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Abstract. We investigate mechanisms governing moist en-
ergy exchanges at the atmosphere-ocean interface in global
Earth system models. The goal of this work is to over-
come deficiencies like energy fixers and unphysical thermo-
dynamic formulations and designs that are commonly used in
modern models. For example, while the ocean surface evap-
oration is one of the most significant climatological drivers,
its representation in numerical models may not be physi-
cally accurate. In particular, existing schemes give an in-
correct atmospheric air temperature tendency during evap-
oration events. To remedy this, starting from first princi-
ples, we develop a new mechanism for the ocean-atmosphere
moist energy transfers. It utilizes consistent thermodynam-
ics of water species, distributes latent heat of evaporation
in a physically plausible way, and avoids reliance on artifi-
cial energy fixers. The temperature and water mass tenden-
cies are used to formulate a set of ordinary differential equa-
tions (ODEs) representing a simple box model of ocean-air
exchange. We investigate the properties of the ODEs repre-
senting the proposed mechanism and compare them against
those derived from the current designs of the Energy Ex-
ascale Earth System Model (E3SM). The proposed simpli-
fied box model highlights the advantages of our approach
in capturing physically appropriate atmospheric temperature
changes during evaporation while conserving energy.

1 Introduction

The purpose of this work is to investigate mechanisms of la-
tent heat transfer due to evaporation at the ocean-atmosphere
interface in climate models. Alongside radiation, the energy
fluxes associated with precipitation and evaporation are one
of the largest contributors to the Earth climate patterns (Tren-
berth et al., 2009; Stevens and Schwartz, 2012). A recently

published overview (Lauritzen et al., 2022) highlights major
deficiencies in the thermodynamic formulations used in the
numerical climate models. One of the most significant issues
in the models is incorrect representation of the internal en-
ergy of water forms in the atmosphere, which leads to errors
in the energy footprint of evaporation and precipitation at the
atmosphere-ocean interface.

There has been recent research into modeling consistent
unapproximated thermodynamics for both the atmospheric
(Eldred et al., 2022; Guba et al., 2024) and the ocean (Mayer
et al., 2017) components of the models. Unlike many cur-
rent designs that assign dry heat capacities to all forms of
water in the atmosphere, the unapproximate thermodynam-
ics uses close to theoretically established values specific to
each water form. Therefore, there are large discrepancies
between current designs and designs based on the unap-
proximated thermodynamics in representing energy fluxes.
For example, enthalpy, defined with phase-appropriate spe-
cific heat capacities (Vallis, 2017; Eldred et al., 2022), is
regarded as a valid representation of the biggest source
of energy fluxes at the lower boundary of the atmosphere
(Lauritzen et al., 2022; Guba et al., 2024). Using enthalpy
based on unapproximated specific heats of water vapor (cv

p =

1870 J kg−1 K−1 as defined by Emanuel, 1994) and liquid
water (cl = 4190 J kg−1 K−1), instead of the specific heat of
the dry air (cd

p = 1005.7 J kg−1 K−1), alters the energy signal
of water forms by a factor two to four.

Although many of these inconsistencies are patched using
global energy fixers and pressure adjustments (Lauritzen and
Williamson, 2019; Golaz et al., 2022; Guba et al., 2024), we
argue that such approaches mask the underlying problems
and limit the fidelity of Earth system models. As model reso-
lution increases and we seek higher accuracy in regional and
process-level predictions, continued reliance on artificial fix-
ers becomes increasingly problematic.
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In this work, we discuss one of the energy fixers, called
IEFLX (Golaz et al., 2022), used in the Earth Exascale En-
ergy System Model (E3SM) (Golaz et al., 2019, 2022) and
in its atmospheric component, the E3SM Atmosphere Model
(EAM) (Rasch et al., 2019). We explain how it restores the
energy budget associated with latent heat fluxes from evap-
oration and precipitation at the atmosphere-ocean interface.
While IEFLX balances the energy budget in E3SM, as we
show, it does not model latent heat transfers in a physically
consistent manner. This deficiency may potentially hinder
Earth system models’ fidelity and capabilities as the commu-
nity transitions to use high-resolution and regional models.

Previously, in Guba et al. (2024), we analyzed precipita-
tion mechanisms with consistent unapproximated thermody-
namics. Since there is a delicate balance between climato-
logical (long time-scale) energy trends of precipitating and
evaporating fluxes at the atmosphere-ocean interface, it is
not possible to redesign a numerical climate model gradu-
ally, by addressing only one or the other flux first. Instead,
improvements in model thermodynamics must be applied
to both evaporation and precipitation mechanisms simulta-
neously, even though they are often controlled by different
components of the model. Therefore, this work, which fo-
cuses on both evaporative and precipitating mechanisms rel-
evant to the atmosphere within a framework of unapproxi-
mated thermodynamics, is a natural extension of Guba et al.
(2024).

Here, we investigate evaporation from the ocean surface
as modeled in E3SM. We dive into the details of how the la-
tent heat of evaporation is handled in E3SM with the help
of global energy fixers, and how it could be instead redis-
tributed using the unapproximated thermodynamics without
fixers. We argue that the transfer of latent heat from evapora-
tion across the atmosphere-ocean interface is not modeled
in a physically plausible manner. To clarify the impact of
these formulations, we implement three simplified numeri-
cal box models: one using consistent, unapproximated ther-
modynamics, and two mimicking E3SM-like assumptions.
These models describe the temperature and water mass ten-
dencies in the ocean and atmosphere using a system of four
coupled ordinary differential equations, representing the evo-
lution of atmospheric and oceanic water mass and tempera-
ture over time. The ocean and atmosphere are each repre-
sented as a single, well-mixed box. We show that the model
based on consistent thermodynamics produces a different
atmospheric temperature tendency during evaporation com-
pared to the E3SM-like models. See Sect. 3.4.5 for details.

The overarching goal of this work is to further investigate
deficiencies in thermodynamic approaches in current Earth
system models. It aims to direct the Earth system modeling
community toward the development of more physically and
numerically consistent models by reducing reliance on crude
approximations and artificial fixers. We emphasize that this
study does not suggest that using the unapproximate ther-
modynamics in precipitation and evaporation would affect

climatological biases in the current numerical Earth system
models in any particular way. Such biases are often managed
through extensive parameter tuning to match observations,
and this tuning will likely remain necessary, even with im-
proved physical foundations, for the foreseeable future. Nev-
ertheless, we argue that the advances such as that proposed
here can reduce the burden on practitioners to rely on such ad
hoc tuning and enable more interpretable, transparent models
grounded in sound physical and mathematical principles.

2 Overview and motivation

2.1 Moist physics in Earth system models: evaporation
and condensation

The motivation for this work is two-fold. First, we aim to
raise awareness about crude thermodynamic approximations
commonly employed in the modern global Earth system
models. In particular, in their atmospheric components and
at the surface interfaces for water species models use spe-
cific heats of dry air instead of experimentally established
specific heats of water forms. Second, we propose concep-
tual improvements intended to enhance the physical fidelity
of these models.

For the purpose of this work, we separate moist physics
at the ocean-atmosphere interface into two simplified cat-
egories: condensation and evaporation. For condensation,
we consider processes that lead to precipitation. In climate
models, such processes are typically represented by micro-
and macro-physical parametrizations (see, e.g., Klemp and
Wilhelmson, 1978; Morrison and Gettelman, 2008; Morri-
son and Milbrandt, 2015a; Golaz et al., 2002). For evapo-
ration, we consider only the flux of water vapor from the
ocean surface into the atmosphere. Such processes are often
modeled by so-called bulk schemes (Haidvogel and Bryan,
1993) based on Monin-Obukhov Similarity Theory (MOST)
(Shaw, 1990). Our simplified treatment of condensation and
evaporation focuses on the thermodynamics at the ocean–
atmosphere interface. In reality – and in more complex model
implementations – these processes are not confined neatly
to either the ocean or the atmosphere. For example, a con-
densed water droplet may remain suspended in the atmo-
sphere or evaporate before reaching the lower boundary of
the atmosphere. In our simplified framework, however, we
assume that all condensed water mass in the atmosphere is
transported directly to the ocean.

The thermodynamic aspects of condensation, along with
possible improvements and their implications, were previ-
ously discussed by Guba et al. (2024). This work shifts fo-
cus to evaporation and the combined effects of evaporation
and condensation. As further discussed in Sect. 2.2.4, while
bulk schemes compute mass and temperature fluxes at the
atmosphere-ocean interface, they do not account for energy
transfers associated with evaporation. Instead, these transfers
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are modeled separately within the ocean and the atmosphere
components of the model. In the following section, we ex-
amine the mechanisms governing these evaporative energy
transfers in detail, because they provide a clear motivation
behind this work.

2.2 Motivation: Closer look at energy transfers during
evaporation

2.2.1 An overview of definitions and assumptions

In Sect. 3 we will introduce three sets of simple models – two
of these are based on the implementation of the ocean and
atmosphere thermodynamics in E3SM, and one representing
an idealized implementation using unapproximated thermo-
dynamics in both components. In all models, the ocean and
the atmosphere components are represented by mean grid
values for species mass and temperature. Before we get into
the details of derivations in Sect. 3, we first motivate for our
work by conceptually examining evaporation at the ocean-
atmosphere interface.

Evaporative mechanisms at the ocean-atmosphere inter-
face are incredibly complex (Niiler, 1993; Feistel and Hell-
muth, 2023). While evaporation is ultimately driven by so-
lar radiation (Trenberth et al., 2009), the net evaporative flux
is influenced by a combination of external heating, the ther-
modynamic and dynamic states of both the atmosphere and
the ocean, mixing processes, and even photomolecular ef-
fects (Tu et al., 2023).

Here, we focus only on a highly simplified version of one
of these mechanisms, namely, the transfer of energy during
evaporation from the ocean surface, in the absence of exter-
nal heating (i.e., we assume that radiative energy fluxes pre-
ceding evaporation have already been absorbed by the ocean)
or dynamical effects (no mixing or surface winds).

Consistent with the common practice in atmospheric mod-
eling, we will reduce the conservation of energy to conserva-
tion of enthalpy (Lauritzen et al., 2022; Guba et al., 2024;
Yatunin et al., 2026). Consider for simplicity the case of the
dry air for a pressure-based model. The conserved “energy”1

for a dry atmosphere with a pressure top can be written as

Edry air =

∫ ∫ ∫
(ekin+ c

d
vT + gz)ρdV +

∫∫
(pz)topdA .

Under the assumptions of a shallow, hydrostatic atmosphere
this can be rewritten (Lauritzen et al., 2022) in terms of en-
thalpy as

Edry air =

∫ ∫ ∫
(ekin+ c

d
vT + gz)ρdV +

∫∫
(pz)topdA

=

∫ ∫ ∫
(ekin+ c

d
pT )ρdV +

∫∫
(pz)bottomdA .

1This is not the total energy of the atmosphere, it is the total en-
ergy plus a term associated with work due to the (moving) pressure
top. This is the Hamiltonian for the system, and it is the quantity
that is conserved by the dynamics.

It is important to note that ekin+ c
d
pT is not an energy den-

sity, and that the integral of this term is not the total energy.
Here ekin is specific kinetic energy, T is temperature, cd

vT is
internal energy, cd

pT is enthalpy, cd
v and cd

p are specific heat
capacities for the dry air with respect to constant volume and
constant pressure, p is pressure, ρ is density, z is height, and
dV and dA are volumetric and surface measures. As shown
in Lauritzen et al. (2022), in particular, in Fig. 3, most of the
energy transfers between the atmosphere and the ocean cor-
responds to the change of enthalpy, not energy. Separately,
using again the case of the dry air for simplicity, the first
law of thermodynamics for change of internal energy is writ-
ten as du=−pdα+ Q̇, where u= cd

vT is internal energy,
α = 1/ρ, and Q̇ is external heat flux. The first law also can be
reformulated in terms of enthalpy h= cd

pT as dh= αdp+Q̇.
Most atmospheric physics packages, including those used
in E3SM, are formulated for pressure-based vertical coordi-
nates and make the assumption that the physics processes are
isobaric. In that case, using the first law of thermodynamics
in terms of enthalpy is the correct choice, and it is the one
adopted in this paper.

In the unapproximated case, in both ocean and atmo-
sphere, the enthalpy of water vapor with respect to ice ref-
erence state is given by Lauritzen et al. (2022), Eq. (64),
hv
= (cv

p(T −T00)+h
ice
00 +Ls,00)m

v and that of liquid water
by hl

= (cl(T − T00)+h
ice
00 +Lf,00)m

l, with hice
00 = 0 (there-

fore, omitted below). Here T is temperature, mv and ml are
vapor and liquid water masses, cv

p is the specific heat capac-
ity of the water vapor with respect to pressure, cl is the spe-
cific heat capacity of the liquid water, and T00 = 273.16K
is a reference temperature. In the current setup, whether we
are using specific or mass-weighted enthalpies will be ob-
vious from the context, and thus, we omit this distinction
in the text. The constants Ls,00 = Lv,00+Lf,00 and Lf,00,
where Lv,00 = 2.501× 106 and Lf,00 = 3.3337× 105 J kg−1

are the latent heats of vaporization and fusion at T00, rep-
resent the energy associated with molecular bonds. These
constants should not be confused with the concept of latent
heats, which is discussed below. For simplicity, we expand
expressions hv and hl,

hv
= (cv

p(T − T00)+Lv,00+Lf,00)m
v

= (cv
pT +Lv+Ll)m

v

and

hl
= (cl(T − T00)+Lf,00)m

l
= (clT +Ll)m

l

with

Lv := Lv,00− (c
v
p − cl)T00 = 3.1× 106 J kg−1,

Ll := Lf,00− clT00 =−8.1× 105 J kg−1.

In many models, like EAM, the atmosphere uses the as-
sumption that heat capacities for water species are the same
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as for the dry air. In Lauritzen et al. (2022) it is discussed
that in this case there is no need to carry T00 terms in energy
formulation. However, the ocean thermodynamics in E3SM
uses the specific heat capacity of liquid water, cl. While
this means the argument for the absence of T00 in the en-
ergy formulation in Lauritzen et al. (2022) does not apply to
E3SM, its implementation does not have associated with T00
terms. When using thermodynamic models based on E3SM
implementations, we will follow the model realizations ex-
actly. In the atmospheric component of E3SM, EAM, the
enthalpies of vapor and liquid water are given by hv

approx. =

(cd
pT +L

dry
v +L

dry
l )mv and hl

approx. = (c
d
pT +L

dry
l )ml, with

L
dry
v = Lv,00 and Ldry

l = Lf,00.
Latent heats are defined as differences of specific en-

thalpies. For example, the latent heat of vaporization is de-
fined as the difference hv

−hl (in case of unapproximated
thermodynamics) or hv

approx.−h
l
approx. in case of the EAM

thermodynamics. It is discussed in detail in Lauritzen et al.
(2022) that unapproximated thermodynamics corresponds to
the case of variable latent heats, while thermodynamics that
uses cd

p in hv
approx. and hl

approx. corresponds to the case of con-
stant latent heats. Note that the negative sign of Ll in the un-
approximated thermodynamics formulation above does not
imply a negative latent heat in our model. In unapproxi-
mated thermodynamics, with the specific enthalpy of frozen
water, hi

= ci(T − T00), where ci is the specific heat capac-
ity of ice, the latent heat of fusion is defined via hl

−hi
=

(cl− ci)(T −T00)+Lf,00, which is positive for realistic val-
ues of T .

Some older formulations omit the L terms, like Lv+Ll
or Ll from enthalpy definitions. This may lead to confusion
when computing energy exchanges during phase changes.
A phase change, for example, from vapor to liquid, can be
viewed as a 2-step process: release of latent heat, by defini-
tion equal to hv

−hl, and absorption of that energy by the
surrounding environment as sensible heat, thus conserving
total energy (or enthalpy). By incorporating the L terms di-
rectly into the enthalpy definitions, these two steps are natu-
rally combined into a single energy-conserving computation,
as we adopt below in Sect. 2.2.2 and 2.2.3.

Another key aspect of evaporation that we emphasize is
that the energy of vaporization at the air-water interface must
come from water. While, in reality the process is modulated
by large effects of mixing, surface winds, roughness, etc.,
when these are neglected as in our simplified setup, evapora-
tion is expected to cool the ocean surface (Feynman, 1963-
1965; Niiler, 1993). This implies that the energy of vaporiza-
tion should be drawn from the ocean. In Sect. 2.2.2, we show
that E3SM does not fully account for the energy of vaporiza-
tion. This shortcoming will be remedied by the new design
introduced in Sect. 2.2.3.

2.2.2 Current design of E3SM

The ocean component of E3SM is represented by MPAS-
Ocean model (Ringler et al., 2013) and, as mentioned
above, the atmosphere is represented by EAM (Rasch et al.,
2019). Several options for the surface flux exchange at
the atmosphere-ocean interface are based on the Monin–
Obukhov Similarity Theory (MOST), and thus produce wa-
ter vapor fluxes from the ocean surface. However, as dis-
cussed above and shown in detail below, these schemes do
not properly calculate temperature tendencies resulting from
the liquid-to-vapor phase transition.

It is common in Earth system models for energy and
mass fluxes to be computed independently within each model
component. As these model components may use different
thermodynamic assumptions, the energy fluxes derived from
mass and temperature also differ between components, ne-
cessitating the use of energy fixers, like IEFLX (Golaz et al.,
2019) to maintain global energy conservation.

Assume the ocean has temperature To and total liquid wa-
ter mass is ml

o+1m
l, where 1ml is the amount of water to

be evaporated from the ocean surface (computed using a bulk
scheme; see Sect. 2.2.4), and ml

o is the mass of water to re-
main in the ocean. In MPAS-Ocean, the energy (enthalpy) of
this water is defined as:

Eocean = clTo(m
l
o+1m)+L

dry
l (ml

o+1m). (1)

When this mass 1ml is transferred to the atmosphere, it is
associated with an energy flux

F = cd
pTa1m+ (L

dry
v +L

dry
l )1m, (2)

where Ta is the atmospheric temperature.
The atmospheric component of E3SM, EAM, does not

have mechanisms to explicitly track internal energy of wa-
ter species or their enthalpies. A crude proxy to such mech-
anisms is the pressure adjustment process described below.
Therefore, in EAM, energy flux (Eq. 2) not received explic-
itly. The cd

p term is generated by the mass flux in the pres-
sure adjustment process (Neale et al., 2012, accessed July
02, 2021; Lauritzen et al., 2022), and the L term is gener-
ated separately from the mass flux by a macrophysics pack-
age responsible for surface flux absorption. The pressure ad-
justment process is energy conserving, a constraint enforced
by a dynamical core (dycore) energy fixer (Lauritzen and
Williamson, 2019). This is a consequence of the original de-
sign of the Community Atmosphere Model (CAM) (Neale
et al., 2012, accessed July 02, 2021), where each process,
including the pressure adjustment, is energy conserving.

In more detail, and using CAM notations, the goal of
the pressure adjustment process is to add new vapor mass
to the moist pressure, p. The pressure difference in ver-
tical dimension, dp, also serves as a pseudo-mass quan-
tity. Therefore, when new mass of vapor, 1m' dpnew is
added into the model by the pressure adjustment process,
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dp→ dp+ dpnew, the energy of the atmosphere increases
by cd

pT dpnew
' cd

pT1m. However, the energy fixer brings
the energy of the model to the value before the pressure ad-
justment. Therefore, instead of the total flux in Eq. (2), the
atmosphere receives only amount (Ldry

v +L
dry
l )1m.

Separately, a variable called “latent heat” (LH), defined
as LH= Ldry

v 1m, is used to compute the ocean temperature
tendency via

1To = T
new

o −To =−
LH

cl(ml
o+1m)

=−
L

dry
v 1m

cl(ml
o+1m)

, (3)

where superscript “new” denotes the post-evaporation tem-
perature.

This temperature tendency can be rewritten into the fol-
lowing conservation of energy in the ocean,

clT
new

o ml
o+ clT

new
o 1m+L

dry
l ml

o+ (L
dry
v +Ll)1m

= clTo(m
l
o+1m)+L

dry
l (ml

o+1m),

where the left-hand side is the energy of the ocean after evap-
oration, with energy (clT

new
o +L

dry
l )ml

o for mass ml
o and en-

ergy (clT
new

o +L
dry
v +L

dry
l )1m for mass 1m, and the right-

hand side is Eq. (1).
Thus, after evaporation (incorporating the actions of pres-

sure adjustment, fixer, and new temperature tendency), the
atmosphere gains energy (Ldry

v +L
dry
l )1m, while the ocean

loses clT
new

o 1m+ (L
dry
v +L

dry
l )1m. The total energy loss

from the ocean exceeds the gain by the atmosphere by
clT

new
o 1m, which is unaccounted for in the energy budget.

This missing energy is compensated by the fixer IEFLX (Go-
laz et al., 2019), which injects term clT

new
o 1m into the atmo-

sphere to restore global energy balance. In the implementa-
tion of the operational models, this artificial balance is ap-
plied by distributing the missing energy equally among all
grid cells used to represent the atmosphere, i.e., IEFLX is a
global fixer.

2.2.3 Proposed new model

As shown in the previous section, the current E3SM design
relies on implicit energy flux assumptions, inconsistent ther-
modynamics between components, and various energy fixers
– all of which complicate the model and render the thermody-
namics at the ocean-atmosphere interface physically incon-
sistent. Here we propose an alternative and improved frame-
work to address evaporation at this interface.

The liquid water thermodynamics is still given by Eq. (1),
but the vapor energy (enthalpy) associated with the evapora-
tive flux is now modeled with the unapproximated thermo-
dynamics:

Fatm = c
v
pT1m+ (Lv+Ll)1m, (4)

where T is temperature to be defined below. Now the phase
change occurs in the ocean, and the energy required for va-

porization is withdrawn from the ocean itself. This can be ex-
pressed as a conservation of energy equation, where the left
hand side is the energy of the ocean before the phase change
and the the right hand side is the energy after:

clTo(m
l
o+1m)+Ll(m

l
o+1m)= clm

l
oT

new
o

+ cv
p1mT

new
o +Llm

l
o+ (Ll+Lv)1m. (5)

The details on whether to assign the vapor parcel tempera-
ture To or T new

o are discussed later in Sect. 3.4.1. Rearranging
Eq. (5) yields a new temperature tendency for the ocean:

1To = T
new

o − To =
(cl− c

v
p)To1m−Lv1m

cl(ml
o+1m)

. (6)

Notably, the temperature tendency in this equation is differ-
ent from that in Eq. (3) representing the current E3SM de-
sign.

This approach, when implemented correctly, is both
energy-conserving, as the atmosphere receives the full en-
ergy flux cv

pT
new

o 1m+ (Lv+Ll)1m from the ocean, and
physically grounded, since there is no need for fixers.

In both the current (Eq. 3) and the proposed (Eq. 6) mod-
els, the ocean temperature tendency is proportional to the
latent heat of vaporization, defined as the difference in en-
thalpy between vapor and liquid forms of same mass 1m.
However, in the current model, these enthalpies are defined
using dry-air heat capacity (cd

p), while the proposed model
uses species-appropriate heat capacities. These conceptual
differences are summarized in Table 1. We observe from
comparing the current and the proposed design that during
evaporation, in the current model, the atmosphere receives
and the ocean loses more energy than in the proposed model.
Later in Sect. 4 we will show that condensation triggers an
opposite behavior in the energy deficit/excess in the cur-
rent model. However, the magnitude of errors (measured as
differences between the current model and the model with
unapproximated thermodynamics) during condensation are
smaller than those during evaporation.

2.2.4 Bulk methods do not capture energy transfers
from water phase changes

Surface stress fluxes, often represented using Monin–
Obukhov Similarity Theory (MOST), are typically modeled
using bulk formulations of the form:

FX = ρ CX(Xz−Xsurf),

where FX is a flux of quantity X (temperature, a velocity
component, or vapor), ρ is the air density, CX is a combina-
tion of transfer coefficients and bulk expressions, andXz and
Xsurf represent the value of the variable X at some reference
height, z, and at the surface, respectively (Fairall et al., 1996;
Taylor, 2015).

https://doi.org/10.5194/gmd-19-3375-2026 Geosci. Model Dev., 19, 3375–3394, 2026



3380 O. Guba et al.: Moist coupling

Table 1. Conceptual summary of the current and proposed implementations of evaporation. The table uses general T symbol for temperature.

evaporation
model

energy flux received by
atmosphere

ocean T tendency definition of latent heat
of vaporization, LH

enthalpy of vapor in
atmosphere

enthalpy of liquid in
atmosphere

current clT1m+ (L
dry
v +

L
dry
l )1m

1T =− LH
cl(ml+1m)

LH=
hv

approx.−h
l
approx.

hv
approx. =

(cd
pT+L

dry
v +L

dry
l )1m

hl
approx. =

(cd
pT +L

dry
l )1m

proposed cv
pT1m+(Lv+Ll)1m 1T =− LH

cl(ml+1m)
LH= hv

−hl hv
=

(cv
pT +Lv+Ll)1m

hl
= (clT +Ll)1m

The key point of our work is that while these bulk schemes
compute a mass flux of vapor and a heat flux, they do not ex-
plicitly model the heat transfers during evaporation. This dif-
fers from the treatment in atmospheric physics parametriza-
tions (e.g., evaporated rain), where energy (or enthalpy) con-
servation due to phase changes is modeled explicitly (Lau-
ritzen et al., 2022; Guba et al., 2024), as well as from the for-
mulation of evaporation we present in Sect. 2.2.2 and 2.2.3.

3 Thermodynamics of phase change and simplified
models of ocean-atmosphere water exchanges

In this section, we examine the exchange of water between
the ocean and atmosphere in more detail. The full process
of converting atmospheric water vapor into oceanic liquid
via precipitation is referred to as condensation. Condensa-
tion encapsulates a two-part process. The first stage occurs
entirely within the atmosphere, where water vapor condenses
into droplets – represented by the top/grey portion of the left
panel in Fig. 1. The second stage, shown as grey boxes in the
right panel, corresponds to the sedimentation or precipitation
of these droplets into the ocean.

Similarly, evaporation is also conceptualized as a two-
stage process, illustrated by the blue regions in Fig. 1. When
water evaporates from the ocean, it first becomes water va-
por within the ocean before subsequently ascending into the
atmosphere.

This two-part decomposition of each phase-change pro-
cess – both from atmosphere to ocean (via precipitation) and
from ocean to atmosphere (via evaporation) – is not merely
schematic. It is essential for correctly incorporating unap-
proximated thermodynamics. By distinguishing between the
stages, we ensure that the appropriate specific heat capacity
is used for the relevant water form (liquid or vapor) at each
step.

For example, during Stage 1 of each process, the latent
heat exchange occurs within the originating component: in
the atmosphere during condensation, and in the ocean dur-
ing evaporation. This perspective aligns with the discus-
sion of enthalpy and energy partitioning presented earlier in
Sect. 2.2.3.

This careful dissection of each leg of the water exchange
process directly enables the derivation of unapproximated

thermodynamics. It also provides a clear basis for identi-
fying deficiencies in the current E3SM implementation of
moist thermodynamics. Within this framework, the time rate
of tendencies of atmospheric and oceanic temperature and
water mass are formulated as a system of ordinary differen-
tial equations in time. This allows us to systematically ex-
amine and compare the evolution of the ocean–atmosphere
system under both the proposed formulation and the existing
E3SM design. We begin with the proposed formulation.

3.1 Unapproximated thermodynamics

In this section we start with deriving equations for tenden-
cies of water mass and temperature in the ocean and the
atmosphere. It leads to a system of four coupled algebraic
equations. Both components, the atmosphere and the ocean,
are modeled as simple dimensionless boxes. The mass vari-
ables are defined as follows: mv

a , ml
a, md

a denote atmospheric
water vapor, liquid, and dry air, respectively, while ml

o and
mv

o represent oceanic liquid and vapor mass. The tempera-
tures of the atmosphere and the ocean are given by Ta and
To, respectively. Each variable represents a mean value over
a single grid cell or box. The guiding principle for the equa-
tions below is conservation of mass and energy after each
process (stage). These processes include phase changes (va-
por→ liquid and liquid→ vapor), sedimentation of the at-
mospheric water liquid into the ocean, and transfer of the
evaporated ocean vapor into the atmosphere. Each process
updates the initial quantities (unmarked) to new values (de-
noted with superscript “new”). For example, a mass change
in atmospheric water vapor content is written as 1ma

v :=

(mv
a)

new
−mv

a . For simplicity, we will use such 1 notation
as much as possible.

These algebraic equations capture the instantaneous
changes in mass and temperature associated with prescribed
evaporation and condensation amounts, denoted by 1V and
1K , respectively. As these evaporation and condensation
rates are assumed to be known, it is useful to convert the
algebraic system into time-dependent equations. This leads
to a system of ordinary differential equations (ODEs) gov-
erning the evolution of atmospheric and oceanic mass and
temperature. The derivation of these ODEs is presented in
Sect. 3.4.
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Figure 1. Schematics for the two stages in condensation and evaporation processes: Stage 1 is a phase change within the component, Stage
2 is a transfer of a water species flux to the other component.

The total energy is Eatm+Eocn, where the energy of the
atmosphere and ocean is respectively,

Eatm = (c
d
pm

d
a + c

v
pm

v
a)Ta+ (Lv+Ll)m

v
a,

Eocn = clTom
l
o+Llmo. (7)

The first terms in Eatm and Eocn, involving heat capaci-
ties multiplied with temperature are commonly referred to as
enthalpies in the literature. In older formulations, enthalpy
is frequently defined without the L terms, treating the cor-
responding energy released or absorbed during phase tran-
sitions of water as external inputs. Such an approach com-
plicates energy conservation in a model due to an increased
requirement of book-keeping. Therefore, we adhere to defini-
tions of enthalpy that includeL terms, like in Thuburn (2017)
and Eldred et al. (2022). Sometimes, in this work, we oper-
ate with energy defined by the L terms. We may refer to this
energy as latent heat internal energy. Let us now consider
the required tendencies in the condensation process, before
addressing the evaporation.

3.1.1 Condensation

As schematized earlier in the grey portion of Fig. 1a during
the first stage in the condensation process, a phase change
occurs such that a mass 1K > 0 of water vapor undergoes
phase change to become liquid while remaining suspended
in the atmosphere. Therefore, the mass balance is

1mv
a =−1K, 1ml

a =1K, 1ml
o = 0, 1mv

o = 0.

Before the phase change, the condensing vapor has specific
heat capacity cv

p and latent heat internal energy Lv+Ll. Af-
ter the phase change, the resulting liquid has heat capacity cl
and latent energy Lv. Assuming the atmospheric temperature
changes from Ta to T new

a , the energy conservation is formu-
lated as:

(cv
p(m

v
a +1K)+ c

d
pm

d
a)Ta+ (Lv+Ll)(m

v
a +1K)︸ ︷︷ ︸

energy of atm. before phase change

=

(cv
pm

v
a + cl1K + c

d
pm

d
a)T

new
a + (Lv+Ll)m

v
a +Ll1K︸ ︷︷ ︸

energy of atm. after phase change

.

Since no change occurs in the ocean during this stage (de-
noting grey phase during condensation in Fig. 1, the ocean
temperature satisfies 1To = 0.

In the second stage of the condensation process, the newly
formed liquid is removed from the atmosphere and deposited
into the ocean. The atmosphere temperature Ta does not
change during this stage. The necessary changes to Ta ac-
companying condensation related phase change were already
included in first stage. The mass conservation in this state im-
plies:

1mv
a = 0, 1ml

a =−1K, 1ml
o =1K, 1mv

o = 0.

The conservation of energy in the ocean leads to:

clTom
l
o+Llm

l
o︸ ︷︷ ︸

energy of ocn. before precip.

+ clT
new

a 1K +Ll1K︸ ︷︷ ︸
energy of precip.

= clT
new
o (mo+1K)+Ll(m

l
o+1K)︸ ︷︷ ︸

energy of ocn. after precip.

.
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Combining both stages and eliminatingml
a andmv

o, we ob-
tain

1mv
a =−1K (8)

1ml
o =1K (9)

(cv
p(m

v
a +1K)+ c

d
pm

d
a)Ta+ (Lv+Ll)(m

v
a +1K)

= (cv
pm

v
a + cl1K + c

d
pm

d
a)T

new
a + (Lv

+Ll)m
v
a +Ll1K (10)

clm
l
oTo+Llm

l
o+ clT

new
a 1K +Ll1K

= clT
new

o (ml
o+1K)+Ll(m

l
o+1K) (11)

Converting these algebraic equations into ODEs involves ad-
ditional assumptions, which we discuss later in Sect. 3.4.1.

3.1.2 Evaporation

The required mass and temperature tendencies of the ocean
and atmosphere during evaporation follow a derivation
closely analogous to that presented above for condensation.
This is detailed in the current subsection. The first stage is
the phase change of mass 1V > 0 of oceanic liquid water
into vapor, while it remains in the ocean. This representation
is essential to correctly model ocean cooling due to latent
heat loss. Mass conservation is given by

1mv
a = 0, 1ml

a = 0, 1ml
o =−1V, 1mv

o =1V.

Initially, the evaporating liquid has specific heat capacity cl
and latent heat internal energy defined by Ll. After the phase
change following evaporation these change to cv

p andLv+Ll.
The energy conservation for this phase change in the ocean
is given by

clTo(m
l
o+1V )+Ll(m

l
o+1V )︸ ︷︷ ︸

energy of ocn. before phase change

= (clm
l
o+ c

v
p1V )T

new
o +Llm

l
o+ (Lv+Ll)1V︸ ︷︷ ︸

energy of ocn. after phase change

. (12)

In the second stage, the vapor leaves the ocean and be-
comes a part of the atmosphere, following a mass conserva-
tion given by

1mv
a =1V, 1ml

a = 0, 1ml
o = 0, 1mv

o =−1V.

The energy conservation in the atmosphere is:

(cd
pm

d
a + c

v
pm

v
a)Ta+ (Lv+Ll)m

v
a︸ ︷︷ ︸

energy of atm. before evap.

+ cv
pT

new
o 1V + (Lv+Ll)1V︸ ︷︷ ︸

energy of evap. flux

= (cd
pm

d
a + c

v
pm

v
a + c

v
p1V )T

new
a + (Lv+Ll)(m

v
a +1V )︸ ︷︷ ︸

energy of atm. after evap.

.

Combining both stages, we obtain

1mv
a =1V, (13)

1ml
o =−1V, (14)

clTo(m
l
o+1V )+Ll(m

l
o+1V )

= (clm
l
o+ c

v
p1V )T

new
o +Llm

l
o

+ (Lv+Ll)1V, (15)

(cd
pm

d
a + c

v
pm

v
a)Ta+ c

v
pT

new
o 1V + (Lv+Ll)(m

v
a +1V )

= (cd
pm

d
a + c

v
pm

v
a + c

v
p1V )T

new
a

+ (Lv+Ll)(m
v
a +1V ).

(16)

3.2 Current E3SM implementation

While the E3SM surface exchange thermodynamics were
likely not derived in the manner presented here, we reinter-
pret them using the same framework applied to the unapprox-
imated formulation in the previous section. Here, both evap-
oration and condensation processes require additional steps
that represent pressure adjustment, its energy fixer, and the
IEFLX energy fixer previously discussed in Sect. 2.2.2.

In this formulation, the total atmospheric energy differs
from that in the unapproximated case, Eq. (7), but the ocean
energy remains the same:

Eatm = c
d
p(m

d
a +m

v
a)Ta+ (L

dry
v +L

dry
l )mv

a,

Eocn = clTom
l
o+L

dry
l mo. (17)

The difference in atmospheric energy arises from the use of
the dry-air specific heat capacity, cd

p, being applied to the at-
mospheric vapor mass mv

a , instead of the vapor-specific heat
capacity cv

p, used previously in Eq. (7). Such discrepancies in
specific heat capacities constitute one of the primary sources
of divergence between the unapproximated formulation and
the current E3SM design. As we will demonstrate in Sect. 4,
these are not merely minor quantitative errors – they result in
significant qualitative differences in the (simplified) system’s
behavior.

3.2.1 Condensation

Since in E3SM energy flux of precipitation is not modeled
explicitly, it is represented instead by a few processes, as
described below. To clearly explain the mechanism of pre-
cipitation, in this section we need to operate with one more
time index. Besides Ta and T new

a , we introduce intermediate
T new’

a .
The first stage in the condensation process remains struc-

turally the same as in the unapproximated case of the previ-
ous section, but now with heat capacities of the dry air for
water forms in the atmosphere. The mass conservation con-
stitutes

1mv
a =−1K, 1ml

a =1K, 1ml
o = 0, 1mv

o = 0,
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and the energy conservation during the phase change within
the atmosphere is

cd
p(m

v
a +m

d
a +1K)Ta+ (L

dry
v +L

dry
l )(mv

a +1K)︸ ︷︷ ︸
energy of atm. before phase change

= cd
p(m

v
a +m

d
a +1K)T

new’
a + (L

dry
v +L

dry
l )mv

a +L
dry
l 1K︸ ︷︷ ︸

energy of atm. after phase change

. (18)

In the unapproximated case, the sedimentation, included
in the second stage of condensation process, did not alter the
atmospheric temperature Ta, because the energy flux associ-
ated with the precipitating mass 1K was matched between
the ocean and the atmosphere. In E3SM, however, the vapor-
to-liquid transition followed by sedimentation is not modeled
with consistent energy (or enthalpy) fluxes.

Specifically, in EAM, the energy associated with mass
1K during sedimentation is given by Ldry

l 1K and E1 =

cd
pT

new’
a 1K . As described by Neale et al. (2012, accessed

July 02, 2021) and Lauritzen et al. (2022), during the pres-
sure adjustment process, energy E1 is removed from the at-
mosphere, but then restored by the dynamical core energy
fixer (Lauritzen et al., 2022), ensuring energy conservation
in the pressure adjustment process. As a result, the net out-
going energy flux from the atmosphere into the ocean is only
L

dry
l 1K .
This is further corrected by IEFLX energy fixer, which re-

moves energy E2 = clT
new

a 1K (or E2 = clTa1K as temper-
ature ambiguity in such terms is discussed later in Sect. 3.4.1)
from the atmosphere via temperature globally. This action
restores the correct outgoing energy flux of precipitation to
value E2+L

dry
l 1K , which is taken up by the ocean. In our

simple box model, after incorporating the net energy trans-
fers, the conservation of energy in the atmosphere and the
ocean during the precipitation/sedimentation, i.e., the second
stage of condensation process is given by

cd
p(m

v
a +m

d
a +1K)T

new’
a + (L

dry
v +L

dry
l )mv

a +L
dry
l 1K︸ ︷︷ ︸

energy of atm. before precip.

= cd
p(m

v
a +m

d
a)T

new
a + (L

dry
v +L

dry
l )mv

a︸ ︷︷ ︸
energy of atm. after precip.

+E2+L
dry
l 1K︸ ︷︷ ︸

energy of precip.

(19)

clTom
l
o+L

dry
l ml

o︸ ︷︷ ︸
energy of ocn. before precip.

+E2+L
dry
l 1K︸ ︷︷ ︸

energy of precip.

= clT
new

o (ml
o+1K)+L

dry
l (ml

o+1K)︸ ︷︷ ︸
energy of ocn. after precip.

(20)

We re-derive Eqs. (18) and (19) as one equation:

cd
p(m

d
a +m

v
a +1K)Ta+ (L

dry
l +L

dry
v )(mv

a +1K)︸ ︷︷ ︸
energy of atm. before precip.

= cd
p(m

d
a +m

v
a)T

new
a + (L

dry
v +L

dry
l )mv

a︸ ︷︷ ︸
energy of atm. after precip.

+ clT
new

a 1K +L
dry
l 1K︸ ︷︷ ︸

energy of precip.

Similar to the unapproximated case, combining both
stages, we obtain

1mv
a =−1K (21)

1ml
o =1K (22)

cd
p(m

d
a +m

v
a +1K)Ta+ (L

dry
l +L

dry
v )(mv

a +1K)

= cd
p(m

d
a +m

v
a)T

new
a + (L

dry
v +L

dry
l )mv

a

+ clT
new

a 1K +L
dry
l 1K (23)

cl(Tom
l
o+ T

new
a 1K)+L

dry
l (ml

o+1K)

= clT
new

o (ml
o+1K)+L

dry
l (ml

o+1K) (24)

3.2.2 Evaporation

In the current E3SM design, the first stage of the evapora-
tion process incorporating the phase change from liquid to
evaporated state within the ocean is implemented via a tem-
perature tendency directly proportional to latent energy of
vaporization:

1To =−
L

dry
v 1V

cl(ml
o+1V )

.

This implies the following energy balance equation in the
ocean during the phase change process (first stage):

clTom
l
o+ clTo1V +L

dry
l (ml

o+1V )︸ ︷︷ ︸
energy of ocn. before phase change

= (clm
l
o+ cl1V )T

new
o +L

dry
l ml

o+ (L
dry
v +L

dry
l )1V︸ ︷︷ ︸

energy of ocn. after phase change

. (25)
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The difference from the unapproximated case (compare
Eq. 25 with Eq. 12) lies in the use of cl (liquid) heat capac-
ity instead of more appropriate cv

p (vapor) for the evaporated
mass.

In the second stage, vapor leaves the ocean and becomes
a part of the atmosphere. As with condensation, the pressure
adjustment and the dynamical core energy fixer ensure no
net atmospheric energy change from this part of the process
except for the L term (L

dry
v +L

dry
l )1V . The full energy of

the incoming vapor mass into the atmosphere is thus cor-
rected with IEFLX term E3 = clT

new
o 1V . This leads to the

following equation for the conservation of energy in the at-
mosphere:

cd
p(m

d
a +m

v
a)Ta+ (L

dry
v +L

dry
l )mv

a︸ ︷︷ ︸
energy of atm. before evap. flux

+E3+ (L
dry
v +L

dry
l )1V︸ ︷︷ ︸

energy of evap. flux

= cd
p(m

d
a +m

v
a +1V )T

new
a + (L

dry
v +L

dry
l )(mv

a +1V )︸ ︷︷ ︸
energy of atm. after evap. flux

.

Unlike condensation, no additional tendency is applied to To
in the second stage, since the ocean has already lost energy
flux E3+(L

dry
v +L

dry
l )1V = clT

new
o 1V +(L

dry
v +L

dry
l )1V

represented in Eq. (25).
As before, combining the two states, the equations com-

prising evaporation in E3SM are

1mv
a =1V, (26)

1ml
o =−1V, (27)

clToml+ clTo1V +L
dry
l (ml+1V )

= (clml+ cl1V )T
new

o +L
dry
l (ml+1V )

+L
dry
v 1V, (28)

cd
p(m

d
a +m

v
a)Ta+ (L

dry
v +L

dry
l )mv

a + clT
new

o 1V

+ (L
dry
v +L

dry
l )1V = cd

p(m
d
a +m

v
a +1V )T

new
a

+ (L
dry
v +L

dry
l )(mv

a +1V ). (29)

The framework presented in this section follows the E3SM
formulation, with one box representing the atmosphere and
one for the ocean. In this simplified setting – where the dis-
tinction between local and global behavior is blurred – the
various energy fixers can be interpreted as acting “locally” to
each grid cell (just one in our simplified box model). Local
energy fixers are known to be detrimental to model fidelity
and predictive accuracy (Harrop et al., 2022). In fact, it may
be preferable to relax strict energy conservation altogether
if globally consistent fixers cannot be applied. Motivated by
this, we introduce an alternative model in the next section: an
E3SM-like formulation that forgoes net energy conservation.

3.3 Model with E3SM-like behavior (no local fixers)

The systems described by Eqs. (8)–(11), (13)–(16) (for the
unapproximated case) and Eqs. (21)–(24), (26)–(29) (for the
current E3SM design) represent significant simplifications
relative to the full complexity of E3SM. In the actual E3SM
implementation, IEFLX terms, partially responsible for the
nonphysical behavior observed in the simplified version of
current model discussed later in Sect. 4, are applied as global
fixers. These are implemented as globally integrated energy
corrections that result in the same temperature tendency at
each horizontal grid cell at each vertical model level. Impor-
tantly, because the evaporation and precipitation fluxes are
approximately globally balanced in E3SM, the magnitude of
these temperature corrections (due to both IEFLX and the
dynamical core energy fixer) is relatively small at each grid
point.

Since the fixers in the actual E3SM simulations lead to
small temperature tendencies, we modify the Eqs. (23)–(24),
(28)–(29) for current E3SM implementation and remove the
effect of the IEFLX and the dynamical core fixer. This model
maintains the basic thermodynamic structure of E3SM but
relaxes net energy conservation. Because the pressure adjust-
ment in E3SM does not modify the atmospheric temperature
Ta, there is no temperature tendency from that process. Ac-
cordingly, we modify the current model’s equations as fol-
lows. For condensation, we rewrite Eq. (23) as

cd
p(m

d
a +m

v
a +1K)Ta+ (L

dry
l +L

dry
v )(mv

a +1K)

= cd
p(m

d
a +m

v
a)T

new
a + (L

dry
v +L

dry
l )mv

a + c
d
pT

new
a 1K

+L
dry
l 1K .

For evaporation, the current design of E3SM implies that
there is no temperature tendency for Ta due to the incoming
evaporative flux. Thus, there is no atmospheric energy equa-
tion analogous to Eq. (29) and no corresponding correction
to Ta arising from 1V .

3.4 From tendency (algebraic) equations to time
derivatives (ODEs)

3.4.1 Considerations

Now we reformulate the systems of algebraic equations rep-
resenting the tendencies of oceanic and atmospheric mass
and temperature from above as systems of ordinary differen-
tial equations representing the time rate of these tendencies.
We begin with the unapproximated condensation model de-
fined by Eqs. (8)–(11) and outline the assumptions used in
this reformulation in detail.

Consider Eq. (8). Introducing a finite time step 1t over
which the change 1mv

a occurs, we arrive at:

1mv
a =−1K ⇒

1mv
a

1t
=−

1K

1t
⇒

dmv
a

dt
=−

dK
dt
,
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where dK
dt is the condensation rate, to be defined later. Now

consider the energy balance from Eq. (10), repeated below:

(cv
p(m

v
a +1K)+ c

d
pm

d
a)Ta+ (Lv+Ll)(m

v
a +1K)

= (cv
pm

v
a + cl1K + c

d
pm

d
a)T

new
a + (Lv+Ll)m

v
a +Ll1K.

To the leading order in 1K we can express the atmospheric
temperature tendency as:

T new
a − Ta =1Ta =

cv
pTa− clTa+Lv

cd
pm

d
a + c

v
pm

v
a + cl1K

1K

=
cv

pTa− clTa+Lv

cd
pm

d
a + c

v
pm

v
a
1K +O((1K)2). (30)

Dividing this by 1t , taking the limit, 1t→ 0, and con-
sidering only the first order terms in the condensation rate,
dK/dt = lim1t→0(1K/1t), we obtain the corresponding
ODE for atmospheric temperature,

dTa

dt
=
cv

pTa− clTa+Lv

cd
pm

d
a + c

v
pm

v
a

dK
dt

. (31)

One could have considered Eq. (10) with term cl1KTa
instead of cl1KT

new
a . We claim that the linearity imposed

on Eq. (31) with respect to dK
dt eliminates such ambiguities:

Assume that Eq. (10) contains cl1KTa instead. Then the dif-
ference between this new equation and the original is in term
cl1K(Ta− T

new
a ). It can be shown that this difference, pro-

portional to1K , propagates to Eq. (30) as term proportional
to (1K)2, and is thus eliminated from Eq. (31).

The approach above is applied systematically to all the
variables in both condensation and evaporation processes to
derive the full set of time-dependent governing equations for
our simplified box model. The resulting systems of ODEs are
presented in the following three subsections, corresponding
to each of the three models: the unapproximated model (la-
beled as System I for Ideal), the current E3SM implementa-
tion (labeled as System A1 for First Approximation), and the
E3SM-like model without energy fixers (labeled as System
A2 for Second Approximation).

3.4.2 The final ODE system for the ideal case: System I

Analogously to the steps above, we convert the entire alge-
braic system Eqs. (8)–(11) into the system of ODEs

dmv
a

dt
=−

dK
dt
, (32)

dml
o

dt
=

dK
dt
, (33)

dTa

dt
=
cv

pTa− clTa+Lv

cd
pm

d
a + c

v
pm

v
a

dK
dt
, (34)

dTo

dt
=
Ta− To

mol

dK
dt

(35)

From the evaporation Eqs. (13)–(16) we similarly obtain:

dmv
a

dt
=

dV
dt
, (36)

dml
o

dt
=−

dV
dt
, (37)

dTa

dt
=

cv
p(To− Ta)

cd
pm

d
a + c

v
pm

v
a

dV
dt
, (38)

dTo

dt
=
clTo− c

v
pTo−Lv

clml
o

dV
dt

(39)

Combining both condensation and evaporation, the full sys-
tem becomes

dmv
a

dt
=−

dK
dt
+

dV
dt
, (40)

dml
o

dt
=

dK
dt
−

dV
dt
, (41)

dTa

dt
=
cv

pTa− clTa+Lv

cd
pm

d
a + c

v
pm

v
a

dK
dt
+
cv

p(To− Ta)

cd
pm

d
a + c

v
pm

v
a

dV
dt
, (42)

dTo

dt
=
Ta− To

mol

dK
dt
+
clTo− c

v
pTo−Lv

clml
o

dV
dt

. (43)

3.4.3 The final ODE system for the current case:
System A1

Applying the same procedure to the algebraic systems (21)–
(24) and (26)–(29), we obtain

dmv
a

dt
=−

dK
dt
+

dV
dt
, (44)

dml
o

dt
=

dK
dt
−

dV
dt
, (45)

dTa

dt
=
cd

pTa− clTa+L
dry
v

cd
p(m

d
a +m

v
a)

dK
dt
+
clTo− c

d
pTa

cd
p(m

d
a +m

v
a)

dV
dt
, (46)

dTo

dt
=
Ta− To

ml
o

dK
dt
−
L

dry
v

clml
o

dV
dt

. (47)

One can verify that systems (40)–(43) and (44)–(47) are
energy-conserving in the sense that d(Eatm+Eocn)

dt = 0.
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3.4.4 The final ODE system for the E3SM-like case:
System A2

Here, the energy fixers are omitted, and we obtain:

dmv
a

dt
=−

dK
dt
+

dV
dt
, (48)

dml
o

dt
=

dK
dt
−

dV
dt
, (49)

dTa

dt
=

L
dry
v

cd
p(m

d
a +m

v
a)

dK
dt
, (50)

dTo

dt
=
Ta− To

ml
o

dK
dt
−
L

dry
v

clml
o

dV
dt

. (51)

Note that this system does not conserve energy (Eq. 17) due
to the omission of the IEFLX and dynamical core fixers.

3.4.5 Atmospheric temperature tendency due to
evaporation

We draw attention to the dV
dt term in dTa

dt equations. In the
three systems, it appears as

– System I:

cv
p(To− Ta)

cd
pm

d
a + c

v
pm

v
a

dV
dt
,

– System A1:

clTo− c
d
pTa

cd
p(m

d
a +m

v
a)

dV
dt
,

– System A2: Zero (no contribution to dTa
dt from evapora-

tion).

Therefore, in System I, the temperature tendency depends
on the temperature difference at the ocean-atmosphere in-
terface, which is physically reasonable. In contrast, since
cl ≈ 4cd

p, System A1 yields positive tendency in atmospheric
temperature for realistic values of Ta and To, regardless of
the sign of difference To−Ta, which we regard as physically
unrealistic. In System A2, the absence of any dTa

dt tendency
due to evaporation is also implausible. Below in Sect. 4 we
show that the physically unrealistic dTa

dt term in System A1
contributes to the system’s unstable behavior.

3.4.6 Three systems and their relation to E3SM

With the simplified models for thermodynamic exchange at
the ocean–atmosphere interface in place – System I (ideal
with unapproximated thermodynamics), System A1 (E3SM-
like with fixers), and System A2 (E3SM-like without fixers)
– we now clarify their correspondence to E3SM and the as-
sumptions involved.

If we consider the whole Earth system to be presented by
two boxes, one for the ocean and one for the atmosphere, just
like we outlined in Sect. 3.1, then System A1 is an appropri-
ate representation of E3SM, while System A2 is not, since
it does not conserve energy. However, E3SM consists of
many degrees of freedom, effectively many vertical columns,
and in that context, each column’s thermodynamic treatment
aligns more closely with System A2, before energy fixers are
applied.

These energy fixers in E3SM simulations are rela-
tively small in magnitude. Their values can be approxi-
mated via clTsurf(P −Q) for IEFLX (Golaz et al., 2019)
and cd

pTsurf(P −Q) for the dycore fixer (Lauritzen et al.,
2022), where P and Q are globally integrated precipitation
and evaporation rates, respectively. In time-averaged multi-
seasonal runs, P ≈Q within about 1× 10−8 kg m−2 s−1.
Thus, an ensemble of system A2 models, each represent-
ing a vertical column, is a valid proxy for E3SM as long as
global precipitation and evaporation approximately balance.
This ensemble would require a small global energy correc-
tion of the order 3× 10−3 to 1.2× 10−2 W m−2.

By contrast, System A1 does not accurately describe
E3SM’s behavior when modeling multiple columns, as it
effectively implements a local energy fixer. Such local fix-
ers have been shown to degrade performance (Harrop et al.,
2022). Later in Sect. 4 we demonstrate that there are regimes
when System A1 exhibits numerical instabilities. This actu-
ally does not indicate similar instabilities in E3SM, as the
instabilities can be attributed to energy fixers, which, as ex-
plained above, are of small magnitudes in E3SM. However,
we find that both System A1 and System A2 are important for
our discussion about deficiencies of the approximated ther-
modynamics in E3SM.

System I, unlike A1 and A2, does not require external as-
sumptions about energy fixers or balance of precipitation and
evaporation. It can be used in either the global box model
setting or in multi-column settings, and it always conserves
energy since that is built into it from the first principles. Fur-
thermore, unlike current design of E3SM, it does not require
an implicit requirement of P ≈Q.
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3.4.7 Evaporation and condensation rates

In all systems, we define the evaporation and condensation
rates as

dV
dt
(mv

a,Ta)= Ch|u|
1
za

max{(md
a +m

v
a)qsat(Ta)

−mv
a,0}, (52)

dK
dt
(mv

a,Ta)= λmax{mv
a − (m

d
a +m

v
a)qsat(Ta),0}, (53)

qsat(T )=
c1 · c2

p0
exp

(
−
L

dry
v

Rv

(
1
T
−

1
T0

))
, (54)

where the constants are:Ch = 0.0011, |u| = 50.0 m s−1, za =

50.0 m, λ= 1/100 s−1, c1 = 0.622, c2 = 610.78 Pa, p0 =

105 Pa, Rv = 461 J kg−1 K−1, and T0 = 273.16 K. The mass
of the dry air in simulations below is fixed to md

a = 1000 kg
and ocean’s mass is initialized to 5000 kg in all cases pre-
sented in the next section.

In the next section, we use MATLAB’s numerical ODE in-
tegration tools to simulate the evolution of atmospheric and
oceanic mass and temperature, in order to evaluate the perfor-
mance of the three models: System I, System A1, and System
A2.

Since qsat is well defined away from T = 0, functions (52)
and (53) are continuous and Lipschitz-continuous away from
T = 0 K, ensuring existence and uniqueness of solutions un-
der physically relevant conditions (away from T = 0 K).

4 Numerical analysis of Systems I, A1, and A2

In all three models, the rates evaporation and condensa-
tion processes depend oppositely on the sign of (mv

a +

md
a)qsat(Ta)−m

v
a (see Eqs. 52 and 53). Therefore, these pro-

cesses do not occur simultaneously. The steady state condi-
tion for vapor-liquid mass and temperature exchange system
is thereby given by absence of both condensation (dK/dt =
0) and evaporation (dV/dt = 0). This equilibrium, corre-
sponding to a fixed point of the ODEs, yields the relation:

qsat(Ta,steady)=
mv

a,steady

md
a +m

v
a,steady

⇒ Ta,steady(m
v
a,steady)

=

(
1
T0
−
Rv

L
dry
v

log

(
p0

c1 · c2
·

mv
a,steady

md
a +m

v
a,steady

))−1

. (55)

Figure 2 shows how the steady-state air temperature
Ta,steady varies with the atmospheric vapor mass mv

a,steady
for a representative set of physical parameters. As expected
from the logarithmic form of Eq. (55), the rate of increase
of Ta,steady diminishes with increasing mv

a,steady. The region
above the neutral curve in the figure corresponds to finite
evaporation of oceanic liquid into atmospheric vapor, while
the region below indicates condensation.

Figure 2. Steady-state air temperature Ta,steady versus atmospheric
water vapor mass, mv

a,steady, computed from Eq. (55). The corre-

sponding specific humiditymv
a,steady/(m

v
a,steady+m

d
a) for the range

shown varies from 0 (dry) to 2 % (humid).

The dynamical system described by each of the three mod-
els, I, A1, and A2, is fundamentally three-dimensional, as the
atmospheric vapor mass changes at a rate equal and opposite
to that of the oceanic liquid. In the phase space defined bymv

a
(or equivalently ml

o), Ta, and To, the steady-state (or neutral)
curve shown in Fig. 2 represents the set of equilibrium points
where vapor-liquid exchange is balanced. Notably, this curve
is independent of the ocean temperature To. Consequently,
the full three-dimensional steady-state manifold is a surface
formed by extruding the neutral curve of Fig. 2 along the To
axis. However, as discussed below, not all points on this sur-
face correspond to stable equilibria. Moreover, the stability
characteristics and dynamical trajectories differ significantly
across the three models within realistic regimes of Ta, To, and
mv

a .
All three eigenvalues of both the current and ideal models

are negative along the curve, indicating asymptotic stability
(not shown). However, the Jacobian matrix is non-normal,
implying that the transient growth due to linear mechanisms
can be significant, even though perturbations ultimately de-
cay. As we demonstrate below, these transient amplifications
can drive trajectories far from the neutral curve, well be-
yond the regime of linear validity. In such cases, the full
nonlinearity of the governing ODEs governs the long-term
dynamics. Due to this non-normality, we do not present a de-
tailed eigenvalue analysis. Instead, we explore the system’s
behavior geometrically by examining representative trajecto-
ries and comparing the the three models through their phase
portraits.

Figure 3 shows the evolution of six trajectories for each of
the Systems I, A1, and A2, projected onto the Ta–mv

a plane
(left panel) and in the three-dimensional space To–Ta–mv

a
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(right panel). In the condensation regime (i.e., Ta < Ta,steady,
below the neutral curve in the left panel), the blue trajectories
illustrate that, starting from the initial conditions (black cir-
cles), the atmospheric vapor mass decreases in all three mod-
els up to their equilibrium values (black diamonds). Con-
versely, in the evaporation regime (orange trajectories), the
vapor mass increases.

As evident from the left panel, condensation is accompa-
nied by an increase in air temperature in all models. The equi-
librium Ta in System I lies between those of A1 and A2, with
System A1 exhibiting the smallest increase in Ta. Also, in
condensation regime, the ocean temperature (blue curves in
the right panel) remains largely unaffected across all mod-
els. However, model differences become more pronounced
in the evaporation regime. When the ocean is colder than the
air, evaporation and the associated air–sea enthalpy exchange
may produce a weak cooling tendency in the near-surface at-
mosphere, proportional to the air–sea temperature contrast.
This effect is captured by System I through an evaporation-
driven Ta tendency term proportional to To− Ta. System A2
omits this tendency altogether, which is thermodynamically
inconsistent, but not fatal for the present idealized demon-
stration because the initial temperatures in Fig. 3 are simi-
lar (initial To = 295 K and 280 . Ta . 300), so the resulting
change in Ta in the evaporation regime is small. System A1 is
more fundamentally flawed in this regime because its evapo-
ration tendency is proportional to clTo− c

d
pTa. Therefore, as

one of the artifacts of using incorrect specific heat capacities
(and since cl ≈ 4cd

p), A1 predicts an unrealistically rapid in-
crease in atmospheric temperature even when ocean surface
is (much) colder.

The reduction in ocean temperature during evaporation is
smallest for System I (right panel of Fig. 3). Figure 4 fur-
ther illustrates the A1 behavior without limiting the display
to realistic ranges. From initial conditions above the neu-
tral curve (black circles in the left panel), mv

a increases as
expected, but Ta rises to unphysical values – up to 650K
– before approaching equilibrium at extremely large vapor
masses (exceeding the dry air mass md

a = 1000kg). Mean-
while, To drops to unrealistically low, even negative, val-
ues. This behavior results from the evaporation-driven Ta ten-
dency term in Eq. (46). Since cl ≈ 4cd

p, typical atmospheric
values of To and Ta cause this term to push the system away
from equilibrium. The trajectory reverses only under extreme
conditions where To . Ta/4. The distinction in the evapora-
tion regime across the three systems can be also observed in
Fig. 5, where the phase flow at a fixed To = 295 K points to-
wards the neutral curve in Systems I and A2, but away from
it in A1.

Treating System I as the baseline, Fig. 6 quantifies the
equilibrium errors in mv

a , To, and Ta for System A2 – an
E3SM-like system that does not conserve energy. The con-
tours show the percentage change in the equilibrium values
of mv

a , Ta, and To in System A2 relative to System I, for a
fixed To = 295 K, as a function of the initial atmospheric va-

por mass and temperature (mv
a , Ta) shown along the x and

y axes, respectively.
Errors in vapor mass and air temperature are minimal near

the neutral curve but grow in both condensation and evapo-
ration regimes. The vapor mass error (left panel) is roughly
ten times that of Ta (middle panel), though both share similar
spatial patterns. Ocean temperature is underpredicted by 3K
(which is around −1 %) for high initial Ta.

Although System A1 conserves energy, its equilibrium er-
rors mirror those in A2 but with significantly larger mag-
nitudes. Figure 7 shows the logarithm of the absolute per-
centage errors in the equilibrium mv

a , Ta, and To, computed
for the same set of initial conditions used to visualize Sys-
tem A2’s error in Fig. 6. In the condensation regime, errors
are small (negative log contours). In contrast, the evaporation
regime exhibits extreme errors: where the log of percentage
error magnitude reaches 1 for Ta, 5 for To and 10 for mv

a .
These substantial discrepancies reflect the destabilizing ef-
fect of A1’s IEFLX evaporation term.

Finally, despite showing stability and smaller discrepancy
relative to System I, A2 exhibits a net energy loss. Figure 8
(left) shows the percentage change in energy relative to its
initial value (with To = 295 K). A loss of 1 % is observed in
evaporation, with smaller losses in condensation. An alter-
nate metric is the temperature leak, defined as

Tleak =
Efinal−Einitial

cd
p(m

d
a +m

v
a,final)

, (56)

where,Efinal−Einitial is the energy lost andmv
a,final is the final

mass of the water vapor in the atmosphere. Shown in the right
panel, it ranges approximately from 0–20 K in evaporation
and is positive in condensation – qualitatively similar to the
energy loss pattern.

5 Conclusions

In this work, we use a minimal two-box representation of the
ocean–atmosphere interface, one atmospheric box and one
ocean box, to isolate the energetics of moisture exchange.
Our goal is to clarify how thermodynamic approximations
used in E3SM enter the coupled energy and mass budgets,
and to identify structural consequences of those approxima-
tions in a setting where all terms can be tracked explicitly.
Starting from a first-principles accounting of energy transfer
across the interface in Sect. 2, we derive coupled ordinary
differential equations for the evolution of box mass and tem-
perature. Enforcing energy conservation with consistent ther-
modynamics (Sect. 3.1) leads to an “unapproximated” ref-
erence formulation, System I, which closes the energy bud-
get by construction and therefore requires no energy fixers.
We then derive an E3SM-analogous formulation (Sect. 3.2),
System A1, to make explicit how the model’s thermody-
namic simplifications and associated fixers enter the gov-
erning equations. Finally, we consider a related formulation
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Figure 3. Trajectories in the evaporation (orange) and condensation (blue) regimes predicted by the three models – System I (solid), A1
(dotted), and A2 (dash-dotted) – for realistic values of Ta, To and mv

a . (a) Projection onto the Ta–mv
a plane. (b) Full three-dimensional

trajectories in Ta− To−m
v
a space. The grey dashed curve (left) and the transparent surface (right) denote the steady-state (neutral) surface.

Initial conditions are shown as black circles, and equilibrium points (when reached) as black diamonds.

Figure 4. Trajectories of System A1 in the evaporation regime up to the system equilibrium. Same symbols are used as in Fig. 3. (a) 2D
projection of trajectories in Ta−m

v
a space, (b) full 3D trajectories in Ta− To−m

v
a space.

without fixers, System A2 (Sect. 3.3), which isolates the con-
sequences of the thermodynamic approximations alone.

Although Systems I, A1, and A2 are highly idealized rel-
ative to full E3SM, they provide a transparent framework for
interpreting the implications of approximate moist thermo-
dynamics. In our experiments, System A2 behaves similarly
to System I in terms of qualitative mass and temperature evo-
lution during both evaporation and condensation, but it ex-
hibits an energy leak during evaporation and an energy gain
during condensation, consistent with the missing energetic
terms in its formulation. In contrast, System A1 (in our box
setting) displays markedly different, physically unrealistic,
behavior. This is most apparent during evaporation, where
the modeled energetics can imply an increase in atmospheric

temperature concurrent with evaporation. The corresponding
steady state differs substantially from Systems I and A2, with
very low ocean temperatures and a large atmospheric vapor
mass. We emphasize that the magnitude and character of this
behavior are exaggerated by the box-model structure: in our
idealization, any corrective energy is applied within the sin-
gle atmospheric box, whereas in E3SM the global fixer dis-
tributes the aggregate correction across the domain. In the
particular case of “A1-like” instability, it is not observed in
production E3SM simulations because both energy fixers are
applied to the model globally, accounting for both evapora-
tion and condensation at the same time. Since evaporation
and condensation rates are close in magnitude and opposite
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Figure 5. Phase plots in Ta−m
v
a plane of System (a) I, (b) A2, and (c) A1 at T = 295 K. Uneven streamline spacing is an artifact of

MATLAB’s streamslice function.

Figure 6. Percentage error in difference between equilibrium values of (a) mv
a , (b) Ta and (c) To between Systems A2 and I for initial

To = 295. The x and y axis correspond to the initial Ta and mv
a .

in signs, magnitudes of the fixers are small, and overall the
model behaves like System A2.

A natural next step is a controlled E3SM assessment, be-
fore and after implementation of the proposed thermody-
namic corrections, in the spirit of Harrop et al. (2022). How-
ever, such a quantification is challenging in a coupled Earth
system model, where multiple components and parameteri-
zations interact, and changes in one component require corre-
sponding updates elsewhere to maintain energy conservation
and thermodynamic consistency across modules. Concretely,
achieving thermodynamic consistency within E3SM requires
the following developments spanning air-sea coupling, ver-
tical transport, phase-change energetics, and package-level
closures:

– Implementing transfers of water vapor energy. Imple-
menting the correct evaporation flux, given by Eq. (12),
will require moving the energy of the evaporated mass,
cv

pT1m+ (Lv+Ll)1m (Eq. 4), to the atmosphere.
However, as discussed in Sect. 2.2.2, there are currently
no suitable mechanisms within the atmosphere to ab-
sorb the cv

p term in Eq. (4) in any of parameterizations,
including micro- and macrophysics, deep convection,
etc. Therefore, we must correctly introduce such mech-

anisms in the EAM component of E3SM that transport
and mix water vapor energy between layers, properly
account for it during phase changes, and in turbulence-
like parameterizations. This will require an extended ef-
fort from atmosphere modelers. Note that even energy-
conserving, thermodynamically consistent atmospheric
closure schemes for turbulent transport are an underde-
veloped field.

– Implementing transfers of energy of other water forms.
Similar to that described above for the water vapor, new
implementations will need to be made for the energy of
falling hydrometeors, cloud water, and cloud ice. While
this is an active area of research, several fundamental
processes, such as the transfer of kinetic energy and the
friction of falling hydrometeros even within the atmo-
sphere, require finalization.

– Validation and verification of new moist-physics pack-
ages. The microphysics, macrophysics, convection, etc.
packages will need to be modified to account for pro-
posed consistent and unapproximated thermodynamics.
These would likely need to be developed first as stan-
dalone codes with implementation on idealized and iso-
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Figure 7. Logarithm of the absolute percentage error in equilibrium values of (a) mv
a , (b) Ta and (c) To between Systems A1 and I for

To = 295 K. Axes show initial Ta and mv
a .

Figure 8. (a) Temperature [K] and (b) percentage energy leak in A2 relative to the energy conserved by A1.

lated test cases featuring only the relevant physics tar-
geted by the respective package, perhaps in a similar
manner to their original development (Morrison and
Milbrandt, 2015b; Morrison et al., 2015), before being
coupled to operational models like E3SM.

– Tuning E3SM with the new packages. Tuning models as
complex as E3SM towards observations remains a sig-
nificant and necessary step due to uncertainties in Earth
system modeling. The new consistent thermodynamics
would reduce many of those uncertainties, but would
likely not eliminate all of them. We expect that tuning
will remain a big part of the Earth system model devel-
opment even with consistent moist thermodynamics.

A fair comparison of our proposed improvements there-
fore requires significant development steps – implementation
of the concept of moist energy across all components, vali-
dation and verification of new components, and retuning of
each component and the model as a whole to recover com-
parable baseline observations. Missing development steps
above would result in the model with thermodynamics as
crude as the existing one, therefore, invalidating proper com-

parisons. All of the development stages outlined above are
beyond the scope of the present paper.

The broader purpose of this work is to motivate replace-
ment of known deficiencies in approximate moist thermody-
namics (as represented here by Systems A1 and A2) with en-
ergetically consistent formulations (System I), and to move
toward an idealized goal in which the coupled model does not
rely on fixers to compensate for evaporation/condensation-
related energy imbalances. We hope that our analysis clari-
fies the relevant energetic constraints and provides a concrete
basis for pursuing these developments, enabling simulations
that “work for the right reasons” (Harrop et al., 2022).

Code availability. MATLAB scripts for all figures are located
at https://doi.org/10.5281/zenodo.16858190 (Guba and Sharma,
2025). Included README file contains instructions.

Data availability. No data sets were used in this article.
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