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Ocean Convective Available Potential Energy. Part II: Energetics of Thermobaric

Convection and Thermobaric Cabbeling

ZHAN SU * AND ANDREW P. INGERSOLL

Division of Geological and Planetary Sciences, California Institute of Technology, Pasadena, California

ANDREW L. STEWART

Department of Atmospheric and Oceanic Sciences, University of California, Los Angeles, California

ANDREW F. THOMPSON

Environmental Science and Engineering, California Institute of Technology, Pasadena, California

ABSTRACT

We investigate the energetics of thermobaricity- and cabbeling-powered deep convection occurring
in oceans with cold fresh water overlying warm salty water. These quasi-two-layer profiles are widely
observed in wintertime polar oceans. Our key diagnostic is Ocean Convective Available Potential
Energy (OCAPE), a concept introduced in Su et al. (2015). For an isolated ocean column, OCAPE
arises from thermobaricity and is the maximum potential energy (PE) that can be converted into
kinetic energy (KE) under adiabatic vertical parcel rearrangements. We explore the KE budget
of convection using two-dimensional numerical simulations and analytical estimates. We find that
OCAPE is a principal source for KE. However, the complete conversion of OCAPE to KE is
inhibited by diabatic processes. Further, we find that diabatic processes produce three other distinct
contributions to the KE budget: (i) A sink of KE due to the reduction of stratification by vertical
mixing, which raises water column’s center of mass and thus converts KE to PE; (ii) A source of
KE due to cabbeling-induced shrinking of water column’s volume when water masses with different
temperatures are mixed, which lowers the water column’s center of mass and thus converts PE
into KE; (iii) a reduced production of KE due to diabatic energy conversion of the KE-convertible
part of the PE to the KE-inconvertible part of the PE. Under some simplifying assumptions, we
propose a strategy to estimate the maximum depth of convection from an energetic perspective.
This study provides a potential basis for improving the convection parameterization in ocean models.

1. Introduction

Akitomo (1999a) classified ocean deep convection into
two types: Type I is the deepening of the mixed layer in
a relatively homogeneous ocean driven mainly by the loss
of surface buoyancy. Type II is thermobaric convection, in
which plumes of cold fresh water (CFW) sink into warm
salty water (WSW) with significant modulation from ther-
mobaricity and cabbeling (Garwood Jr et al. 1994; Akit-
omo 1999a.b; McPhee 2000; Ingersoll 2005; Adkins et al.
2005; Akitomo 2007). Harcourt (2005) was the first to sim-
ulate Type III convection, also called thermobaric cabbel-
ing, in which convective plumes of CFW/WSW mixture
sink into WSW due to cabbeling instability, and later accel-
erate further due to thermobaricity and cabbeling (see also
the associated observation of Type III convection in an un-
published manuscript by Padman et al. 1998). Cabbeling
instability is a convective phenomenon that occurs when
water masses with different temperatures are mixed dia-

batically to produce a denser water mass than the parent
waters (Carmack 1979). “Cabbeling” in this manuscript
always means the quadratic dependency of water density
on potential temperature (McDougall 1987).

In this paper, we focus on the energetics of Type II
and Type III convection. But we do not distinguish be-
tween them: Their dynamics are both strongly influenced
by thermobaricity and cabbeling (discussed more in sec-
tion 6b) and they both occur in oceans with CFW overly-
ing WSW. These quasi-two-layer stratifications are widely
observed in winter-time polar oceans (Gordon and Hu-
ber 1990; Garwood Jr et al. 1994; McPhee 2000). These
convection events rapidly transport heat vertically and
may make substantial contributions to local vertical mix-
ing, deep-water production, and open-ocean polynyas in
polar regions (Akitomo 1999b; McPhee 2003; Harcourt
2005). However, these contributions are poorly under-
stood due to the paucity of observations and the inability
of large-scale ocean models to resolve convection (Denbo



and Skyllingstad 1996). In this paper and its companion
(manuscript submitted to J. Phys. Oceanogr., hereinafter
Part I; Su et al. 2015), we introduce a new diagnostic for
thermobaricity, the Ocean Convective Available Potential
Energy (OCAPE), to facilitate the analysis of these con-
vection events.

OCAPE is conceptually important (Part I): it par-
allels atmospheric Convective Available Potential Energy
(CAPE), a key energy source in atmospheric moist con-
vection that has long been used to forecast moist convec-
tion (Arakawa and Schubert 1974; Emanuel et al. 1994;
Trenberth 2005). Both OCAPE and CAPE measure the
potential energy (PE) of a fluid column minus the PE of
its reference (global minimum-PE) state that is achievable
under adiabatic vertical parcel rearrangements. Here PE is
the sum of the gravitational and internal energies. OCAPE
arises from thermobaricity and it is computable following
the algorithm in Part I. In principle, OCAPE can be en-
tirely released into kinetic energy (KE) if the ocean column
evolves adiabatically from the current state to the refer-
ence state (Part I). In this paper we simulate the release of
OCAPE and find that diabatic processes inhibit this com-
plete conversion of OCAPE to KE. We generalize the part
of OCAPE that can be released to KE (Sgp below).

A central diagnostic quantity in our analysis is the cu-
mulative KE production in a convection event, denoted as
KEcum, which measures the accumulated intensity of con-
vective motions. At any instant, KE..n is equal to the
current KE plus the time-integrated viscous dissipation of
KE up to that time (denoted as Heatyis). In this study
we pose a conceptual decomposition of KE.,, into four
different contributions

KEcum = KE + Heatyis = St — Sstrat + Scab — CHDtOHP'
(1)

Equation (1) gives a conceptual overview of the physics
before getting into the details in the following sections.
The physical nature of each term in (1) is explained by
bullet points below, while its mathematical derivation is
provided in Appendix A. This decomposition is derived for
simplified equation of state (EOS) and initial stratification
(CFW overlying WSW, as widely observed in winter-time
polar oceans; see, e.g., Gordon and Huber 1990), but for
more general initial stratifications it does not hold exactly.
The effectiveness of this decomposition is verified by its
prediction of KE¢.,n and the maximum depth of convec-
tion that are in close agreement with numerical simulations
presented in sections 3-5.

The energy terms/relations in (1), as introduced below,
are summarized schematically in Figure 1. For an isolated
system, KE+PE is constant by energy conservation. Thus
the KE production is converted from PE. The PE of a
system can be divided into two parts: dynamic enthalpy,
HP | and potential enthalpy, H” (Young 2010; McDougall

2003); only PE stored in H” is convertible to KE. We con-
sider below conceptually how the four terms in Equation

(1) are related to three energy reservoirs: KE, HP and
HFP.

e Cypionr, as detailed in section 4c¢ and (15b), repre-
sents the time-integrated conversion of HP to HY
due to diabatic processes. Thus the time-integrated
conversion of HP to KE, which is KE.um, is equal
to the state change of HP (compared to the initial
state) minus Cypyopr. We derive in Appendix A that
three sources/sinks contribute to the state change of
HP (= KEcum + Chpionr) as follows.

® Sib, as detailed in section 3a—3b and (21c¢), is a source
of HP that extracts energy from OCAPE.

® —Sgirat i a sink of HP as detailed in section 3¢ and
(20a). For an initially stably stratified ocean column
(N? > 0), vertical mixing during convection reduces
the stratification, which raises the water column’s
center of mass and thus converts KE into PE (HP).

e Sc.b is a source of HP as detailed in section 4b and
(25). When water masses with different temperatures
(i.e. CFW and WSW) are mixed during convection,
cabbeling reduces the water column’s volume, which
lowers the water column’s center of mass and thus
converts PE (HP) into KE.

These four terms are not coupled but are independent of
each other (see (Al) and (A10)-(All) in Appendix A).
Cypiopr is the process-based conversion between the en-
ergy reservoirs of HP and HT (Figure 1), totally deter-
mined by the full diabatic processes governed by the equa-
tion of motion (see (15b)). In other words, knowing only
the initial (pre-convection) and the final (post-convection)
states, but without knowing the processes for the transi-
tion, one cannot quantify Cgpioge. In contrast, HP is
a thermodynamic function of the system: The change of
HP (and its three components: S¢p,, —Sgtrac and Scap; see
(A11) and Figure 1) due to convection are totally deter-
mined from the initial and the final states, despite the (un-
predictable turbulent) diabatic processes that transform
the initial state to the final state!. We also show that
the final state can be determined a priori given the ini-
tial quasi-two-layer state (section 4e). Sgrat and Scap, are
also independent from each other: the latter is determined
by the reduction of system’s temperature variance during
convection and is independent of N2; the former is deter-
mined from the reduction of N2. Note that Setrat, Scab
and Cypiope will only be non-zero if diabatic processes oc-
cur. Adiabatic processes, which define OCAPE, affects Sy,

ISimilarly, the change of gravitational potential energy of an ob-
ject only depends on its initial and final heights, despite the numerous
pathways (processes) that connect the initial and the final position.



(see (21b)). However, Sy, is also influenced by the diabatic
processes since it is state-based.

In section 2 we derive the fundamentals of energy con-
servation and describe the numerical model. It would be
very helpful for the reader to go through the fundamen-
tals of thermodynamics in section 2 to better capture the
main points of this study. In section 3, we isolate and
explain Sgp, and Sgirat using simplified simulations (exclud-
ing cabbeling in the EOS). In section 4 we increase the
complexity of our simulation (using the full EOS) to eval-
uate and explain S¢,p and Cyoiope. We further propose
a strategy to predict the maximum depth of convection.
In section 5, we apply this strategy and (1) to a convec-
tion event initially based on a realistic profile from Weddell
Sea. Section 6 comprises our discussion and conclusions.
Numerical experiments (Tables 1-5; Figures 2, 4, 5, 6, 7)
in this manuscript is organized following step-by-step di-
agnosis for our energy decomposition, as stated by their
titles.

2. Fundamentals for the energetics of Type II and
Type III convection

a. Energy conservation, potential/dynamic enthalpy and model
description

We introduce a Boussinesq model that conserves energy
for an isolated system, which is key for our energy analy-
sis. For computational efficiency the model is restricted to
two dimensions: horizontal y and vertical z, with vertical
velocity w = —9 /0y and horizontal velocity v = 9y /dz
defined via a streamfunction . We neglect Coriolis ac-
celerations (see section 6b for associated discussion). By
taking the curl of the momentum equation, we obtain the
vorticity equation

DV ~ob

oo 202
i 8y+1/VVz/J, (2)

where v is the kinematic viscosity. More sophisticated
schemes for turbulent viscosity (e.g., Harcourt et al. 2002;
Harcourt and D’Asaro 2008) could better parameterize
subgrid turbulence. Here we adopt a Laplacian viscosity
because it is convenient for enforcing energy conservation.
In equation (2) we use the modified buoyancy of Young
(2010):

b:b(aa SvP) Eb(gv S’Z) :—g(p—po)/m (3)

where 6, S, P and pg are potential temperature, salin-
ity, pressure and constant reference density, respectively.
Here we replace P with z following the hydrostatic relation
under Boussinesq approximation (Young 2010). Following
Equations (57.3) and (57.6) of Landau and Lifshitz (1959),

we have the salinity and thermodynamic equations

DS 1

D Yk .
Dy 1 o
TFZZ = — [~V (q—pi) —i-Vu+por(V*))?], (4b)
Po

where 7 is specific entropy, T is temperature, i is diffusive
salt flux, q is diffusive energy flux, u is the relative chemi-
cal potential of salt in seawater, and por(V?9)? is viscous
heating. Following n = 7(6,S) we rewrite (4b) as

Dn Do DS
Tﬁ = Cpﬁ — T,UQE, (5&)
an ou on
=Tz, M= "ar|,, ~ 85|, (5)

following Maxwell’s relations. Here P, is the reference pres-
sure at sea level. Substituting (4a) into (5a) and using (4b),
we obtain the evolution equation for 6

V-la—(p—Tue)i] i-V(u—Tue)  v(V>¥)’
— _|_ .
Cppo Cppo Cp
(6)
Note that C), is proportional to 7" and is not a constant,
as shown in (5b). Therefore viscous heating and diffusion
lead to the non-conservation of 6, according to (6).

We demonstrate that equations (2), (3), (4a) and (6)
(following Ingersoll 2005; Young 2010; Landau and Lif-
shitz 1959) compose a non-hydrostatic energy-conserving
(NHEC) model. From Part I, PE can be represented by
the system’s enthalpy (the energy in this paper, if not oth-
erwise stated, is always column-averaged and in units of

J/kg): )
PE:H:ffpodde//hpodydz, (7)

where h is specific enthalpy and has the following thermo-
dynamic potential

Do _
Dt

on
9 |s,p

oh
o5

%
n,P I

_ o
op 05

on

s,p 95

= Cp7

0

(8)
where we have applied 0h/0S|, p = p, Oh/On|g p =T and
(5b). One derives the energy conservation by multiplying
(2) by —potp, multiplying (6) by podh/00 as expressed in
(8), multiplying (4a) by poOh/IS as expressed in (8), and
then adding the result and integrating:

0

+ poV- [yv%pw - ywv%} }dydz -

(9)

= pu—Tpp.

1 2
(%(KE+H)—HPOdde//{P0¢J(¢7V Y) = poJ (Y, h) =V -q

0,
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Schematic of the proposed energetics for Type II and Type III convection. Definitions and denotations here

follow section 2a. (left panel) Potential energy (PE) can be represented by the system’s enthalpy H, which includes the
dynamic part H? and the heat content part H” (defined in (11a)—(11d)). Cgpiopr is the time-integrated energy transfer
from the HP reservoir to the HY reservoir diabatically (defined in (15b)). Heat,;s is the time-integrated viscous heating
(defined in (15a)), which transfers energy from the KE reservoir to the H” reservoir. KEeuy, is the time-integrated work
done by vertical buoyancy flux (defined in (14b)), which transfers energy from the H? reservoir to the KE reservoir. Thus
KEcum equals the current KE plus Heat,is, as well as equaling the state change of H” minus Cypyopr (see (13b)). (right
panel) The state change of H” is due to three distinct sources/sinks: Sip,, Scab, and —Sgrat (defined in (21b),(25),(20a),
respectively). Therefore, KE.,y has four contributions: —Cyp,gr, Stb, Scab, and —Sgtrat (i.e. (1)). The mathematical

derivation of Equation (1) is provided in Appendix A.

where J is the Jacobian. All terms on the right-hand side of
(9) vanish provided there is no viscous stress, no normal ve-
locity, and no diffusion of energy at/across the boundaries.
In deriving the second term on the right-hand side of (9)
we have applied 0h/0z|go = —b, J(¢,2) = w = —0¢/dy
and integration by parts. Therefore the energy conserva-
tion of (9) is independent of the form of q, i, and the EOS
of (3).

To close the NHEC model we follow equations (58.11)
and (58.12) of Landau and Lifshitz (1959) and adopt the
parameterization

i=—poksVS, q— (p—Tpe)i= —poCpokeVe, (10)
where Cp is a constant equal to 4000J kg='°C~! and &,
and kg are the kinematic diffusivities of salt and heat, re-
spectively. Equation (10) acts to parameterize the unre-
solved grid-scale turbulent diffusion that tends to bring the
fluid closer to an isohaline and isentropic state.

Only part of H (PE), called dynamic enthalpy H?, con-
tributes to the dynamics; the remaining part of H, called
potential enthalpy H', represents the heat content of the
system (Young 2010; McDougall 2003). In analogy to 6,
HP is simply the system’s enthalpy when all parcels are
displaced adiabatically to the reference pressure. H and

HP are defined as

H = HP + HP HP:ffthodydz D:fthpodydz
’ I podydz [ podydz

(11a)

h'(0,8) = h(6,S, P,), (11b)
hD(QSP)—h(HSP)—hP(QS)—/P On dP’—/P r
o o ’ P, or’ 0,S P, p(e,S,

(11c)

0
—(P—P)/py +/ b0,8, ). (11d)

Again P is the hydrostatic pressure by using Boussinesq
approximation (Young 2010). The domain integral of
(P — P.)/po in (11d) is approximately constant and does
not contribute to the evolution of HP (Young 2010). The



thermodynamic potentials of A and h” are

P D 0
cr=% | =% = [l e
00 |¢ 00 S,z , 00 .20
(12a)
P D 0
ool o :/@ ds.
as |, 0S |, J. 0S|y,
(12b)

T
P D P
Cp +Cp :szgcp,

p" +pP = p—Tug. (12¢)
Equation (12¢) follows from (5b) and (8), and uses
Ton/90|g = (T/0)CF (McDougall 2003).

By definition H” can only be modified diabatically. By
contrast, HP relies on the vertical distribution of fluid and
represents the gravitational PE (GPE), which is required
to generate KE (see (14b) below). Similar to the derivation
of (9), we evaluate Oh” /0t and OhT /Ot in terms of 90 /0t
and 05/0t (through thermodynamic potentials) and derive
OHT

OHP OKE

In contrast to HY, HP contributes little to the system’s
heat content, because
D D
oh” /00 C, T

T Ralre i 0.3%, (16)

following (12a) and (12c). Thus the H? variation is insen-
sitive to the nonconservation of 6.

b. Numerical scheme

Equations (2), (3), (4a), (6), (10) define a closed system
for numerical integration. Throughout this paper, except
section 3, we use the full nonlinear EOS (Jackett et al.
2006). We compute h', h? and their derivatives (u”), CII,D ,
uP and Cz? ) using the state functions of Jackett et al.
(2006). We use periodic boundaries in y and stress-free,
zero-flux boundaries at the top/bottom. We discretize
Laplacians using second-order-centered finite differences.
We compute Jacobians following Arakawa (1997). We use
the Adams-Bashforth scheme (Press 2007) for time inte-
gration. To resolve cabbeling instability, our default grid
resolution is 0.83 m x 0.83 m. To ensure numerical sta-
bility while minimally affecting the turbulence, our default

OCypiopevertical and horizontal viscosity and tracer diffusivity are

=— 1
o o at (132)
oHP 1 / OnP iy —  OKEeum
ot [[ podydz gt PO ot ot

(13b)

3HP - 1 // 8hp dyds — 8Heatvis T 8CHDme
ot [[ podydz ot VET T ot

(14a)

1 t
KECum =KE + Heatvis = W A //(U}b) podde dt,

(14b)

1 t
Heat;s = ffpodydz/ // v(V2)2podydz dt, (15a)
0

3 x 10~*m?/s. This model conserves salinity to within the
round-off error of the computer, and conserves energy to
within 5% of the KE (PE+KE deviates by <5% of KE) in
almost all simulations.

3. KE contributions from OCAPE and the reduc-
tion of stratification

In this section we temporarily exclude cabbeling to iso-
late and explain the contributions of Sy, (section 3a-3b)
and —Sgirat (section 3c). This also helps to illustrate the ef-
fects of cabbeling when it is included later (section 4a). We
use the following EOS for (3) that includes thermobaric-
ity but excludes cabbeling (see Equation (29) of Ingersoll
2005),

1 t
Cyp pP=——
Heor If podydz/o //

CPrsVS - V(u? + pP)
CP

+ 4PV - (ks VS) +
(15b)

Heat,is is the cumulative viscous dissipation of KE (Fig-
ure 1). KEcupn, is the cumulative KE production by vertical
buoyancy flux (derived from ¢ x (2)). Cypopp is the time-
integral of the rate of energy conversion of H” to H? (ex-
pressed using (10)), which depends on the unpredictable
turbulent diabatic processes and can not be determined a
priori (section 4c).

CPV - (Cporkg V) . CPy(VHf25,2) = —g(p = po)/p = ae(2)00 — B(2)05]g.  (17)
Chp ere 660, 0S are departures of # and S, respectively, from

the basic state (0p, Sp). This basic state is the mean of

podyde fgFW and the WSW in the initial profile. The ther-

mal expansion coefficient (ap) and the saline contraction
coefficient () are functions of pressure with respect to 6y
and Sy, and are computed from the full EOS (Jackett et al.
2006).

a. Unstratified simulation without cabbeling

We start with the a simple case: excluding cabbeling
by using (17), and excluding stratification by employing
an idealized initial two-layer unstratified profile: a CFW
layer (0-0.5 km, -1.6 °C, 34.47 psu) overlying a WSW layer
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FiG. 2. Unstratified simulation without cabbeling in the EOS, as discussed in section 3a. z and y are the vertical and
horizontal coordinates, respectively. (a) The initial /S profile. Snapshots of the 6 (°C) field are shown (b) at t=1.18
days, (c) at t=1.56 days, (d) at t=2.01 days, and (e) at t=4.54 days (the quasi-steady state after convection). (f) The
reference (minimum PE) state for the initial profile. (g) Time series of the energy budget (curves). We also show values of
the four KE contributions (S¢b, Scab, —Sstrat and —Cgpiorre ) based on the whole convection (Equation (1)). See Figure 1
for the detailed energy relations. Scap, Sstrat and Cgpioge are all about zero here since the simulation excludes cabbeling
and has a zero initial stratification (Cyp,pr also relies on cabbeling, see section 4¢). OCAPE is equal to PE minus PE, ¢
(the PE of the reference state). Both PE and PE,es are computed relative to the initial PE,s¢. The sinks of OCAPE
include Sgp, and Sinkgiap: S¢p, is the cumulative contribution of OCAPE to KE (Figure 1), while Sinkgiap, is the cumulative

dissipation of OCAPE by diabatic processes (defined in (18b)).

(0.5-1 km, 0.9 °C, 34.67 psu) (Figure 2(a)). From Part
I we analytically determine its reference (minimum PE)
state (Figure 2(f)). The column-averaged OCAPE is 1.1 x
1072 J/kg. In this configuration the release of OCAPE can
be triggered by infinitesimal vertical perturbations of the
CFW into the WSW. Our domain size is L x L where L
equals 1km. To trigger the release of OCAPE we impose a
uniform surface cooling of 100 Wm~2 for 0.1 days between
y = L/12 and L/6. The KE produced by this cooling is
negligible. Ekman pumping caused by wind forcing could
also trigger the convection (e.g., Weiss et al. 1991; Schmid
et al. 2008).

Figure 2(b)—(e) shows a series of simulated convection
snapshots. The imposed surface cooling induces small ve-
locities at the CFW/WSW interface and perturbs the ini-
tial plume of CFW into the WSW (Figure 2(b)). The
plume gains negative buoyancy by thermobaricity as it de-
scends. The velocity shear at the margins of the plume
induces secondary Kelvin-Helmholtz instabilities. This
generates local turbulent stirrings at smaller and smaller
length scales. Our 2D system does not conserve vortic-

ity and thus does not develop an inverse cascade of en-
ergy. The turbulence perturbs the CFW/WSW interface
and induces a succession of descending CFW plumes that
convert OCAPE into KE. Thus convection becomes a self-
sustaining process and the interface rises accordingly until
the new interface is no longer unstable to turbulent per-
turbations. The convective motions are largely dissipated
by t = 2.3 days (Figure 2(e)).

Figure 2(g) shows the time evolution of energy diagnos-
tics. According to (13b)—(14a), HP (dashed green curve)
is converted to KE (solid red curve) via KEu, (solid blue
curve), and to HY (solid magenta curve) via Cgpiopr
(dashed magenta curve). HT also gains energy from vis-
cous dissipation (Heatyis, dashed blue curve) (Figure 1).
Here Cyp,pr is negligible due to the absence of cabbeling
(section 4c). Scap and Sgrat are zero due to the absence
of cabbeling and initial stratification. Therefore, accord-
ing to (1), the only contribution to KEuy is Sgp due to
thermobaricity (OCAPE). OCAPE is defined as the PE
minus the reference-state PE (PE,cf). As our isolated sys-
tem conserves (KE4+PE) and has no KE initially, it follows



that PE(0) = PE(¢) + KE(¢). Thus the cumulative loss of
OCAPE is

OCAPE(0) — OCAPE(t) = KE(t) + PE,f(t) — PE¢(0) = KE,

(18a)

Sinkdiab (t) = [PEref(t) — PEref(O)] - Heatvis(t) . (18b)

Therefore, OCAPE has two sinks: KE.,, (equal to Sy, for
this scenario) and Sinkgj,p. Here Sinkgjap is due to diabatic
modification of the reference state (since PE,q¢ is constant
for adiabatic processes; see Part I), and the viscous heating
(Heatyis).

As shown in Figure 2(g), for the initial OCAPE,
~31.9% is released to KE.um and ~31.1% is removed dia-
batically via Sinkgiap (solid yellow curve), leaving ~34.7%
unreleased. This ~1/3 conversion ratio of OCAPE to
KEcum is essentially independent of the initial trigger (as
long as its direct contribution to KE is small). This ratio is
also insensitive to the viscosity/grid resolution (Table 1):
As viscosity tends to zero, the dissipation scale becomes
smaller such that the energy dissipation equals the cascade
rate of turbulent energy (e.g., Vallis 2006).

b. Contribution of thermobaricity (OCAPE) to KE: Sty

We demonstrate that Sgp is ~1/3 of OCAPE for any
two-layer unstratified profile. For stratified profiles, a sim-
ilar 1/3 ratio still holds (section 3c; (21b)-(21c)). This
ratio holds in the presence of cabbeling since thermobaric-
ity and cabbeling contribute independently to KE ., (sec-
tion 1). Table 2 details four simulations without cabbel-
ing (cases 2.1-2.4): their profiles are all initially unstrat-
ified and two-layer, with the CFW/WSW interface lying
at different depths. In all simulations, ~1/3 of the initial
OCAPE is consistently converted to KEcyy, (i.e. Sip, here).
Further, Cypgr is negligible (see section 4c).

We now derive the 1/3 OCAPE-to-KEcu;, conversion
ratio analytically. Only the H” part of PE contributes
to OCAPE (since HY is constant for adiabatic processes).
Further, Cygpope is negligible in the absence of cabbeling.
From (13b) we derive

KEcum _ HlD — HfD — CHDtOHP _ HP — HfD (19)
OCAPE PE; — PE,¢f HP — HTDEf

Here the subscripts i, f and ref denote the initial, the fi-
nal, and the initial reference states. The initial reference
state is determined following Part 1. (HP — HZ ) is ex-
pressed following (11a), (11d) and (17). (HP — HJ?) is
expressed by (A10), with an unknown Dy (the depth of
the upper boundary of CFW/WSW mixture in the final
state; Figure 3(c)). Here we determine the value of Dy
that maximizes® (H;” — Hf), which predicts a Dy that is
in agreement with the simulations mentioned above. This

2In (A10), 70, N\QIVSW and Jp are zero since we exclude cabbel-
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\
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The Initial State A Hypothesized State The Final State
GPE; GPE, GPE;

F1aG. 3. Schematic of three states for illustrating the reduc-
tion of stratification (N?) during convection, which leads
to a KE sink: —Sgtrat, as discussed in section 3c. (a)
The initial state. It has a stable density jump Ap at
the CFW/WSW interface and a stratified WSW (N? =
NZgw). p is the density variation associated with N2:
p=J",(=po/g)N?(z)dz. (b) A hypothesized state, same
as the initial state except taking the mean property of
WSW from the initial state (i.e. from the dash to the
solid line). dp is the change of p from the bottom of CFW
to the middle depth of WSW, defined in (20b) (states in (a)
and (b) have the same dp). (c) The final quasi-steady state
after convection, with a interface at depth z = —Dy. The
gravitational potential energy (GPE) of these three states
are GPE;, GPE, and GPEs, respectively. Then —Sgiya¢ is
equal to (GPE; — GPE,,) + (GPE, — GPEy).

strategy of solving the final state (Dy) is consistent with
the principle that a system tends to deform to a final state
that minimizes PE (i.e. HJ? here) (Reddy 2002). Using a
linearly depth-dependent ay profile and a constant 3, the
predicted KEcyu,, /OCAPE by (19) is exactly 1/3 (with de-
viation < 6% if using realistic ap and f profiles). This 1/3
ratio reveals the fundamental relation between the PE re-
leased by adiabatic movement of CFW (OCAPE) vs. the
PE released by mixing of CFW into WSW (KE¢um)-

c. Contribution of reduced stratification to KE: —Sgtrat

Conceptually, mixing out the stratification of an ocean
column during convection raises the water column’s center
of mass. This would convert KE to GPE by an amount
Sstrat as quantified below. We again exclude cabbeling.
We only modify our previous two-layer initial profiles by
adding the stratification: a stable density gap Ap across
the CFW/WSW interface and a uniform positive stratifi-

ing and stratification here. D is a constant. Thus we determine
Dy that maximizes (HP — HJP) by solving d(A10)/dD;=0 and
d2 (AIO)/dDJQc <0. In this scenario, the analytical expression for Dy
is zero when A > 2/3 and is (1 — 3/2 x A\)D when A < 2/3.



KEcum \dz No cabbeling, in §3a Full EOS, in §4a Full EOS, case 4.4 in §4d

v 1.67m 1.11m 0.83m 0.67m 1.67m 1.11m 0.83m 0.67m 1.67m 1.11m 0.83m 0.67m
3 x 10~4m?/s x x  |301%  |31.5% x x  [64.6%  [64.7% x x |89.7%  [90:2%
1x1073m?2/s |33.6% |324%  |31.8%  |31.6%  |65.6%  |68.2%  |67.2%  |65.0%  [94.5%  [91.0%  |89.5%  [90-5%
3x107°m2/s [32.1%  [32.6% |314%  |345%  |67.4%  |664%  |66.8%  |69.0%  |92.8%  |94.1%  |94.4%  |89-T%

TABLE 1. Seunsitivity of KEcum, as a fraction of the initial OCAPE, to viscosity v (same value as diffusivity) and grid
resolution (dz=dy). The first reference simulation (in §3a) has thermobaricity but no cabbeling and stratification, with
initial OCAPE=1.1 x 10~2 J /kg; The second (in §4a) has thermobaricity and cabbeling but no stratification, with initial
OCAPE=1.1 x 102 J/kg; The third (case 4.4 in §4d) has all three effects, with initial OCAPE=3.9 x 10~% J/kg. Their
model domain dimensions are 1000 m x 1000 m, 1000 m x 1000 m and 700 m x 700 m, respectively. In all simulations
except the ones denoted as “x”, the flow is resolved without unphysical KE accumulation at the grid scale. The results
indicate that KE¢,;, are insensitive (variation < 5%) to v and dz (as long as they are small enough to enable cabbeling

instability if cabbeling is allowed; see section 6.1 of Harcourt 2005).

cation in the WSW layer (N? = N g =constant). We
consider scenarios in which the initial WSW is stratified in
salinity only.

Figure 3 shows schematics of the initial and the final
states of convection: D is the water column’s depth and
A is the initial fraction of WSW of the whole column. We
also consider a hypothesized state (Figure 3(b)), the same
as the initial state except that the stratified WSW is re-
placed by the mean WSW. The GPEs of these three states
(Figure 3(a)—(c)) are denoted as GPE;, GPEy, and GPEy,
respectively. Excluding thermobaricity and cabbeling, we
derive (GPE; — GPE,,) and (GPE,, — GPE;) by multiply-
ing gravity g by the change of depth of the water column’s
center of mass in either case. They are expressed by the
first and the second brace term in (20a) below, respec-
tively. Their sum is (GPE; — GPE;) due to the reduction
of stratification, i.e., equal to

]

1 1
—Sstrat = {_HN\%VSWA?)DQ} + {—2>\ [(1=A)D — Dy] £9

convection occurs®. For unstratified profiles, this solution
simply reduces to Sy = (1/3)OCAPE, as in section 3b.
Following section 3b, we predict the final state a priori by
determining a D that maximizes (HP — HfD) At any
instant during convection, the associated state cannot be
determined @ priori from initial conditions, and thus S,
and Sgtrat (and also Scap) at that instant cannot be deter-
mined analytically. In table 3, we detail eight numerical
test simulations with different stratifications. In all cases
KEcum and Dy are well predicted by (21a) and the strategy
above, respectively.

4. KE contributions from cabbeling-induced vol-
ume reduction and the conversion of H? to HY

In this section, we illustrate that cabbeling alone in-
duces two KE components: Sc,, and —Cypoge. Harcourt
(2005) notes that the CFW/WSW transition is of finite

}vertical extent due to mixed layer entrainment or shear,

which is key to inducing the cabbeling instability. Har-

(20a)  court (2005) discussed the model capabilities needed to
N2 D resolve cabbeling instability (see section 6.1 there). Fol-
6p=Ap+ powisw' (20b) lowing these requirements, our simulation adopts the full

2g

Equation (20a) is consistent with a more rigorous deriva-
tion from Appendix A ((A10)-(A11)).

Therefore, in the absence of cabbeling, we derive KE¢um
following (A1) and (A10):

nonlinear EOS (Jackett et al. 2006) and prescribes a initial
CFW/WSW interface of finite thickness (~20 m; section
4d), with numerical grid sizes of 0.83 m and a viscosity of
3 x 10~*m?/s.

a. Unstratified simulation with cabbeling

_ gbh D _
KEcum = H;” — Hf' = Stb — Sstrat, (21a) We reproduce the same simulation in section 3a (Figure
1 2) but now using the full EOS (Figure 4). This comparison
St = =OCAPE.(6p =0 21b
T3 (9 ) (21b) identifies significant differences introduced by cabbeling;:

D2
= é {—gaZAé'D2 AA=1)(1T=2)\) 4+ (2A — 3)\2)% — D';(—})}The initialization of convection is more rapid (~0.22
2] J‘S’ince convection only occurs from z = —Dy to —D, when ex-
( C) pressing OCAPE, using the OCAPE equation ((17c) of Part I), we

Denotations follow Appendix A. Here OCAPE, is the
initial-state OCAPE for the part of water column where

should replace D, A and Ap by (D — Dy), AD/(D — Dy) and dp,
respectively, and finally multiply by a factor (D — Dy)/D. This gives
(21c), as consistent with (A10) and (A11).



Case 2.1 Case 2.2 Case 2.3 Case 2.4
Interface depth of initial
state (CFW above WSW) 100 m 300 m 500 m 700 m
_)F -5 5
Initial reference state WSW, 0-900 m WSW, 0-700 m CFW, 0-250 m CFW, 0-550 m

(by depths)

CFW, 900-1000 m

CFW, 700-1000 m

WSW, 250-750 m
CFW, 750-1000 m

WSW, 550-850 m
CFW, 850-1000 m

Depth of the upper boundary
of CFW/WSW mixture at
the final quasi-steady state

~ 0 m

~ 0m

~ 250 m

~ 550 m

Initial OCAPE

2.7x 1072 J/kg

3.1 x 10-2J /kg

1.1x 1072 J/kg

2.0 x 10-% J/kg

KECUII]

(% of initial OCAPE) 32.9% 34.5% 31.9% 31.1%
Sinkgiab .
(% of initial OCAPE) 66.9% 64.1% 31.1% 24.9%
Remaining OCAPE o, N

(% of initial OCAPE) 0.5% 0.8% 34.7% 43.0%
o 0.15% 0.06% 0.04% 0.11%

(% of initial OCAPE)

TABLE 2. Characterization of unstratified simulations without cabbeling in the EOS, as discussed in section 3b. We
show the initial OCAPE, its two sinks: KE¢um and Sinkgiap, (see (18a)), and the remaining OCAPE after convection.
All simulations have a 1000 m x 1000 m modeling domain. They all have the CFW (6=-1.6 °C, §=34.47 psu) overlying
the WSW (0=0.9 °C) initially but with different CFW/WSW interface depths. The S of the initial WSW is 34.63
psu, 34.65 psu, 34.67 psu, 34.69 psu, respectively, for Cases 2.1-2.4 to ensure a zero stratification (N? = 0). Their
experimental configurations are otherwise identical to the reference simulation in Figure 2 (Case 2.3). About 1/3 of
OCAPE is consistently released to KE¢yuy, for all these simulations. Cypyope is the energy conversion of dynamic enthalpy

to potential enthalpy (see (15b)), which is consistently negligible for no-cabbeling simulation (see explanation in section
4c).
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= -500 -0.35 Sua®  fwapg M Ol
ref T Heatvis
Cogr=4-3 OCAPE © (b)-(e)
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C\Iﬁ 3
g)_:_-_1_._6 °C s
—2
0=0.9 °C >
o1
______ c
L
0=-1.6 °C 0
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Fic. 4. As Figure 2 but for an unstratified simulation with cabbeling included in the EOS, discussed in section 4a. It is
the same simulation as that in Figure 2 but uses the full nonlinear EOS of seawater (Jackett et al. 2006). Snapshots of
the model’s  (°C) are shown (b) at t=0.22 day, (¢) at t=0.38 day, (d) at t=0.53 day, and (e) at t=2.71 days. For (g),
see Figure 1 for the detailed energy relations.

day vs 1.18 day) since cabbeling-involved entrain-
ment/mixing at the initial interface generates neg-

ative buoyancy and entrains CEW plumes into WSW
more rapidly (Harcourt 2005). Additional accelera-



Case 3.1 Case 3.2 Case 3.3 Case 3.4 Case 3.5 Case 3.6 Case 3.7 Case 3.8

A 0.9 0.9 0.9 0.9 0.7 0.7 0.7 0.7
Ap (kg/m?) 0 8 x 1073 2% 1073 4 %1073 12 x 1073 0 1x1073 6 x 1073
N2, (s72) 0.6 x 1077 0 0.2 x 1077 0.4 x 1077 0 1.0x 1077 0.8 x 1077 0.4 x 1077
dp(kg/m?) 2.8 x 1073 8.0 x 1073 3.0x 1073 5.9 x 1073 12 x 1073 3.7x 1073 3.9x1073 7.5 x 1073
OCAPE (J/kg) 239 %1072 |1.92x 1072 |2.37x 1072 [2.10x 1072 |0.89 x 1072 |2.32x 1072 [2.30x 1072 |[1.61 x 1072
(Sjl}kg) by (21b) 8.8 x 1073 8.8 x 1073 8.8 x 1073 8.8 x 1073 5.8 x 1073 10.0x 1073 9.9 x 1073 8.6 x 1073
(?;l:g‘*)t by (20a) -49%x107%  |-34x1073%  |-25x107% [-5.0x 1073 [-4.7x1073 [-6.3x1073® [-5.9x1073 |-6.3x 1073
EyEE;Ta()J/kg) 3.9x 1073 5.4 x 1073 6.3 x 1073 3.8 x 1073 1.1x 1073 3.7x 1073 4.0 x 1073 2.3 %1073
EYESISH%/;‘E& 4.1 %1073 5.3 x 1073 6.5 x 1073 3.7 x 1073 1.2x 1073 3.6 x 1073 4.3 x1073 2.6 x 1073
gy ! gzgﬂy 0 0 0 0 185 22 27 96
Dy (m) 0 0 0 0 ~ 190 ~ 30 ~ 30 ~ 110
by simulation

TABLE 3. Characterization of stratified simulations without cabbeling in the EOS, as discussed in section 3c.

All

simulations have a 1000 m x 1000 m modeling domain. They all have the same configurations (e.g. the # and S
of the initial CFW, the 0 of the initial WSW, and the initial cooling) as the reference simulation in Figure 2 except

the following parameters: A\, Ap, N2

SW

and dp (see the text for their definitions). The S of the initial WSW in each

case can be determined by Ap and NVQVSW. OCAPE also differs from one case to another. Sy, and (—Sgrat) are the KE
contributions from thermobaricity and the reduction of stratification, respectively. Dy is the depth of the upper boundary
of CFW/WSW mixture at the final state. “Dy by theory” maximizes H — H]’? as given by (21a) along with (21c) and
(20a). In all simulations KEc,,, and Dy are both well predicted by (21a) and the strategy above, respectively.

tion of plumes by cabbeling also shortens the whole
convective period (~2.5 day vs 3.5 day; see Figures
4(f) and 2(f)).

The interface depth of the final state (D) is shallower
in the presence of cabbeling (~ 130 m vs 250 m). This
is because a transient state with interface at 250 m
depth is still susceptible to cabbeling instability that
drags more CFW downward. This modification to
the final state also leads to a smaller Sy, (0.0029 vs
0.0037 J/kg) following (21c).

Cabbeling contributes ~0.005 J/kg to the fi-
nal KEcu,, by producing two additional terms:
Scap =0.0481 J/kg and —Cypyoper = —0.0432 J/kg.
The resulting KE .y, is more than doubled. KE,, is
insensitive to grid resolution and viscosity (Table 1).
Therefore, in the presence of cabbeling, the energy
budget should be updated from (21a) to

HZD — HfD = Stb - Sstrat + Scab7

(iii)

(22)

and Equation (1). These two equations are derived
mathematically in Appendix A and are verified nu-
merically in section 4d (Figure 7(a)-7(b)).

b. KE contribution from cabbeling-induced volume reduction:
Scab

Cabbeling shrinks the water column’s volume when the
initial CFW and WSW are mixed by convection. This acts
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to lower the water column’s center of mass and thus releases
GPE to KE by an amount Sc.;,. Again we consider initial
states (Figure 3(a)) with WSW stratified in salinity only.
Using the second-order Taylor series of potential density,
the initial CFW and WSW both have a cabbeling term of
density (see Equation (10) of Harcourt 2005):

1 0%

0,P,S) =
00 ( ) 200 002 p s

PZC = _PO'YG@(A6>2> 3 (23)

where Af is the departure of the initial WSW from ba-
sic state 0y, the mean 6 of the initial CFW and WSW.
Here ~gg is the coefficient of cabbeling (Harcourt 2005).
We neglect other cabbeling terms related to 92p/000S
and 9?p/dS? since 7p9 dominates over them (Harcourt
2005). For wintertime polar seawater at sea level (e.g.,
30 psu< S <40 psu and —2°C < 6 < 4°C), ~ypg is roughly
constant: (6.5 4 0.6) x 1076°C~2 (Figure 3(a) of Huang
2014). ~yg varies by < 10% from sea level pressure to
1500 m depth (IOC et al. 2010). Thus we approximate
Yoo = 6.5 x 1076 °C~2 throughout for simplicity.

The CEFW/WSW mixture of the final state, which has
a thickness of (D — Dy), assumes complete mixing (Figure
3(c); see simulations in Figures 2(e), 4(e), 5(e) and 7(e)).
In contrast to (23), this final CFW/WSW mixture has a
cabbeling density term:

D

c _ 2 _
pf = —poves(A0f)=, Aby [2>\DDf

- 1} A9, (24)
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Fi1G. 5. As Figure 2, except panel (f), for a stratified simulation with cabbeling included in the EOS. This is case 4.4 of
Table 4 discussed in section 4d. It adopts the full nonlinear EOS of seawater (Jackett et al. 2006) and a detailed model
configuration is described in Table 4. Snapshots of the model’s § (°C) are shown (b) at t=0.26 day, (c) at t=0.59 day, (d)
at t=1.49 days, and (e) at t=2.8 days. Panel (f) follows Figure 9(b) of Harcourt (2005): it shows the buoyancy force on
parcel P using the full nonlinear EOS when it is displaced vertically and adiabatically across the initial profile. Parcel P
is originally located at the depth of 115 m within the initial interface (100-120 m depths). Panel (f) suggests a cabbeling
instability when moving parcel P downward, since it becomes negatively buoyant. For (g), see Figure 1 for the detailed

energy relations.

where Af; is the CFW/WSW mixture’s departure? from
the basic state 8y. Therefore, in a compressible fluid,
cabbeling shrinks the CFW/WSW mixture’s thickness by
(D—=Dy)(p§—p5)/po- Thus the center of mass of the whole
column is lowered by [(D—Dy)(p$—p5)/pol(D+Dy)/(2D).
Multiplying this by gravity g gives the release of GPE to
KE by
- Py —Pi D+ Dy
Secab = |(D — Df)TT]

b o\ @)

D—Df>'

This expression agrees with a more rigorous derivation from
Appendix A ((A10)-(A11)).

— 29 (80P)D+ D) (A ¥

4For the expression of Ag ¢ in (24), we neglect the nonconservation
of 6 during mixing because HP (and thus S.,p,) is insensitive to this
nonconservation according to (16).
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c. KE contribution from energy conversion of HP to HT:
—Cupenr

Cupionr, as expressed in (15b), is the irreversible dia-
batic energy conversion of H” to H”, which reduces the
KE production from HP ((13b); Figure 1). We address
the following question: why is —Cgpoge only significant
in the presence of cabbeling (section 4a)?

We diagnose (15b) numerically and find that the first
term dominates Cypiopr:

o ~ 1 i chv.
o=ty /]

Including cabbeling, the leading-order buoyancy expression
is updated from (17) to be

(Cpoﬂg V@)
CP

(26)

b(0,5,2) = [0g(2)660 — B(2)5S + 790(56)%] g. (27)

podydz dt,



Thus C’D, according to (12a), can be decomposed as fol-
lows:

0
= /
0 0
co :/ apgd?’; C;’lb :/ 270900gdz" = (—2)27p000g,
: - (28b)

0b

_ o cab
%0 =0+ 0,

(28a)

S,z!

We diagnose numerically that the effect of Cf,“b dominates

the factor CP in (26), where C), is approximately Cpo =
4000 J kgt OC L. Thus we update (26) to

1 ! cab
CHDtOHP ~ fj‘podydz/o // _Cp V- (K@V@)dydz dt

(29a)
ff:fizzz/ / V(60z) - (ke V0)dydz dt

(29b)
ff2;)6§zdz / / / 2)ke(VO)2dydzdt >0,

(29¢)

using (28Db), the no-flux boundary condition and V(66) =
V6, and neglecting a small term proportional to 9(56)?/z.
n (29¢), (—z) is always positive. Equation (29c¢) is verified
numerically.

In summary, cabbeling contributes to heat capacity by
a factor of (yp9d0) as in (28b). This factor couples with
the heat diffusion V - (kgV#0) as in (29a) and generates
a positive-definite contribution (x (V6)?) to Cypiopr as
n (29¢), which accumulates over time. Thus Cypiopr is
only significant in the presence of cabbeling. From (29c),
Cupiopp is proportional to kg as well as (V6)?, while the
mean (V6)? decreases with kg. Thus these two factors act
to compensate each other and induces the insensitivity of
Cypiopr to diffusivity kg, as diagnosed numerically. Due
to the process-dependent nature, Cypi,yr, & component
of KEcym in (1), cannot be predicted a priori, but rather
must be diagnosed numerically.

d. Stratified simulations with cabbeling

We conduct eight numerical experiments (Table 4).
Since our energy decomposition (A10) relies on the ocean
column depth D, we perform cases with various sizes of D
to test the sensitivity. They initially all have a linear vari-
ation of @ and S across the CFW/WSW interface (100-120
m depths). But they have differing initial stratifications.
The initial cooling applied to the simulation in Figure 2 is
also applied to all simulations here, which triggers convec-
tion along with the cabbeling instability. For all simula-
tions, H; — Hy and KE¢,,, are well predicted by (22) and
(1) (Figure 6(a)-6(b)). As in Table 4, Sy, is larger than
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Scab for cases 4.7-4.8 (column depth= 2 km), while smaller
than Sc,p for cases 4.1-4.6 (column depth= 0.7 km). This
is because Si, and Scap, have a quadratic (see (21c)) and
a near-linear (see (25)) dependence on column depth, re-
spectively. We analyze case 4.4 in detail (Figure 5). The
snapshots of convection resemble the simulation of Har-
court (2005) (see Figure 14(a) and 14(b) there). Following
Harcourt (2005), Figure 5(f) suggests a cabbeling instabil-
ity for the initial interface. Cabbeling contributes to the
final KEcym by Scab — Cupiopr = 0.01 J/kg, which is com-
parable to Sgp, = 0.0051 J/kg and —Sgipar = —0.0116 J/kg.
KEcum here is again insensitive to grid size and viscosity
(Table 1).

e. A strategy to estimate the mazimum depth of convection

Previous studies predict the maximum depth that con-
vective plumes can reach using a Lagrangian approach: this
approach follows an individual plume and estimates its ac-
celeration based on entrainment assumptions (e.g., Turner
1979; Akitomo 2007). Here we propose to estimate the
maximum depth of convection from an energetic perspec-
tive by the followings steps.

(i) Begin with the initial  and S profiles that have CFW
overlying WSW with a column depth of D,,q.. We
assume the final state of convection comprises a CFW
layer on top for —Dy < z < 0, a CFW/WSW mixture
at the middle for —D < z < —Dy, and a WSW layer
below for —Dj4. < 2 < —D. Here D always denotes
the maximum depth of convection, which also equals
the ocean-column depth in previous sections.

The /S profile of the final state is a known func-
tion of the variables Dy and D: we assume that fluid
in the regions —Dy < 2z < 0 and —Djpee < 2 <
—D remain unmodified from the initial state. For
—D <z < =Dy, 0 and S are assumed to be homo-
geneous due to a complete mixing of the initial state
within the corresponding depths (see, e.g., Figures
2(e), 4(e) and 5(e))). Given the 0/S profiles above,
the HP difference between the initial and the final
states, (HP — HJ?), is given by (A10) in terms of Dy
and D (or given by (1la) and (11d) using the full
EOS).

We assume that the final state is the one that has the
minimum PE, which is consistent with simulations
(see below) and the principle of minimum total po-
tential energy (Reddy 2002). While PE is defined as
HP+HP according to (7) and (11a), we use PE ~ HP
because HY does not contribute to KE (see Figure 1).
Here we only discuss the cases with Dy = 0 in the fi-
nal state, which have realistic applications such as for
Weddell Polynya (McPhee 2003; Harcourt 2005) (see
also Figures 5(e) and 7(e)). Discussing nonzero Dy

(iii)



Case 4.1 Case 4.2 Case 4.3 Case 4.4 Case 4.5 Case 4.6 Case 4.7 Case 4.8
D (m) 700 700 700 700 700 700 2000 2000

Ap (kg/m?) 1x1073 1x1073 5x 1073 5x 1073 9x 1073 9x 1073 5x 1073 5x 1073
N2, (s7%) 0.5 x 1077 2.5 x 1077 0.5 x 1077 2.5 x 1077 0.5 x 1077 2.5 x 1077 0.2 x 1077 0.8 x 1077
3p (kg/m?) 2.6 x 1073 8.8 x 1073 6.6 x 1073 12.8 x 1073 10.6 x 1073 16.8 x 1073 7.0 x 1073 12.9 x 1073
8%5@ 1.33 x 1072 0.78 x 1072 0.98 x 1072  |0.43 x 1072 0.62 x 1072 0.10 x 1072 5.77 x 1072 4.98 x 1072
E;b((é]l/l}()g) 5.1 x 1073 5.1 %1073 5.1 x 1073 5.1 x 1073 5.1 %1073 5.1 x 1073 20.9 x 1073 20.9 x 1073
;ys?égt;)‘]/kg -2.3x 1073 -1.0x 1072 |-41x 1073 |-1.16 x 1072 |-5.6 x 1073 -1.33x 1072 |-8.9x 1073 -2.87 x 1072
i;“‘z%kg) 15.6 x 1073 15.6 x 1072 [15.6 x 10™%  |15.6 x 1073 15.6 x 1073 15.6 x 1073 17.5 x 1073 17.5 x 1073
—Crpronr (J/ks) 7.0x 1073 6.2x1073  |-7.4x 1073  |-5.6x 1073 6.6 x 1073 4.6 x 1073 4.5x1073 4.1 %1073
by simulation

TABLE 4. Characterization of stratified simulations with cabbeling (using the full EOS), as discussed in section 4d.
Denotations follow Table 3. In all simulations the horizontal size of the modeling domain is the same as its vertical size
(i.e. D). All simulations initially have the same CFW (6 =-1.6°C, S=34.51 psu) at 0-100 m depths, a linear variation of
0 and S across 100-120 m depths, and a WSW layer beneath (§ =0.7°C). The S of the initial WSW in each case can be
determined by Ap and N2 . The initial cooling applied to the simulation in Figure 2 is also applied to all simulations
here. These perturbations, along with the cabbeling instability, trigger convection in the simulations. All simulations
have a final state of total column mixing. See (H; — Hy) and KEum diagnosed from simulations here vs. the predictions
by (22) and (1) in Figure 6(a)-6(b).

Case 5.1 | Case 5.2 | Case 5.3 | Case 5.4 | Case 5.5 Case 5.6 Case 5.7 | Case 5.8 Case 5.9
Ap (kg/m?) 1x1073 | 1x1073 | 1x1073 | 5x1072 | 5x 1073 | 5x 1073 | 9x 1073 | 9x 1073 | 9x 1073
N2, (57%) Ix1077 | 2x1077 | 4x1077 [ 1x1077 [ 2x 1077 | 4x1077 [ 1x 1077 | 2x 1077 | 4x 107

TABLE 5. Characterization of stratified simulations with cabbeling (using the full EOS), focusing on the convection
depth, as discussed in section 4e. Unlike Table 4, all simulations here do not have a convection depth that reaches the
bottom of the 2000 m x 2000 m modeling domain. They all initially have a CFW (0 =-1.6°C, S=34.51 psu) at 0-100
m depths, a linear variation of # and S across 100-120 m depths, and a WSW layer (§ =0.7°C) beneath. The S of the
initial WSW in each case can be determined by Ap and N2_ . The initial cooling applied to the simulation in Figure 2

is also applied to all simulations here. All simulations have a final state where all CEW sinks into WSW (i.e. D;=0).
See the convection depths diagnosed from simulations here vs. our predictions in Figure 6(c).

(@) (b) () Maximum depth
Hi_Hf (J/kg) Case # KEcum (Jkg) of convection (m) Case #
0.04 = 48 0.03 - 2000 - mm5.9
47 P 5.8
c .@ 4.6 o c ;@ 57
] : 9 s 5.6
— L 45 R - L -
2 0.02 . 0.015 ‘ 2 1000 . 55
2 o® 4.4 - g .
o K «® g R 5.4
o ' 4.3 . o " 5.3
4.2 o~ 5.2
GO 0.02 0.04 41 0O 0.015 0.03 G0 1000 2000 51
Simulation Simulation Simulation

F1G. 6. (a) Prediction of H; — Hy by (22), (b) prediction of KE¢um by (1) vs. numerical simulations for cases 4.1-4.8
described in Table 4. Here the prediction of KE,, adopts the value of Cyp,gr diagnosed from simulation since Cgpope
has no analytical solution. Panels (a) and (b) share the same colorbar. (c) Prediction of the maximum depth of convection
by our strategy in section 4e vs. numerical simulations for cases 5.1-5.9 described in Table 5. As shown in panels (a)-(c),
these predictions agree closely with numerical simulations. All simulations here have a final state where all CFW sinks
into WSW.

13



(@) S (psu) 6 (°C) (9)
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Bouyancy force on
parcel P (cm s'2)

2 4 6
Time (days)

FiG. 7. As Figure 5 but for a stratified simulation with cabbeling based on realistic initial profiles, discussed in section 5.
The model configuration is the same as that in Figure 5, except with a uniform surface salinity flux enforced from t=0
to t=4.2 days, equivalent to an ice formation rate of 1.5 cm/day. (a) The initial profile, from Maud Rise (65.4605°S,
2.4007°E) on August 2, 1994, station 48 of ANZFLUX CTD profile (courtesy of Bruce Huber; McPhee et al. 1996). 1000
m is about the maximum depth of convection in our simulation. Snapshots of the model’s ¢ field are shown (b) at t=0.65
day, (c) at t=3.1 days, (d) at t=4.7 days, and (e) at t=7.5 days. Panel (f) is similar to Figure 5(f) but with a additional
magenta curve computed from a hypothesized profile. It is the same as initial profile except with a saltier mixed layer
(at 0-180 m depths) due to 6.3 cm of ice formation (i.e. 1.5 cm/dayx4.2 days). It has a linear variation of 6 and S
across the CFW/WSW interface at 180-200 m depths. This magenta curve suggests that brine rejection may generate a
cabbeling instability for parcel P at the interface (i.e. become negatively buoyant when it is moved downward). For (g),

see Figure 1 for the detailed energy relations.

would also have important applications but is out of
this manuscript’s scope. Thus we determine the final
state by solving for the value of D that maximizes®
(HP — HJ?) This solution for D is treated as the
maximum depth of convection.

The assumption PE ~ HP above should be treated
with caution: HP is not converted completely to KE due
to Cypionr, 4.6. AHP = KEcum + Cuponr (Figure 1 and
(13b)). Further, Cygpy,pe is process-dependent and can-
not be determined a priori given the initial and the final

5We should maximize (H iD —H fD) in units of J, as expressed by

((A10)xD x pg x 1m?) ((A10) has a unit of J/kg). In (A10), we use
Dy =0 and A = (1 — D;/D) by definition (i.e., X varies with D),
where D; is the fixed initial depth of CFW. Thus we determine D by
solving d[(A10)x D]/dD=0 and d?[(A10)x D]/dD? <O0.
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states (section 4c¢). The uncertainty by neglecting Cypope
above in predicting the final state remains the focus of fu-
ture studies. We test nine simulations with different initial
stratifications (Table 5). Our predictions of the convection
depth by the strategy above agree closely with those diag-
nosed from the numerical simulations (Figure 6(c)), which
are diagnosed based on the maximum depth that convec-
tive plumes and the subsequent mixing can reach. This
strategy may be useful in improving the parameterizations
of deep convection in ocean models.

5. Application to observed profiles

We apply our analysis of energy and maximum depth
of convection to an example with the initial profile (Figure
7(a)) obtained from the Weddell Sea. It has CEW over-



lying WSW, with a interface at about 180-200 m depths.
It has an OCAPE of 1.1 x 1072 J/kg. Figure 7(f) (blue
curve) suggests that the initial profile is not susceptible to
cabbeling instability. To trigger convection in simulation,
we impose a uniform surface salinity flux equivalent to an
ice formation rate of 1.5 cm/day (e.g., Figures 11(c) of Har-
court 2005) since the initial mixed layer is at the freezing
point. This idealized configuration ignores the ice-ocean
dynamic interaction (e.g., see an associated parameteriza-
tion in Harcourt 2005). The salinity flux is enforced for
the first 4.2 days, which induces cabbeling instability at
the interface (magenta curve in Figure 7(f)). Our simu-
lation shows convective plumes continuously sinking from
the interface (Figures 7(b)-7(d)), similar to the findings
of Harcourt (2005). The surface flux introduces additional
complications to the energetics (e.g., for HY) and we focus
on some key energy quantities (Figure 7(g)). HP is still
partitioned into KE¢ym and Cyoge ((13b) and Figure 1).
OCAPE is generated and partially released simultaneously
for the first 4.2 days due to the surface forcing. Evalua-
tion of Si, by (21b), Scap by (25) and Sgirat by (20a) give
0.0104, 0.0244 and 0.0210 J/kg, respectively, using the ini-
tial profile except with a saltier mixed layer by the 4.2 days’
surface salt input®. Cgpope is 0.0081 J/kg as diagnosed
from simulation. These lead to HP — HpP= 0.0138 J/kg
by (22) and KE¢,m= 0.0057 J/kg by (1); both agree with
the simulation (Figure 7(g)). The strategy in section 4e
predicts the maximum depth of convection ~910 m, con-
sistent with simulation (~1000 m in our test simulation,
whose domain depth is 1500 m).

6. Discussion and Conclusion
a. Key results

We summarize our key results as follows:

(i) Dynamic enthalpy HP is insensitive to the noncon-
servation of potential temperature (see (16)), allow-
ing us to predict the change of H” due to convection
(Figure 6(a)).

The KE budget of Type II and Type III convection
may be decomposed into four components (Equation
(1) and Figure 1): (1) A source of KE due to thermo-
baricity/OCAPE; (2) A sink of KE due to the reduc-
tion of stratification by vertical mixing, which raises
the water column’s center of mass and converts KE
to PE; (3) A source of KE due to cabbeling-induced
shrinking of the water column’s volume when water
masses with different temperatures are mixed, which
lowers the water column’s center of mass and releases

PE to KE; (4) A reduced production of KE due to

SParameters are: A ~ 1.115°C, H = 1000 m, A ~ 0.81, dp ~
0.0101kg/m? , N2_, ~ 3.06 x 1077872,

WSW
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cabbeling-related diabatic energy conversion of dy-
namic enthalpy to potential enthalpy”. Our analy-
sis is based on the initial profiles with CFW over-
lying WSW as widely observed in winter-time polar
oceans. We assume that the initial WSW is stratified
in salinity only. We derived analytical expressions to
predict the first three components (Appendix A). The
fourth component is diagnosed numerically (Table 4
and Figure 6(b)).
(iii) Thermobaricity (the first KE component above) dom-
inates over cabbeling (the third KE component
above) for deeper convection depths, while the latter
dominates over the former for shallower convection
depths (Table 4, cases 4.1-4.6 vs cases 4.7-4.8).

(iv) We develop a strategy to predict the maximum depth
of convection from the initial profile, which is repro-
duced by the numerical simulations (Figure 6(c)).

b. Model limitations

Our simulations were designed to build up a concep-
tual understanding for the energy partitioning during con-
vection. As a result, numerous physical processes that
could affect convection have not been included. For exam-
ple, abrupt vertical mixing during convection might couple
with baroclinic instability (Akitomo 2005, 2006). Earth’s
rotation might impact the OCAPE/cabbeling dynamics
directly via the Coriolis force (Harcourt 1999) and indi-
rectly via the background geostrophic circulation/eddies.
Double diffusive convection also occurs in two-layer strat-
ifications (Radko et al. 2014) and may couple with ther-
mobaric/cabbeling dynamics (e.g., Carmack et al. 2012).
Other factors such as surface wind stress, topography and
horizontal buoyancy gradient may also impact convection.

Our choice to use 2D simulations reduces the compu-
tational burden and permits a greater exploration of the
parameter space. These 2D simulations fail to resolve 3D
instabilities that may occur following deep convection and
laterally mix the sinking water (Jones and Marshall 1997).
However, the 2D and 3D associated simulations in Akit-
omo (2006) result in small differences. Our simulations use
a constant viscosity, which may induce unrealistic effects
(Harcourt 2005).

Type IT and Type III convection may or may not be
distinguished uniquely. It is difficult to distinguish them
from the energetic perspective discussed in this study. It
is possible that a more dynamical difference between these
convection types may be identified from a buoyancy per-
spective (see Harcourt 2005) and should be investigated in
a future study.

"See Figure 1 (left) and section 2. There are only three energy
reservoirs here: HP, H” and KE.



c. Implications

Our simulation includes viscous heating in the thermo-
dynamic equation, which converts KE to PE. This is key
for energy conservation (Landau and Lifshitz 1959) as well
as for characterizing the dynamics (Figure 1). However, in-
clusion of viscous heating is not necessary for an accurate
prediction of the convective dynamics. All viscous heating
is converted to HY (Figure 1), but only H” contributes
to the KE (Young 2010). Further, viscous heating causes
negligible changes to the temperature field as well as to
the buoyancy force, due to the large specific heat capacity
of water. In this study we also account for the changes
in thermodynamic potentials (e.g. chemical potential; see
(12a)-(12c)). While these terms are not necessary for an
accurate prediction of the convective evolution (recall that
only (2), (3), (4a), (6), (10) define the closed model for
numerical integration), they remain important for charac-
terizing the dynamics.

The mixing parameterizations in current ocean general
circulation models (GCMs) typically apply strong local di-
apycnal mixing in the vertical wherever the water column is
statically unstable (e.g., the KPP parameterization, Large
et al. 1994). A parameterization for Type II and Type III
convection, however, should include the vertical movement
of ocean parcels to large depths without substantial mix-
ing at intermediate depths. This paper may help improve
this parameterization (e.g., parameterize tracer diffusiv-
ities from the estimated KE and the convection depth).
This may resemble the parameterizations of moist convec-
tion in atmospheric GCMs using CAPE (Gregory et al.
2000; Zhang 2009).
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Appendix: Mathematical derivation of Equation

(1)

Equation (1) summarizes our energy decomposition of
the KE budget for Type II and Type III convection. In
this appendix we derive (1) based on the whole convection.
Following definitions and denotations in section 2a, from
(13b) we derive

KEcum = 7CHDtoHP + (HzD - HJP)v (Al)

where the subscripts ‘4> and ‘f’ denote the initial and fi-
nal states, respectively. Now we derive the expression of
(HP — HP) based on idealized initial/final states shown
schematically in Figure 3. The initial state approximates
widely observed quasi-two-layer stratification in winter-
time polar oceans (Gordon and Huber 1990): it has a ho-
mogeneous CFW (constant fcpw and Swsw) at depths
—(1=X)D < z < 0, overlying a constant-stratified WSW
(Bwsw and Swsw, constant N? = NZqw) at depths
-D < z < —(1 = A\)D (Figure 3a). We only consider
WSW stratified in salinity, i.e., with Owsw=constant and
Swsw linear with depth:

dSwsw(z) _ _N\%vsw7 (A2)

dz By

following the definition of N2 (Gill 1982). We use simplified

Taylor series of buoyancy

b= g[(ao + CYZZ)(SQ — B6S + ’799592], (A3)

where aq, o, and [ are treated constant following the de-
notations of Part I (a, = —3 x 1078°C~tm™1!). ~yy is the
constant cabbeling coefficient defined in section 4b. §6 and
6S are the anomalies from the mean of the initial CFW
and WSW properties

30(z) = 0(z) — 0.5(0crw + Owsw),
(Ad)

where Swsw is the vertical mean of Swsw in the WSW
layer following (A2). We define

Af = 0.5(0wsw — Ocrw), AS = 0.5(Swsw — Swsw)-
(A5)
Then dp, the density difference between the CFW and the

mean WSW at the level of the CFW/WSW interface ini-
tially, has an expression

dp=po[—(ap — a.(1 —A)D) x 2A0 — B x 2AS]. (A6)

Further, from (A4)-(A5) we get the vertical profiles of 66
and 0.5 for the initial state

00; = —Af, §S; = —AS,

(A7)

where the upper and the lower describe the initial CFW
and WSW, respectively. Similarly, we derive the final state:
we assume that the CFW is unmodified for —D; < 2z < 0
and the fluid column becomes completely mixed for —D <
z < —Djy (Figure 3c; based on numerical simulations such
as Figures 2(e), 4(e) and 5(e)), i.e.,

50; = —AO, 5S; = —AS,
(2A = 1)D+ Dy (2A —1)D + Dy
69y e bop, AS

(A8)

65(z) = S(2) — 0.5(Scrw +

for — (1 — )
N2
80, = AO, 6S; =AS — 7‘gsw (z4+ (1 —=0.50)D), for—D <
g

for —

for —



where for the expression of §6;, we neglect the nonconser- Akitomo, K., 2006: Thermobaric deep convection, baro-

vation of # during mixing because H” is insensitive to this clinic instability, and their roles in vertical heat trans-
nonconservation according to (16). port around Maud Rise in the Weddell Sea. J. Geophys.
Following the definition of H? ((11a) and (11d)), and Res.: Oceans, 111 (C9), C09 027.

using (A3), (A6)—(AS8), we derive . o . .
Akitomo, K., 2007: Restriction of convective depth in the

1 /0 1 9 Weddell Sea. Geophys. Res. Lett., 34 (10), L10610.
HP — H}P = —/ (66; — 607)(—gaoz — 0.5ga,2%)dz + —/ (0S; —0S¢)(9Bz)d=
DJ-p D —Brakawa, A., 1997: Computational design for long-term
1 [ 5 9 numerical integration of the equations of fluid motion:
+ D /_D(Mi = 007)(—97002)dz, (A9) two-dimensional incompressible flow. Part I. J. Comput.
Phys., 135 (2), 103-114,

Dy f
AA=1)(1 =2X) + (2A - 3)‘2>54r_algaﬁ, ~and W. H. Schubert, 1974: Interaction of a cu-
mulus €loud ensemble with the large-scale environment,

+ {_112N\%VSW)‘3D2 _ %/\[(1 ~\)D - Df](s—pg Part I. J. Atmos. Sci., 31 (3), 674-701.

A2D Carmack, E. C.,; 1979: Combined influence of inflow and
+ {2g799A92 (D+Djs)(N— D-D )} lake temperatures on spring circulation in a riverine lake.
s J. Phys. Oceanogr., 9 (2), 422-434.
(A10)

= Stb - Sstrat + Scab- (All)

1
= { —ggazA9D2

Carmack, E. C.; W. J. Williams, S. L. Zimmermann, and
F. A. McLaughlin, 2012: The Arctic Ocean warms from

In (A10), the three brace terms are proportional to ther- below. Geophys. Res. Lett., 39 (7).

mobar%city (az),' stratification facjcors (N{vsw: 9p); and Denbo, D. W. and E. D. Skyllingstad, 1996: An ocean
cabbeling coefficient (vgg), respectively. We denote them large-eddy simulation model with application to deep

in (A11) as Stb, —Sstrat and Scap, respectively, representing convection in the Greenland Sea. J. Geophys. Res.:
the sinks/sources of H” related to thermobaricity, strat- Oceans, 101 (C1), 1095-1110.

ification and cabbeling. These expressions are consistent

with (20a), (21b) and (25) that are based on more physi-  Emanuel, K. A., D. N. J., and C. S. Bretherton, 1994:
cally intuitive derivation. By combining (A11) and (A1), On large-scale circulations in convecting atmospheres.
we finally derive (1). Note that (HP — Hf?) expressed by Quart. J. Roy. Meteor. Soc., 120 (519), 1111-1143.

(A10) is in units of J/kg. .
Garwood Jr, R. W.; S. M. Isakari, and P. C. Gallacher,

1994: Thermobaric convection. Geoph. Monog. Series,
85, 199-209.
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