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Abstract. The sunlit ocean layer (SOL, 0-200m) is where ocean heat transport (OHT) interacts directly with radiative forcing,
where temperature changes feed back on the atmosphere, and where impacts of global warming on marine life are concentrated.
Below 200m, except for geothermal heating in the abyss, energy imbalance is entirely governed by OHT processes. For the
SOL, we introduce the concept of SOL energy imbalance (SOL-EI ), defined as a closed heat budget that separates air-sea
heat uptake from OHT convergence on a 10-year timescale. SOL-EI is estimated globally and regionally over 1980-2022 with
observational uncertainty quantification. Results reveal that recent changes in SOL warming patterns are generally controlled
by OHT convergence rather than local air-sea heat flux, which instead tends to act as a regional feedback mechanism. Global
SOL-EI accumulation is estimated as the convergence between global air-sea heat uptake and heat export through 200m depth.
This global index reveals interdecadal variability, with near-zero values linked to volcanic and internal climate forcing, and
unabated accumulation of 30-60 ZJ/decade over the past decade. A leading interdecadal oscillation pattern (I0P) is furthermore
identified directly from SOL-EI maps, and then decomposed into regional OHT convergence and air-sea flux terms. Here again
results show that OHT convergence acts mainly as the driving process, and air-sea flux as a regional feedback. Because our
framework defines SOL-EI as a time-evolving equation for 10-year trends, it provides a unified lens for interpreting global
change, interdecadal variability, and regional patterns in terms of known processes. In addition, the mapping of Argo data
within OCCAZ2 operates on residuals computed relative to a time-evolving state estimate that provides closed heat budgets. This
methodological innovation enhances interpretability as compared to other gridded Argo datasets. Uncertainty quantification
within the OCCA?2 family of estimates is readily extensible to other Argo mapping methods and to the pre-Argo period, via

alternative computations of the residual term, as demonstrated here using the IAPv4 gridded data product.

1 Introduction

Global warming is primarily manifested as ocean warming, with over 90% of the heat added by human activities now stored

in the ocean’s depths (Levitus et al., 2012; Roemmich et al., 2015; von Schuckmann et al., 2023; Miniere et al., 2023; Li
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et al., 2023a; Cheng et al., 2024a, and references therein). The rate of global warming is often characterized as Earth Energy
Imbalance (EEI, or Earth EI), viewed from the perspective of a global budget of energy or heat, which has been increasing over
the past few decades (Bagnell and DeVries, 2021; Miniere et al., 2023; Hakuba et al., 2024; Wu et al., 2025). EEI estimates
are typically derived starting from either the top of the atmosphere or the sea surface (Trenberth et al., 2009; Meyssignac et al.,
2019; Loeb et al., 2021; Hakuba et al., 2024).

In this paper we consider EEI from the perspective of the sunlit ocean layer (SOL), as delimited by the sea surface and 200m
depth. The SOL has an outsized influence on (1) climate feedbacks involving air-sea interaction and the cryosphere, and (2)
marine life which is most abundant in the SOL, acclimated to specific temperature ranges, and feeds back onto the global carbon
cycle directly (Asch et al., 2019; Feng et al., 2021; Anderson et al., 2021; Sallée et al., 2021). The SOL’s direct exposure to
radiative forcing via the sea surface is its defining feature. Since radiative forcing does not reach depths below 200m (Fig. A11),
the fate of EEI at greater depths is in contrast entirely determined by the interplay of ocean transport processes, aside from
minor effects geothermal heating in the abyss (Piecuch et al., 2015).

The observed shift in near surface ocean temperature climatology since 1980 induces marine heatwaves at unprecedented
levels, with potentially dire consequences on marine ecosystems that are raising great concern (Hansen et al., 2010; Sen Gupta
et al., 2020; Scannell et al., 2020; Li et al., 2020). Warming in the tropical SOL is another example of already heightened risk,
as it can boost tropical storms and atmospheric rivers (Knutson et al., 2021; Gonzales et al., 2019). Given such impacts, we see
an urgent need to accurately estimate and precisely understand the fate of EEI within the SOL — the layer where it meets key
ocean transports and pathways (Hersh et al., 2025; Song and Forget, under review, i; Jiang et al., in press).

The recent history and geography of SOL warming rates are the main target for detailed analysis in this paper. Additional
emphasis is placed on the past decade that shows increased SOL warming while the underneath layer continues to warm rather
steadily (Fig. 1). Gridded estimates naturally tend to converge across mapping methods during this period thanks to the quasi-
global data constraint that Argo provides over the Ocean’s upper 2000m since 2004 (red curves), as highlighted in Hakuba et al.
(2024). A major advance in this paper, however, is that we attribute observed trends and climate variability to a combination of
surface forcing and OHT as part of a closed heat budget estimated globally (blue curves in Fig. 1) and regionally (see below).

Our theoretical framework defines SOL-EI as an equation, the 10-year mean SOL-HB , which we then estimate over the
Global Ocean and the 1980-2022 period (Figs. 2 to 6). By integrating the left-hand-side of the SOL-EI equation over time,
one recovers the observed multi-decadal rise in SOL heat content, while filtering out year to year fluctuations via the 10-
year running average applied to SOL-HB (Fig. 2, top panel, and Fig. 3 compared with Fig. Al). The right-hand-side of the
f SOL-EI dt equation is the sum over time of air-sea heat flux (Q) minus OHT divergence. In the global integral, the latter
corresponds to a flux across 200m depth and into the dark ocean layer underneath (Fig. 2, middle panel, blue curve). The
underlying SOL-EI equation, without time integration, is shown in the bottom panel of Fig. 2 (thick curves).

To estimate and analyze SOL-EI , the paper introduces an innovative estimation method. It combines a closed heat bud-
get estimate with a non-conservative term derived from residual differences to Argo profiles (2004-2022, see appendix A).
Furthermore, beyond the Argo period and to further assess uncertainties, the non-conservative term is alternatively derived

using the IAPv4 gridded data product over 1980-2022 (Cheng et al., 2024b). This is helpful to put recent decadal trends into
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climatological context and because detailed error calculation using profile data before Argo is complicated by the paucity of
ocean observations. Based on IAPv4’s good agreement with other such estimates (Miniere et al., 2023; Hakuba et al., 2024), it
provides an adequate representative for gridded observational ocean climatologies. In both cases, whether using Argo profiles
directly or the gridded IAPv4 climatology as an alternative over 1980-2022, the residual term is relatively small (Figs. 1,2
,A6,A9,A10), which demonstrates the skill of OCCA2 closed heat budget estimates.

2 Results
Global SOL-EI

The globally integrated SOL-EI accumulation serves as an index for the global rate of EEI accumulation in the SOL (Fig. 2,
bottom panel, red curves). Over the past decades, it has oscillated between near zero (periods centered around 1993 and 2008)
and periods when it reached 30-60 ZJOULE/DECADE (around 1987, 2001, and 2015). Reduced global SOL-EI coincides with
periods of significant climate variability and volcanic activity Kosaka and Xie (2013); England et al. (2014); Medhaug et al.
(2017), including the 1991 major eruption of Mount Pinatubo, which has the effect of reducing EEI as a whole (Church et al.,
2005; Vernier et al., 2011; Fyfe et al., 2013; Dogar et al., 2020; Miniére et al., 2023). The high SOL-EI periods, in turn, are
hypothesized to reflect unabated SOL-EI . They show enhanced rates of EEI uptake, as one would expect, but also enhanced
EEI export through 200m depth (Fig. 2, blue curves). Hence, we immediately realize that it is essential to accurately account
for both terms on the right hand side in order to properly attribute SOL-EI accumulation (on the left hand side).

The difference between OCCA?2.2d (dashed) and OCCAZ2.2a (solid) in the bottom panel of Fig. 2 is the non-conservative
term diagnosed from Argo over 2004-2022 (black curves in Fig. 1). The difference between I[APv4 and OCCA?2.2a provides an
alternative estimate for this non-conservative term over 1980-2022 (Figs. 1,2). These differences are generally relatively small,
which means that overall errors in the closed heat budget are relatively small.

The SOL-EI maximum around 2015 (Fig. 2, bottom) provides a unique window into unabated SOL-EI near present time,
with dense Argo data coverage that we shall exploit. On average over 2013:17, SOL-EI accumulation is 49.6 ZJoule/ decade in
OCCA2.2D (Argo-adjusted), 55.4 in OCCA2.2A (closed heat budget), and 44.1 in IAPv4 (gridded data product). Over 85:09,
it is 15.1 ZJoule/ decade in OCCA2.24, and 24.0 in IAPv4. While observational uncertainties must increase before the Argo
era, these results suggest that global mean SOL-EI accumulation during 2013:2017 is likely twice to four-times as large as the
1985:2009 long term average.

Total EEI accumulation computed from the sea floor to the sea surface, for comparison, is 60% larger during 2013:2017 than
1985-2009 (in both OCCA2.24a and IAPv4). Absolute values are slightly larger for IAPv4 than OCCA2.24 in both periods (86.9
vs 71.2 over 1985-2009, and 142.5 vs 113.9 over 2013:2017), due additional warming below 2000m (not shown). Presumably,
this heat would have entered the Ocean before the period that OCCA2.2A simulates.

For the recent period, OCCA2’s final estimate obtained by adjusting OCCA2.24 based on Argo is 124.7 over the whole ocean,
with a split of 49.6 for the SOL and 69.6 for layers below 200m depth. This gives a ratio of SOL-EI accumulation to total ocean

EEI accumulation of 39.8% in OCCA2.2p over 2013:2017. This ratio furthermore seems to have increased compared with the
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1985:2009 average — going from 21.3% to 48.6% in OCCA2.24, and from 27.1% to 30.9% in IAPv4. Firming up estimates
of this ratio and its tendency is viewed as an important goal for climate research owing to the potential impacts of increasing

SOL-EI on marine ecosystems and climate feedbacks.
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Figure 1. Top : heat content anomaly for 0-200m layer (SOL) as estimated in OCCAZ2.2 (red), by combining OCCA?2.2A (blue) and the
gridded difference between ARGO and OCCAZ2.2A (thin blue). Anomalies are computed with respect to the monthly 2004-2006 climatology,

which filters out the seasonal cycle. Bottom : same but for the 200-2000m layer.
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Figure 2. Top panel, thin curve : monthly heat content anomaly in the SOL estimated over 1980 to 2022. To filter out the mean seasonal cycle,

a twelve-month smoother is applied before integrating temperature tendencies over time (Eq.A2). Top panel, thick curves : same calculation

but using 10-year trends instead of monthly tendencies (Eq. A7). Middle panel : time integrated heat budget for the SOL in OCCA2.2A
(Eq. A3). Bottom panel, thick curves : SOL energy imbalance (SOL-EI ) defined as the ten-year mean SOL-HB in OCCA2.2A (Egs. AS-

A7). Thin curves : SOL-EI tendency term estimated from OCCAZ2.2 and IAPV4.
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EEI below the SOL

The SOL is not only a site of EEI accumulation but also the conduit for EEI to reach deeper ocean layers via OHT as already
noted (Fig. 2). Once EEI reaches below the SOL, its advent is almost entirely determined by OHT — solar radiation does
not penetrate beyond 200m depth, and geothermal heating in the abyss remains a minor exception. At intermediate depths,
EEI is found to accumulate the fastest at mid-latitudes, with maximum warming rates reaching 1000m depth near 40°S and
40°N (Fig. 3). While this general behavior was already known (Levitus et al., 2012; Li et al., 2023b), an interesting asymmetry
emerges in Fig. 3. Over 1980-2007, southern warming outpaces northern warming at those depths (middle column, center and
bottom rows), but the situation reverses in the recent period from 2007 to 2022, when northern mid-latitudes start to warm
faster than southern mid-latitudes. There are multiple reasons why this could be the case, suggesting further research is needed
beyond the scope of our study.

In the Northern Hemisphere, EEI accumulation is clearly surface intensified from 20°N to 80°N during the whole period —
more so than in the Southern Hemisphere at the same latitudes based on Fig. 3. Poleward of 50°S , where Ekman transport
drives a circumpolar OHT divergence, there is very little EEI accumulation at any depth (bottom right panels), which was
already known (Frolicher et al., 2015; Armour et al., 2016; Song et al., 2025).

At lower latitudes, warming signals are propagating via known ocean transport pathways that tend to follow iso-density
surfaces (Fig. 3, top panels). One such pathway follows a equatorward and westward route from the eastern side of ocean
basins to the tropical flank of ocean gyres (Gu and Philander, 1997; Hersh et al., 2025). This route notably contributes to the
global meridional overturning circulation and ocean heat transport (Forget and Ferreira, 2019; Rousselet et al., 2021; Wu and
Gregory, 2022; Hersh et al., 2025; Li et al., 2023b). In the tropics, the progressive arrival of EEI via subsurface pathways is
most evident in 2022 (top right panel), but the patterns of EEI accumulation are already present by 2007 based on our estimation
(top middle panel; see also Levitus et al., 2012; Li et al., 2023b).

Finally, our analysis reveals that warming levels seen at mid-latitudes in 2007 (> 0.5 K) are found near the equator below
the surface by 2022 (bottom left panels). This finding implies that 15 years is enough for EEI to transit from the subtropics
(= 35° latitude) to the equatorial band (< 5° latitude) via the subsurface, consistent with well established transit mechanisms
Gu and Philander (1997). Based on subtropical warming between 2007 and 2022 (bottom middle panels), we can thus project

that subsurface temperature will rise by another 0.5 K or more in the tropics within the next 15 years.
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Figure 3. Cumulated Ocean EI in zonal mean view (Eq. AS) relative to the 1980-1982 climatology. Top : 1992 (left), 2005 (middle), and
2022 (right), with climatological iso-density contours shown in black. Middle panels : 5°N , 35°N , and 50°N . Bottom panels : 5°S , 35°S,
and 50°S . Units: degree Celsius.
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Relative SOL-EI

Within the SOL, surface intensified EEI accumulation is clear between 20°N to 80°N (Fig. 3, top right). This fact implies
an increase in thermal stratification, which tends to inhibit convective mixing, and this positive feedback can lead to further
increase in thermal stratification. In the Southern Hemisphere subtropics, surface intensified EEI accumulation is also identified
between 20°S to 50°S more recently (bottom middle and top right panels). South of 50°S though, this phenomenon is not yet
visible (bottom right panel), presubmably due to the prevalence of circumpolar OHT divergence and northward Ekman transport
(Armour et al., 2016). A key question that remains to be addressed is whether this situation — the lack of surface intensified
warming south of 50°S — will continue indefinitely.

Equally important is the lack of surface intensified EEI accumulation equatorward of 20 degree latitude between 1980
and 2022 (Fig. 3). We hypothesize that this is linked to the strongly divergent heat transport imparted by the winds near
the equator (Forget and Ferreira, 2019). Divergent Ekman transport, linked to equatorial upwelling, would indeed inhibit local
accumulation of tropical ocean heat uptake near the surface. But this damping mechanism ought to become less efficient moving
forward as subsurface waters start to warm up near the equator as seen between 2007 and 2022 (Fig. 3). Such a scenario, if
confirmed by future observations, is very alarming given the outstanding influence that tropical sea surface temperatures have
on the climate system.

To further elucidate the geography of SOL-EI and its evolution in the recent period, it is useful to focus on anomalies
computed relative to a mean reference state (Fig. 4). This CLIMATE NORMAL STATE (OR CNS) is estimated over the 1985-2009
period before the recent SOL warming maximum (Fig. 2). Specifically, CNS is estimated from the multidecadal OCCA2.2a
solution (Fig. 2) via a weighted average of SOL-EI over 1985-2009 (section AS5). Our estimation method jointly identifies a
leading INTERDECADAL OSCILLATION PATTERN (OR IOP) , which is depicted along with the CNS warming pattern in Fig. 5.

To represent the recent period of unabated SOL warming, we select the average of SOL-EI over 2013:2017 based on Fig. 2.
During this period, SOL-EI accumulation exceeds 1W/m? over vast regions of the Ocean (Fig. 4, top panel). In contrast, CNS is
characterized by regional warming rates generally below 0.5W/m? (Fig. 5, top left). Hence, subtracting CNS from absolute
SOL-ET over 2013:2017 does not fundamentally change the geography of SOL-EI accumulation over 2013:2017. Neither does
subtracting IOP , as shown in Fig. AS5. So we conclude that subtracting both CNS and IOP from absolute SOL-EI is an adequate
method to uncover the interplay of processes (i.e., trends in air-sea flux and ocean heat transport divergence) that leads to the
recent unabated SOL-EI accumulation (Fig. 4).

This approach readily reveals that regions which only experienced low positive SOL-EI accumulation under CNS (Fig. 5, top
left) often show much increased warming in the recent period (Fig. 4, top panels). This is a general behavior found in all ocean
basins, but the Eastern Pacific and tropical Pacific show outstanding rates of increased warming. This widespread maximum
in SOL-EI accumulation in the Pacific dominates the zonal mean pattern in both Hemispheres (Fig. 3). In the North, it also
corresponds to regions which have been highlighted as recent marine heatwave hotspots (Capotondi et al., 2024; Long et al.,

2025; Jiang et al., in press).
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Another key insight from the analysis of relative SOL-EI is that recent warming trends are mainly due to spatial redistri-
bution of SOL-EI (bottom panels) rather than to a local increase in air-sea heat uptake (middle panels). For example, gradual
accumulation of SOL-EI in the western Pacific revealed by CNS (Fig. 5, top left) yields increased divergence from this region
leading to convergence in the eastern Pacific (Fig. 4, bottom panel).

Anomalies in heat transport convergence (Fig. 4, bottom) thus largely predict the sign and geography of recent changes
in SOL-EI accumulation (Fig. 4, top). This is notably the case with increased warming in the tropical Indo-Pacific, and in
the eastern Pacific as already discussed. In turn, increased SOL-EI divergence (Fig. 4, bottom) reduces warming rates within
subtropical gyres, south of Equator in the Pacific, and in the tropical Atlantic (Fig. 4, top). The combined effect leads to a
homogenization in cumulated warming rates when computed relative to 1980 (not shown).

The North Atlantic subpolar gyre (NA-SPG) stands out in that it shows SOL cooling in the recent period (Fig. 4, top and
Fig. AS, bottom) which more than reverses the long-term trend of small SOL warming seen in the CNS (Fig. 5, top left). This is
taking place despite increased heat uptake through the sea surface (Fig. 4, middle panel), owing to increased SOLEI transport
divergence (bottom panel) that is found to be the leading order term. These findings corroborate a recent analysis of the North
Atlantic subpolar warming hole which points to the AMOC as a key dynamical driver (Rahmstorf et al., 2026).

The North Atlantic subtropical gyre (NA-STG) on its poleward flank near the Gulf Stream and several locations along
the Antarctic Circumpolar Current (ACC) also show significant compensation between increases in heat uptake and in heat
transport divergence, with magnitudes in excess of 10/ /m?. These regions, as was the case for NA-SPG, are characterized
by mode water formation with winter mixed layers that reach 200m depth Speer and Forget (2013); Song and Forget (under
review). But unlike for the NA-SPG, it is rather the increase in local heat uptake that dominates here and is only partly
canceled out by increased heat transport divergence (Fig. 4). Another noteworthy feature of NA-STG is the contrast between
the poleward side (SOLEI divergence) and the tropical side (SOLEI convergence), providing an illustration of how OHT can
act to homogenize SOLEI accumulation (top panel).

The key to understanding regional SOL warming trends, which in themselves can be deceptive, thus lies in deciphering the
often subtle imbalances between trends in regional heat uptake and in ocean heat transport divergence. Which process wins
over the other depends on the region being considered. These findings highlight the importance for climate science of focusing
on the estimation of complete heat budgets, as opposed to just the monitoring of ocean heat content changes. Closed heat
budget estimates for the recent decades, constrained by observations, are required to attribute current warming trend patterns

and better understand mechanisms that will control their evolution in the future.
Climate Variability

A complicating factor is that long-term trends can be obscured by climate variability at interannual to interdecadal time scales
(Fig. 5-6). Wind-driven variability in the ocean circulation is generally the leading process, whereby ocean currents are mod-
ified by the action of anomalous wind stress, displacing upper ocean water masses, and air-sea heat fluxes react as a negative
feedback (Frankignoul and Hasselmann, 1977; England et al., 2014; Forget and Ponte, 2015; Forget and Ferreira, 2019; Gu
et al., 2024). The IOP pattern shown in the top right panel of Fig. 5 is viewed as a prime example. While it was derived simply



190

https://doi.org/10.5194/egusphere-2026-4643
Preprint. Discussion started: 6 August 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

(2013, 2017) - CNS - IOP o0 (2013,2017)- CNS - 10P

60

301

o
B el

o
latitude
)

-30

-5
60

IR
e
)

i
e
N/
t

- -90 T T T
-0.10 -0.05 0.00 005 0.10
ZJoule/month

. %0 forcing
forcing term I
W:’:ﬁ» == ' 1
_&f P! 60| I.
3 3 % !
> a8 10 !
o o 30 !
e 5 |

. o® ©

g " : 5 .’\4‘ X -2 @ E 04 L
- = m‘ % ’ s 0 © 1
- : |
3 "~ . i I}
I N >, o - 52’ » s » :
: ol S i " :

. B o O -10 -60 1
i o SR |
= = B A e -90 : ; .
= — - - S 10 05 00 05 10

ZJoule/month

transports

90

transports term

60

304

o

L
¢,
F i @ (z
[ W (NN
X iﬂ““
latitude
B |

- L

FR S 3; -5 .

S| g 4 A 0 J
d
ey v’,— - | e, e -10
= = . -90 v T T
[ St —_— - 10 -05 00 05 10
S - ZJoule/month

Figure 4. Relative SOL-EI as estimated in OCCA2.2A for 2013-2017. Relative SOL-EI is derived by subtracting the CNS and IOP con-
tributions from absolute SOL-EI based on Eq. A10 (see sec AS for detail). Left : in W/m2. Right : integrated over 5 degree latitude bands,
in ZJoule/Month.

by imposing that spatial heterogeneity in SOL-EI is minimized over the CNS period, this pattern is reminiscent of the leading
sea surface temperature mode of interdecadal variability known as the IPO (Salinger et al., 2001; Kosaka and Xie, 2013; Henley
et al., 2015), showing large regions of significant anomalies outside the tropics. The corresponding IOP index mainly varies at
interdecadal time scales. It is also noticeably distinct from the global SOL-EI index and the IPO index (Fig. 6, left panel).

The IOP geography is primarily controlled by ocean heat transport convergence (bottom right), which largely predicts the

sign of ocean heat content anomalies (top right). However, the air-sea heat uptake term (bottom left) provides a negative

10
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Figure 5. Top left : CLIMATE NORMAL STATE (OR CNS) as estimated in OCCA2.2A over 1985:2009 based on Eqs. A8-A9 (see section A5

for detail). Other panels : INTERDECADAL OSCILLATION PATTERN (OR IOP) pattern estimated jointly for the tendency term (top right),

surface forcing (bottom left), and heat transport convergence (bottom right). Units: W/m2.

feedback that can compensate for (e.g., in the tropical) or even exceed (e.g., in the NA-SPG) the heat transport convergence
term. An interesting result, which would deserve further study, is that air-sea heat flux feedbacks act in concert in NA-SPG and
tropical Pacific as part of IOP , with the same sign in Fig. 6.

At interannual time scales, our analysis reveals a distinct pattern of tropical SOL-HB variability, which is characterized
by compensating anomalies between the equatorial band and the northern tropics (Fig. 6, right panels). Here, interannual
anomalies of ocean heat content and heat transport convergence are strongly correlated (Fig. 6, bottom right), indicating that
heat transport tends to be the driving process, as one might expect (e.g., see Forget and Ferreira, 2019). Here, negative feedbacks
via air-sea heat fluxes thus also significantly affect the SOL-EI budget from year to year (Fig. 6, bottom right).

Our general conclusion is that climate variability in SOL-EI and SOL-HB highlights compensating signals in the forcing and
transport terms, which are so dominant that they are often larger than the residual heat content term signal (Figs. 4,5,6). The
first order role played by negative feedbacks between air-sea heat exchange, reacting to OHT convergence anomalies, means
that complete heat budget estimation should be viewed as an essential pre-requisite to making any robust inference of ocean

heat content variability in terms of drivers, whether at interannual or interdecadal time scales.
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Figure 6. Left : non-dimensional index for IOP (Fig. 5) obtained by linear regression onto SOL-EI , along with the global SOL-EI index
from Fig. 2, and the IPO index from Henley et al. (2015). The last two are multiplied by a factor of 10 to facilitate comparison. Top right
: zonal mean ocean heat content anomaly, relative to the monthly 1980:2022 climatology, for the 5S-5N and 10N-20N latitude bands, in
ZJoule. Bottom right : its breakdown in terms of surface forcing and heat surface convergence. Here the monthly heat budget climatology

from 1980:2022 is subtracted before calculating annual means and integrating over time.
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3 Conclusions

The innovative SOL-EI estimation framework introduced here — combining an operational definition of absolute and relative
SOL-EI globally with a closed heat budget estimate plus an observation-based residual — provides a unified lens to attribute
observed global trends, interdecadal variability, and regional patterns of near-surface ocean warming jointly. Focusing on the
upper 200m Ocean layer — a useful proxy for climate feedbacks that respond to SST as well as for climate driven marine
heatwaves — and on interdecadal time scales allows significant progress regarding key mechanisms. Applying this framework
over 1980-2022 reveals the predominant role of ocean heat transport in driving interdecadal evolutions in the regional SOL-

EI budget, including over the recent period.
Physical findings and implications

A major contribution of this study is the formulation of SOL-EI as a time-evolving equation for 10-year trends, rather than
a single trend estimate for OHC. The resulting global SOL-EI index reveals rich interdecadal structure: it oscillates between
near-zero values centered around 1993 and 2008 and elevated values of 30-60 ZJ/decade around 1987, 2001, and 2015. Two
periods of low-SOL-EI , around 1993 and 2008, are linked to significant volcanic activity, which tends to reduce incoming
shortwave radiation by injecting aerosol in the stratosphere and temporarily suppressed EEI (Church et al., 2005; Vernier et al.,
2011; Fyfe et al., 2013; Medhaug et al., 2017; Dogar et al., 2020). The second period, known as the hiatus, was however
affected by a broader combination of factors, including wind-driven heat redistribution and internal climate variability Kosaka
and Xie (2013); England et al. (2014); Medhaug et al. (2017).

We show that the rate of SOL-EI accumulation has varied substantially over the past four decades in physically interpretable
ways. Furthermore, the joint identification of an interdecadal oscillation pattern (SOL-EI -IOP ) — resembling the IPO pattern
but defined directly from SOL heat content estimates — establishes that a leading mode of climate variability leaves a coherent
and analyzable imprint on SOL-EI geography. The 10-year running mean used to define SOL-EI reflects a deliberate choice
(see also Miniere et al., 2023) : it is long enough to filter out ENSO variability while short enough to track decadal shifts in
accumulation rate that are physically and societally most relevant. Even so, a 40-year record is arguably too short to robustly
separate interdecadal variability from the forced secular trend, underscoring the need to extend the analysis further backward
as well as forward in time.

Perhaps our most consequential physical finding is that regional warming patterns in the SOL are generally controlled by the
predominant influence of OHT convergence rather than by local air-sea heat uptake. This conclusion holds across ocean basins
and time periods, and is corroborated by separate analyses of pathways and transports (Hersh et al., 2025; Song and Forget,
under review, i; Jiang et al., in press; Forget et al., in prep.), as well as by independent reconstructions of historical OHT (Zanna
et al., 2019). Heat accumulates where it is transported to, not simply where it enters the ocean. As a direct consequence, OHC
change in the SOL, or SST change, viewed in isolation can be deceptive. It can even have the opposite sign to local air-sea

exchange, as illustrated by the North Atlantic subpolar gyre.
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The long term climatological balance between air-sea heat flux and OHT divergence typically is between two large terms,
and must be removed before the much smaller imbalance signal becomes deciphered. The concept of relative SOL-EI , defined
as an anomaly equation computed with respect to a carefully estimated climate normal state and with the IOP contribution
removed, is a key analytical step needed to expose the regional interplay of Q and OHT trends. The practical implication of the
predominant interplay of Q and OHT is that monitoring OHC trends alone cannot support robust mechanistic inference about
the causes of regional warming at the sea surface.

An important feature of SOL-EI variability — at both interannual and interdecadal time scales — is the role of air-sea heat
fluxes as a negative feedback responding to sea surface temperature anomalies. At interannual scales, we thus highlight tropical
variability characterized by compensating anomalies between the equatorial band and northern tropics, where OHT conver-
gence is the main driver and air-sea exchange induces significant damping. At interdecadal scales, SOL-EI -IOP interestingly
reveals air-sea feedbacks that act in concert between the North Atlantic subpolar gyre and the tropical Pacific. These two
regimes are distinct in spatial pattern and time scale yet share the same fundamental mechanism: OHT anomalies drive temper-
ature changes to which the atmosphere responds via modified air-sea exchange, partially or fully offsetting the initial transport
signal. Marine heatwave hotspots in the eastern and subtropical Pacific emerge naturally from this framework as regions where
OHT convergence has persistently overcome damping by air-sea heat flux, leading to sustained SOL-EI accumulation (Capo-
tondi et al., 2024; Long et al., 2025; Jiang et al., in press). SOL-EI convergence can thus play an important role in setting
the background state that makes marine heatwaves more frequent and intense (Holbrook et al., 2019; Oliver et al., 2021).
Anticipating and predicting such events will therefore require accurate closed heat budget estimates, rather than air-sea flux
diagnostics or heat content monitoring alone.

Our results also support several forward-looking inferences, ranging from physically constrained predictions to more spec-
ulative conjectures. The rate of unabated SOL-EI accumulation estimated during the 2013-2017 peak, 30-60 ZJ/decade, is
expected to continue in coming decades absent a major reduction in greenhouse gas forcing or exceptional volcanic perturba-
tions. Aside from the global mean, the spatial structure of ongoing warming in the 0-200m layer carries predictive information.
Subtropical warming already well established by 2007 is found reaching the equatorial band within approximately 15 years,
based on zonal means (Fig. 3). This result suggests a rise of 0.5 K or more in subsurface tropical temperatures within the next
15 years based on the amount of additional warming that has taken place since 2007 in the subtropics. The 15 years time scale
tracks with previous analysis of climate signal pathways from the subtropics to the equator via the ocean subsurface (Gu and
Philander, 1997), which we suspect may also play a central role in IOP , through periodic injections of subtropical temperature
anomalies into the equatorial thermocline , even though changes in ocean circulation pathways may introduce additional uncer-
tainty. Given the role of tropical sea surface and subsurface temperatures in driving climate variability (Kosaka and Xie, 2013;
Watanabe et al., 2024), tropical cyclone intensification and atmospheric river activity, this prospect is particularly concerning.
To firm up this conjecture, targeted Lagrangian analyses of time scales and pathways in OCCA?2 or climate models would seem
useful (Gu and Philander, 1997; Rousselet et al., 2021; Hersh et al., 2025). We also conjecture, more speculatively, that the
North Atlantic subtropical gyre may serve as a leading indicator for what is yet to come in the Pacific. The same SOL-EI con-

vergence dynamics appear to govern both basins, but the larger size of the Pacific implies a longer gyre recirculation timescale,
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delaying EEI saturation in the subtropical gyre interior — the Atlantic may, in effect, be ahead of the Pacific on a comparable

but longer trajectory.
Methodological outlook

The sunlit ocean layer, bounded at 200 m depth, is introduced here as a physically motivated concept rather than another ad
hoc depth level. Unlike other choices of depth horizon commonly found in the literature (Zanna et al., 2019; Bagnell and
DeVries, 2021; Miniere et al., 2023; Li et al., 2023b; Wu et al., 2025) — surface to some mixed layer depth estimate, 0-300
m, 0-700 m, or 0-2000 m — the choice of 200 m is rooted in the exponential decay of downwelling solar radiation with
depth that provides a fundamental theoretical underpinning (Fig. A11). Below this depth direct radiative forcing is negligible.
Two hundred meter depth furthermore defines a fixed geometric volume that is more tractable for closing heat budgets than a
seasonally and spatially varying mixed layer depth, and it provides a more informative proxy for sea surface temperature than
thicker layers do. Finally, 200m is also frequently used to delimit the euphotic layer where biological impacts of warming are
concentrated — from shifts in phytoplankton phenology to coral bleaching events — making SOL the natural unit for assessing
the consequences of EEI accumulation on marine ecosystems and the human communities that depend on them.

A key methodological lesson of this study is that closed heat budget estimates constrained by data and theory are indispens-
able for a mechanistic interpretation of SOL-EI . OCCA?2 and ECCO4 represent the current state of the art in this regard, and
arguably the only observational state estimates that presently enforce strict budget closure requirements. They remain insuffi-
cient, however, to fully characterize uncertainties in the Q and OHT terms on the right-hand side of the SOL-EI equation (e.g.,
see Forget and Ferreira, 2019; Liu et al., 2020). Within the OCCA2 framework, a tractable path toward improvement lies in
further reducing the, already small, residual non-conservative budget terms by further optimizing model parameters via the
ECCO4 adjoint machinery (Forget et al., 2015b; Forget and Ponte, 2015; Forget et al., 2015a).

The architecture of the OCCA2 family of estimates is furthermore designed to be extensible: just as Argo profiles are
used to derive the 0T o2 .2p— 02.24 adjustment over 2004-2022, any gridded OHC product can in principle be incorporated as
an additional family member, as a non-conservative adjustment term. Differences between IAPv4 and OCCA2.2B can thus
be used to define a pre-Argo branch of OCCA2, and extend the budget uncertainty framework throughout 1980-2003. This
extensibility means that improvements in any upstream observational product will translate directly into improved SOL-EI
estimates within the OCCA2 framework.

Since all three terms in SOL-EI are typically of comparable magnitude, and the OHC term is often smaller than the other
two, precisely monitoring OHC alone is insufficient to assign drivers with certainty. Knowing OHC anomalies even more
accurately from observations could not resolve this issue unless either Q or OHT convergence were negligible or perfectly
known. Our results show neither term is generally negligible, which means that reducing uncertainties individually in Q and
OHT must take priority. While broad agreement between ECCO’s OHTand various gridded Q estimates has been demonstrated
for the time-mean balance (Forget and Ferreira, 2019), much remains to be done for time-variations. An ensemble of observa-
tional reanalyses, based on diverse model configurations and parameter choices, is needed to address structural and parametric

uncertainty in a statistically meaningful way (Forget et al., in prep.).
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Advancing SOL-EI estimation will require targeted progress on at least two observational fronts. The first is ocean heat trans-
port, currently the most poorly constrained term in the SOL-EI equation when it comes to observations. Argo profiles yields
indirect transport information (Forget et al., 2008a, b, ,and others) and satellite data already assimilated in ECCO can partially
bridge these gaps (Forget and Ponte, 2015; Meyssignac et al., 2024). However, marginal seas remain largely undersampled by
the global observing system, and are likely a substantial gap in our ability to constrain the SOL-EI equation globally. World-
wide data sparsity before Argo (i.e. before 2004) also makes the early part of the record more uncertain (including the 1993
minimum in SOL-EI ). The second front is air-sea heat exchange. Latent and sensible heat fluxes over the open ocean remain
particularly difficult to estimate accurately from either in situ measurements or atmospheric reanalyses, and their regional bi-
ases can propagate into SOL-EI budget residuals, limiting our ability to close the observational budget and attribute warming
to processes with certainty.

The 40-year record underpinning our analysis also remains too short to fully characterize interdecadal variability or to cleanly
separate it from the forced secular trend. Over this period, the SOL-EI -IOP index goes through only 3 maxima and 3 minima,
the global SOL-EI index only experiences two of each, and neither index seems to coincide with the tripolar IPO index very
well (Henley et al., 2015). Extending OCCAZ2 further back in time — by combining the optimized ECCO4 model parameters
with ERAS or the forthcoming ERAG6 reanalysis — is both technically feasible and viewed as a high priority, particularly
given that pre-1980 OHT reconstructions show important low-frequency variability (Zanna et al., 2019). The encouraging
agreement between OCCA2 and IAPv4 over the pre-Argo period provides confidence that such an extension would continue
yielding physically insightful results. More broadly, the continued expansion and diversification of the global ocean observing
system — including Argo, deep Argo, biogeochemical sensors, and satellite data — remains essential. The ability to monitor
SOL-EI and its drivers in near real time, and to reduce uncertainties progressively, will be crucial to anticipate and predict the

potentially catastrophic environmental consequences of accelerating SOL-EI accumulation in the decades ahead.

Code and data availability. Upon publication of the final revised paper, the minimal dataset necessary to interpret, replicate, and build upon
the findings reported here will be placed in a publicly available repository. Re-running OCCA2.2A is made easy by the CLIMATEMODELS.JL
and MITGCMTOOLS.JL open-source libraries. ARGODATA.JL provides the Argo data and method used to map anomalies. Access to ECCO4

and OCCAZ2 estimates, and analyses in this paper, can be repreduced using the CLIMATOLOGY.JL and DATAVERSE.JL open-source libraries.
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Appendix A: Methods

OCCA2 is a family of solutions designed to jointly estimate SOL-EI and quantify its uncertainty. Its core member, OCCA2.2a,
provides a closed heat budget estimate for 1980-2022. OCCA2.2b adjusts the monthly mean climatology to match ECCO4,
while OCCA2.2c and OCCAZ2.2d incorporate progressively closer fits to Argo observations. The difference between OCCA2.2d
and OCCAZ2.2c serves as a concrete, observation-based uncertainty estimate for the closed heat budget.

The estimation process starts from the ECCO4 ocean reanalysis, which provides a closed heat budget estimate for the global
ocean constrained by most relevant observations (Forget et al., 2015b; ECCO Consortium et al., 2021). Crucially, ECCO4’s
SOL-HB resolves the air-sea flux terms and ocean transport terms that are often missing in other observational estimates (Forget
and Ferreira, 2019; Meyssignac et al., 2024). We extend ECCO4 to the 1980-2022 period by combining the optimized ECCO4
model parameters with the ERA5 atmospheric reanalysis (Hersbach et al., 2020). To quantify uncertainty, we then 1. map
out residual differences to Argo temperature profile collections from 2004 onwards (Roemmich et al., 2019), and 2. compare

OCCAZ2 with another observational estimate of ocean heat content over the full 1980-2022 period (Cheng et al., 2024b).
Al Context

OCCA stands for OCean Comprehensible Atlas (Forget, 2010). As in ECCO state estimates (Forget et al., 2015a), OCCA
is based on adjoint-optimized solutions of the MIT general circulation model (MITGcM), which provides closed heat and
freshwater budgets and gridded transports across space and time (Forget, 2010; Forget and Ponte, 2015; Forget and Ferreira,
2019). But unlike in ECCO estimates, we allow for relatively small deviations from strict budget closure in OCCA, to enable a
slightly closer fit to Argo (Fig. A8, section A8 and reference Forget, 2010).

Compared to other climatologies based on Argo like WOA-2023 Reagan et al. (2024) or IAPv4 Cheng et al. (2024b), on
the other end, OCCA state estimates greatly increase interpretability by providing full heat and freshwater budgets that resolve
air-sea fluxes and all ocean transport terms. In OCCA1, this goal was achieved by optimizing consecutive MITGCM solutions,
of 16 months each, and making a gradual transition during the four-month overlap. This approach led both to a closer fit to
Argo than in ECCO3, and to a greater interpretability than with optimal interpolation (Forget, 2010).

Following OCCA1, a major step forward was taken in ECCO4 — internal ocean model parameter optimization was added
to effectively reduce spurious model drifts and improve the fit to Argo while maintaining strict budget closure (Forget et al.,
2015a, b). This enables a novel strategy in OCCA?2, where we start by simply extending ECCO4-RE2 (Release 2) from 1992-
2011 to 1980-2022 (OCCAZ2.24). Longer analysis periods are a major priority for the reanalysis user community (Yang et al.,
2024) and generally useful to improve the estimation of statistics and separate out climate variability (e.g. ENSO oscillations,

volcanic eruptions, IPO) from long-term trends and global climate change (Wu et al., 2019; Dogar et al., 2020).
A2 Closed Budget Estimates
The OCCAZ2.24 surface forcing is created by (1) replacing the ECCO4-RE2 forcing fields with ERAS5 forcing fields, (2) com-

puting a monthly climatology of the difference over 1992-2011, and (3) adding it onto ERAS every year over 1960-2022.
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Optimized ocean mixing parameters are simply taken from ECCO4-RE2 and reused in OCCA2.2A without modification (For-
get et al., 2015b). This straightforward method transfers data-constrained elements of ECCO4 to the new simulation, and
reduces spurious drifts in climatology. While OCCA2.24A derives its skill partly from how Argo data was used to constrain
transport parameterizations in ECCO4-RE2 (Forget and Ponte, 2015), we note that Argo data collected after 2011 is completely
independent from OCCA2.2A.

Initial conditions for OCCA2.2a (1980-present) were derived via a spin-up carried out by intergrating the model over 1960-
1980. This initial integration is designed to adjust ECCO4-RE2’s initial state to 1980 conditions. While reanalyses like ERAS
do not reliably enforce volume conservation, we adopt a simple approach to treat spurious global mean imbalance in Earth’s
water cycle. Hence in OCCA2.2A we use an MITGCM option that keeps the global ocean mass constant (seawater plus ice), by
adding a globally uniform correction at each model time step that cancels out the global water flux across the surface. This
global adjustment is very small compared with local evaporation and precipitation rates, and therefore has virtually no impact
on ocean dynamics or on the fit to Argo (Forget et al., 2015a). It simply allows us to separate out issues and focus on the heat
budget.

Time series of temperature anomalies from OCCA2.2A over 1980-2022 are depicted in Figs. 1,2,3,6. These are unchanged
in the OCCA2.28B estimate, which is exactly the same as OCCA2.2A expect that the monthly mean seasonal cycle is adjusted
to match ECCO4-RE2 over the overlapping 1992-2011 period (Eq. Al). The result is a closed heat budget estimate, formed by

linear combination of two closed heat budget estimates, that more closely fits Argo data (see section A8, Fig. A8).

_ cycle inter
Toccazzy = Trccos:+0TOCEA2.24 (AD)

A3 Heat Budget Calculations

Heat and volume budgets (extensive properties, AH and AV') are first derived from the monthly model output for OCCA2.2A.
The equations for AH and AV are closed to machine precision within MITgcm, and outputting results at double precision
allows us to preserve budget closure. Calculations are carried out between the ocean free surface (below seaice when it exists)
and the sea floor. Gridded heat and volume budget outputs are then combined to form the tendency equation for temperature

(intensive property, T') at constant grid cell volume as explained in Forget et al. (2015a); Forget and Ferreira (2019).

For any given time interval (to,t;) and grid cell (i,j,k), this can be written as AT = (?gj — T()AV) / V1, where p is the
density, ¢, is the specific heat capacity, and V} is volume at time ty. This treatment is applied separately to the transport and
forcing convergence terms, grid point by grid point, to obtain the closed equation for %—{(i, j,k,t). The interplay of processes
that regulate temperature anomalies is obtained by integrating the temperature tendency equation through time (Eqs. A2-A4).
Results can then easily be presented relative to a seasonal mean climatology (e.g., Fig. A1,A6,A7) and/or by integrating over
constant volume grids (Figs. A2-A3).

To interpret the global mean temperature equation in terms of vertical flux, a time-invariant offset (0.2 W/m?2) is calculated

by integrating the transport tendency term globally on the fixed volume grid (Vo (i, 7, k). In Fig. 2, this offset is subtracted from

18



400

405

410

https://doi.org/10.5194/egusphere-2026-4643
Preprint. Discussion started: 6 August 2026
(© Author(s) 2026. CC BY 4.0 License.

the net vertical heat flux profile, consistently across the surface forcing and transport terms. Indeed, this offset derives from

EGUsphere\

converting budgets to a constant volume framework and cannot simply be interpreted as a net vertical heat flux.
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Figure Al. Zonal mean temperature anomalies relative to 1980-1982 climatology in OCCA2.2A-OCCA2.2B-OCCA2.2c. Top : 1992
(left), 2005 (middle), and 2022 (right). Middle : 5N, 35N, and 50N. Bottom : 5S, 35S, and 50S. Units: degree Celsius.

A4 Defining Ocean Energy Imbalance

Eqgs. A2-A4 provide a window into ocean energy imbalance over period £0,¢1, which can then be integrated over any ocean
volume to derive budgets of ocean heat content change. Fig A2 shows examples for the zonally integrated SOL-HB over two
different periods. The SOL-HB anomaly computed between these two periods is mapped out in Fig A3.

A challenge with interpreting calculations like these is that they tend to alias short term variability, since Eq. A4 amounts
the difference between two ocean snapshots (respectively, at times ¢1 and t0). To circumvent this difficulty and better focus
on decadal and longer time scales, we therefore substitute the time derivative from Eq. A2 with its ten-year running mean in
Eq. AS.

The same ten-year running mean # is applied to the FORCING and TRANSPORTS terms, within the time integral, leading to

Eq. A6. The temporal smoothing of the temperature tendency equation naturally carries over to time integrated results e.g. in
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Fig. 2 (top panel) and Fig. 3 (compared with Fig. A1). Hence, Eq. A7 provides the definition of ocean energy imbalance used

in this paper.
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Figure A2. SOL-HB budget in OCCA2.2A for 1981:2010 (left), 2013:2022 (middle), and the difference (right) based on Eq. A3
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A5 Defining Relative Ocean EI

Comparing SOL-HB over two different periods (Fig. A2) immediately reveals that on a regional basis interdecadal changes
(right panel) are generally small compared with the time-invariant balance of air-sea flux and ocean heat transport divergence
Forget and Ferreira (2019). It is therefore useful to analyze SOL-EI relative to a reference state that captures the time-invariant
first-order regional balance in SOL-HB , which would be present even in the absence of global warming.

A simple but suboptimal approach would be to choose a long-term average of SOL-HB , as done in Fig. A3. However,
this approach tends to be particularly prone to aliasing global patterns of climate variability at the end points of the SOL-
HB integration (Eq. A2). Even a twenty-five-year SOL-HB would thus capture a specific phase of the Interdecadal Pacific
Oscillation (IPO Salinger et al., 2001; Kosaka and Xie, 2013; Henley et al., 2015) and other climate variability modes.

To mitigate this issue, we construct instead a long term average of SOL-EI , which is named climate normal SOL-EI (or
CNS ). To make CNS as neutral as possible with regard to the phase of leading climate modes, we derive it as a weighed
average of SOL-EI over 1985 to 2009. This twenty five year period was chosen, taking advantage of the first three decades of
OCCA2.24, to average over periods of both low and high absolute SOL-EI (Fig. 2, bottom).

Furthermore, we modulate the time-averaging weights w; in Eq. A8 under the constraint of minimizing Eq. A9, where the
first term penalizes spatial heterogeneity while the other two penalize departures from the Hy(1) first guess. Regularization
factors a and b are both set to 0.1. The chosen approach presents the additional benefit that applying the optimized w to the

FORCING and TRANSPORTS terms readily preserves strict budget conservation.

How) = 3 ls=p-hi (A8)
J(w) = Y[Hw))+ax Y [(wi =1+ bx (3 [H(w) ~Ho(1)])? (A9)

The optimized CNS estimate, ﬁo, is very similar to Hg (1) over most of the global ocean (Fig. A4). However, as one may
have anticipated, optimizing w based on Eq. A9 filters out an IPO-like pattern in Hg(1) (middle panel of Fig. A4). We can then
verify that the difference, ]?]Im = ﬁo —Hp(1), identifies an INTERDECADAL OSCILLATION PATTERN (OR 1OP) by regressing Jﬁlm
onto T7%(¢) and plotting the resulting a/(#) index (Fig. 5, left panel). While IOP is reminiscent of the IPO pattern, it is defined
directly based on SOL heat content estimates.

In conclusion, Eqs.A8-A9 define not only CNS but also, jointly, the IOP index and geographical pattern (Figs. 5,6). Sub-
tracting both CNS and IOP from Eqs. A5-A7 leads to our specification of relative SOL-EI as

—t0,t1 ~

" —aot x i, — H (A10)

for the SOL-EI accumulation term, and similarly for FORCING}§(¢) and TRANSPORTS]§(2).
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Figure A3. Difference in SOL heat budget climatology computed between 2013-2022 and 1981:2010 in OCCA?2.2A based on Eq. A3. The

closed heat budget estimate (top) is the sum of EEI uptake through the sea surface (middle) and ocean EI transport convergence between the

surface and 200m depth (bottom). Units: W/m2. Right panels : integrated over 5 degree latitude bands, in ZJoule/Month.
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A6 Temperature Uncertainty Quantification

To derive uncertainty estimates for the heat budget equation (section A9), we start by calculating pointwise differences between

Argo profiles and OCCA2.2B, which we then map on the global grid (section A7). Pointwise differences are calculated in two

stages. First, a mean monthly difference, 671‘3’;% . 02.9.» 18 computed over 2004-2022, and added to OCCA2.2B to obtain
inter

OCCA2.2c. Second, a time variable monthly adjustment, 6T¢)5%._, 55 o, is computed from the remaining difference between

Argo profiles and OCCA2.2c profiles (Figs. A6). The final estimate, OCCA2.2D , can be expressed as

cycle inter

Toccaz2a = Toccazae +0T 5y 05 099. F0T02%9.502.2 (ALD)

where 0T denotes an anomaly in temperature, cycle a mean monthly seasonal cycle, and inter a time series of interannual
departure from a mean seasonal cycle. The last two terms are computed over the 2004-2022 period that Argo resolves, using the
mapping method described in section A7. Each added term leads to an increasingly close fit to Argo as expected (section A8).

Importantly, the seasonal-mean adjustments from OCCA2.2A to OCCA2.2c¢ do not contribute to the relative SOL-EI equa-
tion. Only 644 ., 5, contributes to the ocean evolution and trends discussed in this paper (Figs. 1-2,A6,A7,A9). It can be
viewed as an additional, non-conservative heat budget term required to track Argo profiles optimally (section A8), or equiva-
lently as an estimate of uncertainty for the closed heat budget estimate (section A9).

Before the Argo period (i.e., pre-2004), data sparsity prevents such direct uncertainty quantification from profile data. To
extent our assessment of uncertainty to 1980-2022 (Figs 2, 5, A10), we instead leverage an ocean temperature reanalysis called
IAPv4 (Cheng et al., 2024b), which uses historical data to reconstruct the pre-Argo period. While uncertainties in IAPv4 are
not fully known, differences between IAPv4 and OCCA2.2B provides a measure of uncertainty for both products.

More generally, we note that the difference between any gridded OHC product and OCCA2.2b can be treated as an analogous
adjustment term within the OCCA?2 framework (Eq. A11), extending the same uncertainty quantification architecture used with

Argo to the pre-Argo period and to alternative observational products.
A7 Geospatial Argo Statistics

The last two terms in Eq. A11 are based on geo-spatial mapping of difference between Argo profile collections and OCCA2
solutions. These contributions are analogous to the result of an objective mapping of Argo temperature anomalies computed
from a climatological-mean seasonal atlas, as done in IAPv4 for example. In OCCA2 though, this non-conservative SOL-
HB term is a small residual compared with the observed trends, because the prior to the objective mapping is an already
accurate and complete map of the time-evolving monthly SOL-HB (Forget and Ponte, 2015). By reducing the magnitude of
non-conservative terms in this fashion, OCCA?2 enhances the interpretability of gridded ocean temperature estimates.

To map out the differences between OCCA2 solutions and Argo, we use a method that is an update to the objective mapping
used in OCCA1 Forget (2010); Forget and Wunsch (2007). It proceeds in two steps : 1. sample average pointwise misfits over

grid boxes of decreasing size, and 2. compute a weighted average of these sample averages over the OCCA2/ECCO4 grid
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(Forget et al., 2015a). The code is open source, available on GITHUB.COM via the ARGODATA.JL software package, and will be

further documented in a separate publication (in prep).

The starting point of our workflow is a copy of the Argo archive that downloaded from the Global Data Assembly Center on
April 15th, 2023. Argo profiles are first converted from the native Argo format to the MITPROF standard profile format used in
ECCO4 (Forget, 2010; Forget et al., 2015a). To this end, the ARGODATA.JL open-source library interpolates all Argo profiles to

standard depth levels, and associates them with uncertainty profiles that define the cost function in Fig. AS8.
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Figure A7. Zonal mean temperature anomalies relative to 2004-2006 climatology in OCCA2.2A-OCCA2.2B-OCCAZ2.2C. Units: degree
Celsius. Top : 2010 (left), 2016 (middle), and 2022 (right). Middle : 5N, 35N, and 50N. Bottom : 5S, 35S, and 50S.
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A8 Fit to Argo Profiles

To measure the agreement between ocean profile collections and climatology estimates, it is important to use a normalized cost
function J that accounts for the geography of representation uncertainty (Forget and Wunsch, 2007; Forget, 2010; Forget et al.,
2015a). In principle, average cost function values near one are expected when the climatology estimate is an optimal fit to the
data, indicating that it is neither an overfit (J<1) nor a suboptimal fit (J>>1). Strict interpretation of absolute cost function values
however assumes that uncertainty specifications are perfect (Forget and Wunsch, 2007; Forget, 2010; Forget et al., 2015a). In
practice, optimality can only be achieved iteratively and approximately by reducing large-scale misfits to observations, e.g. via
the adjoint method as done in ECCO (Forget, 2010; Forget et al., 2015a; Forget and Ponte, 2015; Forget et al., 2015b).

The agreement between OCCA2.2D and Argo (Fig. A8) is near J = 1 and stationary through time (red curves). It is also
closer to Argo than OCCAL1 (blue curves) and ECCO4 (not shown). Looking at J(OCCAT1) through time, its increase is a
measure of observed climate trends and variability over the Argo period (recalling that OCCA1 is a climatology for 2004-2006,
Forget, 2010). In contrast, OCCA?2 misfits are rather stationary, which reflects that these solutions largely reproduce observed
climate fluctuations and trends in the ocean (Forget and Ponte, 2015). The reduction from J(OCCA2.2A) to J(OCCA2.2B)
provides a measure of biases that had accumulated during the spin-up phase of OCCA2.2a. In turn, the reduction from
J(OCCA2.2B) to J(OCCAZ2.2¢) is from the time-mean adjustment based on Argo, which does not contribute to relative SOL-
EI.

The fact that J(OCCA2.2c) and J(OCCA2.2D) are so close to each other across the Argo period confirms that OCCA2.2
largely captures observed changes even before the addition of dT#4%. . 5, in Eq. All, which is generally a small term
(Figs. 1-2, A6-A9).

Looking forward, we suggest that further reducing the magnitude of this non-conservative term would help further im-
prove our understanding of SOL-EI . To this end, one could use the ECCO4 inverse estimation machinery e.g. by penalizing
STEES . 9.5 in the cost function and re-optimizing model parameters (Forget et al., 2015a, b; Forget and Ponte, 2015). Appro-
priately setting up such an estimation experiment would require careful consideration of least-square weights for STZIS ., »,
and running it would induce significant computational cost. However, we hope that the present paper will provide a rationale

and a useful jumping off point to motivate such research.
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Figure A8. Mean cost functions that measure misfits to Argo for different ocean state estimates and different years. These sample mean cost

function values were computed over all Argo profiles collected over the global ocean. In theory, they would be near 1 if a true optimum had

been reached and error estimates were perfect (Forget and Wunsch, 2007). In practice, it is the comparison of cost function values across

estimates that is of most interest (Forget, 2010; Forget et al., 2015a, b).
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A9 Heat Budget Uncertainty Quantification

The trend in Argo-based adjustments — i.e., the difference between OCCA2.2Dp and OCCA2.2C — is a concrete measure of
uncertainties that affect the closed heat budget estimate (Figs. A9). This is a relatively small term for both the SOL and in
the layer below (200m-2000m), with minor effects on SOL-EI or its geography predicted by the closed heat budget estimate
(OCCA2.2A or OCCA2.2B).

To assess OHC uncertainties beyond the Argo period, we can also compare OCCA2.2A to the IAPv4 temperature reanalysis
(Cheng et al., 2024b) which uses other types of ocean temperature data. There is again a good agreement between the two
estimates, OCCA2.2A and IAPv4, for global mean time series (Fig. 2) and spatio-temporal averages (Figs. A10). Hence we
conclude that the closed heat budget estimate from OCCA?2.2a provides a useful approximation and mechanistic interpretation
for decadal trends in ocean heat content over the extended 1980-2022 period. While comparison with other IAPv4-like products

for the SOL is left outside the scope of this paper, the reader is referred to recent intercomparison studies that have focused on

EEI (Miniere et al., 2023; Hakuba et al., 2024; Meyssignac et al., 2024).
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Figure A10. Mean SOL heat content trend estimates for 2013:2022 (top), 1981:2010 (middle), and the difference. Units : ZJoule/month.
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A10 Downward Shortwave Profile

To delimit the SOL we choose 200m depth as a simple representation of the bottom of the euphotic layer, based upon the
520 exponential decay of available solar radiation with depth (Fig. A11). This choice could be worth revisiting in future study
because the euphotic depth can vary depending on location, and uncertainty can arise due to discrepancies between various
estimation methods (Wu et al., 2021). But until a consensus may emerge that there was a better and simple choice, we’d advo-
cate for using a 200m depth limit to estimate SOL-HB and SOL-EI . This approach readily provides a needed framework for
mechanistic interpretation and meaningful comparison with SST-based and Argo-based estimates. It also yields a convenient,

525 two-dimensional, view of the euphotic layer to quantify impacts of global warming on marine ecosystems.
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Figure A11. Fraction of downward shortwave radiation (swfrac) that reaches a certain depth, as approximated in the ECCO4 model.
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