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ABSTRACT

Turbulent mixing driven by breaking internal tides plays a primary role in the meridional overturning and

oceanic heat budget. Most current climate models explicitly parameterize only the local dissipation of internal

tides at the generation sites, representing the remote dissipation of low-mode internal tides that propagate away

through a uniform background diffusivity. In this study, a simple energetically consistent parameterization of the

low-mode internal-tide dissipation is derived and implemented in the Geophysical Fluid Dynamics Laboratory

Earth System Model with GOLD component (GFDL-ESM2G). The impact of remote and local internal-tide

dissipation on the ocean state is examined using a series of simulations with the same total amount of energy input

for mixing, but with different scalings of the vertical profile of dissipation with the stratification and with different

idealized scenarios for the distribution of the low-mode internal-tide energy dissipation: uniformly over ocean basins,

continental slopes, or continental shelves. In these idealized scenarios, the ocean state, including the meridional

overturning circulation, oceanventilation,main thermocline thickness, andoceanheat uptake, is particularly sensitive

to the vertical distribution of mixing by breaking low-mode internal tides. Less sensitivity is found to the horizontal

distribution of mixing, provided that distribution is in the open ocean. Mixing on coastal shelves only impacts the

large-scale circulation and water mass properties where it modifies water masses originating on shelves. More

complete descriptions of the distribution of the remote part of internal-tide-drivenmixing, particularly in the vertical

and relative to water mass formation regions, are therefore required to fully parameterize ocean turbulent mixing.

1. Introduction

Turbulent mixing plays a key role in determining the

ventilation of the ocean as well as the ocean uptake and

storage of heat and carbon (e.g., Bryan 1987; Park and

Bryan 2000; Sokolov et al. 2003; Gnanadesikan et al. 2003,

2004; Wunsch and Ferrari 2004) for the equilibrium cli-

mate state and for transient climate such as climate

change (Dalan et al. 2005; Schiermeier 2007). Away from

the boundaries, breaking internal waves are the main

driver of diapycnal mixing and provide the mechanical

energy necessary to drive a downward transport of heat

and turbulently warm the waters so that they upwell and

maintain the abyssal stratification and global meridional

overturning circulation (Munk andWunsch 1998). Global

amplitudes and patterns of mixing are hence set by the

detailed geography of internal-wave generation, propa-

gation, and breaking.

Winds and tides supply energy to the internal-wave

field of about 0.5 TW (D’Asaro 1985; Alford 2001, 2003)

and 1 TW (Egbert and Ray 2000; Simmons et al. 2004a;

Nycander 2005; Melet et al. 2013b), respectively, with an

additional 0.2–0.4 TW provided by the interaction of

geostrophic flows with rough topography (Nikurashin

and Ferrari 2011; Scott et al. 2011). Our focus here is on

the internal waves generated by tidal flow over rough

topography (Garrett and Kunze 2007). While consider-

able progress has been made regarding the generation of

internal tides, where they ultimately break and dissipate

their energy through shear or convective instability re-

mains poorly known. Radiated internal waves cover a

large spectrum of wavenumbers. High-mode waves, with

slower group velocity, higher shear, and faster wave–

wave interactions, are more likely to dissipate close to

their generation site (the local or near-field dissipation)
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(Klymak et al. 2010), leading to localized bottom-

intensified diffusivities over regions of rough topogra-

phy such as seamounts (Lueck and Mudge 1997; Toole

et al. 1997; Carter et al. 2006), ridges (Polzin et al. 1997;

Althaus et al. 2003;Aucan et al. 2006;Klymaket al. 2008),

canyons, and fracture zones (Ferron et al. 1998; Carter

and Gregg 2002; Thurnherr et al. 2005; MacKinnon et al.

2008). In most places, the bulk of the internal-wave en-

ergy flux radiates away from its source as low-mode in-

ternal waves (leading to remote or far-field dissipation)

(Lefauve et al. 2015). Low-mode internal tides radiating

thousands of kilometers from their generation sites have

been identified in altimetric observations (e.g., Ray and

Mitchum 1997; Kantha and Tierney 1997; Egbert and

Ray 2000; Cummins et al. 2001; Dushaw 2002; Zhao et al.

2012) and in situ observations (e.g., Morozov 1995;

Althaus et al. 2003; Rainville and Pinkel 2006; Lee et al.

2006), as well as in global baroclinic tide models (e.g.,

Simmons et al. 2004a; Arbic et al. 2010).

There are a variety of processes leading to the dissi-

pation of low-mode internal waves; this dissipation can

occur close to the ocean bottom, close to the surface, or

in the ocean interior. As they propagate in the ocean

basins, low-mode internal-wave energy can cascade to

highermodes and, ultimately, to the smallest-scale waves

that break, through wave–wave interactions (Polzin

2004; MacKinnon and Winters 2005), topographic re-

flection and scattering (Müller and Xu 1992; Johnston

and Merrifield 2003; Legg 2014), and reflection at the

ocean surface (Althaus et al. 2003). The low-mode in-

ternal waves that have not been dissipated in the basins

ultimately encounter continental slopes and shelves.

Evidence has been found for low-mode internal tides

breaking on continental slopes (Moum et al. 2002; Nash

et al. 2004, 2007; Martini et al. 2011; Klymak et al. 2011;

Nash et al. 2012) and in shelf-slope canyons (Carter and

Gregg 2002; Jachec et al. 2006; Lee et al. 2009; Gregg

et al. 2011; Kunze et al. 2012). By comparing depth-

integrated dissipation rates inferred from in situ mea-

surements to maps of the energy input into internal

waves with various scenarios for its spatial dissipation,

Waterhouse et al. (2014) infer from existing datasets

that much (;40%) of the low-mode internal-wave en-

ergy dissipation occurs on the continental slopes or in

shelf-slope canyons. However, the exact partition of

the dissipation and fate of the low modes remains

largely unknown.

Diapycnal mixing is intermittent and highly hetero-

geneous in the horizontal and vertical, reflecting the

variability of internal-wave generation and dissipation.

Internal-wave breaking occurs on the O(1–10)m scales

of finescale shear that leads to instability and mixing.

Breaking internal waves therefore occur on scales too

small for global ocean models to explicitly resolve, and

have to be parameterized to achieve realistic simulations

of the ocean and climate. In most recent ocean general

circulation models (OGCMs) or climate models, only

the local dissipation of internal tides is parameterized,

often using the scheme formulated by St. Laurent et al.

(2002). Although this scheme uses a physical estimate of

the energy flux into the internal-tide field, the spatial

distribution of the dissipation is crudely represented by

specifying a fixed and uniform fraction of local dissipa-

tion with an exponential decay in the vertical (e.g.,

Simmons et al. 2004b; Saenko and Merryfield 2005;

Jayne 2009). Melet et al. (2013a) show that large-scale

simulations are sensitive to refinement of this vertical

profile to the more physically motivated scheme pro-

posed by Polzin (2009), but a full parameterization of the

spatial and temporal variability of the local dissipation

fraction is yet to be developed. Recently, some progress

has been made to include parameterizations of other

internal-wave-driven mixing processes such as the local

dissipation of lee waves (Melet et al. 2014) or the dissi-

pation of eddies in the western boundaries of the ocean

(Saenko et al. 2012). However, the low-mode energy that

is dissipated remotely is not explicitly parameterized in

OGCMs and climate models, but is instead accounted for

through an ad hoc background diapycnal diffusivity [us-

ing for instance a constant value, a latitude-dependent

value (Henyey et al. 1986; Harrison and Hallberg

2008), or a stratification-dependent value (Gargett and

Holloway 1984)]. An exception is the recent work byOka

and Niwa (2013), in which remotely breaking internal

tides have been parameterized in a OGCM in a simple

way, assuming a vertically uniform dissipation. Explicitly

taking into account the remote dissipation of internal

tides in their simulations had a strong impact on the

ventilation of the deep Pacific Ocean, with consequences

for the ocean carbon cycle. Other modeling studies have

shown that the spatial variations of mixing can be im-

portant for the ocean state (e.g., Scott and Marotzke

2002; Simmons et al. 2004b; Melet et al. 2013a, 2014).

Another attempt to parameterize all topography-induced

mixing, including both remote and local internal-wave-

driven mixing, is the empirical scheme of Decloedt and

Luther (2010), which relates the energy dissipation to a

simple roughness metric. However, their parameteriza-

tion does not account for processes leading to the dissi-

pation of internal waves away from rough topography,

and is not energetically constrained. Yet, credible simu-

lations of a changing climate need internal-wave-driven

mixing to be represented by energetically constrained

and physically based parameterizations to allow mixing

to evolve in space and time depending on the ocean state

(see Huang 1999).
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In this study, we take a step toward a full parameteri-

zation of all the internal-tide-driven mixing by deriving a

simple energetically consistent parameterization of the

low-mode internal-tide dissipation (section 2) and im-

plementing this scheme in a climatemodel. The impact of

low-mode (remote) and local internal-tide dissipation on

the climate is examined using different idealized sce-

narios for the location of the low-mode internal-tide

energy dissipation (in the ocean basins, on continental

slopes, on continental shelves, or locally at the genera-

tion site). A key conclusion is that the same total energy

input to mixing can lead to different ocean states, de-

pending on the spatial distribution of that mixing. The

vertical distribution of mixing is more important than

the horizontal distribution in determining the ocean

response. In particular, a vertical distribution in which

dissipation is proportional to the buoyancy frequency,

so that diffusion is inversely proportional to buoyancy

frequency, leads to a sharper thermocline, reduced oce-

anic heat uptake, and lower thermosteric sea level than

the commonly used constant background diffusivity. A

vertical profile of dissipation proportional to the squared

buoyancy frequency leads to a broader thermocline,

more upper-ocean heat uptake, and higher thermosteric

sea level, because diffusivity is increased in shallow

water and reduced in deepwater, relative to the constant

diffusivity control. The horizontal location of mixing

influences circulation only if it impacts the properties of

dense waters in deep water formation regions (i.e., the

boundaries of the North Atlantic and the Antarctic).

Increased mixing in these regions leads to less dense

deep waters, and reduced deep overturning. By contrast,

increased mixing in the abyssal ocean tends to enhance

deep overturning.

2. Model

We performed a series of climate simulations using

the GFDL-ESM2G, a global coupled carbon–climate

Earth system model (coupled ocean–ice–atmosphere–

land–biogeochemistry coupled model), used for the IPCC

Fifth Assessment Report (AR5)model suite (Dunne et al.

2012). The ocean model is the Generalized Ocean Layer

Dynamics (GOLD) isopycnal model (Hallberg and

Adcroft 2009). The zonal resolution is 18 longitude. The
meridional resolution is 18 in the midlatitudes from 208 to
608 latitude in both hemispheres, and it increases to 1/28
poleward of 608 and to 1/38 equatorward of 208. Themodel

has 63 vertical layers, of which 59 are in the ocean in-

terior. Themixed layer model [a refined bulkmixed layer

formulation, as described in Hallberg (2003)] uses two

layers, and two additional buffer layers ensure smooth

water mass exchange with the isopycnal interior. The

isopycnal coordinates allow the interior ocean to be

handled more naturally than other vertical coordinates

systems (such as z or terrain-following coordinates), and

diapycnal mixing is explicitly parameterized, without

spurious diapycnal mixing arising from advection as in

z-coordinate models (Griffies et al. 2000; Ilicak et al.

2012). Thus, the isopycnal coordinates provide a favor-

able framework for studying the effects of changing the

diapycnal mixing. Along-isopycnal tracer mixing oc-

curs via a Laplacian diffusion operator, while the hor-

izontal viscosity uses a combination of Laplacian and

biharmonic operators.

Initial conditions correspond to the end of a 1000-yr

spinup of GFDL-ESM2G. The spinup starts from the

Levitus climatology and uses 1860 radiative forcings and

concentrations of aerosols, carbon dioxide, and other

radiatively active gases. During the spinup, only the

local dissipation of the oceanic internal tide is parame-

terized according to the St. Laurent et al. (2002) scheme

(with a fraction of local dissipation of one-third), and

an additional ad hoc diffusivity is added loosely based

on the dissipation scheme proposed by Gargett and

Holloway (1984):

�
G
5 1:03 1027 Wm23 1 6:03 1024 Jm23 3N , (1)

where N is the buoyancy frequency.

In addition to mixing due to the dissipation of in-

ternal tides, different parameterizations account for

other diapycnal mixing mechanisms in the model.

Shear-driven mixing is accounted for by a Richardson

number–dependent parameterization (Jackson et al.

2008). The bottom boundary layer is mixed using the

parameterization of Legg et al. (2006), and geo-

thermal heating is included based on Adcroft et al.

(2001). Finally, a background diapycnal diffusivity is

added to account for other sources of mixing that are

not otherwise parameterized, such as the dissipation

of near-inertial waves. This background diapycnal

diffusivity is prescribed using a latitude-dependent

profile taking a minimum value of 2 3 1026m2 s21 at

the equator and a value of 23 1025 m2 s21 at 308N and

308S (Harrison and Hallberg 2008), following the lat-

itudinal variations in diffusivity shown by Henyey

et al. (1986) and Gregg et al. (2003). Mixing due to

internal lee waves is not included here, despite recent

advances in parameterization (Melet et al. 2014), be-

cause our goal is to focus on the far-field internal-tide

parameterization in isolation.

Diapycnal viscosity is inferred fromdiapycnal diffusion

using a unit Prandtl number. A background kinematic

viscosity of 1024m2 s21 and additional parameterizations

are used for the diapycnal viscosity (notably in the
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bottom boundary layer and surface mixed layer) so that

the Prandtl number is actually always greater than 1.

This 1000-yr spinup run, including the choices of dif-

fusion parameterizations and the 1860 forcing, is docu-

mented as the preindustrial control run in the model

suite from phase 5 of CMIP (CMIP5) of simulations

described in Dunne et al. (2012). We use this as the

starting point for our experiments because the climate

generated by this setup is reasonably realistic, while our

goal here is to understand the impact of different dis-

tributions of tidal mixing, so as to develop better phys-

ically based parameterizations of interior diffusivity

constrained by the tidal energy budget.

a. Internal-tide-driven mixing parameterizations

1) ENERGY FLUX INTO INTERNAL TIDES

The energy flux per unit area into internal tides ET is

diagnosed online using the scale relation of Jayne and

St. Laurent (2001), which is consistent with internal-tide

generation theoretical studies (Bell 1975):

E
T
(x, y, t)5

1

2
r
0
N

b
kh2hU2i . (2)

Here, Nb is the buoyancy frequency along the seafloor,

hU2i is the barotropic tide variance [barotropic tidal

velocities are computed with eight major tidal com-

ponents by the Oregon State University tidal model

(Egbert and Erofeeva 2002)], and k and h are the

wavenumber and amplitude scales for the topographic

roughness, respectively. The topographic roughness

h2 is computed as the root-mean-square height de-

viations from a least squares fit of the topography to a

plane over a grid box using the Smith and Sandwell

(1997) bathymetric dataset. We use k as a character-

istic inverse length scale of topography, which is

treated as a spatially uniform free parameter set here

to 2p/(16 km). In our simulations, the resulting glob-

ally integrated energy flux into internal tides is 1.0

TW. Equation (2) assumes linear internal waves gen-

erated at small-amplitude subcritical topography, and

is inaccurate at tall steep ridges.

2) LOCAL DISSIPATION OF INTERNAL TIDES

The local dissipation of internal-tide energy is param-

eterized following the commonly used semiempirical

scheme proposed by St. Laurent et al. (2002), for sim-

plicity. In this parameterization, first implemented in an

OGCM by Simmons et al. (2004b) and subsequently by

many others (e.g., Saenko andMerryfield 2005; Bessières
et al. 2008; Jayne 2009), the turbulent dissipation rate of

internal-tide energy � is expressed as

�
L
5

q
L
E

T
(x, y, t)

r
F
L
(z) , (3)

with r the density of seawater, ET(x, y, t) the energy flux

per unit area transferred from barotropic to internal

tides, and qL the fraction of internal-tide energy dissi-

pated locally. In this study, as in St. Laurent et al. (2002),

we use a constant value for qL. In fact, observational

(Waterhouse et al. 2014; Falahat et al. 2014), numerical

(Nikurashin and Legg 2011; Klymak et al. 2010), and

theoretical (Lefauve et al. 2015) studies have shown that

qL should be a function of space and time. In particular,

regions of small-scale rough topography are likely to

have qL values approaching unity, particularly equa-

torward of the critical latitude for nonlinear wave–wave

interactions, while regions of large ridge topography are

likely to have low values of qL with much of the energy

propagating away as low-mode internal tides.

The vertical structure of dissipation in the St. Laurent

et al. (2002) formulation FL(z) corresponds to an ex-

ponential function that satisfies energy conservation

within an integrated vertical column (i.e., its integral

over depth equals one):

F
L
(z)5

e2z/zs

z
s
(12 e2H/zs)

, (4)

with z the height above the seafloor; zs a constant decay

scale, set to 300m in GFDL-ESM2G (Dunne et al.

2012); and H the total ocean depth.

A more physically based vertical profile of the local

energy dissipation of internal tides has been formulated

by Polzin (2009), and Melet et al. (2013a) show that the

vertical distribution of the dissipation of internal-wave

energy matters for the ocean state and should therefore

evolve in time and space with the ocean state. However,

in this study we chose to use the simpler semiempirical

scheme of St. Laurent et al. (2002). We do not intend to

examine the most realistic case for the energy dissipa-

tion of internal waves, but rather to examine the impact

of the addition of low-mode wave energy dissipation

and its spatial distribution on the ocean state in a

climate model.

3) REMOTE DISSIPATION OF INTERNAL TIDES

In this study, the remote dissipation of the remain-

ing internal-tide energy can occur on continental

slopes, continental shelves, and in the ocean basins.

Continental slopes were defined as regions where the

model bathymetry exhibits slopes larger than 0.01.

Ocean basins were defined as regions deeper than

500m, outside the continental slopes. Continental

shelves were defined as the remaining ocean points.
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Finally, a cutoff latitude of 74.58, corresponding to the

M2 critical latitude, was used and microtidal seas (i.e.,

the Black, Red, Mediterranean, and Baltic Seas; the

Persian Gulf; and Hudson Bay, where barotropic tides

have low amplitudes) were excluded, as is the Arctic

Ocean (white regions in Fig. 1b). Local dissipation of

internal tides is however still possible in the above

regions excluded from remote mixing, although the

low amplitude of barotropic tides does not generally

allow the generation of energetic internal tides (see

Melet et al. 2014, their Fig. 1). The model bathymetry

and the corresponding masks for continental slopes,

continental shelves, and ocean basins are shown in

Fig. 1.

The internal-tide energy that is not dissipated locally

according to (3) is dissipated remotely on continental

slopes �S, ocean basins �B, or continental shelves �C fol-

lowing the St. Laurent et al. (2002) template:

�
r
5

E
r
(t)

r
F
r
(z) , (5)

with subscript r 5 C, S, or B representing variables for

continental shelves, continental slopes, and ocean ba-

sins, respectively, and Fr(z) being the vertical structure

of dissipation for the low mode, satisfying energy

conservation within an integrated vertical column.

Here, ES(t), EC(t), and EB(t) are the energy flux am-

plitudes of the waves at continental slopes, continental

shelves, and in the ocean basins, respectively. These

energy flux amplitudes are prescribed to be spatially

uniform, without considering the dynamics of any

particular region or how low modes are distributed

along beams or attenuated:

E
r
(t)5

q
r
E

T,global
(t)

A
r

, (6)

where ET,global is the energy flux into internal tides in-

tegrated globally and AS, AC, and AB are the areas

covered by continental slopes, continental shelves, and

ocean basins, respectively (Fig. 1b). In (6), qS, qC, and

qB are the fraction of internal-tide energy dissipated on

continental slopes, on continental shelves, and in ocean

basins, respectively, with

q
L
1 q

S
1 q

B
1 q

C
5 1. (7)

Therefore, all the energy into internal tides is dissipated

over the global ocean in our simulations.

A choicemust bemade for the vertical structure of the

dissipation of the low-mode internal tides. We will

consider different vertical profiles in this study:

d scaling 1—�r scales with FL(z), that is, an exponential

decrease above the seafloor;
d scaling 2—�r scales with N; and
d scaling 3—�r scales with N2.

The first scaling of the dissipation profile is stratifi-

cation independent and is identical to that used for the

local dissipation in (3) and (4). This profile is motivated

by the bottom-intensified dissipation simulated at

critical slopes (Legg 2014). In this study this profile will

only be applied over continental slopes. However, no

restriction will be made to critical slopes; this profile

will be applied to all continental slopes, regardless of

steepness.

The second scaling corresponds to the vertical

structure suggested by Gargett (1984). Gargett and

Holloway (1984) also presented a parameterization of

diapycnal mixing due to internal-wave breaking

in which � 5 aN 1 b, where a and b are empirically

determined constants, implemented as an ad hoc

parameterization in standard versions of GFDL-

ESM2G, such as the one used for the IPCC AR5

model suite (Dunne et al. 2012). In this scaling, the

dissipation scales with internal-wave energy, which

scales with the buoyancy frequency when vertically

varying stratification is taken into account in internal-

wave linear theory (Gill 1982, section 8.12). A more

physical justification of this parameterization comes

from numerical simulations of catastrophic breaking

of low-mode waves, when the energy is transferred

from the low-mode wave to turbulence scales without

passing through a gradual cascade. Examples include

catastrophic parametric subharmonic instability at

the critical latitude (MacKinnon and Winters 2005)

(appropriate for dissipation in the basins) and shoal-

ing at continental slopes (Legg 2014). However, no

observational evidence yet exists to support such a

scaling of dissipation with internal-wave energy and

hence buoyancy frequency.

The third scaling corresponds to the consensus

from observations of the relationship between dis-

sipation and stratification in the open ocean away

from rough topography (Waterhouse et al. 2014).

This relationship is supported by wave–wave in-

teraction theory, which indicates a scaling of dissi-

pation rates with the squared energy of internal

waves (e.g., McComas and Müller 1981; Henyey et al.

1986; Gregg 1989; Polzin et al. 1995). This scaling is

therefore most appropriate to the deep basins, with

less supporting observational evidence over conti-

nental slopes.

The stratification dependence of the dissipation in

the second and third scalings means that the remote
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energy dissipation of internal tides will be stronger

in the thermocline in scaling 2 and even more so in

scaling 3. The vertical structures of scalings 2 and 3

are finally normalized so that energy is conserved

within an integrated vertical column, which requires

dividing by the local ocean depth H. Therefore, the

dissipation of low-mode internal tides is parame-

terized as follows:

FIG. 1. (a) Model bathymetry (m) and (b) masks used for continental shelves (orange), continental slopes

(purple), and ocean basins (cyan) for the remote dissipation of low-mode internal tides. White regions were

excluded from the definition of the masks for continental slopes, continental shelves, and ocean basins. Only the

local dissipation of internal tides is therefore prescribed in those regions for the S80N, S80N2, S80exp, B80N,

B80N2, and C80N experiments (see Table 1).
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d scaling 1,

�
r
5

q
r

r

E
T ,global

(t)

A
r

e2z/zs

z
s
(12 e2H/zs)

; (8)

d scaling 2,

�
r
5

q
r

r

E
T,global

(t)

A
r

1

H

N

N
; and (9)

d scaling 3,

�
r
5

q
r

r

E
T,global

(t)

A
r

1

H

N2

N2
. (10)

The overbars in (9) and (10) denote a vertical average.

Finally, spatially and temporally varying turbulent

diffusivities are inferred from the dissipation using the

Osborn (1980) model:

K
d
5

G�

N2
. (11)

Here, G is related to the mixing efficiency of turbulence

and is generally set to G 5 0.2 (see e.g., Oakey (1982) and

St. Laurent and Schmitt (1999) for justification of this

choice). However, to deal with very weak stratification

where vertical buoyancy fluxes cannot be sustained and G
should be much smaller than 0.2, we replaced G 5 0.2 in

our model by

G5 0:2
N2

N2 1V2
, (12)

where V is the angular velocity of Earth, as in Melet

et al. (2013a). This formulation captures the reduction

of G toward zero for very weak stratification, thereby

eliminating spuriously large diffusivities that might

otherwise occur in weakly stratified regions. More

physically based representations of the dependence

of G on stratification are the subject of ongoing re-

search (Bouffard and Boegman 2013; de Lavergne

et al. 2015b).

From (11) we see that with scaling 2, diffusivity will be

inversely proportional to N, while in scaling 3, diffusivity

will be independent of both stratification and vertical lo-

cation, but inversely proportional to total depth. Hence, in

scaling 3, regions of shallow depth will have larger diffu-

sivity than deeper regions of the ocean.

b. Numerical experiments

A suite of simulations from the GFDL-ESM2G has

been performed to study the impact of the dissipation

of low-mode internal tides on the climate. Simulations

were run for 1000 yr using the preindustrial forcing of

1860. Different scenarios for the fractions of internal-

tide local energy dissipation and remote dissipation in

the ocean basins, on continental slopes and shelves,

have been considered. The 10 simulations analyzed in

the present study are described below (a summary is

provided in Table 1).

Simulations with no explicit parameterization of re-

mote mixing include the following:

d No internal-wave-driven mixing is parameterized

(noIW); neither St. Laurent et al. (2002) nor back-

ground diffusivity representing tidally driven pro-

cesses are included.
d Only the local dissipation of internal-tide energy is

parameterized, with 20% of the internal-tide energy

being dissipated locally (L20), using the St. Laurent

et al. (2002) parameterization and exponentially de-

caying vertical profile; the choice of 20% for the local

dissipation is based on results by Waterhouse et al.

(2014) and on the example of the energy dissipation at

the Hawaiian Ridge (Rudnick et al. 2003; Klymak

et al. 2006); Waterhouse et al. (2014) suggests that

TABLE 1. List of the numerical experiments. The names of the experiments are listed with their corresponding qL, qS, qB, and qC (see

Fig. 1b for areas defined as continental slopes, ocean basins, and continental shelves); and F(z) describes the choice of vertical profile for

the internal-tide energy dissipation. The local dissipation of internal tides is exponentially decaying from the ocean bottom. For S80N,

B80N, and C80N, the remote dissipation of low-mode internal tides is prescribed using a profile proportional to the buoyancy frequency,

while in S80N2 and B80N2, the dissipation profile scales like the square of the buoyancy frequency. In S80exp, the remote dissipation of

low-mode internal tides is prescribed using an exponentially decaying profile similar to that of local dissipation.

Expt qL (%) qS (%) qB (%) qC (%) F(z)

NoIW 0 0 0 0 —

L20 20 0 0 0 Exponentially decaying.

L100 100 0 0 0 Exponentially decaying.

KdLMcst 20 — — — KdLM for remote mixing is constant with depth.

S80exp 20 80 0 0 Exponentially decaying.

S80N 20 80 0 0 Remote mixing scales with N.

S80N2 20 80 0 0 Remote mixing scales with N2.

B80N 20 0 80 0 Remote mixing scales with N.

B80N2 20 0 80 0 Remote mixing scales with N2.

C80N 20 0 0 80 Remote mixing scales with N.
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20% is likely a lower bound for the fraction of local

dissipation.
d Similar to L20, but with 100% of the internal-tide

energy being dissipated locally (L100). This experi-

ment corresponds to the extreme case where internal-

tide energy is entirely dissipated locally and there is no

energy in low-mode internal tides.

Simulations with an explicit parameterization of remote

mixing, using 20% of local mixing [with the St. Laurent

et al. (2002) scheme] and 80% of remote dissipation

include the following:

d The remote dissipation of internal tides is addedwith a

constant and spatially uniform diapycnal diffusivity

(KdLMcst). The value of this constant is set so that the

work against stratification done by low-mode internal

tide dissipation is consistent with the global energy

input into low modes,

Kd
LM

5
G(q

S
1 q

B
1 q

C
)

ðð
E

T
(x, y) dx dy

ððð
r
0
N2 dx dy dz

. (13)

In ourmodel, this value corresponds to 1.43 1025m2 s21.

Note that from (11), setting the diffusivity to be

constant is equivalent to setting the dissipation

proportional to N2.

d Remote dissipation of the internal-tide energy is over

continental slopes, using a vertically decaying profile

(S80exp, scaling 1).
d Remote dissipation of the internal-tide energy is over

continental slopes, using a vertical profile of dissipa-

tion scaling with N (S80N, scaling 2).
d Remote dissipation of the internal-tide energy is over

continental slopes, using a vertical profile of dissipa-

tion scaling with N2 (S80N2, scaling 3).
d Remote dissipation of the internal-tide energy is in

ocean basins, using a vertical profile of dissipation

scaling with N (B80N, scaling 2).
d Remote dissipation of the internal-tide energy is in

ocean basins, using a vertical profile of dissipation

scaling with N2 (B80N2, scaling 3).
d Remote dissipation of the internal-tide energy is over

continental shelves, using a vertical profile of dissipa-

tion scaling with N (C80N, scaling 2).

By definition, experiments S80exp, S80N, S80N2, B80N,

B80N2, C80N, KdLMcst, and L100 have the same total

magnitude of internal-tide dissipation, while experi-

ments S80exp, S80N, S80N2, B80N, B80N2, C80N, and

KdLMcst have the same total magnitude of remote

dissipation.

The ad hoc diffusivity based on (1) thatwas addedduring

the spinup simulation is not added in the simulations ana-

lyzed in this study. The background diapycnal diffusivity

based onHarrison andHallberg (2008) is however retained

in all simulations to account for other sources ofmixing that

are not parameterized explicitly.

None of the idealized scenarios considered here are ex-

pected to reproduce the geography of low-mode energy

dissipation in the real oceanwhere the fractionsof theenergy

that are dissipated close to the generation site, during the

propagation of internal tides in the ocean basins, on the

continental slopes and shelves all vary both in time and

space. Instead, our goal is to assess the sensitivity of theocean

circulation to the distribution of low-mode internal-tide en-

ergy dissipation, for which idealized experiments focusing on

one type of spatial distribution in isolation are most useful.

3. Results

For most of our results, we will use KdLMcst, in which

the low-mode dissipation is represented through a con-

stant background diffusivity, as our reference case. This

simulation most closely resembles the implementation of

the St. Laurent et al. (2002) parameterization in several

CMIP5 models (e.g., GFDL-ESM2G; note however that

we are specifying 20% local dissipation, instead of the 30%

prescribed in the GFDL-ESM2G CMIP5 simulations).

Figure 2 shows that the simulations are not completely

equilibrated after 1000 years. Because the spinup run is

initialized with present-day observed ocean temperature

and salinity but is run with 1860 concentrations of radia-

tively active gases and aerosols, during the spinup the

ocean drifts with a time scale of thousands of years from its

initial state into a cooler equilibrium state that is closer to

whatmight have been observed in 1860.Any change in the

diffusivities leads to a new equilibrium state and a simi-

larly long adjustment. For example, the drift in KdLMcst

relative to the spinup run can be explained by the dif-

ferent fractions of local internal-tide energy dissipation,

set to 20% inKdLMcst and to 30% in the spinup run, and

by the different ad hoc diffusivities, based on (1) in the

spinup and on a constant value in KdLMcst from (13).

As a result of this climate drift, the amplitude of the

sensitivity of the ocean state to remote dissipation and

mixing increases in time, but results for centuries late in

the simulation are qualitatively similar. In the following,

results are shown for the mean of the last century of the

simulations (years 901–1000).

a. Differences in diffusivity

All differences in the simulations ultimately reflect

differences in themagnitude and distribution of diapycnal

diffusivity. The zonally averaged diapycnal diffusivity
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due to all parameterized processes, including shear-

driven and convective mixing in addition to internal-

tide-driven mixing (section 2), is shown in Fig. 3. Dia-

pycnal diffusivity due to internal-tide-driven mixing only

is shown in Fig. 4. The importance of diapycnal mixing

induced by processes other than internal-tide dissipation

can be seen from the noIW experiment in Fig. 4: con-

vective and shear-driven mixing induce diapycnal mixing

mostly in the upper ocean and at high latitudes.With only

mixing due to internal-tide local dissipation (L20), dif-

fusivity is enhanced in the deep ocean compared to the

case with no internal-wave-driven mixing (noIW), and

this is further increased for L100, but the diffusivity is still

very low in the thermocline.

When remote dissipation is included, different

spatial patterns of diffusivity result from the different

vertical and horizontal distributions of that dissipa-

tion: B80N2, S80N2, B80N, S80N, and KdLMcst have

increased mixing in the thermocline relative to L20

and L100. While both B80N and S80N have greater

diffusivity at depth than KdLMcst, B80N has greater

enhancement at depth than S80N, since dissipation is

localized in regions of greater depth in B80N than in

S80N (Fig. 1). Conversely, B80N2 and S80N2 have

slightly less diffusivity at depth but larger diffusivities

in the thermocline than KdLMcst. In B80N2 and

S80N2 the diffusivity is locally vertically uniform but

depends on the inverse of total depth, so that shallower

ocean regions (such as the midocean ridges) have larger

diffusivity than deeper ocean regions (such as the abyssal

plains). The horizontal averaged diffusivity is therefore

greater in the upper ocean, and lower in the deep ocean

compared to the constant diffusivity of KdLMcst. In the

Southern Ocean, whereas B80N and S80N have diffu-

sivities that increase with depth over the upper 2km of

the ocean as stratification decreases, B80N2 and S80N2

have stratification-independent diffusivity that is larger

than B80N and S80N in the upper 500m and smaller in

the rest of the ocean.

C80N contrasts with the other cases with the same

total magnitude of dissipation (i.e., B80N2, S80N2,

B80N, S80N, and L100). When all the dissipation occurs

on shelves, the zonally averaged deep-ocean diffusiv-

ities are little changed compared to L20. Differences are

seen near the surface at 408–708S and 608–708N (over

the shallow shelves) where diapycnal mixing due to

internal waves is enhanced in C80N compared to L20

(Fig. 4). This enhanced mixing over the shelves leads to

less dense overflows, which in turn leads to less shear-

and bottom-drag-driven mixing, explaining the weaker

diapycnal diffusivity, resulting from all parameterized

processes, at depth in C80N than in L20 at 608–708N.

Dissipation over continental slopes, but with an expo-

nentially decaying profile in the vertical (S80exp) re-

sults in a diffusivity that closely resembles that of L100,

although with slightly greater diffusivity in the ther-

mocline, and slightly less at depth. The resemblance of

the L100 and S80exp diapycnal diffusivities is due to

the fact that in the S80exp simulation, dissipation is

exponentially decaying from the ocean bottom (as in

L100), and the locations of slopes (used in S80exp;

Fig. 1) partly coincide with locations of internal-tide

generation (used in L100).

The globally averaged diffusivity profiles are shown in

Fig. 5, as differences from the KdLMcst profile. In the

upper thermocline (e.g., 50–200m), only B80N2 and

S80N2 have greater diffusivity than KdLMcst. C80N

shows the smallest differences from KdLMcst in this

region. In the lower thermocline (300–700m), C80N,

L20, and noIW have less diffusivity than KdLMcst,

FIG. 2. The globally averaged ocean temperature (8C) for all simulations as a function of

simulation time. The spunup control run of GFDL-ESM2G (Dunne et al. 2012) provides the

initial conditions at year 0. Increasing the mixing generally warms the ocean, as does shifting

the mixing energy into more stratified waters.
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FIG. 3. Global zonal mean of diapycnal diffusivities (log10m
2 s21) averaged over the last century of the

1000-yr simulations.
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FIG. 4. Global zonal mean of diapycnal diffusivities due to internal-tide mixing parameterizations

(log10 m
2 s21) averaged over the last century of the 1000-yr simulations. Note that for KdLMcst, the

constant and spatially uniform diapycnal diffusivity of 1.4 3 1025 m2 s21 has not been added in the

bottom-right panel.
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while S80N2, B80N, and L100 are similar to KdLMcst,

and B80N2 and S80N have greater diffusivity. At depth,

L100 and S80exp have the greatest diffusivity followed

by B80N, then S80N, C80N, and B80N2. S80N2, L20, and

noIW have the smallest diffusivities at depth.

b. Impact of remote diffusivity on temperature and
stratification

The zonally averaged temperature (Fig. 6) reflects the

overall differences in diffusivity; smaller diffusivities in

the thermocline and above lead to a cooler and thinner

thermocline (seen in all simulations but B80N2 and

S80N2 compared to KdLMcst), and larger diffusivities at

depth lead to a warmer abyss (L100 and S80exp), con-

sistent with the downward diffusion of heat in the

stratified ocean. However, ocean water masses are also

influenced by the diffusivities near their origin: when

remotemixing is over slopes or basins (S80N andB80N),

the Antarctic Bottom Water (AABW) is colder com-

pared to KdLMcst, as indicated by the cold anomaly

through the whole water column in the far Southern

Ocean, and then extending northward in the abyss. By

contrast, B80N2 and S80N2 have warmer mode and

upper deep water than KdLMcst, consistent with their

larger diffusivities in the upper-thermocline region. In

B80N2, the deep and abyssal oceans are warmer than

KdLMcst perhaps because deep convection is weakened

in the Southern Ocean (as is discussed later in section

3c) and heat is diffused downward. Finally, AABW

temperatures are little changed compared to KdLMcst

for remote mixing on the shelves (C80N) (i.e., there is

little temperature difference in the deepest water or in

the Southern Ocean). Both C80N and KdLMcst have

nonzero remote mixing on Antarctic shelves, which

tends to warm the AABW. Neither S80N2 nor B80N2

have mixing on shelves, but they do have large surface

diffusivities that perform a similar role in warming

the AABW.

As a result of the cooler thermocline relative to

KdLMcst seen in all simulations except B80N2 and

S80N2, the stratification is stronger in the upper ocean

(near 500-m depth) and weaker below the thermocline

(from 1000- to 2000-m depth), especially in L100 (Fig. 7).

In the upper ocean, stratification differs least from

KdLMcst in S80N and B80N consistent with the smaller

differences in diffusivity in this region. At depth, S80N

and B80N have stronger stratification than KdLMcst,

because of the warming of upper deep waters resulting

from the inverse dependence of diffusivity on stratifica-

tion, and the cooling of bottom waters, due to the re-

duction in diffusion on the shelves.Other simulations show

smaller differences from KdLMcst in the deep ocean,

primarily an increase in stratification in the northern

abyss, seen in low deep mixing simulations such as

C80N, L20, and noIW, associated with colder bottom

waters in the north. In B80N2 and S80N2, internal-wave

energy dissipation occurs higher in the thermocline

(Fig. 4). As a result, the stratification is slightly weaker in

the thermocline (around 500-m depth) and stronger

below the thermocline (from 1000- to 2000-m depth). In

these simulations with a diffusivity that is locally in-

dependent of depth, the stratification is especially strong

in the Southern Ocean upper part of the Circumpolar

Deep Water (between 500 and 3000m) where the iso-

pycnals are tilted. S80exp shows stratification inter-

mediate between S80N and L100, but closer to L100.

C80N and L20 have very similar stratification, except in

the deep Southern Ocean where L20 has stronger strati-

fication, as a result of colder AABW. Additional mixing

on the shelves in C80N does not have much influence on

the global stratification except through dilution of the

Antarctic Bottom Water.

c. Impact of remote diffusivity on the meridional
overturning circulation and heat transport

Global meridional overturning circulation is shown in

Fig. 8. Both mean and parameterized eddy-induced

overturning are included. The overturning is also shown

separately for the Atlantic Ocean (Fig. 9) and the Indo-

Pacific region (Fig. 10). In simulations with an exponen-

tially decaying or N-scaling dissipation profile, the deep

overturning in the Indo-Pacific is enhanced compared to

KdLMcst. L100 has a particularly strong deep Pacific

overturning, associated with the greatly enhanced deep

mixing (Fig. 10). Except for B80N2, all other cases have

FIG. 5. Vertical profiles of (a) the global-mean diffusivity of the

KdLMcst simulation and (b) the global-mean diffusivity of the

other simulations shown as a difference from the KdLMcst profile.

Note that the large near-surface values seen in (a) are due to

convective and shear instabilities and not to tidally driven mixing.
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FIG. 6. Global zonal-mean temperature (8C) shown as a temperature difference from the KdLMcst

simulation. The color bar is shown across the top. Below the bottom-right panel, the corresponding

color bar shows the global zonal-mean temperature (8C) of the KdLMcst simulation.
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FIG. 7. Global zonal-mean stratification (s22) shown as a difference in log10(N
2
x
) from theKdLMcst

simulation. The color bar is shown across the top. Below the bottom-right panel, the corresponding

color bar shows the logarithm of the global zonal-mean stratification (s22) for the KdLMcst

simulation.
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FIG. 8. The global MOC (Sv; 1 Sv[ 106m3 s21) shown as a difference in MOC from the KdLMcst

simulation. The color bar is shown across the top. Below the bottom-right panel, the corresponding

color bar shows the MOC (Sv) of the KdLMcst simulation.
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FIG. 9. TheAMOC (Sv) shown as a difference inAMOC from theKdLMcst simulation. The color

bar is shown across the top. Below the bottom-right panel, the corresponding color bar shows the

AMOC (Sv) of the KdLMcst simulation.
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FIG. 10. The Indo-Pacific meridional overturning circulation (IPMOC; Sv) shown as a difference in

IPMOC from the KdLMcst simulation. The color bar is shown across the top. Below the bottom-right

panel, the corresponding color bar shows the IPMOC (Sv) of the KdLMcst simulation.
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weaker Pacific subtropical overturning compared to

KdLMcst, which has the strongest diffusivity in the upper

thermocline apart fromB80N2 and S80N2 (Fig. 10). In the

Atlantic, the behavior is more complicated: while the

Atlantic meridional overturning circulation (AMOC) is

reduced in C80N and slightly reduced in S80N and S80N2

compared to KdLMcst, it is strengthened and deepened

in L100 and S80exp, and to a lesser extent in B80N and

B80N2 (Fig. 9). The fact that the AMOC is strengthened

in B80N2, although less deep than KdLMcst, suggests a

sensitivity to the increase in diffusivity in shallower re-

gions and reduction in deeper regions of the ocean basins

in B80N2 compared to KdLMcst. Finally, KdLMcst has a

weak deep southern cell, as does C80N; reducing the

mixing on the coastal shelves (S80exp, L100, and to a

lesser extent L20, B80N, and S80N) leads to a stronger

and denser southern cell (Figs. 8 and 10).

The ocean ventilation in climate models can be di-

agnosed from the ideal age tracer (Thiele and Sarmiento

1990). This tracer is set to zero in the bulk mixed layer

and ages at a rate of 1 yr yr21 thereafter. In the deep

ocean, the ideal age is small (young) in regions con-

taining water recently modified by deep convection and

large (old) in quiescent regions such as the Pacific sub-

tropical gyres. In the simulations presented in this study,

ideal ages are a function of the duration of the simula-

tions, since these are shorter than the time scale of

ventilation of the oldest water in the ocean (of roughly

1500 yr; e.g., England 1995). Nonetheless, the ideal age

tracer, shown at the ocean bottom in Fig. 11, allows us to

trace the movement of water of convective origin from

its source in polar regions. When the deep mixing is

small, young water resulting from deep convection ex-

tends through much of the deep Pacific (e.g., noIW and

L20). For larger values of deep mixing, the Pacific bot-

tom waters become older, as older deep waters are

mixed into the bottom waters along its path (L100 and

S80exp). C80N has weak deep mixing, but the dense

water is diluted near the source on the shelves, resulting

in a weaker southern overturning and hence older bot-

tom waters in the Pacific. Similarly, KdLMcst has di-

luted bottom waters even in the Pacific sector of the

Southern Ocean. In B80N2 and S80N2 there is much less

deep convection in the Southern Ocean because of in-

creased stratification. Young waters only reach part of

the Southern Ocean seafloor (mostly in the Atlantic

sector) and bottom waters are much older in the Indo-

Pacific region than in other simulations.

Deep mixing has a more complicated influence on

the age of Atlantic bottom waters, in part because of

the two sources of young water. Away from the sub-

polar North Atlantic, B80N2 and S80N2 also have older

bottom water in the Atlantic Ocean compared to other

simulations. Regarding other simulations, the only

significant difference in the North Atlantic between

simulations is seen in S80N, which has a weaker North

Atlantic overturning, and older bottom waters in the

northwestern Atlantic. The North Atlantic Deep Water

(NADW) appears to be most sensitive to the presence of

enhanced mixing above the continental slopes, which is

perhaps due to its source in the Nordic overflows, and in

S80N lighter dense waters from the northern source may

overlie older dense waters of Antarctic origin. The east-

ern Atlantic age varies with the density of the southern

overturning cell: KdLMcst and C80N, with more dilute

AABW, have older waters in the eastern Atlantic; L20

and noIW, with cold dense AABW, have the youngest

eastern Atlantic waters.

Changes in the meridional overturning circulation

(MOC) and temperature combine and lead to changes in

the ocean meridional heat transport (MHT), which is

key for the ocean influence on the atmosphere and the

climate. The global MHT and its partition per oceanic

basin are shown in Fig. 12. Only B80N2 has a stronger

global, Atlantic, Indo-Pacific and SouthernOceanMHT

than KdLMcst, which could primarily be related to

the warmer ocean temperature in B80N2, especially in

the upper ocean and thermocline (Figs. 6 and 8). In the

Atlantic, the MHT is positive (northward), and all sim-

ulations other than B80N2 exhibit negative anomalies of

MHT relative to KdLMcst. This could be related to the

deeper NADW cell in all simulations. The weakening in

the Atlantic MHT compared to KdLMcst is stronger in

C80N, S80N2, L20, and noIW, as the upper part of the

NADW overturning cell is weakened in these simula-

tions. In the Indo-Pacific region, MHT anomalies reach

10%–15% of KdLMcst (150 TW) in the Southern

Hemisphere. These negative anomalies are related to

the weakening of the subtropical cell overturning cir-

culation and the cooler upper and thermocline waters.

By contrast, B80N2 has slightly strengthened subtropical

overturning cells and warmer upper and thermocline

waters, resulting in a stronger MHT in the southern

Indo-Pacific region.

d. Impact of remote diffusivity on ocean surface
properties

While mixing in the ocean interior is expected to

have a direct influence on the deep circulation and

stratification, surface properties can also be affected.

The temperature differences at the sea surface are

influenced by the local mixing in the thermocline and

the overturning circulation, as well as the feedback on

the atmospheric circulation. The spatial variation of

sea surface temperature, shown as a difference from

the KdLMcst simulation, is illustrated in Fig. 13.
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FIG. 11. Ideal age (yr) at the ocean bottom for all simulations.
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FIG. 12. (left) MHT (TW) and (right) MHT anomalies from the KdLMcst simulation (TW) for

(top) the global ocean, (middle top) the Atlantic Ocean, (middle bottom) the Indo-Pacific re-

gion, and (bottom) the SouthernOcean. The color codes given in the bottom panels are the same

as in Fig. 2 for the right panels and Fig. 5 for the left panels.
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FIG. 13. SST (8C) shown as an SST difference from the KdLMcst simulation. The color bar is

shown across the top. Below the bottom-right panel, the corresponding color bar shows the SST (8C)
of the KdLMcst simulation.
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Compared to KdLMcst, simulations with a weaker

thermocline diffusivity (cases noIW, L20, and S80exp)

have a slightly warmer equatorial eastern Pacific up-

welling region (i.e., just south of Panama), consistent

with the reduction in the Pacific equatorial upwelling.

Large differences seen in the subpolar North Atlantic

may reflect different North Atlantic overturning; for

example, C80N has a much colder subpolar North At-

lantic, coinciding with a weak AMOC in the northern

Atlantic, as do S80N2 and S80N to a lesser extent. Both

B80N2 and B80N show some North Atlantic warming,

and both have a stronger AMOC. These differences

persist over several hundred years and, therefore, do

not result from AMOC variability at shorter time

scales. Compared to other simulations, S80N2, S80N,

and B80N have a warmer Southern Ocean, perhaps

because upper deep water, warmed by increased dif-

fusivity at depth (Fig. 6), outcrops in this region. Some

anomalies seen in the Southern Ocean (e.g., in the re-

gion of 1608W) are transient and do not persist over

multiple centuries; we currently have no explanation

for these anomalies relative to KdLMcst.

Diapycnal mixing directly impacts the ocean heat

uptake and the distribution of heat in the ocean (e.g.,

Hallberg et al. 2013; Kuhlbrodt andGregory 2012). The

impact of low-mode energy dissipation on the ther-

mosteric component of sea level is shown in Fig. 14, as a

difference from the KdLMcst simulation. Since the

thermal expansion coefficient is larger for warmer

water, increases in thermosteric sea level are an in-

dicator of increased heat uptake in warmer regions of

the ocean. Both B80N2 and S80N2 have larger diffu-

sivities than KdLMcst in the thermocline, leading to

the warmest and thickest thermoclines, while all other

simulations have lower diffusivities in the thermocline.

Therefore, B80N2 and S80N2 show higher thermosteric

sea level than KdLMcst while all other simulations

show lower thermosteric sea level. The smallest nega-

tive differences are seen for B80N and S80N, which

have diffusivities in the thermocline that are more

similar to that of KdLMcst. The largest negative dif-

ferences are seen for L20 and noIW, correlating with

the thermocline temperatures and thicknesses. C80N

shows lower sea level in the equatorial Pacific but

similar sea level in the equatorial Atlantic compared to

KdLMcst, while L100 shows lower sea level in the

Atlantic, perhaps reflecting the different distributions

of coastal shelves versus deep topography in the two

basins. These results suggest that using a more ener-

getically constrained parameterization of low-mode

internal-tide dissipation significantly impacts the sim-

ulated ocean heat uptake in the upper ocean and

thermosteric sea level (Kuhlbrodt and Gregory 2012).

e. Summary of the physical impacts of remote
diffusivity on the ocean state

To summarize, weak mixing in the ocean interior (e.g.,

L20) leads to cooler interior temperatures overall and

weak deep overturning as the abyss slowly fills with bot-

tom water of Antarctic origin. Strong deep mixing (e.g.,

L100) leads to abyssal warming and enhancement of both

the northern and southern deep overturning cells. Strong

mixing on shelves (e.g., C80N and KdLMcst) dispropor-

tionately influences the AABW, warming and weakening

the southern overturning cell.

Weak diffusivity in the thermocline (L20, L100,

S80exp, C80N, and to a lesser extent B80N and S80N)

leads to a sharper thermocline, and weaker subtropical

overturning in the Pacific. Strong diffusivities in the

thermocline (B80N2 and S80N2) lead to a broader

thermocline, warmer ocean, higher steric sea level, and

less deep convection in the Southern Ocean. Little

mixing on shelves and moderate mixing at depth (B80N

and S80N) leads to cooler AABWand a denser, stronger

southern overturning cell and greater deep stratifica-

tion. B80N and S80N also have enhanced diffusivities

in the upper deep water (e.g., 2000-m depth) that tends

to warm the North Atlantic Deep Water leading to a

warming of sea surface temperature in the Southern

Ocean where this water outcrops. The similarity be-

tween the B80N and S80N results, despite the somewhat

greater diffusivity at depth in B80N, indicates the im-

portance of the stratification dependence of the dissi-

pation profile. Similarly, S80exp produces results that

more closely resemble L100, which has a similar vertical

distribution of dissipation, as opposed to S80N, which

has the same horizontal distribution of dissipation. The

vertical profile of diffusivity is therefore more important

for global quantities than the horizontal distribution,

provided that distribution is in the open ocean (i.e., not

on coastal shelves).

The differences between B80N2 and S80N2 on one

hand and KdLMcst on the other are important. All have

remote diffusivities that are locally independent of

depth; however, whereas KdLMcst has a constant dif-

fusivity everywhere, in B80N2 and S80N2 the diffusivity

is inversely proportional to the total depth, so that

shallower regions have greater diffusivities, and deeper

regions lower diffusivities. This is a consequence of the

assumption of uniform far-field energy distribution per

unit area within the basin or slope region, an assumption

that may need reevaluation.

Mixing on coastal shelves only impacts the large-scale

circulation andwatermass properties if it modifies water

masses originating on shelves (e.g., AABW). However,

the North Atlantic overturning, and consequent sea
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FIG. 14. Thermosteric sea level (TSSL) referenced at the ocean bottom (m) shown as a difference

in TSSL from the KdLMcst simulation. The color bar is shown across the top. Below the bottom-

right panel, the corresponding color bar shows the TSSL (m) of the KdLMcst simulation.
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surface temperatures do show significant differences be-

tween S80N and B80N, and between S80N2 and B80N2,

indicating one area where circulation is sensitive to the

horizontal distribution of mixing, perhaps because local-

ized mixing can significantly impact the downwelling

branch of the AMOC (Scott and Marotzke 2002).

4. Discussion

The impacts on Pacific overturning circulation are

found to be of smaller amplitude than those reported by

Oka and Niwa (2013), who used a remote dissipation

profile that is constant with depth and added to the

background diffusion, in contrast to the different remote

dissipation profiles that replace the background diffu-

sion. The horizontal distribution is also different: Oka

and Niwa (2013) use the vertically integrated tidal dis-

sipation from a 3D tidal model run for 60 days to specify

the horizontal distribution of the remote dissipation,

while we explore the implications of different idealized

horizontal distributions of dissipation.

Our simulations are in agreement with the diagnostic

study of de Lavergne et al. (2015a), who examine the

implications of different horizontal and vertical distri-

butions of remote internal-tide mixing for the lightening

of Antarctic Bottom Water. We find a similar sensitivity

to the vertical profile of the remote dissipation. In par-

ticular, de Lavergne et al. (2015a) show that a dissipation

profile that is proportional to the buoyancy frequency is

consistent with the required transformation of AABW

necessary to balance the observed AABW production.

As in de Lavergne et al. (2015a), we find smaller sensi-

tivity to the horizontal distribution. While de Lavergne

et al. (2015a) highlight the importance of mixing in the

SouthernOcean, our results also show that the horizontal

distribution of mixing in regions near the downwelling

limbs of the overturning cells is particularly important

(e.g., the Antarctic shelves and the subpolar North At-

lantic). Our prognostic simulations extend the work of de

Lavergne et al. (2015a) to examine the impact of the re-

mote mixing on the ocean stratification, circulation, and

surface properties in a self-consistent manner.

Our study and those of de Lavergne et al. (2015a) and

Oka and Niwa (2013) all point to the importance of the

remote component of internal-tide dissipation, as well as

the inadequacy of a uniform diffusion to account for this

process. However, our idealized sensitivity studies are far

from providing a complete parameterization of remote

dissipation. First, we assume that a constant fraction of

internal-tide energy is dissipated locally, either 20% or

100%, whereas observations (Falahat et al. 2014), nu-

merical simulations (Nikurashin and Legg 2011; Klymak

et al. 2010), and analytical studies (Lefauve et al. 2015)

suggest that the local fraction of dissipation varies as a

function of the type of topography, the tidal amplitudes,

and the Coriolis parameter and depends on several

different processes (e.g., internal hydraulic jumps,

wave–wave interactions, and wave saturation). A more

realistic local and remote dissipation model requires

the development of a physically based parameteriza-

tion of the temporally and spatially varying fraction of

local dissipation qL. Second, we have assumed that the

remote dissipation is uniformly distributed, by area,

over either the basins, slopes, or shelves. In the real

ocean, the horizontal distribution of dissipation will be

more spatially variable, depending on the propagation

of the low-mode waves away from their generation

sites, and will include a combination of basins, slopes,

and shelves. A wave propagation model is required to

correctly represent this aspect of the remote dissipa-

tion. Eden and Olbers (2014) describe one possibility,

in which the low-mode energy propagates radially out

from the generation sites; in reality, the internal-wave

energy propagates along beams (Alford and Zhao

2007). As low modes propagate, energy may be lost

through scattering from bottom topography (Bühler
and Holmes-Cerfon 2011), through wave–wave in-

teraction (MacKinnon and Winters 2005), and through

interaction with mesoscale eddies and mean currents

(Polzin 2008). Models for low-mode attenuation and

dissipation due to these processes are required. Finally,

low-mode energy encountering a continental slope may

undergo one of several processes: reflection back into

the deep ocean, in which case there is little dissipation

(Klymak et al. 2013); critical reflection, when dissipa-

tion is localized at the slope (Ivey and Nokes 1989;

Martini et al. 2013); shoaling at subcritical slopes,

where dissipation is then spread through the water

column in proportion to the stratification (Legg 2014);

and finally transmission up onto the shelf of any energy

that is not dissipated or reflected. At any particular

continental slope, some fractionmay be reflected, some

dissipated, and some transmitted (Johnston et al. 2015).

Kelly et al. (2013) attempts to determine the net energy

reflected and transmitted onto the shelf for all locations

around the global continental slope, a necessary com-

ponent for any complete parameterization. We antici-

pate that the full realistic distribution of low-mode

mixing will contain some combination of mixing in

basins, over rough topography, over the slopes in the

full water column, over critical slopes, and on the

continental shelves, combining aspects of several of our

idealized scenarios. The extent to which mixing occurs

near the downwelling branch of the overturning cir-

culation (i.e., on Antarctic shelves or near the de-

scending boundary currents of the North Atlantic) will
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be particularly important to determine, since our study

has shown that the large-scale circulation is sensitive to

details of mixing in those locations.

5. Conclusions

We have presented an idealized study of the impact of

the remote dissipation of low-mode internal waves on the

large-scale circulation. The remote dissipation was ener-

getically constrained, and specified to occur either at the

generation sites, in deep basins, on continental slopes. or

on continental shelves. The simulations presented here

exhibit significant differences in the ocean circulation and

water-mass structure between simulations with the same

amount of turbulent dissipation but different lateral and

vertical distributions of that mixing. In contrast to most

earlier studies of the impact of internal tides, the remote

mixing component is represented through a vertical

profile of dissipation that either scales with the squared

buoyancy frequency or the buoyancy frequency or is

bottom intensified, which can be justified for different

types of wave breaking (wave–wave interactions and

shoaling or critical reflection and scattering from rough

topography). The vertical profile of dissipation is shown

to influence the circulation and stratification more

strongly than the horizontal distribution, provided that

horizontal distribution is within the open ocean: dissipa-

tion on coastal shelves by contrast has little impact on the

large-scale circulation except in regions of dense water

formation, such as the Antarctic shelves. Compared to

the commonly used constant background diffusivity, a

remote dissipation profile that is proportional to buoy-

ancy frequency leads to lower diffusivities in the upper

ocean, resulting in a less diffuse thermocline and less heat

uptake in the upper ocean, with lower associated ther-

mosteric sea level. Diffusivities at depth are higher than

for a constant-diffusivity representation, resulting in

more vigorous deep overturning. On the contrary, a re-

mote dissipation profile that is proportional to the

squared buoyancy frequency (so that diffusivity is locally

depth independent) combined with a uniform distribu-

tion of energy by area within the prescribed region leads

to higher diffusivities in shallow regions and lower dif-

fusivities in deeper regions. On average then, upper-

ocean diffusivities are higher, resulting in a more diffuse

thermocline, and more heat uptake in the upper ocean,

with higher associated thermosteric sea level and stronger

meridional heat transport. For horizontal distributions

with less dissipation near the origins of deep water in the

NorthAtlantic or Antarctic, denser bottomwater results.

Changes in the overturning lead in turn to changes in the

ideal age tracer and in surface temperature. These in turn

are likely to have implications for the ability of deep

waters to uptake and store CO2, which will be a topic of

future investigation. The results presented here empha-

size the importance of developing energetically consis-

tent parameterizations of internal-tide mixing with

spatial distributions that accurately reflect the physical

processes that occur in the ocean.
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