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Title: Quantifying energy barriers associated with density stratification in 
vertical displacements of water parcels 
 
Dear Dr. Griffies. We appreciate the time you take to review our preprint, the detailed mathematical 
derivation of the buoyant force, and the pertinent comments regarding our approach. As you 
suggested, the analysis regarding the net force on a displaced fluid parcel was carefully revised and 
corrected; we provide a better contextualization of our formulation and its limitations. Also, we 
revised the Introduction, incorporated recent relevant literature, and clarified the objective of our 
study. We hope you find the corrections satisfactory and that our research contributes to the 
advancement of oceanographic knowledge. 
 
Reviewer #2 Stephen M. Griffies 
 
Comment 1: Inaccurate theoretical foundation. In particular, the use of potential density is 
problematic when considering bulk measures. Vallis noted this limitation two pages later than the 
page 92 quoted by Moreles as their starting point. McDougall's review provides more points to this 
regard. 
 
I concur with McDougall's concern for the use of potential density as the foundation for a bulk 
method to measure vertical stratification in the ocean. Granted, in many areas of the ocean there are 
no worries. But the high latitudes are a place where problems can occur. Instead of starting from first 
principles, the authors pick an equation from Vallis (2006) that is not even the final expression he ends 
up with to measure stratification. Vallis (2006) concludes on his page 94 that a local measure of 
stratification is the vertical derivative of the locally referenced potential density. I appreciate that 
Moreles et al are seeking a bulk measure rather than a local measure. But when one goes bulk, more 
theoretical work is needed to formulate the theory and then to test its relevance in the real ocean.. 
 
Answer 1: We agree with you that the use of potential density referenced to a fixed pressure is not 
adequate to measure integrated stratification across large distances since its use ignores the 
thermobaric effect. We apologize for the lack of clarity in stating the objective of our study; we don’t 
intend to propose an index of stratification or a proxy for it. Our objective is to estimate the energy 
barriers associated with density stratification in vertical displacements of water parcels, considering 
the direction (upward or downward) in which the parcel is displaced. We suggest that the magnitude 
of the energy barriers can serve as a proxy for the intensity of stratification experienced by a water 
parcel as it displaces vertically; the greater the barriers, the more stratified the water column, and vice 
versa. 
 
We agree with you on the relevance of describing the theoretical context associated with a physical 
problem. Therefore, in the revised version of the methodology (see the attached document), we 
described the problem and the approach we took to solve it: 
 
To analyze the energy barriers, we quantified the buoyancy energy required for a water parcel in 
equilibrium to be displaced upward and downward. Given a vertical density stratification, we first 
derive an expression to estimate the force F on a water parcel, initially at rest, if it were displaced 
vertically (upward or downward) from its equilibrium position. If the force is conservative, we can 
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use classical mechanics arguments to obtain a potential function V from which the force F can be 
derived (Goldstein, 1980, p. 4), F = – grad V. The potential function V is the buoyancy energy and is a 
function of the vertical coordinate. It represents the energy barriers a water parcel would encounter 
along its vertical movement. In summary, we need an expression of the force F from which we can 
obtain its associated potential V. 
 
We began with the description of the physical setting of the problem; then, we presented the accurate 
expression, derived from first principles, to calculate the net force given. The detailed description of 
this physical setting and the derivation of the net force can be found in sections 2.9.1 and 2.9.2 of 
Vallis (2006) and McDougall (2025); this is the reason we did not provide the derivation of this 
expression. The accurate expression of the force was not the final one we used to calculate the 
potential function. We revised our calculations and described the different approaches we took to 
obtain the final expression of the force, which is an approximated expression. Using real ocean 
profiles, we examined the accuracy of the approximated expression for the force and found that 
calculating the force with the potential density of the environment referenced to a fixed pressure, 
centered at the section of interest, is sufficient for qualitative oceanography. The integrated error 
(measured in terms of the mean absolute percentage error) is less than 5% for pressure variations not 
exceeding 2000 dbar. 
 
From the corrected expression for the force, we were able to define the buoyancy potential energy 
(BPE) to estimate the energy barriers associated with density stratification in vertical displacements of 
water parcels. We also calculated the energy required to vertically displace an insulated water parcel 
using the expression for BPE and the algorithms in the TEOS-10 toolbox suggested by McDougall 
(2025), considering real ocean profiles. As with the force, the integrated error at each depth (measured 
in terms of the mean absolute percentage error) is less than 5% in vertical sections with pressure 
variations of up to 2000 dbar. 
 
Comment 2: Unclear use of physics. Writing down a math object that has physical dimensions does 
not make it physical. This point is relevant to the claim by Moreles et al that they are writing down 
forces and energies when, however, they never write the corresponding equation of motion and 
equation of energy. 
 
As a further critique, I must admit to being disappointed when authors write down a mathematical 
expression that has physical dimensions and then claim those expressions are physically relevant 
without showing their corresponding equations of motion. There have been numerous attempts at 
providing a rational theory for ocean energetics, and they all get quite involved conceptually and 
mathematically.  All of these details are relevant to the present question. One cannot presume to be 
presenting a new diagnostic without placing it within a theoretical context. Quite simply, stating that 
one is discussing forces and energies, without showing how they appear from first principles 
arguments, is not physics. 
 
Answer 2: We revised the description of the physical problem and its associated calculations to 
clarify the details. Please see the answer to Comment 1. 
 
Comment 3: Incomplete literature survey. The recent literature has been discussing energetic 
foundations for diagnosing vertical stratification. Moreles et al need to clearly identify the novelty of 
their manuscript. The papers by Reichl et al (2022) and Rosenthal and Roquet (2025) are central to the 



proposed Moreles et al approach. Reichl et al is cited by Moreles, but no theoretical or practical 
comparison is provided. Rosenthal and Roquet is not cited. 
 
As coauthor of the Reichl et al (2022) potential energy paper, I was disappointed that Moreles et al did 
not provide any specific comment on the novelty of their proposed method relative to Reichl et al. 
Indeed, Reichl et al develop a potential energy approach. They acknowledge the difficulties with the 
seawater equation of state and then test approximations that make use of potential density. The Reichl 
approach satisfies the goals of Moreles et al. by providing a bulk enegetics approach that only requires 
hydrographic data. So where does Reichl et al fail where Moreles et al succeed? 
 
I was also surprised by the absence of the Rosenthal and Roquet (2025) paper, DOI: 
10.1175/JPO-D-24-0078.1, who propose a center of mass approach to defining stratification. This 
approach has some relation to the Reichl et al potential energy approach. 
 
Answer 3: We clarified the objective of our study; now, the literature review is relevant to the gap we 
try to fill. The gap we identified is in the estimation of energy barriers associated with density 
stratification in the vertical displacements of water parcels, considering the direction (upward or 
downward) in which the parcel is displaced. The studies by Reichl et al. (2022) and Rosenthal and 
Roquet (2025) provide an interesting description of ocean energetics; their approaches may shape the 
new standard for analyzing energy and stratification in the ocean. Our proposal does not intend to 
replace or repair any failures in the studies of Reichl et al. (2022) and Rosenthal and Roquet (2025), 
as our objectives differ. Instead, our study aims to complement traditional analyses of the ocean’s 
dynamics and thermodynamics by providing a complementary variable to characterize the vertical 
structure of the water column. 
 
We thank the reviewer for letting us know about Rosenthal and Roquet’s paper. This paper was 
published on March 21, 2025, which roughly coincided with the date we submitted our manuscript for 
possible publication in a scientific journal. It is by no means our intention to deliberately or carelessly 
omit relevant literature. 
 
Comment 4: Minor point: I found the use of acronyms to be excessive. In particular, there are many 
acronyms in the conclusion that are not defined within the conclusion. Many readers read the abstract 
than conclusions in that order, skipping the intermediate sections. Having undefined acronyms in the 
conclusion makes it tough to understand the main points of the manuscript. I strongly recommend 
greatly reducing the use of acronyms, except where they are community standards. 
 
Answer 4: We apologize for the writing style in the Conclusions section. It will be corrected in the 
revised version of the manuscript if we are allowed to submit it. 



1 Introduction1

The vertical variation in density in aquatic bodies (i.e., oceans, seas, freshwater bodies, and2

estuaries), resulting from temperature and salinity differences, constitutes their stratifica-3

tion, which has significant implications for the variability of weather and climate processes4

as it determines different dynamical, ecological, chemical, and biological processes occurring5

there. Stratification has a significant role on the flux of particulate organic matter from the6

surface to sediments (e.g., Kirillin et al., 2012; Omand et al., 2020), the vertical content of7

chlorophyll (e.g., Cullen, 2015; Carvalho et al., 2017; Briseño-Avena et al., 2020; Cornec et al.,8

2021; Zampollo et al., 2023), biological productivity (e.g., Franks, 2014; Bouman et al., 2020),9

the mixed layer (e.g., Sutherland et al., 2014; Gray et al., 2020; Moreles et al., 2025), the10

ocean-atmosphere coupling and exchanges between them (e.g., Deser et al., 2010; Groeskamp11

et al., 2019), barrier layers (e.g., Sprintall and Tomczak, 1992; Cronin and McPhaden, 2002),12

and tropical cyclone dynamics (e.g., Wang et al., 2011; Balaguru et al., 2012; Vincent et al.,13

2012; Yan et al., 2017).14

15

The vertical structure of aquatic bodies in terms of their stratification and energetics has16

been intensively studied. Schmidt (1928) derived an equation for the stability of a lake; Idso17

(1973) subsequently extended that equation to account for the contribution of each lake layer18

to stability. Simpson et al. (1978) and Herrmann et al. (2008) proposed energy-based indexes19

to quantify stratification from the surface to a specific depth. Dynamic equations derived20

from Simpson et al.’s index are used to analyze the evolution of stratification in terms of dif-21

ferent processes (Simpson and Bowers, 1981; Burchard and Hofmeister, 2008; de Boer et al.,22

2008). Using boundary-layer turbulence theory, Reichl et al. (2022) proposed the potential23

energy anomaly of the water column to estimate the depth to which a given energy could ho-24

mogenize a layer of seawater; from this, they introduced a framework for diagnosing the ocean25

mixed layer depth. The potential energy anomaly provides a proxy for the stratification of a26

layer of seawater by estimating its energetic distance from a well-mixed state. From energetic27

foundations, Rosenthal and Roquet (2025) developed an index of stratification strength for28

the global ocean using the height anomaly, defined as the height of the ocean’s center of mass29

relative to the height of a fully-mixed state. The lower the center of mass, the larger the30

stratification, and vice versa. They also developed a tendency equation for the budget of31

the height anomaly, which helps identify the overall contribution of different processes to the32

stratification. Moreles et al. (2025) proposed the buoyancy work required to displace a water33

parcel vertically as a proxy for the vertical homogeneity of the water column: the lower the34

work, the greater the vertical homogeneity of the water column, and vice versa. From this,35

they defined the ocean mixed layer and computed a global monthly climatology of its depth36

that maintains quasi-homogeneity in energy, density, and temperature along the mixed layer37

year-round.38

39

Stratification determines mixing, which is commonly associated with the interchange of40

properties between deep and shallow waters. This vertical interchange of properties is typi-41

1



cally linked to the vertical displacement of water parcels, which carry their properties from42

one isopycnal to another. The vertical movement of a water parcel is, to a certain extent,43

determined by the density stratification experienced by the water parcel when it displaces44

upward and downward; the more stratified the water column, the more energy is required to45

displace the water parcel vertically, and vice versa. What are the characteristics of the en-46

ergy barriers associated with density stratification in vertical displacements of water parcels?47

The above is particularly relevant when studying processes (physical, ecological, chemical, or48

biological) that occur in the subsurface or at a distance from the surface, where the direction49

of vertical movement of water parcels is relevant. For any intermediate section in the water50

column, the energy barriers within it depend on the direction (upward or downward) in which51

they are measured: the barriers experienced by a deep-water parcel when it displaces upward52

differ from those experienced by a shallow-water parcel when it displaces downward.53

54

The above question has not been addressed in previous studies; thus, our objective is to55

estimate the energy barriers associated with density stratification in vertical displacements56

of water parcels. For a water parcel at any depth within the water column, we estimate57

the energy barriers it would encounter if vertically displaced upward or downward. The58

magnitude of the energy barriers to vertical displacement of a water parcel can serve as a59

proxy for the intensity of stratification it experiences along its vertical displacement; the60

greater the barriers, the more stratified the water column, and vice versa. By focusing on61

the direction of a water parcel’s vertical displacement, we can analyze stratification in terms62

of the direction of quantification, thus enhancing the analyses of stratification in aquatic63

bodies. The metric used to estimate energy barriers is presented in Section 2, followed by64

its application to dynamical and ecological contexts in Section 3, which demonstrates its65

potential for enriching ocean analyses.66

2 Estimating energy barriers67

To analyze the energy barriers, we quantified the buoyancy energy required for a water parcel68

in equilibrium to be displaced upward and downward. Given a vertical density stratification,69

we first derive an expression to estimate the force F on a water parcel, initially at rest, if it70

were displaced vertically (upward or downward) from its equilibrium position. If the force is71

conservative (it is path-independent), we can use classical mechanics arguments to obtain a72

potential function V from which the force F can be derived (Goldstein, 1980, p. 4),73

F⃗ = −∇V. (1)

The potential function V is the buoyancy energy and is a function of the vertical coordinate.74

It represents the energy barriers a water parcel would encounter along its vertical movement.75

76

The physical setting of the problem involves a fluid in hydrostatic balance in a constant77

gravitational field, where rotation effects, horizontal motion, and friction are neglected. This78
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physical setting is typically used when analyzing the oscillation of a fluid perturbed away79

from its resting state, and the Brunt-Väisälä frequency is derived. For our derivation, we80

will start from the expression for the net force; for a detailed description of this physical81

setting and the derivation of the net force, see sections 2.9.1 and 2.9.2 of Vallis (2006) and82

McDougall (2025). A water parcel at its equilibrium position zeq that is slowly vertically83

displaced from that level to any depth z, without exchanging either mass or heat with the84

surroundings, experiences a net force per unit volume given by (Vallis, 2006, p. 92),85

F (z) = g [ρ̂(z)− ρ(z)] , (2)

where g is the acceleration due to gravity, ρ̂ is the in-situ density of the environment, and ρ86

is the in-situ density of the parcel.87

88

Since the parcel is undergoing adiabatic conditions during the displacement, the net force
(Eq. 2) can be expressed as a function of pressure P as (McDougall, 2025),

g {ρ̂ [S(P ),Θ(P ), P ]− ρ̂ [Seq,Θeq, P ]} force per unit volume, (3a)

g

{
v̂ [Seq,Θeq, P ]

v̂ [S(P ),Θ(P ), P ]
− 1

}
force per unit mass, (3b)

where v̂ is the specific volume of the environment (the reciprocal of ρ̂) and the absolute89

salinity and conservative temperature of the environment have been regarded as a function90

of P as S(P ) and Θ(P ), respectively. The subscript eq refers to the properties of the parcel91

at the equilibrium position zeq or Peq.92

93

Equations (3), derived from first principles, represent the accurate expressions to calculate94

the net force on the water parcel when it is vertically displaced from its equilibrium position95

zeq (or Peq) to any depth z (or P ) under adiabatic conditions. However, they are not easily96

structured to calculate the associated potential function using Eq. (1) because the force is97

a composite function of pressure in terms of absolute salinity and conservative temperature.98

To deal with this problem, we explored an approximation for the force, valid for small dis-99

placements, calculated in terms of the potential density of the environment referenced to the100

pressure at the level z (Vallis, 2006, p. 93),101

F (z) ≈ g [ρθ(z)− ρθ(zeq)] , (4)

where ρθ is the locally-referenced potential density. Eq. (4) is still insufficient to calculate the102

associated potential function due to the potential density is not referenced to a fixed pressure,103

which results in that the vertical coordinate is not unique throughout the displacement. In104

order to calculate the associated potential function using Eq. (1), we must calculate the force105

with Eq. (4) but using the potential density referenced to a fixed pressure. However, the106

use of potential density referenced to a fixed pressure ignores the thermobaric effect, which107

can lead to significant errors for large vertical displacements of the water parcel (McDougall,108
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1987a,b). Thus, it is necessary to examine whether this approximation of the force is accu-109

rate enough to replace the accurate expression (Eqs. 3), at least for qualitative oceanography.110

111

We selected three Argo profiles (first column of Fig. 1), exhibiting different stratification112

conditions, to analyze the differences between various versions of the force: (i) the accurate113

expression given by Eq. (3b) and the approximate expressions given by Eq. (4), considering114

(ii) the locally-referenced potential density and (iii) the potential density referenced to a115

fixed pressure. For each profile, we calculated the forces at various depths, considering that116

the equilibrium position Peq of the water parcel is at the isothermal layer depth, defined as117

the depth at which the conservative temperature has decreased by 0.2°C from the tempera-118

ture at a depth of 10 m (de Boyer Montégut et al., 2004). Then, we calculated the differences119

between the approximate forces and the accurate force. Finally, we calculated the mean120

absolute percentage error (MAPE) between each approximate force and the accurate one at121

various depths; from Peq, we selected a vertical section that increased in length (both upward122

and downward) to calculate the MAPE. We used the Thermodynamic Equation of SeaWater123

2010 (McDougall and Barker, 2011) to calculate the different variables in the equations of124

interest.125

126

A visual inspection of the results shows that the calculated force is very similar across all127

versions (second column of Fig. 1). At each depth, the differences between the approximate128

forces with respect to the exact force are three orders of magnitude smaller if the locally-129

referenced potential density is used and one order of magnitude smaller if the potential density130

is referenced to a fixed pressure (third column of Fig. 1). The differences at Peq are zero and131

they increase for depths far from Peq and far from the reference pressure used to calculate132

the potential density. However, since we are interested in integrated measures, the MAPE133

at various depths is a better measure to quantify the error of the approximate forces (fourth134

column of Fig. 1). The force calculated with Eq. (4) using the locally-referenced potential135

density is nearly the same as the accurate one, with MAPE of less than 1% throughout the136

vertical. The MAPE can be very large when using the potential density referenced to a fixed137

pressure far from Peq, even if the vertical displacements of the parcel are small; the MAPE138

can reach up to 30% when the differences between Peq and the reference pressure exceed139

1500 dbar. When using Eq. (4) with the potential density referenced to Peq, the MAPE140

values are less than 5% throughout the vertical (with pressure variations of up to 2000 dbar).141

142

Using inductive reasoning, we assume that the above results are maintained for the world143

ocean with pressure variations of 2000 dbar, suggesting the following. The approximate force144

(Eq. 4) calculated with the potential density referenced to a fixed pressure, centered in the145

section of interest, is sufficient for qualitative oceanography; the integrated error will pre-146

sumably be less than 5% for pressure variations not exceeding 2000 dbar. This suggestion147

is in agreement with the findings of Lynn and Reid (1968) and Reid and Lynn (1971), who148

observed that if the vertical section of interest does not exceed pressure variations of about149

1000 dbar, the stability of the water column is adequately described with the potential den-150
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Figure 1: First column: ocean profiles in the Pacific, Southern, and Atlantic Oceans; the
profiles of potential density anomaly σ are referenced to Peq. Second column: accurate
net force and approximations to it calculated with different versions of potential density.
Third column: differences between the approximate forces and the accurate force. Fourth
column: the MAPE of each approximate force at various depths, calculated from Peq.5



sity referenced to a pressure centered in the section of interest. Despite the high accuracy151

expected when using Eq. (4), we can always calculate the accurate force via Eqs. (3) and152

quantify the integrated error associated with using the approximate expression.153

154

The above justify using the approximate expression (Eq. 4) to calculate the net force155

on the water parcel when it is vertically displaced from its equilibrium position zeq to any156

depth z. Since we are using the potential density referenced to a fixed pressure, the vertical157

coordinate is unique throughout the displacement and we can calculate the potential energy158

function associated with the net buoyant force, the buoyancy potential energy (BPE), using159

Eq. (1),160

F (z) = − d

dz
BPE(z). (5)

BPE is obtained by vertically integrating the force in Eq. (4),161

BPE(z) = BPE(zeq)−
∫ z

zeq

g [ρθ(γ)− ρθ(zeq)] dγ = BPE(zeq)+g(z−zeq)ρθ(zeq)−g

∫ z

zeq

ρθ(γ)dγ,

(6)
where ρθ is the potential density of the environment referenced to a fixed pressure, centered162

in the section of interest. When working with potentials, the physically relevant quantity163

is the potential difference between two depths; thus, we can set BPE(zeq) = 0 without loss164

of generality. BPE represents the energy barriers a water parcel would encounter if it were165

displaced from its equilibrium position zeq to any depth z. The work done by the net buoyant166

force in displacing a water parcel from z1 to z2 is BPE(z1)−BPE(z2). BPE is directly related167

to the work done by buoyancy proposed by Moreles et al. (2025); thus, all the properties and168

attributes of the work done by buoyancy are directly applicable to BPE.169

170

The expression given by Eq. (6) is an approximate expression for the total energy required171

to slowly move an insulated parcel of fluid from its equilibrium location to any final location.172

The accurate expression is given by vertically integrating the force in Eqs. (3), as shown173

by McDougall (2025) in his Eqs. (3) and (4). Through a meticulous and detailed review of174

this preprint, McDougall (2025) identified a connection between BPE and the Cunningham175

geostrophic streamfunction, a novel result. He then proposed a way to calculate this energy176

using the TEOS-10 Toolbox (see his Eq. 5). We computed the energy for each profile shown177

in Fig. 1 using BPE (Eq. 6) and Eq. 5 of McDougall (2025) (plots not shown). Similar178

to what we found in the force analysis, the differences in the energy values at each depth179

obtained with these two expressions are minimal (the MAPE between them is less than 5%180

throughout the vertical), suggesting that BE is accurate enough for calculating the energy in181

vertical sections not exceeding pressure variations of 2000 dbar. Again, we can always cal-182

culate the energy using the accurate expression and quantify the integrated error associated183

with using the approximate expression.184

185

Our approach provides a physically derived, approximated, and intuitive variable (i.e.,186
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BPE) to estimate the energy barriers associated with density stratification in vertical dis-187

placements of water parcels, which is accurate enough for qualitative oceanography. Depend-188

ing on the sign of BPE, two physical situations are identified. For BPE > 0, the force and189

the parcel displacement are in opposite directions, causing the parcel to decelerate when ...190

... it continues as it is in the preprint from line 68.191

192

Note: According to the new way for calculating BPE, Fig. 3 regarding the barrier layers will193

be adjusted to reflect the BPE calculated using the potential density referenced to a fixed194

pressure, centered between the mixed layer depth and the isothermal layer depth. The prior195

BPE and the new BPE are nearly identical; therefore, the discussion and results of the new196

figure are maintained as in the preprint version with this adjustment.197
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