiking
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(Jochum et al., [2013) are active areas of model development.

This paper focuses on a parameterisation scheme for baroclinic sub-mesoscale
mixed layer eddies (SMLEs) (Fox-Kemper et al. |2011} hereafter FK11). This
SMLE parameterisation (SMLEP) is cast in terms of an overturning stream-
function that advects ocean tracers within the mixed layer, acting to slump
isopycnals and restratify the upper ocean. The main impact of the SMLEP is
therefore a reduction of the mixed layer depth (MLD). This reduction differs
across the simulations reported by FK11 and depends on the details of the SM-
LEP implementation itself. Nevertheless, their simulations with the SMLEP all
demonstrate a reduction in the magnitude of deep MLD biases and an increase
in that of shallow MLD biases, as has been observed in other models (Weijer
et al., 2012} [Bentsen et all, |2013; |Swapna et all [2015). Deep winter MLD bi-
ases associated with deep convection are reduced, although its representation
in the North Atlantic remains poor (Heuzé, [2017)), while shallow summer MLD
biases common to several models are increased (Huang et al.| [2014]). Other im-
pacts noted by FK11 include a substantial increase in strength of the Atlantic
meridional overturning (Farneti et al., [2015) and a reduction in its variability
(Danabasoglu et al., 2012), as well as a large impact on sea ice extent and
thickness.

FK11 indicate that the SMLEP is sensitive to the details of its formulation,
in particular the specifications of the MLD and characteristic width of fronts
in the mixed layer. However, the sensitivity to these individual parameters is
obfuscated in FK11 by the use of different ocean models as well as differences
in the details of the SMLEP implementation. Furthermore, the SMLEP has
a scale-aware aspect related to the ability of models of different resolution to
represent horizontal buoyancy gradients, such that the vertical buoyancy fluxes
associated with its overturning should be approximately independent of hori-
zontal grid resolution. As the simulations of FK11 are based on 1° ocean grids
and their use of eddy-permitting configurations is limited to a short 1/10° un-
coupled simulation, it is unclear whether this resolution-independence occurs in

practice in ocean models.
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This paper expands on the results of FK11 by examining the impact of the
SMLEP on standard global configurations of the NEMO ocean model (Madec
et al.,|2017)), focussing mainly on its impact on the MLD. Our primary objectives
are to quantify the dependence of this impact on the details of the SMLEP
formulation and on the horizonal grid resolution, and to uncover the reasons for
these dependencies.

Section [2| describes the formulation of the SMLEP of FK11, its implemen-
tation in NEMO and an approximate formulation that we have used. Section
describes the simulations performed and the diagnostics used in the paper. Sec-
tions [4] ] and [6] explore the dependence of the impact of the SMLEP on three
aspects of its formulation: section [4] examines the dependence on the specifica-
tion of the mixed layer Rossby radius used by the parameterisation, section
explores the dependence on the horizontal resolution of the model calling the
parameterisation, and section [6] investigates the dependence on the density dif-
ference used by the parameterisation to define the MLD. Section [7]examines the
impact of the SMLEP on MLD biases in our standard global configurations of

NEMO. Section [§ summarises the main results.

2. The sub-mesoscale mixed layer eddy parameterisation (SMLEP)

2.1. Overview of the FK11 formulation

The basis of the FK11 SMLEP is that sub-mesoscale baroclinic instabilities
within the ocean mixed layer transport light water upward and toward the
dense water side of mesoscale fronts, thus releasing potential energy. These
O(100m-10km) instabilities are not resolved in present climate models so their
net buoyancy transports need to be parameterised. Their vertical buoyancy
transports are particularly important, as they compete with vertical mixing
processes also present in the upper ocean. FKI11 follow |Gent and McWilliams

(1990) in parameterising eddy effects via an overturning streamfunction, ¥, the
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additional velocity field u* being given by

ut =V x V. (1)

FK11 provide a formulation for ¥ in OGCMs (see their eq. (5)), which is based
on a combination of physical arguments and submesoscale-resolving Large Eddy

Simulations (LES). It can be written in the form:

C.S H2VD x 2
Ly Jf2 47172

Here C, is a non-dimensional efficiency coefficient estimated from LES to be

g:

p(z/H). (2)

between 0.06 and 0.08; S is a function of the horizontal grid spacing; Ly is
the characteristic width of a mixed layer front; H is the mixed layer depth;
b= g(po — p)/po is the buoyancy; Vb~ is the buoyancy gradient averaged over
the mixed layer; 2 is an upward pointing unit vector; f is the Coriolis parameter;
z is height; and u(z/H) is a vertical structure function which has a value of zero
at the surface and beneath the mixed layer and one in the centre of the mixed
layer. The term Wﬂ gives a time scale that tends to the inertial
timescale |f|~! at mid-latitudes but near the equator reduces to a frictional
slumping time scale 7 ~ 1-20 days. The following paragraphs describe L; and
S in more detail.

FK11 represent Ly using a modified mixed layer Rossby radius (their eq.

(13)),

P =max(L}, L7, L}™), (3)

where L;V is the mixed layer Rossby radius defined in terms of the mixed layer
average of the buoyancy frequency,
N'H
LY = ——, 4
= @

with lower limits imposed by the expected end state after geostrophic adjust-
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ment or mixing by symmetric instabilities,

(5)

and by a parameter L’}“i“, both of which are used to ensure numerical stability.
In 1’ we have replaced f with \/]m following the CCSM implementation
of FK11.

The function S is defined by

S =As, As< L,
(6)
=L,, As>L,,
where As is the local horizontal grid spacing and L, is an upper limit which is

explained shortly. Subsection 2.1.3 of FK11 justifies the linear dependence of .S
on As in @ by considering the vertical buoyancy flux induced by the SMLEP,

W@ZQXVHB =

\/ﬁff\v b |7 (7)
The vertical buoyancy flux is the critical outcome of the parameterisation in
governing its effects on mixed layer depth through competition with vertical
mixing processes. Its magnitude should be approximately independent of As
but the magnitude of the horizontal buoyancy gradient, \VHBZL depends on
the scales resolved by the model. FK11 show that |Vyb |* can be assumed
to scale with As™! over a range Ly < As < L, where L, = 1° ~ 111km is
determined from the MESO simulations of [Hallberg and Gnanadesikan| (20006)).
They show this to be equivalent to a k=2 slope in horizontal power spectra of
b", found in both observational datasets and models. The S /Ly scaling term
is thus expected to make the vertical buoyancy flux and the impact of the
SMLEP independent of resolution.

For convenience we will define

R = S|Vup|* 8)
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The parameterisation with @ is constructed in the expectation that R is
approximately independent of model resolution.

The use of to represent Ly is a significant source of uncertainty in the
SMLEP. Firstly, while Lffv has been found in observations to be a useful guide
to Ly (Hosegood et al., 2006) under conditions of co-evolving mesoscale and
submesoscale fronts and eddies, recent studies have questioned this finding.
Callies and Ferrari (2018) find that L}V underestimates Ly by at least an order
of magnitude when calculated over scales larger than Ly, so its use in would
over-estimate the vertical buoyancy flux. The simplifications exploited in
may not hold in if a more complete theory of the arrest scale of fronts is used
instead of the deformation radius approximate scale (Sullivan and McWilliams),
2018; [Bodner et al., [2020). Furthermore, the determination of N° in models is
very uncertain and depends on the choice of calculation method as well as the
details of parameterisations used by the model. Due to the uncertainty in its
definition and calculation, FK11 consider L; to be a tuneable parameter that
can be altered to reduce model bias.

Secondly, the S/Ly scaling term can result in excessively large u* for coarse
horizontal grids (large S) and weakly stratified mixed layers (very small Lécv ),
which may cause numerical instability. This is prevented by limiting L; via the
L}nin parameter in L', but this can significantly reduce the impact of the pa-
rameterisation. FK11 find for their 1° simulations that L‘J}“n = 5km prevents ¥
from exceeding the overturning strength of the Atlantic meridional overturning
circulation in volume transport (although the meridional heat and freshwater
transports are much weaker), but note that choosing L‘}‘in = lkm nearly dou-
bles the reduction in global mean MLD by the parameterisation. The choice of
L?‘in is therefore important and should be as small as possible while avoiding

excessively large u* and instability.

2.2. Implementation in NEMO

Here we describe the implementation of the FK11 SMLEP in NEMO, which
is henceforth described as the “FK11 scheme”.
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The parameterisation is discretised on the Arakawa C-grid by calculating the
streamfunction vector ¥ at velocity points (the zonal component at v points and
the meridional component at u points). The mixed layer average buoyancy, Ez,
and MLD, H, are initially calculated at tracer points. H is calculated using a

finite-difference potential density criterion, Aoy, with respect to the density at

10m depth. The buoyancy frequency is then defined as

NZ2 _ gAO'.g .
poH

9)

H and Vb x 2 vectors are then calculated at velocity points; H as the minimum
of its value at adjacent tracer points and Vb~ x 2 as the horizontal gradient in
b”. The induced velocity u* is then added to the model velocities. As L? is not
required to guard against numerical instability (described in more detail below),
it is disregarded in so that L%" is a function of L;cv and L}“i“ only.

Unless explicitly specified to the contrary, the “standard” parameter val-
ues used with the FK11 scheme in this paper to obtain ¥ from , , ,
@ and @ are C, = 0.06, L, = 111km, 7 = 2 days, L‘}““ = b5km and
Aoy = 0.03kgm73. The above specification of H is the optimal finite-difference
criterion of |[de Boyer Montégut et al. (2004)), which captures the depth of the
well-mixed layer over timescales greater than a day. Their choice of a 10m
reference depth was found to largely avoid the strong diurnal cycle of the mix-
ing layer, while Agy = 0.01kgm > tended to capture the actively mixing layer
after strong diurnal forcing and Aoy = 0.05kgm ™ yielded H within the sea-
sonal thermocline, rather than at its top. The choice L‘]Pi“ = bkm is the largest
value recommended by FK11 for their 1° simulations and is therefore conserva-
tive with regards to preventing numerical instability and excessive overturning
strength.

We have found that the FK11 scheme integrates stably in all NEMO config-
urations described in this paper when L?in does not limit L. The following

argument suggests that this is an inherent characteristic of our method for cal-
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culating N Substituting @ into one obtains

VH
KN 1o

where A=' = \/gAoy/py ~ 0.0169m'/?s~! is a constant. With Ly = L;V,
substituting into gives

U = CLASH3/? (sz x g) (2 H), (11)

which is more evidently robust than to excessively large u*, as it has no
denominator that can become vanishingly small. Another interpretation is that
Nz, and therefore LY, cannot become vanishingly small so L}nin is not required
to limit L'}". However, does not guarantee that u* will not be detrimental
to the accuracy of mixed layer currents and overturning transports. L‘)Pi“ may
therefore still be required to limit this impact. The degree to which L?ﬁn limits
L’JT” has implications for the impact of the SMLEP on the mixed layer; this is
examined further in section [l

In the following subsection we present an alternative form of Ls that, like

, cannot become vanishingly small and for which ¥ has a similar form to

[TD).

2.8. Approzimate formulation

The calculation of N~ in NEMO has a useful property in that it cannot
become vanishingly small. This will not necessarily be the case in other models
and Ly may need to be artificially limited, as in , to avoid excessively large u*
and numerical instability. Furthermore as already mentioned, the calculation of
N~ is generally very uncertain and dependent on the details of parameterisations
used by the model, which can make it difficult to determine an appropriate value
for L?i“.

Other implementations of circumvent this issue by representing L as
a constant (Fox-Kemper et al., [2008a) or as a function of As only (see the

CM2Ga implementation of |[Fox-Kemper et al.,2011)). This approach of defining
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Ly without a dependence on N is permitted by the present lack of theoretical
and observational constraints on its value.

Here we introduce a further definition of L; with this property, that we will
refer to as the “approximate scheme”. Ly is represented as a function of latitude

approximating Y,

L7 = Lofo = 3, (12

where Ly and fy are reference values of L;V and f respectively, and B! is
equivalent to a constant value of N H. After substituting in , the latter

can then be written as

¥ = C.BSH? (sz x ;) (z/H). (13)

is similar to in that it is more robust than to excessively large u*,
but has the advantage that this property does not require a specific method for
calculating N°. The main difference from the FK11 scheme is that the scaling
term S/Ly is constant in time and does not depend on the model state, with B
replacing L’}“in as the relevant tuneable parameter. Additionally, is more
sensitive to H (i o H?) than (U < H3/?) as L no longer depends on H.

All terms in that appear in are defined in the same way. Unless
explicitly specified to the contrary, the “standard” parameter values used with
the approximate scheme to obtain ¥ from @, and 1) are Ly = bkm and
fo = £(20°) (equivalent to B! ~ 0.249ms~!) with other parameter values the
same as for the FK11 scheme (C, = 0.06, L,, = 111km and Aoy = 0.03kgm ).
As for the standard value of L’;{‘i“ in the FK11 scheme, this value of B is a
conservative choice with regards to preventing excessively strong overturning
by the SMLEP. The resulting L} profile, shown later in section E|, has a global
minimum of roughly 1.7km and lies within the 1km < L‘]}‘m < 5km range used
by FK11 for their 1° simulations, but is generally much larger than Lﬁpv as
calculated using except in deep mixed layers at high latitudes. B might

be further adjusted to give an L} profile more consistent with L}V and/or to

10
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improve model biases.
In section @ we compare the impact of the approximate scheme and its
dependence on B with that of the FK11 scheme and its respective tuneable

parameter, L‘J}“i“.

3. Configurations and diagnostics

3.1. Configurations

We present results from simulations based on three standard global config-

urations of the NEMO ocean model; the GO5 (Megann et all [2014) and GO6

(Storkey et all, [2018)) “uncoupled” ocean-ice configurations, and the GC2 “cou-

pled” atmosphere-ocean-ice-land configuration (Williams et al, 2015 in which

the ocean component is GO5. These references should be consulted for a full
description of each configuration, but some relevant details are described below.

GO5 and GOG6 use the tripolar ORCA horizontal grids (Madec and Imbard|
[1996)), which have been extended further south in GO6 to permit the modelling

of circulation beneath the Antarctic ice shelves but are otherwise identical. Both

configurations use 75 vertical levels with refinement towards the surface and a

partial step representation of bottom bathymetry (Barnier et al. 2006). The

vertical coordinate is discretised on z-levels in GO5 and uses the variable volume

(nonlinear free surface) z* coordinate of |Adcroft and Campin| (2004) in GO6.

Lateral advection of momentum is formulated using an energy and enstro-

phy conserving vector-invariant scheme (Arakawa and Lamb) [1981]) and lateral
advection of tracers uses the FCT scheme of (1979). The irrotational

momentum advection term uses the Hollingsworth et al.| (1983) correction in

GO6 but not in GO5. Lateral diffusion of momentum is along geopotential
surfaces and uses a Laplacian operator in the 1° and 2° simulations and a
biharmonic operator in the 1/4° and 1/12° simulations. Lateral diffusion of
tracers is along isoneutral surfaces and uses a Laplacian operator. The lateral

viscosity and diffusion coefficients scale with the horizontal grid spacing fol-

lowing Willebrand et al| (2001). A parameterisation of adiabatic eddy mixing

11
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(Gent and McWilliams, [1990) is used with a spatially-varying coefficient (Held,

land Larichev] [1996]) in the 1° and 2° simulations. A free slip lateral boundary

condition on momentum is used in all configurations except the 1/4° and 1/12°
GO6 configurations, which use partial slip and no-slip boundary conditions re-

spectively around the Antarctic coastline.

Vertical mixing uses a modified version of the (Gaspar et al| (1990) TKE

scheme (Madec et al., |2017) with representations of surface (Craig and Banner,

1994)), near-inertial (Rodgers et al.; 2014) and tidal (Simmons et al., 2004; Koch-|

[Larrouy et al., 2008) wave breaking, double-diffusive mixing (Merryfield et al.|

1999) and Langmuir turbulence (Axell, [2002). In the uncoupled simulations,

a weak sea surface salinity restoration flux of —33.33 mm day ™ 'psu~! towards

monthly mean climatological values is applied. The climatological data used are
Levitus et al.| (1998)) merged with PHC2.1 (Steele et al., 2001)) in Arctic regions
for GO5 and a 1995-2014 average of the EN4 monthly objective analysis (Good]

for GOG.

The sea ice component in all configurations is CICE (Hunke and Lipscomb),

2010)); specifically the GSI6.0 configuration (Rae et all,[2015) in GO5 and GC2,
and the GSI8.1 configuration (Ridley et al., 2018) in GOG.

GOb5 and GO6 have each been integrated as a traceable set of simulations
with nominal horizontal resolutions of 1/4°, 1° and 2°, and 1/12°, 1/4° and
1° respectively. The main grid-dependent physical parameter settings for these
simulations are given in table[I] Simulations of GC2 have been performed using
an N96 grid for the UM atmosphere model (approximately 135km resolution in
mid-latitudes) coupled to the 1/4° configuration of GO5.

The uncoupled GO5 and GOG6 simulations are forced by the CORE2 surface
forcing dataset (Large and Yeager| [2009) over the period 1976-2005. All simu-

lations have been integrated for at least 30 years starting from rest, with tem-
perature and salinity initialised from a 2004-2008 average of the EN3 monthly
objective analysis (Ingleby and Huddleston, 2007) in GO5 and GC2, and a
1995-2014 average of the EN4 monthly objective analysis (Good et all [2013) in
GO6.

12
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Simulations with the SMLEP use the approximate scheme and standard pa-
rameters described in subsection [2.3] unless specifically stated otherwise. The
impact of the SMLEP on MLD biases is presented in section [7] for the GO5
and GC2 configurations using this SMLEP configuration. The sensitivity of the
SMLEP MLD impact to the details of its formulation are presented in sections
[ [ and [6] for the GO5 configuration, using this SMLEP configuration as a
reference. We note that despite the different dependence on H, the sensitivities
obtained using the approximate scheme are qualitatively similar to those ob-
tained using the FK11 scheme. In section[6] we also present results for the GC2
configuration to indicate how the sensitivity of the SMLEP may differ when a

coupled atmosphere model is used.

3.2. Diagnostics
We describe restratification of the mixed layer by the SMLEP in terms of the
vertical buoyancy flux, (7)), re-scaled as an equivalent upward heat flux across

the mixed layer (Fox-Kemper et al., [2008b]),

Cppo
gar

and its subsequent impact on the diagnosed MLD. It is important to distinguish

Q= (U x Vb ), (14)

between the MLD diagnostic used to evaluate this impact, Hy, and the MLD
appearing in the expression for the SMLEP overturning streamfunction, H,
described in section 2] H and H, are not necessarily the same quantity. H may
need to be consistent with vertical length scales used by other parameterisations
within the model, for example the boundary layer depth used in mixed layer
models such as KPP (Large et al.,|1994) or | Turner and Kraus| (1967)). Similarly
H,; may need to be consistent with other models, in a model intercomparison
project for example, or with observational datasets. Here we define H; using a
finite-difference density criterion Aoy = O.OBkgm_3 calculated with respect to
the density at 10m depth. This definition captures the depth of the seasonal
mixed layer and is identical to that of/de Boyer Montégut et al.| (2004), allowing a

direct comparison with their climatology. H, is therefore consistent in definition

13
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with H for the standard choices of parameter settings in both the FK11 and
approximate schemes, though H is calculated at tracer points and H at velocity
points.

The diagnostics in this paper are calculated for each model time step and
presented as 25-year monthly mean climatologies for years 6 to 30 of the simu-
lations, unless otherwise stated. The mean, maximum and minimum values of
these monthly mean climatologies at a given grid point are used to calculate an
annual average, a seasonal maximum and a seasonal minimum. For H; and Q,
the seasonal maximum and minimum are considered to be representative of the
local winter and summer respectively. For a quantity = these three temporal
min

X

samplings are denoted by z, "% and T respectively. The impact of the

SMLEP on Hj is expressed as a relative change
Hf —H;
A(Hg) = 100—4——d_ (15)
Hy
where the 4+ and — superscripts respectively denote simulations with and with-

out the SMLEP. Results are mainly shown for the impact on the seasonal max-
imum, A(deax)7 as the parameterisation tends to have the largest impact

during the local winter when MLDs are deepest.

4. Dependence on the specification of Ly

In this section we examine the impact of the SMLEP on the MLD when using
the FK11 (subsections[2.1] and approximate (subsection [2.3) schemes in the
1/4° uncoupled GO5 configuration. These schemes differ in their specification
of the mixed layer frontal width Ly; the following results therefore indicate the
sensitivity of the SMLEP impact to this specification.

Both schemes represent Ly using a form of the mixed layer Rossby radius,
L;V . The FK11 scheme uses a modified form, Ly || which is the minimum of
L}V and a parameter L’}li“, and the approximate scheme uses an approximation,
L% , which is a function of latitude and a parameter B. Simulations have

been performed using two parameter settings for each scheme; the FK11 scheme

14
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simulations with L?i“ = 5000m and L‘]?in = 200m, and the approximate scheme
simulations with B defined using Ly = 5000m and fo = f(20°), fo = f(10°).
Figure (1] panel (a) shows 25-year zonal averages of L calculated using L and
L% with these parameter settings and L}V calculated using . L‘]Pi“ = 5000m
and fo = f(20°) are chosen as conservative upper bounds on Ly, as described
in subsectionﬁ L?‘in = 5000m (blue line) significantly limits Ly with respect
to L;V outside of the tropics, while the Ly profile of f, = f(20°) (green line) is
generally much larger than that of chv , particularly in the tropics. L?i“ = 200m
and fo = f(10°) are chosen as lower bounds for which L; is more consistent
with L}V . L‘J?i“ = 200m (orange line) does not limit Ly with respect to Lﬁfv ,
as H has a lower limit imposed by the reference depth of the finite-difference
criterion, 10m, so that chv >~ 367m. The Ly profile of fo = f(10°) (red line) is
similar to that of L}V and is globally a better approximation than fy = f(20°),
which is consistent with Li}' only in deep mixed layers at high latitudes but is
still much larger in the tropics.

Figure [2] shows the impact of the FK11 and approximate schemes on the
MLD seasonal maximum, A(H; ) as defined in subsection while figure

—F—max )

panel (b) shows zonal averages of A(Hy . There is a great deal of geo-
graphical coherence in A(mmax) between the simulations and both approximate
scheme simulations give qualitatively similar results to the FK11 scheme simu-
lation using L?“i“ = 200m. In the FK11 simulations, A(Hy ) is up to a factor
of 2 larger in subtropical and mid-latitudes and up to a factor of 4 larger in the
Arctic when using L;ni“ = 200m than when using L;ni“ = 5000m. These results
are consistent with those of FK11, who report for their 1° uncoupled simula-
tions that the global mean MLD decreases by nearly the same amount between
simulations using L?ﬁ“ = 1000m and L‘}li“ = 5000m, as between a simulation
using L?in = 5000m and one without the SMLEP. In the approximate scheme
simulations, A(Hg ) is around a factor of 1.5 larger between the equator and
mid-latitudes when using fo = f(10°) than when using fy, = f(20°).

Most of the differences in A(HZ™") between the simulations can be ex-

plained in terms of their specification of Ly, as this is the only way in which
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they differ. This is shown by the zonal averages of L; and A(deax) in figure
panels (a) and (b) respectively. A decrease in L, implies an increase in @,
the vertical buoyancy flux re-scaled as an equivalent heat flux across the mixed
layer, and therefore stronger restratification of the mixed layer by the SMLEP.
Outside of the tropics, Ly is significantly larger for L;{‘i“ = 5000m (blue line)
than for L}ni“ = 200m (orange line) and therefore reduces the impact of the
FK11 scheme. Similarly, the fo = f(20°) profile of L (green line) is glob-
ally larger than that of fo = f(10°) (red line) and reduces the impact of the
approximate scheme.

At high-latitudes the response of A(H; ) to changes in L is more nonlin-
ear. Large A(deax) are found to coincide with changes in sea ice concentra-
tion, suggesting that feedbacks between the SMLEP and sea ice are important.
This is particularly evident in the Southern Ocean. South of 75°S the two ap-
proximate scheme simulations have a similar impact, while the L?in = 5000m
simulation has a larger impact than the L;‘“i“ = 200m simulation. Between
60 - 65°S the SMLEP instead acts to increase Hy ., with larger L¢ acting
to reduce this impact. This positive A(H ) is evident in figure [2| and is
attributed to a spurious polynya in the Weddell Sea in GO5 (Megann et al.|
2014), which is known to be sensitive to details of the parameterised vertical
mixing (Heuzé et al. 2015). While these feedback mechanisms would benefit
from further study, they are not the focus of the present analysis and are not
discussed further.

The average Ly profiles for the simulations using the approximate scheme
with fo = f(10°) and FK11 scheme with L' = 200m are very similar outside
the tropics, but A(Emax) is generally larger for the fo = f(10°) simulation.
Within the tropics, Ly is larger in the f; = f(10°) simulation than in the
Lj}“in = 200m simulation but A(Hg"") is similar. Differences in A(Hg )
between these simulations are better explained in terms of the scaling of @) with
H in the two SMLEP formulations. @ scales as BH? in the approximate scheme
and scales as AH3/2 in the FK11 scheme || Figure |3| shows that @Q is

larger for the approximate scheme than for the FK11 scheme (orange line) for
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H >~ 55m and H >~ 215m when B is defined using fo = f(10°) (red line) and
fo = f(20°) (green line) respectively. Therefore except in the tropics where H
is small, mixed layer restratification by the SMLEP is expected to be stronger
in the approximate scheme with fo = f(10°) than in the FK11 scheme with
Ly = 200m.

The @ scalings indicate that shallow MLDs limit the sensitivity of the SM-
LEP to changes in Ly. Panel (a) of ﬁgureshows that Ly is larger than Lﬁc\' in
the tropics for both profiles used by the approximate scheme, by a factor of 1.5
for the fo = f(10°) profile and by a factor of 3 for the fo = f(20°) profile. The
corresponding profiles of A(Emax) in panel (b) are only slightly smaller than
those for the FK11 scheme simulations. This suggests that further adjustment
of these profiles to better approximate chv in the tropics would have only a
small impact on the MLDs here.

In the following two sections we explore the sensitivity of the SMLEP MLD
impact to parameters other than Ly, using the approximate scheme with the
standard parameters Ly = 5000m and fy = f(20°). The results presented in this
section might suggest that these sensitivities should differ from those obtained
using the FK11 scheme, but additional experiments with the FK11 scheme are

found to yield qualitatively similar sensitivities.

5. Dependence on horizontal resolution

In this section we examine the impact of the SMLEP on the MLD when
using the approximate scheme in the 1/4°, 1° and 2° uncoupled GO5
configurations. The following results therefore indicate the sensitivity of the
SMLEP as a function of the horizontal grid scale As.

Table[2]shows the global mean impact of the SMLEP on the MLD in the GO5
simulations. The annual mean MLD impact, A(Hy), is almost twice as large in
the 1° and 2° simulations as it is in the 1/4° simulation. This is dominated by

differences in the winter (A(H, )); differences in the summer (A(dein)) are

much smaller and are negligible between the 1° and 2° simulations. Panel (a)
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of figure 4| shows that within +45° of the equator, A(Emax) is much larger in
the 1° simulation than in the 1/4° simulation but of a similar magnitude in the
2° simulation. Panels (a) and (b) of figure [5[ show that the large-scale spatial
characteristics of A(deax) in this region are very similar between the simu-
lations (not shown for the 2° simulation) but are often substantially different
poleward of £45°, most notably in the Southern Ocean and North Atlantic.

Restratification of the mixed layer by the SMLEP vertical buoyancy flux,
w'b g, is shown via 7 and 1} to depend on R, the mixed layer horizon-
tal density gradient multiplied by As, and H?, the square of the MLD (H3/2
when using the FK11 scheme instead of the approximate scheme ([13)).
It is nontrivial to directly relate differences in these quantities between simu-
lations to those in the MLD impact of the SMLEP shown in figures [] and
Instead we examine the more straightforward relationship between R, H? and
restratification by the SMLEP expressed as an upward heat flux, @ .

Figures 4| and |5/ show the seasonal maximum of @, @max. These results are
consistent with the observational estimates of |Johnson et al.| (2016|) for both the
1/4° and 1° simulations, although the modelled fluxes are much larger in some
regions e.g. the south Indian Ocean. @max generally corresponds well with
that of the MLD impact of the SMLEP, A(H;™™), and within +45° of the
equator is similarly larger in magnitude in the 1° simulation than in the 1/4°
simulation. In some regions, @ does not correspond well with A(Emax)
Around Antarctica, Q' is small but A(Hy ) is large. This was identified
in section [4] as a region where feedbacks between the SMLEP and sea ice are
important in determining A(Hy™""); Hy is therefore indirectly affected by the
SMLEP via its impact on the sea ice. In close proximity to the Amazon outflow,
@max is large but A(mmax) is small. In this case a large horizontal density
gradient coincides with a shallow, strongly stratified mixed layer; Hy is already
small and further restratification by the SMLEP has little impact.

GO5 simulations using the FK11 scheme with L‘]}“n = 200m produce qual-
itatively similar results to those in figures [4] [5] and table 2] The FK11 scheme

produces larger Q" and A(Hy ) than the approximate scheme, as shown
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in section |4} but their increase in magnitude between the 1/4° and 1° simula-
tions is robust to the choice of SMLEP formulation. In particular, the global
averages of A(Hy) and A(Hy ) in table 2 remain almost twice as large in the
1° simulation as in the 1/4° simulation when using the FK11 scheme.

As described in subsection the FK11 scheme assumes that R is approx-
imately independent of As. Figure [f] shows instantaneous zonal averages of R
from GO5 and GO6 simulations that do not use the SMLEP, calculated for
the south-east Pacific region (100 - 160°W) used by FK11 in a similar analysis
(their figure 2). It is evident that in this region R is not independent of As in
either set of simulations. Between 35 - 50°S, R is on average larger by factors
of around 5 and 2 in the 1° and 1/4° GOG6 simulations compared to the 1/12°
GOG6 simulation, and by a factor of 3 in the 1° GO5 simulation compared to
the 1/4° GO5 simulation. The magnitude of R is more similar between the 1°
and 2° GOb simulations, suggesting that it is correct to apply an upper limit of
LuzlotoSin@.

Figure [7| shows maps of instantaneous R from the 1/12°, 1/4° and 1° GO6
simulations. Over large scales, the spatial characteristics of R are similar in all
simulations but the magnitude clearly increases with As, consistent with figure
[l Similar results are found for equivalent data from the GO5 simulations,
where R is again found to be qualitatively similar in the 1° and 2° simulations.
Similar results to those presented in figures [f] and [7] are also obtained from GO5
simulations using the SMLEP.

The dependence of R on As implies that the strength of resolved mixed layer

—! and that in turn, horizontal

density fronts, |V p*|?, does not scale as As
power spectra of p° do not scale with the wavenumber as k=2 (Fox-Kemper
et al] [2011). Power spectra for the 1/12° and 1/4° simulations (figure [8) using
the same data and region as in figure [6] show that p* transitions with increasing
k from a k=2 to k=% scaling at around k£ = 2°. This result, also found for
other months and years of the simulations, implies that the resolved mesoscale

fronts shown in figure [7| are weaker than expected. The S/Ly scaling therefore

overcompensates for the decrease in resolved frontal strength when these fronts
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are unresolved by the grid; @ is generally larger in the 1/4° and 1° simulations
than it is in the 1/12° simulation.

In order to quantitatively establish the relative contributions of differences
in R and H? to differences in @) between the simulations, we use in to

infer for each of the simulations that

Q= QoRH? (16)

where Qg is a constant. If a quantity z is represented in two different simulations

as r, and zp, and its difference as dx = z, — x}, simple algebra shows that

6Q =06Qu +0Qr, 0Qu = QuRyd(H?), 06Qr=QuHJR.  (17)

In the following analysis 6@ g and §@Q g have been calculated offline from monthly
mean diagnostics.

Figure |§| shows maps of 25-year averages of the terms in , 6Q, 6Qx and
0Qr, calculated for the 1° GO5 simulation with respect to the 1/4° simulation.
Except at high latitudes, 6Q g corresponds well with 6Q and generally has the
opposite sign to 6Qg; 6Qr therefore generally more than accounts for §Q in
these regions. In the North Atlantic and around Antarctica, 6Q g has the same
sign as Q and the opposite sign to 0Qg; here §Q tends to be dominated by
6Qp. This negative correlation between 6Qp and Qg is consistent with the
results of |Johnson et al.| (2016]). Qualitatively similar results are obtained when
this analysis is repeated using the 1/4° and 2° simulations.

Given that Q™™ and A(ﬁdmax) are generally well correlated except at high
latitudes (figure [5), the differences in A(Hz" ") between the 1/4° and 1° simu-
lations can be attributed to changes in R in these regions. Hence, except at high
latitudes, the larger magnitude of R in the coarser resolution GO5 simulations
results in stronger restratification of the mixed layer by the SMLEP than in the

1/4° simulation.
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6. Dependence on specification of the MLD criterion

In this section we examine the impact of the SMLEP on the MLD when
using the approximate scheme in the 1/4° uncoupled GO5 and coupled
GC2 configurations with two different specifications for the MLD parameter,
H. The following results therefore indicate the sensitivity of the SMLEP to the
specification of H.

In order to quantify the sensitivity in a straightforward way, we use the
finite-difference criterion described in subsection [2.2] for both specifications of
H and alter only the Aoy value. Simulations have been performed with Agy =
0.01kgm ™ in addition to those with the standard value of Agy = 0.03kgm .
We will denote these two criteria by Aoy = 0.01 and Aoy = 0.03 respectively.
The former criterion tends to capture the depth of the actively mixing layer
in strongly stratified profiles (de Boyer Montégut et all 2004), which could be
considered a lower bound on the definition of H. Figure shows that this
criterion produces MLDs that are shallower than the Aoy = 0.03 criterion by
more than 100m in the Labrador and Greenland-Iceland-Norwegian (GIN) Seas,
and in the Ross and Weddell Sea sectors.

As described in subsection [3.2] we distinguish H, which appears in the expres-
sion for the SMLEP overturning streamfunction , from the MLD diagnostic
used to evaluate the impact of the SMLEP, Hy. A,,Hg is used to denote differ-
ences in Hy between the simulation with the SMLEP using Aoy = 0y and the
control simulation without the SMLEP.

Panels (a) and (c) of figure 11| show the impact of the SMLEP on the MLD
in the GO5 simulations using Acg = 0.01 and Agy = 0.03, i.e. AO,Ol(deaX)
and A0_03(deax), while panel (e) shows their difference and illustrates the
sensitivity of A(Hy ) to the criterion used to determine H. Panels (b), (d)
and (f) respectively show the same quantities for the GC2 simulations.

Aom(ﬁdmax) is generally small and negative in the GO5 simulation and
larger with both positive and negative values in the GC2 simulation. These

differences between the GO5 and GC2 simulations indicate the effect of cou-
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pled atmosphere-ocean feedbacks on the impact of the SMLEP, which was also
noted by FK11. Around Antarctica A(Hg ) is much smaller in the GC2 sim-
ulation than in the GO5 simulation, as the extent of Antarctic sea ice is much
smaller in GC2 and the effects of ocean-sea ice feedbacks, such as the spurious
Weddell Sea polynya, are less prevalent than in GO5. In the GO5 simulations,
Ao o3 (deax) has qualitatively similar spatial characteristics to Ao,m(mmax)
but is much larger in magnitude. This increase in magnitude (panel (e) of figure
is larger than the magnitude of Ag o1 (Hy ) (panel (a) of figure|11)). In the
GC2 simulations, Ag.o3 (deax) is more uniformly negative than Ag. o1 (deax),
suggesting that increased restratification by the SMLEP competes more favor-
ably with the impact of coupled feedbacks on the mixed layer.

Table |3|lists the global mean values of the impact of the SMLEP on Hy for
both Aoy criteria in the GO5 and GC2 simulations. The annual mean impact,
A(Hy), is nearly a factor of 3 larger when using the Aoy = 0.03 criterion than
when using the Aoy = 0.01 criterion. This is also the case for the local winter
(A(HZ™™)) and summer (A(dem)) impacts, except that the latter differs by
less than a factor of 2 in the GC2 simulations. The similar global mean sensi-
tivity to Aoy in the GO5 and GC2 simulations again suggests that in the GC2
simulation using Aoy = 0.03, increased restratification by the SMLEP competes
more favourably with the impact of coupled atmosphere-ocean feedbacks on the
mixed layer.

Figure [12[ shows fields of @max calculated using only the last 5 years of the
simulations. @max is qualitatively similar in the GO5 and GC2 simulations using
Aoy = 0.01 (panels (a) and (b)) and is only slightly larger in the respective
simulations using Acyg = 0.03 (panels (c¢) and (d)). These relatively small
changes in @max contrast with the relatively large changes in A(deax) shown
in panels (a), (b), (e) and (f) of figure [L1| and with the factor of 3 increase in
the global average of A(deax) shown in table Q, as defined by , is
the vertical buoyancy flux of the SMLEP expressed as an equivalent upward
heat flux across the mixed layer and is proportional to H2. As changes in H

are relatively large (figure panel (b)) but changes in @ are relatively small
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(figure panels (¢) and (d)), the vertical distribution of the buoyancy fluxes,
determined by p(z/H) in (2), is evidently more important than the amount of
buoyancy transported by the fluxes across the mixed layer, represented by Q.
The sensitivity of A(Emax) to Aoy is therefore driven by changes in the depth
of overturning, rather than changes in the rate of mixed layer restratification
by the overturning.

1° GO5 simulations using the FK11 scheme with L?ﬂn = 200m produce
qualitatively similar results to those in figures and table @max and
A(H; ™) are generally larger in the FK11 scheme than in the approximate
scheme, as shown in section[d] and are generally larger in the 1° simulations than
in the 1/4° simulations, as shown in section @max decreases in magnitude
with Aoy in these simulations with the FK11 scheme, in contrast with the
relatively small increase in magnitude in the simulations with the approximate
scheme, shown in figure panel (c). However, the global averages of A(Hy)
and A(H; ™) in table [3| remain nearly a factor of 3 larger in the simulation
using Acp = 0.03 than in the simulation using Acy = 0.01. This further
supports the sensitivity of A(Hy ) to Aoy being driven mainly by changes in
the overturning depth.

As for the other parameter sensitivity results presented in this paper, the
impact of the SMLEP on the MLD will depend on the criterion used to define
H,;. This choice is particularly important when interpreting the present results,
given that the impact on the MLD depends mainly on the depth of overturning
by the SMLEP. When H is defined using a Aoy = 0.01 criterion, the depth of
overturning is shallower than the MLD as defined by Hy using a Aoy = 0.03
criterion. In this case only part of the diagnosed mixed layer is restratified
and the impact of the SMLEP on the MLD is reduced, increasing the apparent
sensitivity of the impact to H. When Hy is instead calculated using a Aoy =
0.01 criterion, both H criteria overturn the full diagnosed mixed layer and the
factor of 3 difference in the global averages of A(Hy) and A(Hy" ) in table
reduces to slightly less than a factor of 2.

The qualitative similarity of Q™™ and its lack of response to changes in H
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in the GO5 and GC2 simulations in figure [12] contrasts with the differing spatial
characteristics of Hy " in figure This suggests that if the other parameter
sensitivities examined in this paper were also determined for the coupled config-
uration, the vertical buoyancy fluxes induced by the SMLEP might be similarly
affected, but would likely yield different MLD impact sensitivities due to the

indirect response of the coupled system to their changes.

7. Impact of the SMLEP on MLD biases

In this section we examine the impact of the SMLEP on MLD biases in the
1/4° uncoupled GO5 and coupled GC2 configurations, using the approximate
scheme with the standard parameters described in subsection The
MLD biases are calculated using the climatological dataset of|de Boyer Montégut
et al.| (2004), updated to include ARGO data to September 2008 and using a
criterion consistent with that of Hy described in subsection 3.2

Panels (a), (¢), (e) and (g) of figure [13| show maps of winter (seasonal max-
imum) and summer (seasonal minimum) MLD biases for the GO5 and GC2
simulations without the SMLEP. Global averages and standard deviations of
these biases are shown in table [l

Winter MLDs (H;"") in GO5 and GC2 (panels (a) and (c) of figure
respectively) are too deep in regions of deep water formation in the North At-
lantic, most notably in the Labrador and GIN Seas. In GO5 winter MLDs in
the Ross and Weddell Sea sectors are too deep, but in GC2 they are too shallow
throughout the Southern Ocean. Table [5|shows that the magnitude of these re-
gional biases is large when compared to the global averages in table[d Globally,
winter MLDs are too deep in GO5 (22m) and too shallow in GC2 (—6m). The
average magnitude of biases in the North Atlantic is generally much larger in
GOb than in GC2: 518m for GO5 and 255m for GC2 in the Labrador Sea, 162m
for GO5 and —29m for GC2 in the Greenland Sea. In the Ross and Weddell
Sea sectors, the deep MLD biases in GO5 are between 200m and 450m while
the shallow MLD biases in GC2 are between —35m and —70m. This difference
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is particularly remarkable in the Weddell Sea, where the average winter MLD
is more than 3 times the climatological value in GO5 but less than 70% of the
climatological value in GC2. This very deep MLD bias in GO5 corresponds to
the spurious polynya described in section

Summer MLDs (dein) in GO5 and GC2 (panels (e) and (g) of figure
respectively) are generally too shallow, particularly in the Southern Ocean. The
average magnitude of the summer MLD bias is larger in GC2 (—4m) than in
GO5 (—2m).

Panels (b), (d), (f) and (h) of figure [13| show maps of the change in mag-
nitude of the MLD bias for the winter (A(Hy ) and summer (A(dein))
when the SMLEP is used in the GO5 and GC2 simulations. When compared
with the corresponding maps of MLD bias in panels (a), (c), (e) and (g) it is
evident that the SMLEP generally reduces the magnitude of deep biases and
increases the magnitude of shallow biases, and that this change is proportional
to the magnitude of the bias. This is expected given that the SMLEP acts to
systematically reduce the MLD and has a larger impact on deep mixed layers.

Table [f] shows that the SMLEP tends to reduce the magnitude of the global
average MLD bias when it is positive (too deep) and increase the magnitude
when it is negative (too shallow). The SMLEP more than halves the global
average winter bias in GO5, from 17% to 9% of climatological values, but in
GC2 this changes from +3% to —4%. The standard deviation of winter biases is
reduced in both simulations with the SMLEP, from 193m to 180m in GO5 and
from 117m to 98m in GC2. The impact on the global average annual mean (Hy)
bias is smaller but qualitatively similar to that on the winter bias, decreasing
from 10% to 3% of climatological values in GO5 but increasing from —2% to
—7% in GC2. The global average summer bias increases in both simulations with
the SMLEP, from —3% to —4% of climatological values in GO5 and from —9%
to —11% in GC2. The standard deviation of summer biases slightly increases
in GC2, from 9m to 10m, but changes by very little in GOb5.

Table |5 shows that the impact on the regional winter biases is similarly

dependent on model configuration. In the Labrador Sea the deep MLD bias
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is more than halved in GC2, from 62% to 15% of climatological values, but
is reduced by less in GO5, from 185% to 157%, and remains substantial. In
the Greenland Sea the deep MLD bias in GO5 is reduced, from 54% to 30%
of climatological values, but the shallow MLD bias in GC2 is increased, from
2% to —25%. In the Ross Sea sector the deep MLD bias in GO5 is reduced
by nearly 70%, from 161% to 50% of climatological values, but the increase in
magnitude of the shallow MLD bias in GC2 is less than 4% of climatological
values. In the Weddell Sea sector the deep MLD bias in GO5 and the shallow
MLD bias in GC2 both increase in magnitude, but the increase in GO5 is much
larger, from 362% to 421% of climatological values, while that in GC2 is close to
2% of climatological values. This large increase in GO5 is related to the impact
of the SMLEP on the Weddell Sea polynya, described in section [4

The SMLEP was developed with the aim of representing one of the phys-
ical processes active in the restratification of deep winter mixed layers. This
physical basis, the overall reduction of deep climatological MLD biases and the
reduction in the global standard deviation of the biases show that the SMLEP
improves NEMO’s representation of the near-surface ocean and is an important

parameterisation to include in the model.

8. Concluding summary and discussion

The impact of the sub-mesoscale mixed layer eddy parameterisation (SM-

LEP) of [Fox-Kemper et al. (2011)) (hereafter FK11) on the mixed layer depth

(MLD) is examined in global “uncoupled” ocean-ice (GO5) and “coupled” atmosphere-

ocean-ice-land (GC2) configurations that use the NEMO ocean model. Specif-
ically, we explore the sensitivity of this impact to three aspects of the parame-
terisation.

The first aspect is the specification of the characteristic width of a mixed
layer front, L;. Two methods for specifying L; are examined using 1/4° simu-
lations of GO5. The first method is a time-varying specification referred to as

the “FK11 scheme”, where Ly is calculated following FK11 as the minimum of
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the mixed layer Rossby radius L;V and a parameter L;Pin. The second method
is a time-fixed specification referred to as the “approximate scheme” where L?/
is approximated as a function of latitude and two constants, Ly and fo. This
latter specification is used for all other simulations with the SMLEP discussed
in this paper.

The impact of the SMLEP on the MLD is found to be sensitive to the
details of both L specifications. In subtropical and mid-latitudes the impact
of the FK11 scheme is reduced by up to a factor of 2 when the limit on Ly
is L?lin = 5000m, instead of L‘}“in = 200m which does not limit L}V . For the
approximate scheme two profiles are used with the parameters Ly = 5000m and
fo = f(20°) or fo = f(10°). The impact of this scheme is around a factor of
1.5 less between the equator and mid-latitudes when the f(20°) profile is used
instead of the f(10°) profile. However, the impact of both profiles is qualitatively
similar to that of the FK11 scheme using L?‘in = 200m.

The f(10°) L profile of the approximate scheme closely approximates the
25-year zonal average of LY, while the L}nin = 200m Ly profile of the FK11
scheme is identical to L}V . For these respective profiles the approximate scheme
has a generally larger impact on the MLD than the FK11 scheme outside of the
tropics. This is shown to be because the approximate scheme has a stronger
dependence on the MLD than the FK11 scheme.

In the FK11 scheme it is desirable for L}“in to be as small as possible while
avoiding excessively strong overturning by the SMLEP, which can result in nu-
merical instability. The 1/4°, 1° and 2° simulations of GO5 using the FK11
scheme are found to be numerically stable when Ly is not limited by LIJPin (and
therefore equal to L;V ). Subsection argues that this is a property of the
method used to calculate the mixed layer buoyancy frequency in NEMO and is
not necessarily transferrable to other models. The approximate scheme intro-
duced in this paper is generally robust to instability due to its use of a fixed
profile for L. Although neither formulation is numerically unstable in our sim-
ulations, it is still possible for the SMLEP overturning to be excessively strong

and detrimental to the accuracy of mixed layer currents and overturning trans-

27



729

730

731

732

733

734

735

736

737

738

739

740

741

742

743

744

745

746

747

748

749

750

751

752

753

754

755

756

757

758

759

ports. While we have not examined the impact of the SMLEP overturning on
mixed layer currents in detail, the impact on annual average currents was found
to be very small.

Both the FK11 and approximate schemes estimate L; as the mixed layer
Rossby radius chv , but in practice Ly is not well-constrained and recent studies
have questioned this assumption (Callies and Ferrari, |2018). The profile of Ly
used by the approximate scheme might therefore be further adjusted to reduce
model bias as suggested by FK11. Our sensitivity results suggest that except in
the tropics, the MLD impact of the SMLEP is sensitive to the specification of
Lo and fy. However, determining an optimal set of values that minimise MLD
biases is beyond the scope of this paper.

The second aspect of the parameterisation explored here is the dependence
on the local horizontal grid spacing of the model calling the parameterisation,
As. The SMLEP is constructed so that the vertical buoyancy flux induced
by the parameterisation is to be approximately independent of As over large
horizontal scales. A scaling term S/L; (see and (6)) is implemented to
achieve this, where S oc As and R = S|Vyp®|? is approximately independent
of As over large scales. This assumes that |V g p®|? will scale as As~!, which is
consistent with horizontal power spectra of p* scaling with the wavenumber as
k~2 as found in observations and models with adequate representation of the
mesoscale. In their analysis of the regional MESO simulations of |[Hallberg and
Gnanadesikan (2006) FK11 find this assumption to be valid for As < 1°. In
our uncoupled NEMO simulations spanning 1/12° < As < 2° we find that R is
proportional to As, although limiting As to a maximum of 1° as imposed by
FK11 is sufficient to make R independent of As in the 1° and 2° simulations.
Horizontal power spectra of p* for these simulations scale as k=% for k larger
than approximately k = 2°, suggesting that the smallest resolved mesoscale
density fronts are weaker than expected. The assumptions underlying the S/L;
scaling term are therefore violated in this model and the term does not correctly
rescale |V gp?|? to account for grid spacing, such that R is proportional to As.

This drives an increase in mixed layer restratification by the SMLEP on coarser
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model grids, so that the global mean impact on the MLD in the 1° simulation
is nearly twice that in the 1/4° simulation.
Given that k=2 scalings for p* have been found in a number of other mod-

elling studies (Hallberg and Gnanadesikan| 2006; |Capet et al., 2008) we sug-

gest that this property depends on certain details of the model configuration.

[Hallberg and Gnanadesikan| (2006) (see their appendix A) employ a spectral

nudging procedure to ensure that their surface buoyancy fluxes do not suppress

eddy variability. The use of a 2° surface bulk forcing dataset (CORE2;

land Yeagerl 2009) in our uncoupled simulations may similarly act to suppress

variability at finer scales, which could explain the k=% spectral slope over this
range of k. However, power spectra for coupled GC3 simulations (the 1950

piControl simulations of HighResMIP; Haarsma et all 2016) with N96, N216

and N512 atmospheric resolution (approximately equivalent at mid-latitudes to
grid spacings of 135km, 60km and 25km respectively) were also found to have a
k=% spectral slope. Furthermore, the horizontal buoyancy gradient in an ocean
model is not only a function of forcing and resolution but also of numerical
scheme and subgrid dissipation and viscosity. These differ between NEMO,
which uses the FCT upwinding for diffusivity and the scalings of
(2001)), and the MESO simulations of [Hallberg and Gnanadesikan| (2006))
used to study R in FK11, which use the |Griffies and Hallberg| (2000) closure.

Such choices can have a strong impact on the energy of resolved mesoscale dy-

namics (Bachman et al., 2017a; Pearson et al., 2017); we note that the largest

change in R occurs between the eddy-permitting 1/4° and non-eddying 1° sim-
ulations which represent mesoscale eddies in entirely different ways. Further
work might attempt to identify the key processes affecting the scaling of p* and
seek to improve the specification of the S/Ly scaling.

The third aspect of the parameterisation explored here is the specification of
the density difference, Aoy with units kgm_?’, used to determine the depth scale,
H, within . FK11 state that H should be consistent with the MLD where
possible, the definition of which may vary considerably between models. The

global mean impact of the SMLEP on the MLD is reduced by nearly a factor of
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3 when H is defined to be close to the mixing layer depth (Acy = 0.01) rather
than the seasonal mixed layer (Acy = 0.03). This sensitivity is observed in both
the 1/4° GO5 and GC2 simulations, although the spatial characteristics of the
impact differ significantly due to the response of coupled atmosphere and sea ice
feedbacks. We suggest that the factor of 3 sensitivity is partly due to the SMLEP
overturning only part of the mixed layer when using a Agy = 0.01 criterion for
H. This factor is reduced to slightly less than 2 when the MLD diagnostic, Hy,
is defined using a Aoy = 0.01kgm > criterion instead of the Aoy = 0.03kgm >
criterion used throughout the paper. The sensitivity of the SMLEP MLD impact
to other aspects of its formulation is expected to be similarly dependent on the
choice of criterion for H; and may also differ in configurations with a coupled
atmosphere model.

The impact of the SMLEP on MLD biases in the 1/4° uncoupled GO5 and
coupled GC2 simulations is investigated using the approximate scheme with its
standard parameter settings. The SMLEP systematically reduces the MLD in
both GO5 and GC2 and tends to reduce the magnitude of deep MLD biases
while increasing that of shallow MLD biases. Summer mixed layers are gener-
ally too shallow in both GO5 and GC2. Their global mean bias increases by
around 2% of climatological values when the SMLEP is introduced, but their
standard deviation is only slightly affected. Winter mixed layers are too deep
in certain regions in both GO5 and GC2, but these deep MLD biases are larger
in magnitude and more prevalent in GO5. This is reflected by the global mean
bias, which reduces from 17% to 9% of climatological values in GO5 but changes
from +3% to —4% in GC2 when the SMLEP is introduced. The global stan-
dard deviation of the winter MLD biases is reduced in both configurations, from
193m to 180m in GO5 and from 117m to 98m in GC2. The SMLEP has a much
larger impact on the deep regional winter MLD biases; in the Labrador Sea the
average bias is reduced from 185% to 157% in GO5 and from 62% to 15% in
GC2. For the other regions studied, winter mixed layers are on average too deep
in GO5 and too shallow in GC2, and the SMLEP respectively tends to decrease

and increase the magnitude of these MLD biases.
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The SMLEP was developed with the aim of representing one of the physical
processes active in the restratification of deep winter mixed layers (Mahadevan,
et al.l 2012; Swart et al, 2015; Thompson et al. 2016). This physical basis,

the overall reduction of deep climatological MLD biases and the reduction in
the global standard deviation of the biases demonstrate that the SMLEP is an
important parameterisation to include in NEMO. FK11 note that while the re-
duction of MLD biases by the SMLEP is desirable, it is not a robust indicator of
accurately parameterised MLE physics. The spatial and temporal variations in

the impact of the SMLEP on MLD biases in NEMO, in the simulations of FK11

and in other ocean models (Weijer et al., |2012; Bentsen et al., 2013; |Swapna
2015) demonstrate that the representation of other physical processes

also requires improvement. There remain significant differences in MLD biases

between ocean models (Huang et all, 2014} [Heuzé| [2017), due in part to uncer-
tainty in the representation of vertical mixing processes (Li et al., 2019). As a

result, FK11 suggest that other sub-grid scale parameterisations may need to

be retuned to account for the SMLEP. We note that a particularly sensitive pa-

rameterisation of inertial wave breaking (Rodgers et al. 2014) was adjusted in

the GO5 (Megann et al.,[2014) and GOG6 (Storkey et al., |2018)) configurations to

improve summer MLDs in the Southern Ocean. While outside the scope of this
study, our results suggest that this parameterisation could be further adjusted
to counteract the detrimental impact of the SMLEP on summer MLD biases,

just as Langmuir mixing and SMLEP have been coordinated in other models to

see improvements in summer MLD biases (Li and Fox-Kemper} 2017; [Li et al.|

019).

The sensitivities discussed in this paper have important implications for the

impact of the SMLEP on ocean model biases. The MLD, H, and mixed layer
frontal width, L¢, have a clear physical definition, but their specification is
poorly constrained and their calculation may vary significantly between models.
We have used only a limited number of specifications for these parameters, in
order to quantify the sensitivity of the SMLEP in a straightforward way. We

therefore do not make any general recommendations regarding these parameters
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other than to reiterate those of FK11; that their specification be reported as part
of the model configuration. A more complete investigation of the dependence of
the SMLEP on H might consider other details of the MLD calculation, such as
the choice of reference depth in the finite-difference criterion used here or the
use of other criteria such as gradient, integral and regression methods (Thomson
and Finel |2003).

We have shown that the S/Ly scaling term does not necessarily ensure that
the SMLEP is independent of horizontal resolution, but at present it is unclear
whether it should be modified accordingly and how this could be done. As a
first step towards this, we suggest that further work identify the key details of
ocean model configurations affecting the strength of resolved mixed layer density
fronts.

We have shown that ocean-sea ice feedbacks can result in large impacts on
the MLD by the SMLEP. This is consistent with the results of FK11, who find
that the SMLEP has a large impact on sea ice extent and thickness but do not
examine how this in turn impacts the MLD. In particular, there is a strong
interaction between the SMLEP and the Weddell Sea polynya that develops in
GO5 (Megann et al., 2014; [Heuzé et all 2015). The Weddell Sea polynya is
considered to be spurious and detrimental to several properties of the modelled
ocean. Winter mixed layers in GO5 are too deep in this region and the SMLEP
further increases the magnitude of this bias. Following FK11 we suggest that
further work more closely examine the interaction between the SMLEP and sea

ice, and how this in turn affects ocean properties other than the MLD.
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1/12° 1/4° 1° 2°
Time step (s) 360 1350 2700 5760
Eddy-induced transport coefficient (m?s1) - - 1000 2000
Lateral diffusion operator Laplacian Laplacian Laplacian Laplacian
Lateral diffusion coefficient (m?s—1) 125 300 (150) 1000 2000
Lateral viscosity operator Biharmonic Biharmonic Laplacian Laplacian
Lateral viscosity coefficient (m?s~%, mis~!)  —1.25x10%° —1.5x10%! 1x10% (2x10%)  4x10*

Table 1: Resolution-dependent parameters in the GO5 and GOG6 simulations, with GO6 values

in brackets where they differ from GO5. Coefficients are given as their maximum values; the

lateral diffusion and viscosity coefficients decrease with the grid spacing (Laplacian operator)

and with the cube of the grid spacing (biharmonic operator), and the eddy-induced transport

coefficient varies spatially following |Held and Larichev| (1996).

As Ay AE™) A
1/4° -5.4 -6.6 -1.5
1° -8.8 -11.3 -2.3
2° -10.1 -13.0 -2.3

Table 2: Global mean impact (%) of the SMLEP on mixed layer depths in the 1/4°, 1° and

2° GO5 simulations.

Configuration Acy  A(Hy) A(H; ™) A(mmin)
GO5 0.01 -1.9 -2.2 -0.4
GO5 0.03 -54 -6.6 -1.5
GC2 0.01 -1.6 -1.7 -1.2
GC2 0.03 -4.7 -5.4 -2.2

Table 3: Global mean impact (%) of the SMLEP on mixed layer depths in the 1/4° GO5 and

GC2 simulations, as a function of the Aoy finite-difference criterion used for H.
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—_— ——max ——min

Configuration Hy Hy Hy,
Mean (%) Std. dev. Mean (%) Std. dev. Mean (%) Std. dev.
GO5 6 (9.8) 66 22 (16.9) 193 2(28) 8
GO5 + SMLEP 2 (3.4) 62 10 (8.5) 180 2 (44) 8
Ge2 5(-17) 39 6(3.1) 117 4(89) 9
GO2 + SMLEP -8 (-6.8) 33 14 (-3.5) 98 4 (-11.0) 10

Table 4: Global mean mixed layer depth error (m), relative error (%) and error standard
deviation (m) calculated using the climatology of|de Boyer Montégut et al. (2004) in the 1/4°
GO5 and GC2 simulations with and without the SMLEP. Figures in metres have been rounded

to the nearest integer.

Configuration Labrador Greenland  Ross Weddell

GOb 518 (185.2) 162 (53.7) 234 (161.3) 444 (362.0)
GO5 + SMLEP 446 (156.6) 110 (29.7) 71 (50.4) 512 (421.2)
GC2 255 (62.4)  -29 (1.7) -69 (-41.8)  -38 (-30.5)
GC2 + SMLEP 118 (15.3)  -133 (-24.9) -76 (-45.5) -40 (-32.6)

Table 5: Winter (seasonal maximum) mean mixed layer depth error (m) and relative error
(in brackets, %) calculated using the climatology of [de Boyer Montégut et al.| (2004) in the
1/4° GO5 and GC2 simulations with and without the SMLEP. The regions are defined using
the NSIDC Arctic regional masks described by |Cavalieri and Parkinson| (2008|) and |Parkinson:

and Cavalieri| (2008]). Figures in metres have been rounded to the nearest integer.
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Figure 1: Zonal averages of (a) the mixed layer frontal width Ly, calculated for the FK11
scheme using the year 6-30 average of L?T in the 1/4° GOS5 simulation without the SMLEP
and for the approximate scheme using L% , and (b) A(HZ™™) , calculated as the
difference between zonal averages of Hy " in the 1 /4° GOS5 simulations. The zonal average
is taken along grid lines and will differ from an average along lines of latitude where the grid

transitions from an isotropic Mercator grid to a bipolar grid north of 30°N.
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Figure 3: Scaling of the equivalent heat flux across the mixed layer @, as defined by , using
for the FK11 scheme, for the approximate scheme and assuming R = 10~ "kg?m~".
The dotted lines indicate where the fo = f(20°) (green line) and fo = f(10°) (red line)

calculations of @ become larger than that of L‘J}‘i“ = 200m.
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Figure 4: Zonal averages of (a) A(H; "), calculated as the difference between zonal averages

of deax, and (b) the seasonal maximum of the equivalent heat flux across the mixed layer

Q

will differ from an average along lines of latitude where the grid transitions from an isotropic

max, in the 1/4°, 1° and 2° GO5 simulations. The zonal average is taken along grid lines and

Mercator grid to a bipolar grid north of 30°N.
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Figure 6: Zonal averages of resolution-scaled squared horizontal buoyancy gradient R, as
defined by , over 20 - 65°S, 100 - 160°W calculated using instantaneous data for March,
year 6 of the GOb5 simulations without the SMLEP and the GO6 simulations.
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Figure 7: Resolution-scaled squared horizontal buoyancy gradient R calculated using instan-

taneous data for March, year 6 of the (a) 1/12°, (b) 1/4° and (c¢) 1° GO6 simulations.
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Figure 8: Average power spectral density of p* over 20 - 65°S, 100 - 160°W calculated using
instantaneous data for March, year 6 of the 1/4° GO5 simulation without the SMLEP and
the 1/12°, 1/4° GO6 simulations. The grey lines are slopes of k=2 (dashed line), k=4 (dotted
line) and k = 2° (solid line). To account for varying grid resolution along the meridional axis,
zonal rows are treated as separate data segments from which the linear trend is removed, a
Hanning window applied and the 1D power spectrum calculated. Cubic splines are then fitted

to the individual spectra and meridionally averaged.
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Figure 11: Ag.o1(Hg ) (top), Ag.o3(Hg ™) (center) and Ag.oz(Hyg ) — Ag.or(Hg )
(bottom) for the 1/4° GO5 (left) and GC2 (right) simulations. Panel (c) is identical to panel
(a) of figure [5] and panel (c) of figure [2]
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Figure 13: Mixed layer depth error (m) calculated using the climatology of/de Boyer Montégut
(2004) in the 1/4° GO5 and GC2 simulations without the SMLEP (left) and change
in magnitude of the error (such that negative and positive changes respectively indicate a

reduction and increase in error) in the simulations with the SMLEP (right).
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