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ABSTRACT: Temporal changes in upper ocean temperature (7°) are crucial indicators of climate
variability, change, and its environmental impacts. Ocean heat budgets (OHBs) used to understand
these changes are a standard tool across multiple disciplines, but the vast majority of OHBs in
published research rely on approximations that are rarely documented and tested. Here, we use
output from the CESM2 model to perform exact and approximate OHBs of the Nifio3.4 region and
compare their results. Exact OHBs are computed using specialized variables that directly reflect
the model’s implementation of tracer equations, while approximate OHBs use standard variables to
recreate the redistribution of heat by oceanic processes. Our results highlight that major drivers of
heating can hide within small residual terms and thus go unacknowledged by simplified OHBs. We
also find that reconstructions of advective heating exaggerate the role of advection in the growth of
ENSO events in this model (by ~25% and ~100% for El Nifio and La Nifia, respectively). Lastly,
we show that eddy parameterizations can dominate multidecadal changes in T and thus represent
a poorly-explored source of long-term change. Parameterized processes help shape T across the
global ocean, but their contributions go unnoticed in simplified OHBs. To curb incomplete views
of the oceanic temperature balance, we propose that future model intercomparison projects save

and report values of advective and parameterized heating exactly as implemented by each model.
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1. Introduction

Multiscale changes in ocean temperature (7') are among the foremost indicators of regional and
global climate change. Variations in 7" that range from subseasonal to multidecadal timescales are
known to have profound impacts on ecosystems, weather, and the hydrological cycle (Soden 2000;
Xie et al. 2010; Cavole et al. 2016; Yun et al. 2021; Choi et al. 2024). Diagnosing the drivers of
changes in 7T is therefore a crucial requirement to understanding Earth’s future.

Ocean heat budgets (OHBs) are the primary diagnostic method used to understand changes in 7'.
However, ocean variables needed to perform precise OHBs are not included in most data archives,
like those associated with model intercomparison projects (MIPs). Atmospheric heat fluxes at
the ocean surface are easily available, but the individual heating terms associated with three-
dimensional ocean advection and subgrid parameterizations are almost never saved and reported.
Without these crucial variables, the vast majority of published OHBs rely on approximations
and are left with residuals made up of inaccuracies and true physical processes that cannot be
decomposed (Alory and Meyers 2009; Cronin et al. 2015; Keil et al. 2020; Amaya et al. 2020;
Tseng et al. 2023; Jiang et al. 2024).

Here, we present a series of comparisons between simplified and exact OHBs to evaluate the
effects of typical approximations used in OHB studies. Our analyses are based on output from
the Community Earth System model version 2 (CESM2, Danabasoglu et al. 2020) and use the
Pacific equatorial region as an example. The results reveal major drawbacks of simplified OHBs
in analyses of the upper ocean’s i) mean state, ii) interannual variations, and iii) multidecadal
warming. All drawbacks are associated to meaningful signals that can hide within residual heating
terms and that are necessary to produce a truthful account of the upper ocean heat balance.

The paper is structured as follows. Section 2 reviews the ocean heat equation and compares
its precise implementation in ocean models to the simplified formulations used in typical OHBs.
Section 3 details the model data and variables used, as well as the primary methods of analysis.
Section 4 evaluates the performance of simplified OHBs in analyses of the ocean mean state, its
interannual, and multidecadal changes. A discussion in Section 5 reiterates our findings, presents
evidence that the pitfalls of simplified OHBs are not unique to the equatorial Pacific region, and
argues for the inclusion of specialized heating variables in future model intercomparison projects.

Lastly, Section 6 delivers our conclusions.
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Fic. 1. Two simplified OHBs based on incomplete sets of variables lead to contradictory interpretations.
Terms in A) represent a typical approach used in published literature (Eq. 3), where atmospheric heating Q. ¢
and heat advection by the mean circulation AaGp prox take priority. In turn, B) decomposes all terms included in
the residual Res (Eq. 4). All terms are averaged over an 10-year period between 2020 and 2030 within a coupled

simulation of the SSP 585 scenario (see Section 3). Panel C) shows the probability density functions of Res and

Res gy using 10-year segments with 50% overlap across our 8 ensemble members (total samples = 7 X 8).

2. The ocean heat balance

The evolution of T'(x, y, z,¢) within a three-dimensional flow u = (u,v,w) follows

o _u.vr-v. Q+) Hi, (1)

ot
where Q is a vector including the vertical temperature flux (positive downwards) across the air-sea
interface. ;; H; is the sum of all heat flux vectors associated with individual parameterizations for
sub-grid scale mixing and eddies.
Eq. (1) is defined for a continuum, and must be adapted to the discrete grid cells of numerical
ocean models. To do so, we integrate 97 /dt over the individual grid cell volumes V;. Invoking the
divergence theorem and the condition of non-divergent flow V-u =0, we see that V- (uT) =u- VT.

Therefore, we can write

1/8T —1/
— | —adVi=— [ a;-|uT+Q+ ) H;|dS;, (2)
Vidv, 01V s Z ’
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where S; is the surface that encloses V; and 7; is a unit vector normal to S;. Therefore, Eq. (2)

tracks changes in 7 by computing 7" fluxes that go in and out of an ocean model’s grid cell.

a. Simplified formulations

Ocean models can be configured to save output directly from their own implementation of Eq.
(2). Doing so allows one to precisely quantify and attribute rates of oceanic heat transfer (Ray et al.
2018). However, this is rarely done and the vast majority of OHBs rely on diagnostic equations
that typically read

% = —Aapprox = Qapprox — Res. 3)
Here, the brackets (-) indicate a monthly average and A, ox is an estimate of advective heating
produced using (u) and (T'). Agpprox may be expressed as Agppmx or Agppmx depending on
whether it was estimated by computing the advection of gradients V(T') or transports (u)(T")
across the boundaries of a control volume, respectively (see Section 3 for detailed descriptions of
these formulations). Furthermore, Q,,rox makes assumptions about how atmospheric heating is
distributed across the upper ocean and may account for a penetrative downward shortwave flux.
Lastly, Res is a residual that includes contributions from parameterized heat fluxes H; bundled
with all errors arising from differences between the diagnostic Eq. (3) and a model’s actual
implementation of Eq. (2).

Sample values for the top 50 m of the Nifio3.4 region (a detailed data description is given in
Section 3) exemplify how simplified OHBs may yield seemingly satisfying results but in fact miss

important physics (Fig. 1). 10-year average values of all terms in Eq. (3) lead to the familiar

conclusion that the Nifno3.4 region is heated by the atmosphere and cooled by ocean currents,
G

approx

since Qupprox and A yield tendencies of roughly 0.85 and —0.75 K month™!, respectively
(Fig. TA). We call this a seemingly satisfying result because the budget is approximately closed:
0(T) /0t is negligible and the term Res carries a cooling tendency —0.10 K / month, much smaller
than the main terms Q. ¢y and Agpprox. Therefore, one could look at Fig. 1A and claim that Q. ¢
and Agp prox are the main drivers of heat transfer in the Nifio3.4 region. This leads to the corollary

that parameterized and high-frequency processes embedded in Res do not matter much to the heat

balance of the Nino 3.4 region.
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Let us, however, imagine a hypothetical situation in which modeling experiments reported only

(T') and the exact values of terms bundled within Res. In that case, a simplified OHB would read

T
& =-V. Heddies -V. Hmt'x
o @

+Aeddy —Resq,

where individual fluxes H; have been grouped into those arising from parameterizations of ocean
eddies (Hegqies) and vertical mixing (H,;;,). Furthermore, the errors associated with Agpprox €
{Ag[7 pmx,Axp prox) Are given by Acqay € {Afd dy,AZ 4 dy}, which captures submonthly covariances
between u and T (see Section 3). An alternative residual Res,;; now captures all heating terms
that are not explicitly included in Eq. (4), namely the sum of A, 0x and Q..

Data available in this alternative scenario leads to the conclusion that the Nifio3.4 region is
heated by ocean eddies and cooled by vertical mixing (Fig. 1B). During the same 10-year period
=V H.ddies + Acaay and =V - H;, yield mean tendencies of 0.55 and —0.64 K month™!, respectively,
and our residual —Res,;; ~ —0.10 K month™! has the same magnitude as Res. With this, one could
be satisfied, claim that the budget is nearly closed: that eddies and vertical mixing are the primary
drivers of heat transfer, while the mean circulation and atmospheric heating do not matter much to
the heat balance of the Nifio3.4 region.

Two separate OHBs in Fig. 1 describe the same simulation using two different incomplete sets
of variables. Blind spots in each approach lead to physical interpretations that seem to contradict
each other. We have chosen a decade where —Res and —Res,;; are particularly small, but both
residuals range between —0.22 and —0.08 K month~! across 56 different 10-year-long segments
of our dataset (Fig. 1C). Therefore, whether we use Eq. (3) or (4), we will consistently obtain
residual terms that are markedly smaller than the resolved drivers of heat transfer.

Most scientists have become accustomed to think of mean advection and Qpprox as the major
cooling and heating influences on the Nifio3.4 region, but vertical mixing and lateral stirring can
play nearly equal roles. Is the balance in Fig. 1A more established than the one in Fig. 1B because
it is based on typically-available data, or because it is more physically meaningful?

In reality, the local evolution of 7" hinges on the interplay of atmospheric heating, advection, and
parameterized processes (Menkes et al. 2006; Jochum and Murtugudde 2006; Moum et al. 2013;
Ray et al. 2018; Warner and Moum 2019; Deppenmeier et al. 2022). Simplified OHBs that rely
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Variable name in CESM2 | Description Notation Units
SHF Total vertical heat flux at the ocean sur- q(z=0) W m™2
face, positive downwards
QSW_3D Shortwave heat flux across the top of q(z) forz <0 W m™?
model grid cells
ADV_3D_TEMP Temperature tendency caused by re- —u-VT = A pqct Ks!
solved ocean advection
TEMP Temperature T °C
UVEL, VVEL, WVEL Three-dimensional velocities Components of u | cm !
TEND _TEMP Tendency of thickness-weighted tem- oT /ot Kms
perature in a model grid cell
ISOP_ADV_TEND_TEMP | Temperature tendency caused by pa- | Part of =V -H,ggi0s | K s7!
rameterized isopycnal eddies (Gent and
Mcwilliams 1990)
SUBM_ADV_TEND_TEMP | Temperature tendency caused by pa- | Part of =V -H,ggies | Ks™!
rameterized submesoscale eddies (Fox-
Kemper et al. 2008)
DIA_IMPVE_TEMP Temperature flux across the bottom | Partof -V-H,,;, | Kms
face model grid cells from implicit ver-
tical mixing
KPP_SRC_TEMP Temperature tendency caused by non- | Partof -V -H,,;; | Ks™!
local mixing in the KPP scheme (Large
et al. 1994)
Redi_TEND_TEMP Temperature tendency caused by Redi | Part of =V -H,z4i05 | K s7!

TaBLE 1. List of CESM2 variables used in the analysis analysis. All variables were saved as monthly averages

on the three-dimensional grid. The only exception is SHF, which is two-dimensional and reported at the ocean

surface.

on standard output variables will never yield a truthful view of this balance. Even when heating

residuals are small, it may be that unquantified processes cancel each other and give us a false sense

of confidence. As we will show below, such misleading situations emerge in practical problems

across multiple timescales.

3. Data and methods

OHBs presented below aim to diagnose the drivers of mean, interannual, and multidecadal

features in T. We use output between years 2015 and 2060 from 8 separate simulations of

the SSP5-8.5 emissions scenario made using the Community Earth System Model v2 (CESM2,
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Danabasoglu et al. 2020). The model output is a subset of control runs presented before by Zhuo
et al. (2025). The model’s ocean component has a 1° horizontal resolution, but meridional grid
spacing reaches roughly 0.25° near the equator. Multiple specialized variables (Table 1) are saved
and analyzed to reflect the model’s direct implementation of Eq. (2). This way, we repeatedly
make comparisons between the insight one can draw from simplified OHBs based on standard
output variables, and find when those methods fall short. Unless noted otherwise, all heat budgets
presented here are performed on the top 50 m of the Nifio3.4 region, which include 5 model layers
of 10 m thickness each.

Atmospheric heat fluxes q = (0,0,q) are vertical and positive into the ocean. They include
radiative, sensible, and latent components whose convergence induces a local warming rate —V-Q =
—%(pcp)—l. Roughly 4 W m~? of simulated shortwave radiation pass through the bottom (50
m depth) of our study region, representing nearly 5% of the shortwave flux at the surface. This
penetrative flux is saved as a 3D field under the name QSW_3D and included in estimates of
—Q.rr ==V -Q throughout the text. Therefore, all values of atmospheric heating shown in this
manuscript are exact and thus help keep our focus on purely oceanic processes.

We evaluate two methods of estimating oceanic advective heating based on the standard output

variables representing (u) and (7°) (Table 1). First, we recreate the notation in Eq. (1) to write

(W-VT) = AG o0+ AS 1

approx
- S
= (u) - V(T) + AG,,..
where Affp prox 18 OUr estimate and AeG dy is a residual that captures submonthly covariance between

u and 7', while the superscript G indicates that we’ve used the 3D gradients of (7). Alternatively,
one can define a volume of interest V and estimate the mean divergence of temperature transport

across its bounding surface S. With this, we replicate the form of Eq. (2) as

1 [, G _ AV 14
‘T/ /Sn : <UT> ds :Aapprox +Aeddy

X . (©)
=5 /S A (T dS + ALy, .

where AZd dy is again a residual and the superscript V implies that terms are associated to a

predetermined volume. In our case, the volume V is bound by the bottom of the fifth model layer
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Fic. 2. Estimates of advective heating overestimate the circulation’s role in cooling the ocean surface.
Meridional and temporal averages of advective heating are shown for A) exact values, B) the gradient-based
estimate A9 (Eq. 5), and C) their difference Afd dy* Green contours show the mean locations of the 16, 20,

approx

24, and 28°C isotherms. All values are averaged over 45 years from a single simulation.

and the edges of the Nifio 3.4 region at 5°S, 5°N, 190°E, and 240°E. Eddy residuals AeGd dy and

AV

eddy AT€ computed by taking the difference between exact values of oceanic advective heating

(saved as ADV_3D_TEMP) and the corresponding approximations.

Temperature tendencies associated with parameterized eddies are saved as three separate vari-
ables, but we report their sum as —V - H 44505 (Table 1). Lastly, tendencies from parameterized
vertical mixing is reported as the sum —V - H,,;,. Our configuration of CESM2 uses the KPP
scheme (Large et al. 1994), which includes two mixing terms. However, our model output only
includes the tendency associated with the vertical diffusive flux (DIA_IMPVF_TEMP), and the
effects of non-local fluxes (KPP_SRC_TEMP) are inferred indirectly. To do so, we rearrange Eq.
(2) to isolate the two mixing flux components and equate them to all other terms, which are known
exactly.

Our configuration of CESM?2 uses the Parallel Ocean Program 2 (POP2, Smith et al. 2010) as its
ocean component. POP2 has a staggered horizontal B-grid, meaning that 7 is resolved at the center
of grid cells while horizontal velocity components u,v are defined at cell corners. The model’s
advection scheme uses this spatial offset to define finite-difference operations that ensure tracer

conservation.
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When analyzing output to calculate Agp prox OF Aan prox> ONE can either 1) meticulously replicate
a model’s own schemes as outlined in technical documentation, or ii) further simplify the OHB by
using more convenient finite difference schemes. Here, we use the latter option to represent what
we believe is perhaps the more common practice. In particular, we implement Egs. (5) and (6) by
first interpolating (u) and (7") to a common grid. We further compute gradients V(7T') by center

differences and interpolate transports (u){7) onto the edges of the Nifio 3.4 region.

4. Performance of simplified OHBs

a. Estimates of advective heating

Ocean advective cooling in is greater near the eastern edge of the Nifio 3.4 region and peaks near
50 m depth (Fig. 2A). Offline estimates Affpp,ox yield the same peak tendencies of roughly —0.6

K month~! but produce a different spatial pattern, with a weaker zonal contrast and the greatest

cooling happening at the surface (Fig. 2B). The difference Af ddy between reconstructed and exact

G

values changes sign near 50 m depth, meaning that A;), ..,

tends to exaggerate the role of advection
in cooling the ocean surface, and underestimate it in the upper thermocline (Fig. 2C).

Both estimates Agppmx and Axppmx tend to exaggerates the role of advection in cooling the
upper 50 m of the Nifio3.4 region, yet manage to capture broad patterns of temporal variability
(Fig. 3A). Exact output of advective heating yields a mean tendency —0.55 K month™! across our
entire dataset of 8 simulations, but Egs. (5) and (6) yield values —0.68 and —0.80 K month™,
respectively (Fig. 3C). Therefore, values of AeGd dy and AZ day Account for net heating at mean rates
of 0.13 and 0.25 K month~! (Figs. 3B,C).

Time series of Agppmx yield values closer to the true simulated advective heating across our
simulations (Fig. 3C). However, this does not necessarily mean that Eq. (5) should be favored over
Eq. (6). Estimates Agp prox and Axp prox are shaped by the use of monthly-averaged values, but
also by the simplifications of grid geometry and discrete difference operators made during post-
processing (see Data and methods). Submonthly covariance between u and 7" must play some role
in regulating heat advection, and there is no obvious way to tell whether the associated tendency
should be that given by A%, gy OT A, iy

Overall, estimates based on Egs. (5) and (6) can capture broad patterns of variability in advective

ocean heating. However, their numerical values should not be understood to indicate the true role

10
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of advection in sustaining the local ocean heat balance (Fig. 3C). The contribution of submonthly
processes is only knowable when specialized output like ADV_3D_TEMP is available, but even
then results can be tremendously sensitive to simplifications of grid geometry: Egs. (5) and (6)
are mathematicall equivalent given V-u =0, but they yield different values in Fig. 3B because
one estimate simplifies gradient operations, while the other one depends only on the interpolation
of u and T to the edges of the Nifio3.4 region. In either case, terms AeGd dy and AZ ddy often yield
tendencies larger than 0.5 K month™!, sufficient to trigger an El Nifio event within months.

Lateral stirring by tropical instability waves (TIWs) are likely contributors to the net heating
tendency quantified by AeG ddy and AZ ddy’ TIWs enable heat transfer across meridional SST gradients
north of the Cold Tongue region, but this effect can not be truthfully captured by monthly means
of u and T (Vialard et al. 2001; Jochum and Murtugudde 2006; Menkes et al. 2006). Still,
some studies have argued that eddy terms may be ignored in many model studies because TIWs
have small-scale features that ocean models with horizontal resolution ~ 100 km cannot resolve
(DiNezio et al. 2009). This justification is not valid for the current generation of climate models,
which often include realistic TIWs (Wengel et al. 2021; Moon et al. 2025). For instance, maps
of submonthly kinetic energy in our CESM2 simulations a have local maximum that is slightly
north of the equator and spans much of the central-eastern Pacific ocean (Fig. S1), a hallmark sign
of TIW activity. Likewise, clear evidence of TIWs appears in daily values of SST and advective
heating (Fig. S2) as simulated by the Energy Exascale Earth System Model version 3 (E3SM v3.0,
Golaz et al. 2026).

b. ENSO cycles

Let us now contextualize the limitations of simplified OHBs in studies of climate variability. To
do so, we decompose T = T + 7 into its seasonal cycle (7') and deviations (7°) from it. We compute
T by fitting a linear trend and 5 sine waves with periods 12, 6, 4, 3, and 2 months by least squares.

7" thus captures all variability in 7' that is not captured by 7. Repeating this decomposition for all

11
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Fic. 3. Estimates Axp prox yield a biased view of advective heating in the Nifio3.4 region. Time series

in A) show exact and estimated values of advective heating over 8 years of simulation in a single ensemble

\%

eddy by submonthly advection missed by AY C)

member. B) are monthly values of the contribution A approx-

shows non-parametric kernel density estimates of all terms, aggregated over all 8 ensemble members for a total
360 simulation years. Vertical dashed lines in C) are color-coded to indicate the mean value of each distribution.

Values calculated for the ocean’s top 50 m.

terms in Eq. (1) allows us to write

o 0T _

E + E - (Aapprox + ANeddy)

- (ﬂapprox + ﬂeddy) (7)

-V Q+Q+ ) (Hi+%H,)
1A+,
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Fic. 4. Two different heating terms can separately explain the timing and magnitude of ENSO events. A
succession of El Nifio and La Nifia events are revealed by A) deviations 7 and the anomalous warming rate B)
07 |0t. Atmospheric heating C) —V - Q alone cannot capture the evolution of 77, but either one of D) advective
heating and F) parameterized mixing —V - H,,;x can. E) shows residuals from simplified OHBs based that
consider 07 /0t, —V - Q, and one of the following: (black line) —Aexacr, (green dashed line —ﬂxp [,mx), or

(blue line) =V - H,y,; . The yellow dashed line in F) shows the contribution from =V - He 44, .

Assuming that all seasonal cycles are balanced among themselves, we are left with an expression

for deviations
0T
E = _(ﬂapprox +ﬂeddy)_v' Q+Z% > (8)
i
where estimates A, prox may be given by Egs. (5) or (6).
For demonstration purposes, reconstructions of advective heating shown below are based on

Eq. (6) only. The supplementary material includes alternative versions of Figs. 4 and 5 that use

and AC

: G
estimates A eddy

approx (Figs. S3, S4) and show that our results are insensitive to the choice

of advective heating reconstruction. Standard practice indicates that warm anomalies 7 must be
sustained for 3-6 months for an ENSO event to be declared (Hanley et al. 2003). Therefore, after

calculating deviations from the seasonal cycle, we filter all anomaly terms using a 5-month rolling

13



258

259

260

261

262

263

264

265

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

mean. Our results remained mostly unchanged when analyses were performed using a 3-month
rolling mean (not shown).

Our goal now is to determine whether a simplified OHB can reliably explain the occurrence of
El Nino and La Nifa events. To start, a 5-year long sample of 7 (Fig. 4A) reveals a succession
of events and transitions between them. To find a satisfying explanation, we seek a combination of
heating terms that can roughly recreate the temporal evolution of 97/t in Fig. 4B. Throughout
much of the period considered here, anomalies —V - Q’ had the same sign as 97’ /dt, but their

absolute magnitude was clearly too small to explain most of the changes in 7 (Fig. 4C).

Vv

Visual inspection of Ay, o

suggests that ocean advection was the primary driver of ENSO
events and their transitions, since the reconstructed time series in Fig. 4D closely resembles the

net warming 07 /0t (Fig. 4B). If performing a simplified OHB, one could very easily deem this to
G

approx

be a satisfying answer: the residual left over from adding 07 /0t+V -Q+ A (dashed green

line in Fig. 4E) oscillates around 0 and mostly opposes 07 /0t.

G
eddy’

confident that variations in advective heating drove the evolution of ENSO events in Fig. 4. The

sum Ay, o0 + Ay, has weaker variations than the estimate Ay, o
:7{V

eddy

If one had access to specialized output to compute A one could likely become more
(Fig. 4D), indicating that
acted against the thermal effects of lower-frequency ocean advection. However, accounting
for ,?IZ ddy makes the residual (black line in Fig. 4E) even smaller. With this, whether we reconstruct
advective heating values with Eq. (6) or use exact specialized output, we are led to the conclusion
that ENSO events were driven by simulated ocean currents.

Interpretation of events in Fig. 4 becomes more complicated upon reviewing time series of
=V - H,q4ies and =V - H,,; (Fig. 4F). These specialized variables reveal that residuals in Fig.
4E were small not because parameterized processes could be neglected, but because they were
strongly anticorrelated. This anticorrelation is physically meaningful and not an artifact of modeling
schemes: Theory, observations, and models all indicate that advective heating by the mean flow,
near-equatorial eddies, and vertical mixing are all interdependent process that scale with the
strength of the trade winds and of the equatorial current system (e.g. Yu et al. 1995; Menkes et al.
2006; Moum et al. 2013; Warner and Moum 2019; Cherian et al. 2021; Moum et al. 2023; Wang
et al. 2024).
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FiG. 5. Probability density functions of anomalous heat budget terms (Eq. 8) in the (black) growing and
(orange) decaying phases of (left column) El Nifio and (right column) La Nifia. The top rows show (A,B) exact

values of —Apxger = —AY A

approx = while (C,D) represent the submonthly contribution —ﬂ: ddy according

dey’
to Eq. (6). Panels E and F show contributions from —V - H,,;, and (G,H) include =V - H,4g4;e5. All values are
computed in the Nifio3.4 region, and averaged over the ocean’s top 50 m. Data is aggregated for 360 simulation
years across all 8 ensemble members and includes 104 and 106 individual realizations of El Nifio and La Nifia,

respectively. All plots use a non-linear scaling in the y axis to enhance the visibility of low density values.

Vertical lines show the mean values of each distribution.

The time series of —V - H,,,; (blue line in Fig. 4F) broadly resembles patterns in 97 /9t and in
the advective term. Therefore, a scientist performing OHBs using output of —V - H,,,;, rather than

AY +AY

approx ¥ Ay, could easily conclude that ENSO events in Fig. 4 were driven by vertical mixing

and not ocean currents.
The notion that ENSO events are driven by anomalies in —V - H,,;, resonates with a growing

body of observational and modeling literature that details long-term variations in ocean turbulence
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(Moum et al. 2013; Warner and Moum 2019; Deppenmeier et al. 2022; Liu et al. 2025). However,
the same idea might stand awkwardly in the face of most simplified OHBs and classical works that
argue for the dominant role of large scale advection (Philander and Hurlin 1988; Jin et al. 2003;
Huang et al. 2012). The truth is that both advection and mixing shaped the evolution of 7~ in Fig.
4, but the respective roles of each process can only be diagnosed when the complex signals that
hide within residuals are decomposed and analyzed.

Parameterized processes and —5"1: ddy played key roles shaping ENSO events across our entire
dataset. Kernel density estimates in Fig. 5 aggregate data from our entire 360 years of simulations,

which include 210 individual ENSO events. This statistical view of heating terms associated with

specialized output variables shows that

o —V-H,;, made equal or greater contributions to ENSO phase growth than advective heating

(Figs. 5A,B,E,F), and

» anomalies in resolved and parameterized eddies persistently acted to cool the Nifio3.4 region

during El Nifio events (Figs. 5C,G), and warm it during La Nina (Figs. 5D,H).

=V - H,q4ies tends to drive tendencies that oppose —V - H,,; (Figs. 4F and SE-H). Therefore,
parameterized eddies and mixing may separately drive heating rates +0.25 K month™! in the
growing phases of ENSO events but their aggregated effects (solid black line in Fig. 4E) turn out to
be quite small. One could understand this systematic relationship to mean that —V - H, 4.5 canels
-V - H,.;x and argue that advection (which also drives tendencies + 0.25 K month™!) is enough to
explain ENSO events. However, one could use the same exact arguments to claim that —V - H, gg;e
cancels —A and ENSO events are ultimately driven by —V - H,,,;.

Again, we have shown that one can reach different conclusions depending on which incomplete
set of variables is used to perform a simplified OHB. The reality is that all heating terms collectively
shape T in ocean models, but the published literature tends to focus on heating terms that can be

quantified using standard output.

¢. Multidecadal changes

Having demonstrated the pitfalls of simplified OHBs when assessing the drivers of the equatorial
mean state and interannual variability, we now turn our attention to the diagnosis of multidecadal

changes in 7. Multidecadal OHBs have proliferated in studies of the pattern effect, which investigate
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how spatial patterns in SST change regulate the climate response to radiative forcing by greenhouse
gases (Stevens et al. 2016; Armour et al. 2024). Recent work within this community has largely
focused on a persistent trend of cooling in the eastern tropical Pacific (Watanabe et al. 2024). This
cooling trend is largely missing from CMIP-class climate models (Byrne et al. 2025; Kang et al.
2026) and has thus renewed interest on the mechanisms shaping the ocean temperature balance.
Multidecadal OHBs pose unique challenges, since they aim to diagnose tendencies of the order
0.25 K decade™ (2x 1073 K month™"), roughly 400 times smaller than the heating terms that
sustain the mean state (Fig. 1). By now, a method laid out by Xie et al. (2010) is perhaps the most
popular approach to tackle this challenge. Their approach begins by defining a multidecadal time
interval (7o,1) and then computing multi-year averages of terms in Eq. (3) at the beginning and

end of that period. In what follows, we use the operator ¢ to note such a comparison, which is

1 t 1 to+P
(5:2—/ dt——/ dr. 9)
P t1—P P to

Here, P is the length of averaging periods at the beginning and end of the time series being

formally defined as

considered. Xie et al. (2010) exemplified this approach setting P to 5 and 10 years when analyzing
output from two different simulation ensembles spanning ¢ —ty = 55 and 60 years, respectively.

Let us then apply 6 to both sides of the exact formulation Eq. (1) to obtain

oT

06— = _6(Aappr0x +Aeddy) -V (6Q+ Z oH;

ot ’ (19)

where the term 607 /dt compares concurrent warming rates during the two averaged periods (tg, fo+
P) and (#; — P,t), rather than the mean warming across the entire duration (7¢,7;). Therefore,
00T /0t and the heating terms that explain it will be primarily shaped by interannual variability
whose influence will only diminish as P grows or multiple ensemble members are considered.
Furthermore, Eq. (10) can be related to 67 only through a series of approximations, as first laid out
by Xie et al. (2010). Detailed evaluations of those approximations are available elsewhere (Zhang
and Li 2014; Danielli et al. 2025). Hence, we focus on how specialized OHB variables (or the lack
thereof) influence the interpretation of analyses based on Eq. (10).

Standard variables included in CMIP repositories only allow rather precise estimation of terms

89T /0t and 6Q in Eq. (10). One may estimate 6A? or 6AY through Eqgs. (5) or (6). As

approx approx
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Fic. 6. Multidecadal changes in the Nifio 3.4 region, as quantified through simplified (left column) and precise
(right column) OHBs. Panels A) and B) show ensemble means of terms in Egs. (11) and (12) from 8 separate
CESM2 model runs. Values corresponding to each individual run are shown using colored markers, while C)
and D) show changes from a single ensemble member (ENS04). Changes ¢ are defined in Eq. (9) and quantified
using P =10 years and ¢ — 79 = 40 years.

a result, a residual term will group together contributions from A%, or §AY . and 6H;. This
eddy eddy

leaves us with the de-facto balance underlying most multidecadal OHBs

oT
(5% =—0Aupprox =V -(6Q) —ORes, (11)
where the residual is
ORes =6Acaay+V - (Heqdics + OHypix) + € (12)

and may not be decomposed unless specialized output is available (see Table 1). The term €
includes any minor imprecisions that may arise from approximations of 6§07 /dt and 6Q, but we
do not address it further.

Terms in Egs. (11) and (12) were quantified in 8 separate CESM2 realizations of the SSP5-8.5

emissions scenario (Fig. 6). Our analysis spans the first 40 years of simulations, such that #( is
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January 1 of 2015 and #; is December 31 of 2054, and P was set to 10 years. Therefore, our
analysis considers a different emissions scenario and overall duration than Xie et al. (2010), but is

representative of how their method has been adopted and replicated in the research community.

Vv

Ensemble mean values of simplified OHB terms show that 64, .,

changed to supply excess
heat to the Nifio 3.4 area, while that heating was balanced by anomalous cooling from 6 Res and, to
a lesser extent, 0Q (Fig. 6A). This leaves us hanging in uncertainty, since the greatest (uncertain)
term 0 Aypprox ~ 0.052 K month~! is being balanced primarily by a mysterious oceanic adjustment
6Res ~ —0.036 K month~!. In contrast, the sole two terms that are known with sufficient certainty
are relegated to the least important roles, with =V - 6Q ~ —0.015 K month~! and §4T /9t ~ —0.001
K month~!.

Following common practice, one might decide to define 6Ocean = (5Agppmx +0Res =~ 0.016 K
month~! and be left with a satisfying, nearly-closed budget. Alternatively, one might try and refine
numerical procedures used to estimate ¢ Axp prox OF sWitch to 6A§p prox entirely, all in the search for
a smaller 6Res. Either approach could help minimize dRes, but it will do so without necessarily
adding clarity to the physical drivers of changes in the local heat balance.

In our simulations, clarity only comes from knowledge of parameterized heating terms because
the ensemble average —V - 0H,g4ie5s = —0.040 K month™! was the single greatest term that balanced
excess heating (Fig. 6B). Furthermore, consideration of multiple model realizations was crucial,
since all terms in Eq. (10) featured an ensemble spread of roughly 0.1 K month™! or greater (Figs.
6A,B). Results from two individual ensemble members in Figs. 6C,D exemplify a simulation whose
values are close to the ensemble-average (E02, with negligible 607 /0t and —6Res ~ —V - 0H,qgies),
and another one that is strongly shaped by transient, interannual signals (E04, with large 60T /0t

and non-negligible values in all residual components).

5. Discussion

Simplified OHBs are the primary tool that helps scientists understand changes in 7" and their
relation to components of the climate system. However, missing data and the shortcomings of
popular approximations give rise to large unknowns that might mislead scientists (Figs. 4 and 5).

Despite missing data, scientists are often pressed to obtain small values for Res. In practice,

this gives the impression that the major processes sustaining 7" have been identified. When Res is
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Fic. 7. Standard deviation of yearly-averaged heating terms in Eq. (8) for the ocean’s top 50 m across our
8 ensemble members. Global maps show distinct patterns in A) =V -Q, B) =V - Hyix, C) —Acxacr, and D)
=V - H,q4ies- Cumulative density functions in E) show a statistical summary of standard deviation values in

panels A-E, which aggregate data from all 8 simulations.

large, however, scientists may be tempted to tinker with computational details until Res becomes
small and the budget appears closed. For instance, they may switch between Egs. (5) and (6),
change the control volume V for their study, or modify their management of grid information and
numerical implementation of vector operations. These efforts can be time-consuming and lead to
analysis iterations before Res becomes small enough or scientists give up. Even with a small Res,
however, one can miss a whole set of first-order heating terms that simply add up to a small number
(Figs. 1, 4).

Sophisticated parameterizations enable the realism and skill of contemporary ocean models.
Despite their major role shaping T (Figs. 5, 6), parameterized processes are rarely included in

published OHBs and climate theories. Some studies have sought to infer the role of parameteriza-
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tions using standard output (Jiang et al. 2025, 2026), but precise diagnoses are only possible when
specialized output variables help constrain heating terms (Table 1).

Simplified models, including mixed layer formulations, sometime use implicit assumptions and
parameterizations to account for vertical mixing and eddies (Philander and Hurlin 1988; Jin et al.
2003; Cronin et al. 2015). While those methods may yield realistic numerics, they can also give the
impression that implicit processes are secondary or non-important. For example, when someone
assumes that surface heat fluxes will be evenly distributed across a mixed layer, they are choosing
to take for granted specific values for H,,;,. Similar assumptions are made to relate upwelling
and surface T (e.g. Zebiak and Cane 1987). Our results highlight how parameterizations make
contributions to 07 /0t that are highly dynamic and may not be well captured by rigid, implicit
formulations.

We chose to focus on the top 50 m of the Nifio3.4 region because OHBs of this area have been
of major interest to the ocean and climate communities for decades. A growing number of studies
point to the paramount role of subgrid-scale processes in the local heat balance (Moum et al. 2013;
Ray et al. 2018; Warner and Moum 2019; Deppenmeier et al. 2022; Liu et al. 2025; Jiang et al.
2025, 2026), but these lessons may be masked in simplified OHBs. Our results, however, are likely
relevant to vast regions of the global ocean (Fig. 7).

Global maps of standard deviations in Fig. 7 help assess the potential contributions of each
heating term to interannual variations in 7. Standard deviations are calculated after calculating
yearly averages and detrending local time series, always averaged for the ocean’s top 50 m. The
spatial patterns and magnitudes of variations in —V - Q and —V - H,,;, closely resemble each other
(Figs. 7A,B), indicating that air-sea fluxes and vertical mixing are equally important in diagnosing
interannual deviations in 7'. Variations in —A,yq¢; and —V - H, 4.5 are weaker in comparison (Figs.
7C-E), but make substantial contributions in near-equatorial regions, western boundary currents,
and some regions of the Southern Ocean.

Even though -V - Q and -V - H,,;, make the greatest contributions to interannual variations in
T, anomalous heating associated with —Agyqer and =V - H,ggies is large enough to drive notable
events in many regions. Cumulative density functions in Fig. 7E describe the standard deviation
of yearly-averaged heating terms and reveal that —A,xqe; and —V - H,g4ies impose anomalous

tendencies greater than 0.1 K month™! over roughly 30% and 15% of the ocean surface area,
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respectively. Considered in isolation, either of such tendencies would drive drastic interannual
oscillations in upper ocean 7. However, simulated variations in 7 may be smaller given the
interrelated nature of all terms in Eq. (1). This again emphasizes the crucial need for OHBs that

consider the potential for major contributions to come from all processes shaping 7.

a. A proposal to include specialized variables in MIPs

Model Intercomparison Projects (MIPs) aggregate output from climate simulations developed
across dozens of institutions and modeling centers worldwide. All experiments adhere to strict
guidelines designed to ensure that inter-model comparisons are physically meaningful and inter-
pretable, reflecting intrinsic differences between climate models rather than arbitrary and subjective
details about forcing datasets and initialization routines.

Simplified OHBs may perform better in some climate models than others, but this is no reason
to ignore the pitfalls evidenced above. Output from MIPs is routinely analyzed using simplified
OHBs (e.g. Danielli et al. 2025; Gopika et al. 2025), but inter-model OHB comparisons are likely
influenced by both model-dependent physics and biases associated with how OHB approximations
interact with each model’s grid and numerical schemes. Differences between estimates Af ddy and

AV

4av 1N Fig. 3 exemplify this latter source of variations in analysis: the relation between gradient-
eddy

based and volume-based formulations of heat advection is formal and exact, but their application
in postprocessing may carry spurious biases in practice.

Without standardized output that faithfully reflects how oceanic processes shape 7 in ocean
models, it will be much harder to make sense of inter-model discrepancies published in the MIP
literature. We believe that great improvements would come from archiving 3D variables for A.yqc;,
-V -H,,ix, and =V - H,44:.5. If these tendencies are all saved and reported as implemented in each
model, inter-model OHB comparisons will more easily identify differences in model physics that
most impact 7.

Before readers form an opinion on whether it is worth to store three additional data variables in
MIP submissions, we ask them to consider how much effort is spent tinkering with simplified OHBs
in the pursuit of small residual terms. Most people who have performed a simplified OHB will be
familiar with the painstaking process of validating, interpreting, and trusting results. Archival of

additional variables reflecting exact heating rates and their attribution to physical processes will
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standardize this work and make it streamlined. 3D ocean variables in CMIP6 generally took up
between 10 and 15 MB per period saved (typically monthly), so the extra cost in storage may be
well worth it.

Mounting observational evidence points to the crucial role of small-scale and transient ocean
motions in shaping large-scale ocean properties (Moum et al. 2013; Warner and Moum 2019;
Siegelman et al. 2020). Great efforts have been spent parameterizing and resolving these processes
and the scale interactions that emerge from them. Simplified OHBs risk undermining such efforts
in our interpretation of climate model results and therefore prevent the development of cohesive
understanding across research communities. As such, we believe that simplified OHBs come with
unintended consequences that are counter to the spirit and goals of MIPs, but specialized output

variables can solve the issue.

6. Conclusions

Three-dimensional currents and parameterized subsurface processes regulate 7" across the global
ocean (Fig. 7). Reconstructions of advective ocean heating based on standard output variables
(u) and (T") miss submonthly covariances that sustain the mean state and help drive interannual
variability in the current generation of ocean models (Fig. 3). Simplified OHBs that do not
explicitly account for such resolved and parameterized heating terms risk leading to incomplete
and misleading diagnoses even if residual terms are small (Figs. 1 and 4).

Understanding the mechanisms of planetary change requires that scientific communities have a
common basis to understand the evolution of 7. Incomplete physical explanations coming out of
simplified OHBs can drive a wedge between scientific communities that study the same region.
The major influence of parameterized mixing and eddies in regulating Pacific equatorial 7 (Figs.
1, 5, 6) serves as an example, but more are likely to exist.

Ocean models can be configured to output the precise values of terms in their own implementa-
tion of the ocean heat balance (e.g. Table 1). Such specialized output is rarely available in existing
datasets, but can spare researchers dependence on poor approximations. The authors believe that
additional clarity gained from precise accounting of heating terms will likely enhance communi-
cation between scientific communities and accelerate progress across the fields of oceanography,

climate science, and ecosystem dynamics.
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