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ABSTRACT

Variation i upper ocean heat content is a ontical factor in understanding global climate variabilicy.
Using temperatare anomaly budgets in a two-decade- long physscally consistent ocean state estimate
(ECCOVAErA, 1992-2015), we describe the balance between stmosphernic foecing and ocean transpor
mechanisms foe Giferent depth homzons and ¥ vanving tempoeal and spatsal resodations. Advection
dominates in the tropics, whale forcing is most relevant al bigher lativades and in parts of the
subtropics, but the balance of dominant processes changes when integrating over greater depths
and considonng longer time scales. While forcing is shown to increase with coarser resodation,
overall the heat budget balance between it and advection is remarkably insensitive 10 spatial scale.
A oonvel penspective on glohal ocean heat content vaniability was made possible by comdining
umsupervesad classiBication with 2 measure of temporal variabality s heat budget terms 10 identify
coberent dynanwcal regimes with similar anderlying mechanisms, which are consastent with prioe
rescarch. The vast majority of the ocean includes significant contnbutions by baoth forcing and
advection. However advectioa-driven regions were identified that coencide with stroag carvents,
such as western boundary cevents, the Antarctic Circumpolar Carrent and the tropies, while
forcang-deiven regions were defined by shallower wintertione mixed kyers and weak velocity fickds,
This sdentification of compeebensive dynamical regimes and the sensitivity of the occan heal
budpet analysis to exact resolution (Sor different depth horizons and at varying temporal and spatial
resolutions ) should peovide a useful oriestation for future studses of ocean heat content vanability
in specific ocean regions.
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L. Introduction

Earth's oceans play a enitical role in regulating the ghobal climage system (Bigg <t a1, 2003; von
Schuckmann ¢t al. 2016) and have boes shows 10 5t 25 3 critical sank of excess atmaspherse and
land-based beat resultang from greenhouse gases (e g Barnett et al, 2001, 2005; Prerce et al, 2012;
Treoberth ot al. 2004). Heat o abso redistributed within and released from the oocans, thereby
impacting mtmospheric temperatures and the global climate system (Bigg et al. 2003y Ocean
heat redistribution determines how effectively oceans can store excess heat doe 10 anthropogenic
warming, and played a key role ia the 1998-2012 global surface warming hiatus (Yan ¢t al, 2016;
Liu and Xie 2018). Therelore, a clear understanding of heal transport mechasesms shoukl enable
better predictions regarding the extent of global and rogional climate change (Keenlyside et al.
2008; Robsom et al. 2012 Roberts et al. 2016).

Since heat s conserved, one powerful approach for undenzanding ocean heat contem (OHC)
variability is via the ocean heat bodget. The budget relates a chamge in OHC w0 a vanety of driving
mechanisms that appear as terms in he heat consenvation equation, such as advection, diffusion,
and air-sea foecing, A better undentanding of whach terms in the heat budpet are most imporctant
can provide a means for mterpeeting oocan warmming patiorss and improving predictions of future
changes in these patterns. Evaluating occan beat budgets from direct observatsons is very difficalt,
and some un-observable processes must inevitably be inferred from the residual of beter inown
termps (Roberts ¢ al. 2017), The development of conservative ocean reanalysis produces whach
assimilate observations in a dynamically consastent way-such as the ECOOW product used here—
offers oppoctusitics 1o examine the historical occan heal badget in precise detail. as has been
reporied peeviously for specific ocean regioms (e.g., Backley et al 2014, 2015; Thompson et al.
2016; Piecuch et al. 2017; Desbruyeres et al. 2020).
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However, a significant downfall of the budget approach is its complexsty. Depending on how it
Is constructed, the budget can contain up 10 a dozen different sermes, which previous studies bave
simplitied cither by judiciously combineng terms or by focesing only on the mas drivers of the
budpet (Precuch and Ponte 2012; Buckley et al, 2014, 2015; Peecuch et al. 2017), Funbermore, the
budpet is evidently quate sensitive to spatial and temgporal scalie, and different regions of the occan
may have gualitatively &fferent heat badgets (Bishop et al. 2007; Small et al. 2019, 2020). From
this complexity, it can be hard to discern general, robust propertses of the ocean heat budget.

Thas paper presents a novel combination of theee ocean analysis tools 1o study the ocean heat
bodget om a global scale. These methodologies are:

1. Data-constrained yet dynamically consistent occan reanalyses, which pronade a precise, me-
merically closed heat budget at cach grid point (Forget et al, 2015),

\Ed

The “covaniance mtio” asalysis technique, fiest developed by Doney et al. (2007) and further
claborated by Bishop ¢t al. (2017 Seall ¢t al. (2019, 20200, This method reduces the fall
time series of beat bodpet terms o cach point in space (or averaged over a region) 80 a comgise
set of non-dimensional (1) values characterizing the importance of each term.

1 Unsupervised machine leaming, which can belp reveal lmest patterns in large datasets. K-
means Chavieniag (Hartigan sad Woag 1979 Gong and Richman 1995; Luad and Ls 2009)
Bas been successfully applied in occanography 10 a wide vaniety of categocization problems,
from idestifying regimes of Southern Occan piytoplankson bBlooms (Ardyna et al. 2007) 1o
the ocean vorticity budget (Somnewald et al. 2019). Here we apply clustening to the covaniance
ratios to identify regioas with sinuilar heat content dynanscs.

Adong the way, we take great care 10 cxamene the sensitivity of our resalts 1o spatial and tensporal
scales, in oeder to determine which paierns ane mont robest across scales,
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With this analysis, a key question we hope to answer is wader whar cincumstances is ONC
vartabilivy primartly drtven by atmospheric variabiliey vs. intermal mechanisms” Foe the mernal
driving mechanisms, whar iy the relarive impovtance of advection v, diffesaon” And for advection,
what is the relafive dmportance of Varialions in ovedn currenly vx, versations in femperatare; and
of horizomsal vx. vertical advective tramspors?

These are not new guestions of course. Many past stodies have attempted 10 understand the
drivers of OHC and SST vanability in differest regrons. [a a classic psoneering stody. (Hasselmann
1976) used a ssochastic model 10 describe the semporal relasonship between SST and forcing (e,
the lead-lag correlation between surface Beat Bax, SST and s tendency ). A senes of seluequent
studies bave sugpested that for much of the extratropical regsons of the global ocean, SST vanability
is primarily a function of atmospheric-driven surface heat flux (e.g.. vom Storch 2000; Wu et al.
2006).

As the spatial resolution of SST aad surface heat flux datasets have impeoved, Bishop etal, (2017)
revised the connection between forcing sand SST and haghlighted regions where ocean dynamics
clearly dosmnate, These regions are delincated by the western boundury currests (WBCs) and
the Antarctic Circampolar Current (ACC). Similarly. Small et al. (2019) showed that Eatent heat
flux is primanily driven by variability in SST (i.c., driven by occan dymamics) over the castern
tropical Pacific and mud-latsade ocean frontal zomes (which are associated with WBCs). The
abowve stadies described oaly vanabelity ot the sea surface, but sisnilar conclusions can be made for
the upper occan as well, given that SST varisbality is connected %0 lemperature withen the maved
Laver (Alexander and Deser 1995). Looking at the wpper occan (o full-depth OHC, it is clear that
advective heat converpence is a key component. This has been shown by both observation- and
model-based studies (Doney et al. 2007: Grist et al. 2010; Buckley et al. 2004, 2015; Piecuch and
Ponte 2012; Piecuch et al. 2017; Roberts et al. 2017, Senall et al. 2020),
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A series of stadies have shown that the balance between atmosphenc foecing and Sorcing by
ocean dynamscs depends on the spatial resolutson at whach the bodget is desermined (Kirtman
et al. 2012; Bishop et a1, XN7; Seall et al. 2019, 2020), By using spatial sssocehing, Bishop
et al, (2017) show that the importasce of ocean-deiven vanability decreases with increasing spatial
scale. This saggests that occan-drivem variability is mainly repeesented by small-scale featares soch
as oddies. The spatsal dependence was further confirmed in climase models for the relationship
betwoen SST and surface heat fluxes (Small et al. 2019) and for the upper ocean heat bodget (Small
etal. 2020). Sumilarty, there is a dependence om the temporal scale, While for moathly 10 seasonal
anveralees simosphenic forcing s the domisant term, oocan dynamics bocomes more impoctant
in establsshing interannual and decadal sarations in SST and vpper OHC (Buckley o al. 2014,
2015). The time scale st whach a switch occurs from an atmosphernic- 50 an occamic-driven soemario
is regionally dependent (Buckley et al. 2015). By using a low-pass fiker Bishop et al. (2017)
show that importance of occan-driven vanability increases with increasing time scale. Small et al,
(2019) expands the me-dependency to sub-moathly variahility and show that the occan-dniven
signal becomes relevant in the WBCs for time scalles loager thas S days,

The sensitivity o temporal andfor spatial scale has been cither focused on particelar occan
regions, such as the Noeth Atlantic (Buckley et al. 2014, 2015), or on the global scale for the sea
surface wsing observation-based analyses (Bishop et al. 2017; Small et al. 2019) and subsurface
OHC variability based os clinsate models (Small exal. 20200, In this paper, we use an ocean model
that sssinsilages ocesn observations and examine the global distributzon of regression coetlicients
for key dnvers of ocean lemperature vanation. As a key additional step, we allkow the data o el
us which regions share common dynamacs via a clustering appeoach.

Our paper is crgamized as follows: Section 2 describes the ocean state estimate and the diagnostics
used 1o describe heat content vanability. An anomaly heat budget equation s then denved 10
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describe the temperature tendency anomaly as the sum of distinct vaniations im ocean heat processes
(1., forcing, advection and diffesion). In Section 3, we present a Jocal heat budget analysis for the
upper ooean as defined by the wintertime MLD, as was st done by Buckley et al. (2014, 2015),
The foxus here wis 10 evaluaie the relative importance of cach budget term as a dever of chamgpes
in OHC, With this analysis we imtrodoce the covanance ratio, which quantifics the comtribution of
cach budget term to the total vaniabality of temperature. Section 4 presents heat badget vanation
at differens spatial and temporal scales in order to evaluale the contnbation of each budget term 1o
the total bodget at a range of vertical (Le., depth) scales and horizontal aad termporal (1.2, manthly
10 decadal) resolutsons, In Section 5 we intradoce an unsupervised machine-learning approach 1o
defining ocean regions based on cobherent patlerns m the local heat budget. The study™s Bndings
are further discussed in Section 6, with concluding remarks and suggestions for future work,

2. ECOOVS ocean state estimate and heat budget diagnostics

In this paper, we conduct an imvestigation of the drivers of variability in OHC using the Estimating
the Circulation and Climate of the Ocean (ECCO) comscrtium state estimate. The thind release of
version 4 (ECOOw ) was used, which provides a physically consistent occan state estimate covering
the penod 19922015 Its solutson is the outpat of the Massachusests Instizste of Technology
peneral circulation moded (MITgem) sssimilated 10 available observasons for the persod 1992 10
2015, which has been thoroughly assessed and found to be a coberent and accurate representation
of the ocean state (Forget et al. 20151 In addition to providing chosed tracer budgets, ECCOv4
offers detailed diagnostic information about the simalation, making it possible to identify the
coatributions of spevific mechanisms 10 those badgets. Because of the model's consenvation rules,
there are no unidentified sources of heat, which makes ECCOVS well suited 25 a reanalysis in order
10 investigate heat content variabality s the occan over recent decades,
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The dagnostic outputs include moathly mean fields from January 1992 o December 2015 for
all relevant terms to formulate the heat budget. In additon, diagaostics include monthly snagehots
of temperature and sea surface height (taken m the begenning and end of each month), Bogh the
mean and snapshot Belds are presented in the Lat-Loa-Cap gnid (1., LLOY) configuratson, whach
is organized in 12 tiles with each tike including 90 by 90 grid cells (Forget et al. 2015). Horizontal
grd spacing s irregular, with an average resodution of 17x 17, The grid size in LLC90 ranges from
4050 km at polar 10 subpolar latitudes, o aroend |10 km towards the eguator. Vertxcal spacing
comgwises S0 Jevels of thickness from 10 m at the sarface 10 456.5 m for the decpest lyer.

a Amovnrly hear budger bn ECCON

OHC varabality & described here with the anomaly bodget of iemperature, whose erms ane
directly derived from dagnontic oulput of BECCOvE, The budget oquation for emperatare can be
cxpressed im a peneral form as

g——?oV%“)--‘“F“oﬂ.‘ i

The temperature budget inchades the change in temperature over time (), the convergence
of heat advection (< - (Su)) aad beat ditfusion (~T - Fag), plus downward heat fax from the
atmosphere (Fao ). Note that ia our definition both Ratent and sensible air-sea beat Auves, as well
as loagwave and shortwane radiation, &s contained within Fi,.. Shortwane radsation is atsorbed
throughout the upper 200 m of the water columa and is described by an exponentially decaying
function (Paulson and Simpaon 1977)

In crder to derive the anomaly badget of sempersture, first the bodget eguation of the monthly
chimamological mean tempermture ks desermunad, which can be done by recognizang that each varsable
can be expressed & & monthly mean plus its ancenaly (1.¢., climatology + seasomal anomaly ), The
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monthly mean budget is derived by apphing Reynolds averaging 1o Equation 1. and replacing
cach term by its moathly meas plus anomaly. The moathly mean and ancmaly of variable X are
denoted as X aad X’, respectively, The moathly asomaly budget Is thes derived by suberacting
the monthly mean oguatyon from Equatson |, which remsones the mean seasonal cycle and returns
the month-to-moath imerannual varisbility. The central equation for the budget analysis is thus

%:r.,,'-v.-m’é‘p-%(w'?v"n-v..ﬁ‘a')-gzwﬁe‘,-v-(u'o’-w_f’-v-r‘.’m
2)

The first term on the right-hand side of Equation 2 (Fg,.") is anomalous forcing (1e., anomalous
sir-sea bear fux). The comvergence of the heat advection anomaly is descnbed as the sum of
tores resulting from the semporal decomposiiion of the advective fluxes, The advective heat
flux s decomposed 10 a lincar torm doe %0 tomporal anomalies of the welocitics, a lincar term
due to anomalies in lemperatures, and a soalincar torm doe o the covanance between the two
ancenalies. Furthermoee, the two linear terms are separated into horizontal and vertical components.
Technically, advective heat transport showld only be calculated for flows with 2610 net mass transport
(Warren 1999). However, we find it informative 10 separate hocizontal and vertical compooents,
recognizang that only the sum of these components has 20 et mass transport, The analysis of
these commponents is mainky provided as supplementary igures, Readers who disagree with this
choice can simply diseegard this part of analysis and focus on the sum of the two components.
This detatled decomposition of both vertical and horizontal advective fluxes extends approaches
featared ia previous ocean heat budget analyses (Backicy et al, 2015; Piecuch et al, 2017, Small

et al. 2000) and is a novel aspect of our study.
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The first two advective terms are horizoatal (- V- (w8 )) and vertical (- £ (w8 )) heat Buxes
caused by velocity anceales acting oa the mean temperatares.  The following two terms are
horizoeeal (= - (079)) and vertical (= £ (77F)) hest flux doe 1o mean velocities acting 00
temperature amomalics. The nonlinear advective term (< V- (0’ —w'i ) describes the difference
in advection given by the covariation between the velocity and temperatare amomalics and the
chimatological mean of that covanation. Finally, Eguation 2 includes the anomalous convergence
of diffasion (V- Feq') and a residual term (R).

Alhough the ECOOvS state estimate allms foe the computation of closed tracer badgets that
halance 1o machine procision, our derivation of an anomaly Beat budpet snchades hncarized advec-
tion terms that are not evaluased online by the occan madel but rather have 10 be approximated
offline (using monthly mean velocity and semperature fiekds and a lincar second-onder advection
scheme). Furthermore, the offline derivation neglects temporal decomposition of the scaling factor
corresponding 10 the son-hincar free surface in ECOO (Adcroft and Campin 2004; Campin et al,
200483 Thus, we include 3 residual erm in Equation 2w onder 10 account for any variabily that
is igaored in the offline estimation of the advective Muxes, We are ablle to preciscly determine the
residual from the full (e non-decomposed) advective heat tramsport dsagnostics. This residual
alvo includes the effeces of numerical diffusion, which anse doe 1o the model’s advection scheme
(HUll et al. 2002; Megann 2018). The flux due o effective numerical diffusion is presest in the
model’s diagaontics of the full advective Mux, bet not in our limeanzed recoastruction of the flux,
As shall be shown, the residual is negligible s virtually all instances.

X Covarlance analysis of local heat budget

The ECCOVS outpats permit cakulation of the snomaly bodget tinse series st cach point in the
global 3D gnd. Thes yiclds wo much mformation o compechend or vissalize, so 10 undenstand

10
Accepted for publication in Jourriad of Climate DOT1011750CLID-200088 1. v



which terms drive heat content vaniability. we comsider the correlation between the actual tendency,
given by the left-hand side of (2) and denoted v, and each individual term on the right-hand side
of the equatson, denoted «. Similar forms of analysis were applied by Small et al, (2020), Small
et al. (2019), and Doecy ¢t al. (2007),

We deline the covariance ratio for 3 particullar torm x as

alny) v
-— 3
aoiy)

ry

where «r(x,y) is the covariance betwoen © and v and er(y)’ is the variance of ¥, In any
particular beat bodget, the covariance ratio describes the contribution of cach budget term to the
total semperature tendency. Since the total tendency s the sam of all the badget terms, the sum
of the covariance ratios mast egqual ome. This is troe regardless of whether or not the terms of the
budget are hncarly independent (as in fact they aee not); this decomposition is a physical, rather than
statistical, asalysis. A positive covanance ratio mmplies & posative contribution (and correlation) 10
the total tendency, and a negative valee implies a negative contributson (and an inverse correlation)
10 the total tendency. Equation 3 is used to separately evaluate the relevance of each term (or sum
of terms) im the anomaly heat badget (Equation 2).

OHC vanability is first investigated for cach gnd poist ot the origisal temporal (monthly)
resolution where the anomaly heat budget 1enms are imtegrated over the climatological wimer
mized layer depeh (hereafter referred @ winter MLD), The MLD in ECCOvVE is defined as the
depth at whach the potentsal densaty (¢r) exceeds a vanable threshold crterson equavalent 1o a
decrease of O8°C (ar > 7oy puce + @ 0.85°C, where o is the thermal expansion coeflicient: Kara et al.
2000; Buckley et al. 2014). From the monthly Seids of MLD we then caloalase a climatology and
choose the annoal maxinwes at each grid point (Figure S1). The winter MLD defines a botom
boundary of the upper oceas that vanes spatially but is fixed in tume. This solses the layver that

T
Accepted for publication in Jourriad of Climate DOT1011750CLID-200088 1. v



is in exchange with the atmosphere om an annuval time scale, which is most relevant for climate
varishility (Buckley et al. 2014, 2015). In this layer, we expect only miscor influences oa the heat
budget from vertical muxing and eaerainment.

The global distribations of the convaniance ratios for the main serms (Figere Tab and 1) clesly
shows that the balance in the anomaly beat badget is Lapely between anomalous forceng (Fae ")
and advection (=¥ -(uf)’). There are distinct ghobal patterns of covariance ratios of the budget
terms that are to the firet order latitudinal. The covariance mtios for F.' are essentially rero
in the tropics but dominate regions ot appeacimately 200N and 20°S as well a5 in the Arcuc and
Amtarctic (Figere Ta) In contrast, <V - (09)" reveals a broad patsern of high covanance ratios in
the trogacs and mwch lower conariance ratios in the subtropics and at polar and subpolar latitudes,
though =V - (uf)" is relevant for most of the extratropecal ooean (Figure 1b).

Figures lce show the temporal decompasition of =¥+ (u#) into anomalous advection caussed
by asomalics in circelation (=¥ - (w8 ), temperatuee (~T(@"#)), and covaristion of anomalies
in both (~¥ . (W& ~ Wi ), referred hereafter s the nonlinear advective serm),  Variabiliy in
advective heat comverpence is laepely driven by =% - (w8 ). In discrete locations associated with
boundary, circampolar and equatorial currents, =V ) is relevamt (Figare 1d). This maiches
findings by Bockley et al. {2015) who further showed that the dominance in = V(U™ #) is the result
of geastrophic advection and strong horizoatal gradieats in the temperature field (Bishop et al.
2017y The covamance rano of the moalinear advective term s effectively 2610 excepe for some
variability in the tropical westorn Pacife and tropical castern Indian Ocean (Figure ).

Diffusson (-V - Fag', Figure 11) only plays a role #t bagh kistudes where there are substantial
interannual variations in the wistertime MLD. Covariance ratios of =V - Faye” are more pronounced
in some polar regioms soch s the Beaufort Sea in the Arctic Ocean and the Ross and Weddell
Seas near Antsrctica. The winter MLD is particalarly shallow in those regions (Figare S1), with
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litthe interanmual variability (not shown). Thas, we suspect that the MLD definition in ECCOvA
Is Imaccurate and our definition of upper occan heat budget is inappropriate for those regsons. An
abernative appeoach using fixed depths of integrasson is discussed below, Finally, the residual
torm s ¢dose 10 2er0 everyvabere (Figure S2). comfirming that our occan heat budpet can be
approximately closed without accounting for submonthly covariation and precise representalion of
the scaling factor.

There is extensive compensation between horizontal and vertical components of -V - (w'd ),
while = V(@™ #) is moszly driven by the horizontal component (Figure $3). The vertical component
of the anoemaloss advection of mean teeperatare (- & (Wl )) dampess the effect of the hosizontal
companent (~F - (T )) and pencrally contributes 10 & redection in the 106l variability, This
compensation is particular evident in the tropical ocean. where ~, - (0 ) and -5 (w8 ) are
of the same magnitude but opposite in sign (Figure S31. In the extra tropics it is =V, - (w'# ) that
determimes the sign of the wead advective convergence (=7 (ud)), because the mastly positive
covaniance ratios for <V - (08" se reflecsed by < ¥y - (wH ). and the compensation by < £ (w'F" )
is only a fraction of =V, - (W' ).

In conchusion, the monthly anomaly heat budget integrated over the winter MLID on the original
ECCO~vA grid is largely determined by anomalies in sea surface heat flux and anomalous advection
of the mean temperature gradient, while mean advectson of temperature anomalies play a rode only
in specific regions of relatively stromg currents (e.g., western boundary carrents). s Section §,
we soek funber inssght into the physics of these patterns by wsing cluster asalysis o0 identify
Jdynamically samillar regioas, First, however, we examine the scale seosativity of these patierns,
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4. Dependence on spatial and temporal scale

In this section, we explore the sensativity of the covanance-ratio analysis to different choices
regaeding spatial and temporal aggregation. The point of this & 20 investigate whether the patterns
Wentified in Sectson 3 and corresponcling conclusions about the heat Badpet are robust over space
and time scales. or whether qualitative chamges emerge as we consider different scales.

@ Depah of imbegrarion

In contrast v integrating over the winter MLD, we also smvestigamad the balance betwoen budpel
torms integrated over fived depths. The aim of thas is to understand how the heat budget vanes as
one comaders increasingly deeper portions of the occan. We know, for example, that all vertical
fluxes meast eventually vanish as we approach the botom, bet how deep must we g0 to see this?
Small et al (2019) and Small et al, (2020) focesed only on the upper ocean (a their analysis, keaving
this guestion open,

The covarmance ratios for cach torm in the heat budget were cakoulated for a range of depths (ie.,
100 m. 300 m, 700 m, and 2000 m) in ceder to desonibe the change in the relative importance of
different mechanisms as vertical integration s varied. The principal drivers of the heat badget are
conststently Fi.."and ~ ¥ - (u8), but the balance between these mechanisms changes substantially
accoeding 10 the specific depth scale (Figure 2). As expected, Fe,” domenates the heat budget ol
shallower depths of integration (Le., 100:m) im almost every region, with a shift af iscreasing depth
from Fe.' o =V - (w¥) as the dominant factor. Overall the most striking shift in patterns is from
100 to 300 m. while the chasge in patterns is more subtle when shifting the integration depths from
the upper 300 m to deeper layers.

One might assame that the shift in pattern i eelased 10 the vertcal extent of shortwave pesctrstion
(as o is comstrained o the upper 200 m), However, the smerannual vanabidity of that 1erm is expected
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10 be very Jow. Instead. the interanmal signal is dominant in the turbulent beat fluves, which are
coonmunicated by diffusive heat fluxes across the mixed layer. At shallow depths (e., 100 m) the
pamern of covaniance ratios for all budget 1erms closely resembles the covariance pamern of the
winder MLD (Figure 1) in the Jower latitudes, In the hagher latitudes, the oovariance paticrns foe
deeper layors (i.e., > 300 m) in Figure 2 resemble those in Figure 1. This is mostly de 10 the spatial
pattern of the winter MLD (Figare S1), which to the first order is decper in the high katitudes (ie..
200 10 1000 m) and shallower in the low latitudes (1., < 200 m).

When integrated at 300 m and greater depehs, =¥ - (w# ) dominates i all regions outside of the
high latinades, The shuft 0o the increasing significance of <V . (uff)” with depth is mostly due 1o the
ancemaloss circulation term, while the patterns associated with mean circslaton of anomalics 1s
relatively imsensitive 1o the depth of inlegration. The oely exception is the relevance of ~V{(u" ) in
the tropics seen in Figure 1 and for the upper 100 m in Figure 2. which disappears when integrating
over deeper layers, This is consistent with a very shallow depth scale of the equatonal mean jets.

The effect of <V Fay' & in gencral only scticeable for the upper 100 m, The relevance of
~V Faa' s ssocaated with the spatial relationship betwoen depth of integratson and extent of
vertical mixing. Amy integration depth shallower than 100 m would lead to larger contributions in
=V Faa', which would compensate Fi,..”. Oaly in regions of decp convection, such as the sebpolar
Noeth Atlantic and Nordic Seas in the northern hemisphere, and the Ross and Weddell Seas in the
southern hemisphere, does =V - Foy” remain relevant ar decper integration depths (Figuee 23 The
spurious patienns of Birge negalive covarance eatios is the Arctss (Figare 11) are not peesent when
integrating over a fixed depth, which indicates that the MLD definition i the current ECOOv s
biased shallow there. Foe the uppor 2000 m, imterestingly, the spatial pattern of diffesion covariance
ratics im the subpolar North Atlantic shows elevated values around its boundaries. This is consistent
with a recent study showing that magor dowerwand heat flux from the upper to the issermediate depth
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layers is doe 10 difusive heat transport converpence within energetic boundary currents around the
Noeth Atlantic sebpolar gyre (Deshruyres et al. 2000),

In Figure 3, we decompone advectson into horizonal and vertical components. The compensation
(1e., anticorrelation) between the horizontal and vertical components of advection are particolaly
prosninest at 100 m in the lower Lititudes (Figure 3). Again, there is a stark pattern shift when
moving from 100 m to 300 m, at which point there is much less compensation in the lower
latitudes and maore prancunced compensation in the mid-latitudes such as in the subtropical gyres.
lategrating over deeper Rayers (1L.e, 2000 m) keads o vanishingly small vertical comvergences. It is
interesting to note that the anticorrelation between hoeizontal and vertical components caly applics
10 anomalous circslation (W' ), but oot 1o advection of temperature anomalies by the mean flow
(W) This sugpests a mechanism underlying this compensation: volume conservation. The
continuity equation for the anomalous fow, Ty - w' + 5= = (. states that convergence of horizontal
transpoet and vertical tramsport mast be antcorrelated. This aacicorrelation logically carries over 1o
the convergence of heat Mlunes as well, since smerannual variability of velocites deives interannual
variabiliy in =¥ (w'F ).

Our analysis on the sensitivity of the choice of a fixed depth layer suggests that a fixed depth level
of 100 m is a first-order approximation for a ghobal view of the upper ocean that yields a simalar
halance in the ocean heat badget compared o wsing the winter MLD (Figare 1) Funthermore,
it should be noted that the fall-depeh integration yields pattens in covariance eatios that aee very
simelar 10 the case of the gpper 2000 m (bottom row of Figuee 2 and 3), Thus, ocean variabilay in
depths > 2000 m does not substantially contribute 1o vasabedity in monthly OHC anomsalses and 1s
expected to play a role only at mech longer time periods.
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b. Temporal scale

The ocean heat anomaly budget ap 10 this point was only evaluated at moachly resobation. Coe-
sidering the upper ocean (< 300 m) and at Mgher lanivades, Fi’ is the major 1enm in desermuining
total tendency at thes relatively short time scale. Previows studies have shown that only at longer
time scales do certan mechanisms, sach as geostrophic or &iffesive beat transport, become rele-
vant (Buckley et al. 2014). Similarly. Bishop et al (2017) showed that SST variabslity becomes
increasingly driven by ocean processes ot onger timescales. Therefore 2 shift in the balance of
terms within the heat bodget & expected as temporal scale increases. To assess any chasges in the
talance of werms at Jonger lemporal scales, the budget was determinced by temporally aggregating
time series al 3-moath, &-moath, 1-year (1. annual), 2-year, 3-year. 4-year. S-year (ie.. pentadal)
and 10-year (i.e., docadal) imtervals. The purpose of the multiple time intervals was to clearly
ilheserate shifts i the balance of budget terms and whether these occur gradeally or appear as a
sudden shift & a particular tmescale. s this sectson, the halance of budget terms are presented
at the monthly, ssesal and pentad scale, while a more compeehensave amalysis of time intervals is
presented in the following section om particelar dymamacal regimes (see Section S). The sepple-
moentary matenials pronide a practical illustration of how the temporal aggregation is performed.
Rather than focusing on a particular ocean region, we focused instcad on describing globally how
the budget 1erms shaft with temporul scale across different latitude bands and for differes depths
of imegration. One caveat of this appeoach is that, as we aggregate 10 coarser tempoeal scales, the
time serics have fewer and fower poists, and the correlations Become more noasy,

Covariance ratios were averaged mmto 107 Tatitude bins to derive zonal means (Figure 4). These
coafirm that the balance of the heat buadget is dominatod by —V - (u'# ) and Fy..". With longer time
scales, the relevance of =V (u'# ) increases. For annual and pentad averages, -V - (@ #) also
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becomes moee important, especially in the southern high latstudes (correspoading 10 the Southern
Ocean and ACC). Over the wimser MLD (10p row in Figure 4), the covariance rastios of combised
advectson terms are only Sominam sear the eguator between 1075 10 10N, The combined advection
COVANance ratos are aroumd 0.5 in the mid latitudes, and show caly minor influcoce across the
higher latitade bands. Fi.." remains dominant in the high northern latitudes (>60°N) in most cases
even as its relevance tends 1o decline with longer time scales. =V - Fag' becomes increasingly
important in the high lativades at loager time scales. [n the northern high latitudes it presents a
dampeniag effoct (L2 it has a negative covariasce ratso). However, we note that integrating over
the wimertime MLD in the Arctic is problensatic due 10 the bias in MLD seen in ECOOv, which
resules i farge compensations in the terms o Rittude 70-80°N, particularly with loager time scales,
Therefore we do not comsader the latitede range useful 10 look at. In the southern high latitudes
(>60°S), -~V -Fay' increasingly determines the total tendency. This ks consistent with the spatial
distributions presemted i Figure 1f, where the influeace of ~¥ - Fay' Is evadent in the marginal
scas of Amarctica.

We next adkdressed the question, bow does istegration of the heat budget over different depth
levels (i the winter MLD vs, the upper 300 or 700 m) affect how the budpet serm balance
changes with &fferent time scales? When integrating over 300 m oc deeper. there is no apparent
compensation (cancelling positive and negative terms) except for the peatad averages. There are
multple terms whose 2onal mean of Covanance ratios are negative, occunnng ot latisade 'S w
H0°S (corresponding 10 the Southern Ovean) and at TON (corresponding 1o the Noedic Seas), This
indicates that in these hatstudes there can be strong anticorrelation @ pentad time scale for serms that
usually contribute to the total tendency (i.c.. bave positive covariance ratios). At latitude TOPN, the

nonlinear advective term shows a strong compensation which is not apparent at higher frequencies
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(monthly and asemal). At 60°S we see that ¥ - (w8 ), which is generally comtributing to total
tendency, dampens vanability by coumeracting - V(07 ) and Fi..”.

In seemmary, advection becames the principal term with increasing temporal aggregaton in the
extratropacs. s the high lativedes, diffusion increasangly determines vanability with increasing
temporal aggregation. Section 5 will show specific time-scales st which the shifts in relevance

occur for partscular dynamical regimes.

<. Horizowtal scale

The balance of comtributing terms in the heat budget equation vames according 10 the spatial and
temporal scales on which the terms are derived. The remaining question is bow the importance of
cach budget serm changes as spatial aggregation changes from the original 17«17 grid to increasingly
coarse uggregmtion scalles (eg., 2°x2°, S"=87, 10X« 10"), The supplementary materisls provide
addstional detasls on how the spatial aggregation s performed,  The depeadence on horzontal
scale has boen pointed out by peevious studses focasing on the surface occan (Bishop et al. 2017;
Small et al. 2019) and in chimate models (Small et al. 2020), whach showed that ocean tramsport is
more relevant for higher resolutions. Table | lesas the global average of covariance ratios of each
budget term listed for cach spatial aggregation scale, starting with the ongenal resolution (1 = 1) 10
& maximuen banning level of 90 x 90, In general, global mean conanance ratios [oe the upper ovcan
are seosative 10 spatial scale, changing grodually when spatally aggregating the Belds (Table 1),

There is a notable increase in Fo," with larger aggregation scalles, acoompamsed by a concomitant
decrease in the coatribution by ~V - (u#)’". The relevance of both linear advective terms, V- (u'# )
and -~ V(" &), declines as the aggregation scale increased. The shift in the balance of 1enms ceases
afier 15 = 15 and remains refatively coastant up 1o the %0 = 90 level of aggregation, the upper
linsst of coarsening for this exercise, The greatest contributson by Fi . (om a global mverage basis)
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is at 30 = 30. where it represents around 34 (76% ) of the total, while =V - (w¥) is around a 1/4
(25%). The non-continoous increase of Fg " with aggregation scale appears to be an issue with the
relatively coarse gnid of ECOOn, which we will revisit i Sectson 6, The global mean covanance
ratios for < V- Fag', the nonlincar sdvection serm, and the residal remain effectively zero across all
spatial scales. A trend for increasing relevance of =V - Fay' ot langer aggregation scales is evident,
but it remains a minor comtribution when covanance ratios are averaged over the whole globe,

The covarance matios are agus averaged in 107 latitude bins and are plotted agaanst latitade
10 llustrate the zonal balance between Fi," aad -~V (wf)" with changing hortzontal resobation,
from the oaigenal 1°x 1" resolutson 1o 30 » 30 aggregation (Figure S). Fio ' aad <V (uf)' were
determimed over the winter MLD aad the upper 300 m and 700 m depth. Note that the coarnest
resolution is set bere at 30 x 30, becawse amy coarser resolution fails to retain the latitudinal patsern
and there is listle change in the global balance of terms beyoad that horizontal aggregation scale
(Table 1) The zonal means of conanance ratios show similar sensitivity 10 spatial resolution across
all lativades with only a few excepons, The signilicance of Fi," shifts shightly more i the high
latinudes (expecially in the Northern Hemisphere ), The stroagest shifts s the covaniance ratios foe
=V - (w9 are in the mad-Ratitudes, especially in the Southern Hemisphere., =V - (u¥)” remains the
main comtributor in the low latitudes even ot the largest aggregation scales.

Akhough 2 clear shift in the convariance mtios is evidest, the overall balance across latitude
remains the same. Where forcing is domisant (as in the high to mad laticades) at the native gnid
resolution (1 x 1, a1 is stll relevant at the coanest resolutsons (30 = 30) This remaies true when
looking at dfferent tomporal scales (e, monthly, ssesal or pentad averages) s well for ditforent
depths of integration (ie., winter MLD, 300 m, 700 m). While the individual serms may shifi,
there are only a few cases where spatial aggregation causes a change in the overall balance of
terms. For the winter MLD (top row), pentad scale includes large compessation between advective

20
Accepted for publication in Jourriad of Climate DOT1011750CLID-200088 1. v



comvergence term and =V - Fay” at 707N, which is associated with both Fi.." and -~V - (u#)’ baving
covanance much greater than 1.0. Whereas in the upper 300 m and 700 m, pentad averages of Fi.'
at TOON result im hagh covariance ransas (> 1.0) only at smaller spatial scales. At these fixed dephs,
=V (w9) is alfecsed by spatial aggregatson as oovarnsnce ratios shift from positive 1o negative
values (Figere S).

As the zonal means of covariance ratios in Figure 4 suggest. the contribution of =¥ - (w¥)’ (in
particular ~ V(0™ #)) increases as the temporl scale mcreases. The same can be observed in
Figure &, in which the latitode band where the zonal mean covariance ratio of =V (uf)’ is gremer
than Fi.." expands as the semporal scale incresmes from maonthly o pentad averages, This s
unambiguous 300 and 700 m, while it is less obvious but dscernible foe the wanter MLD, Thus,
our analysis confirms previous stodies (e.g. Lee et al. 2001 Yeager ot al. 2012: Zhang 2017), that
sugpest that ~V - () plays a more important rode when Jooking st OHC variability = longer
timescales (e.g., decadal rends).

The varying balance of the budget 1erms ar ditferent smegration depehs and aggregation scales
raise the question of al what spatial scale Fi.." becomes the dominant serm.  Fi.” 1 dominant
within the winter MLD, bt just by imtegrating over the upper 300 m, -V - (@)’ becomes dominant
outside the high Rtitudes. As we see in Figure S, for upper 300 m (and deeper depths) the
contribution of =~V (u8)" remases distisctly larger than F.." st most kow to mid lativade basins ot
widde spansal aggregation scales. I must be that for the highest leved of aggregation (Le., summing
the budpet 1erms over the global scale), the contribution of <V - (uf) (and <% - Fag') 10 the heat
budget soust go 10 zero, Thus, as the aggregation scale increases, the balance of terms shoukl shifl
such that the Fi.." term increases in relative importance (with =¥ - (u#)” and -V - Fay" increasingly
less important). Yet as evident in Table | and Figure 5. contnbation of =V - (u#)” is still relevant
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at very coanse resalutions (corresponding to roughly 907 =907) and is major at bow to mid latitudes
when issegrating over a fixed depth of >3 m.

The heat budget was also evaluaed for three ocean basins (Le,, Pacitic, Adastic, Indian) as a
representation of highest spatial aggregation besades the glodal istegral, The spatial masks we use
for the ocean basin are provided by the gemfaces toalbos (Forget of all 2015) and are shown in
Figure S5. The largest contnbation to the basan-scale heat budget over the winter MLD is clearly
by Foo', but =¥ (uf) is also relevant (Table S1). Imerestingly, for the Pacific and Atlantic basins,
it is snaisly the vertical advection, specifically ~ & (w'8" ) that is doménating the contribution by
V- (w8)', This is consavient with the amalysis of vertical heat transport by Luang et al, (XN S),

The hasan-wide heat budgets are further analysed for ditferent depths and semporal scales foe
the main terms (Figure $6). Covariance ratios for Fi..” are very close 10 1.0 for the decp basins,
The infloence of -V - (w¥)" does not increase for greater integration depths, bat it does become
more important a longer me scales, especially in Atlantse aad Indian basins.  Across the three
hasans a clear shift occurs & >2A (Pacafic), >3A (Atano) >2-3A (Indian). The shift in relevance
is doe 10 both greater relevance in =V - (u'F ) and ~V(@"#) (Figure $7). Yet again, & shown
in the local beat badget maps (Figures |, 2) and zonal means (Figure 4), most advective-driven
variance is accounted by variability in -V - (w8 ). The vertical components are considerable only
at depehs of integration <300m (Figure $8). Thus, the horizontal advection terms (=¥ « (w'# )
and <V, (W7 ) are impoctant to consider for deep basin-wide ocean heat budgets on Jonger time
wales.

£ Classification of dynamical reghmes
The balsace of erms in the upper ocean heat budges shows clear spatial patterss (Figure 1)
whnch suggest distanct dyvsamecal regimes, cach associated with particulas underlying mechanisms
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controdling heat comtent varishility. Effectively sammarizang dynamical regimes relevant to the
ocean heat bodget oa a global scale is challenging gven the overwhelming detall mecessary 10
adequately describe each occan regeon,  Rather than splicting regioas based on geographecal
feavares, we pussued an unsupervised machine Jearning technique 10 asscss the global spatial
patsern of OHC varability.

The k-means clustering algocithm is an efficient tool to redace the spatial complexity of krge
datasets (Hartigam and Wong 1979, Gong and Richman 1995; Lund and Li 2009). K.means
chavtening works 10 5ot a set of samples (In our case, each geographical posnt in space) Into a
fixed number of clusters based on thesr featares (s our case, the covarance ratsos) with the sim
of mimimizing the vanance within cach cluster. By applying clusiening, we can idemtify regions
of shared characteristics in an objective way. A common apphication of clustering analysas in
oceancgraphy is the identification of maniae beoregions, which has been done in specific parts of
the ocean, such as the northwest Atlantic (Devred et al. 2007) and Southera Ocean (Ardyna et al,
2017, and globally (Sonnewald ¢t al, 2020), A similar appeoach was used i a recent study in
which the mean balance in the barotropic vorticily Badpet was amaly zed (Sonnewakl ¢t al, 2019);
however, that study focused on classifying the ime-mcan badpets. Our application of clustering is
novel because it is applsed to the covariance ratios, rather than the mean budget.

We applied k-means chastenag to the covanance ratios of the three main heat badget terms £’
«V . (6u) and -V Fuy', which were istegrmed over the winer MLD. Because these covariance
ratios are by construction sormalized 1 be O01), no extra processing wis necessary, The coere-
sponding spatial patterns of the covariance ratios of the three badget torms are shown i Figare Tab
and 1. The dimensioas of the parameter space (1.0.. feateres) are defined by the covariance ratios
of the three heat budget terms. The optimal number of clasters (K = 5) was shown to minimize
varistion within each cluster and any increase in k did not yield further (significant) reduction,
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Each ocean gnd point was assigned (o a given cluster based on the proumity to the clusters’s
centrolds within the parameter space.

The spasial dstributon of the five global clasters is shown in Figure 6o, Having Svided the
global ocean o these dymamical regions provides the opportunity for a physacal interpretation of
the drivers of heat content vaniabality (Figure 6b). =V - {uf)’ clearly domvinates the beat budget in
regions associated with cluster A This is mainky because of the presence of strong currests near
the equator, the ACC and western boundary currents. In the case of boundary currents and ACC
also coerespond 10 strong spatial gradients in temperatuee (Bishop et al. 2017).

Cluster B is domisated solely by Fi.” and corresponds 10 regioas where the wanter MLD s
relatively shallow (100-150 m, Figuee S1). These are also rogions where ocean velocities are
pencrally weak and there are no stromg spatial gradients in temperature. Dae to the weak velocity
fiekds there is no substantial horizontal exchange within the mixed kayer. and the heat content
variability & driven by the atmosphere. Measwhile chaster C represents the greatest area of the
global occan and 2 dynamical regime somcnhere between chasters A and B in which both £/
and =V (o)’ Bave magor rokes. Clusters D and E repwesent regions where ditfusion is relevant,
as in the Beaufort Gyre in the Arctic and the Astarctic manginal scas (ie., the Ross and Weddell
Scas). These regioms are characterized by a very shallow winter MLD (<100 m, Figure S1) and
can be comsidered outhiers. Dynamscal regimes assocated with clusters A, B and C represent the
vast majonty of the ocean,

We farther divided the clusters imo basin-specific dynamical regimes (Figure $9) in order 10
investigale the heat budpet om a regiosal basis. Particular regions can serve as examples of the key
dynamical regimes. In the advection-dominated regions (i.c. cluster A) we identify the Kuroshio
current and extension in the Noeth Pacific (Figure §9, Al) and the Gulf Stream in the North Atlantic
(Figure §9, A2). Here the heat budget will be dominated by the western boundary current. The
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other advection-driven regions are the tropical Indian (AZ3), Pacific (A4) and Atlantic (AS5) as well
as the ACC (A6). The selected forcing -dominamed regeons (1., cluster B) are s the suberopecal
Atlastic and Pacific (Figure S9, B1-B4)  The representative regions for clusier C, where bath
Fioee 30d =V - (0f)" are relevant, were chosen froe the North Atlantic, North and South Pacific
and Indian basans (Figere §9, C1-C4). The convariance ratios of the intograted heat budget terms
coeresponding 10 each of these regions is presented in Table S3). The remaining part of this section
will focus om a subset of representative regions.

When the heat budget for the Kuroshio current is calculaed over the winter MLD, Fg.* and
V- (w8) each contribese hall of the vanability (Table $3), Incgrating below the winter MLD,
~V-(w¥)' increasangly dominstes he varishility m the heal budget with increasing depeh of
integration, and there is a clear shaft evident from 100 to 300 m (Figure 7). The shift towards
=~V - ()" is especially notable at loager time scales, at which point it is the main deiver with £’
now coamteracting =~ V- (08)" (e, Foo has negative covariance mtios). At longer time scales,
there & a clear ant-correlation between the vaniability due wo velocsty anomalies and vanabilsty dee
1o lemperature anomalics in the Kuroshso currest (Fgure 8). Thas is comsistent with Backley et al,
(2015), who conchaded that in regsons where geostrophic currents are importast, the decomposition
between semperature and velocity vaniability is not meaningful-—the tight dynamical relationship
between temperature and peostrophic velocity leads 80 a predictable anti-correlation between these
WO terms.

As for the Keroshso current and extensivs (region Al the trogecal Pacific (region Ad) is
advection-driven, with the distinction that =¥ - (uf) is much less sensitive 1o depth of integration
and time scale (Figure 7) and theve is no anticorrelation appanent between ~V-(u'# ) and —S(@"#")
(Figure 8). In the subtropical Nocth Pacific, there is an abrupt shift from a foecing -<dominated to an
advecton-dominsed badget when moving from 100 1o 300 m (which corresponds 1o crossing the
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winter MLD). This ilustrates that even when Fy.” is the dominant term within the wister MLD,
integrating over deeper depths causes the budget to become advection-domimated (especially mt
longer nme scales), Samilar 0 other dynamical regimes, the shift towards » more advectson driven
budpet with loager time scales is apparent nhere at tmescales >2A, <V - (uf)” makes up roughly
half of the budget (Figure 8). In the noctheast Pacafic, the shift in budget terms with depth is more
gradual (Figure 7). Here the wimter MLD is at approximately 150 m, so forcing romains significant
at deeper integration depths, but caly st shorter time scales (i.¢., > 2A). At longer time scales there
is & chesr shuft 10 advection-domisance.

The above comguarison of regronal budpets for ditferent dysamscal regimes shows that the balance
of terms in cach case 15 sensative 1o the spatial (in this case, depth of integraton) and temporal
scale. This sensitivity is differemt for cach region, bul in most cases there is a clear decrease in the
significance of Fy,.” along with an increase in -~V - (w¥)’ at longer time scales. One exception is the
tropical ocean regions where heat content variability i mostly deiven by =V - (08)" across all time
scales and depeh levels, For all regions, ditfusson & only relevans withun the winter MLD, Although
unique 10 the tropical regions, diffusson is mostly irrelevant even at shallow depehs (Figure T)

6. Conclusion

Thes study investigated the contribution of mdividual mechanisas 0 OHC variabibity # a range
of spatial and temporal scales. By employing ECCOvA, which is constrained by observations
in a physically consistent way, the variability investigated in our analysis closely reflects the
variability in the observed stae of the ocean such as is described by ocean remote sensing and
global observaticnal networks (2., Argo). The work peesented here inclodes sonel appeoaches in
whnch covaniance ratios have been evalused for a fully closed budget and have been wsed 1o delhine
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dynamical regimes. These approaches complement previous work describing factors infloencing
the occan heat budget.

We have showa here that the balance i the upper oocan heat budget 1s masaly between anomalous
surface foroang (Fi ") and converpence ia anomalous advection (~V-(w8)). Furthermore, the
temporal decomposition of mean versas anomalous heat sdvection provided new insights i the
OHC vamability. In particular. the decomposition allowed us (o see that most of the OHC vaniability
is due to anomalies in circulation (=¥ - (W¥" ). consistent with what has beea shown by Piecach
et al. (X017) for the subpolar North Atlamtic, On the other hand, anomalies in the sempersure
fiekd (= SUTF)) are caly relevant 10 sotal heat comtent variabality associased with specific regional
featares (e.g., boundary currents, circumpolar currents, and eguatonial currents). We also show
that the diffusion and non-lincar terms of the badget are. for the most part, negligible.

By using the covanance ratio of the main budget terms as the set of features in the clustering
algorsthm, we defined dysamical regimes such that each would featare similar underlying mech-
ancsms controlling vanabslity s anomalous heat fluxes. Invicad of using the mean budges, we
focused on variabilsty in the scasonal anomalics 1o deline regeons thal are is essence dyvmamacally
similar, Occan regions where =V - (o) dominates the heat budget generally have strong carrents
and mostly show stromg gradients in SST (Bishop et al, 2017, We adentified specific areas in
the ocean where Fi." & the sale dnver of the upper ocean heat budget. These correspond 10
regions where the winter MLD is relmtively shallow and ocesn currents are weak, and therefore
resemble ome dimensional, surface-forced layers of the ocean tat exbsbit only minoe exchanges
with scighboring regions. The vast magonily of the ooean, however, corresponds 1o regions with
significant contribution by both Fy.” and -V - (u#)".

Advective comvergence due to circulation ancmalies is by fur the domimant driver of ocean
heat change in the tropics, whale Fo." contnbues 1o Jocal heat content varishility only at higher
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latitudes. Our observation of the overall global pattern of covariance ratios, where Fi,.” relevance
Is clorse 30 2610 in the tropics, s consistent with Bishop et al. (2017), who showed a weak correlation
ar zero lag berween SST 1endency and surface heat Bux (s the tropecs (e, surface bea flux bas
little effect on the wndency ), Consadering that iheir lead-lag correlations were mot nocmalized 1o
the overall magnitude of variabality, the global paticras agree with the one presented in the more
recent global assessment by Small et al. (2019) for the sea surface as well as the upper ocean Small
et al. (2020). The fact that we have found these same relationships in a data-assimilating state
estimate Mighlighes the robustness of these mechanismas, and of the method itself.

By distinguishing between hoaizontal and vertical compooents of advection, we have shown
that vertical advective Bux larpely compensales for the horizomtal component of the local heal
bodget. This is observed in the spatial distribution of covarance ratio where the horizontal term
is greater than 1.0 while foe the vertical term it is negative (Figure 3). Thas simply indicates that
coavergence in the honizomeal transpoet is corvelated with divergence in the vertical transpoet (Le.,
volume is comserved). Previous studies (e.g. Abernathey and Wortham 2015; Chemke et al. 2020)
have estimated the advective component of the heat budpet using just surface data and hoeizontal
velocities, neglecting the vertical componest. Our results sugpest that surface advection is a useful
predictor for the total advective tendency, but it will generally peovide an overestimate, due 1o the
compensating nature of the vertical fluxes.

Thas stady has also clearly demonstruied the importance of the depth of megration chosen 10
define the upper oocan,  Previoss studies have wsed the wintertime climatological MLD as the
bottom boundary (Buckloy et al. 2014, 2015) whale other studies wsed a ined dopth horizon (e.g.,
Domey etal. 2007: Grist et al. 2010 Precoch et al. 2017; Small et al. 20200, As we have shown, there
are substantial &ifferences in the spatial patterns of the covanance ratios betwoen the heat budget
terms when desermined by iscegrmting over 2 fixed depth versas when desermiined by integrating
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over the winter MLD. A stnking example is given by the forcing-dominated subtropical regions
(regions B2.B4 in Figare §9). This is coasistent with peevious studies that showed that £’
dominates in the subtropecal interior (Buckley e al. 2014, 2015), However, we show that the
Jdomisance of Fi.." vanishes simply by smcgrating over the upper 300 m (Figure 7). These resulis
show that globally inlegrating the heat budget over a fixed depth should be undenstood with the
caveat that differemt ocean regrons cannot be casily compared because of the lange spatial variation
in the extent of wistertime mixing (Figure S1). Therefore, integrating over a fixed-depth layer will
affect the halance in the heat budget in different ways depending on the relaticaship between that
fixed-kayer depeh and the depth of the wintertime climatologscal MLD,

For shalkmver Layers (1.0, upper 100 m) the balance betwoen Fi,' andd =V - (a8’ is compurable
10 the one determined over the winter MLD. With increasing dopths of integration, the balance
between Fi.." and ~V-(w8)" shifts sowards higher contribution of the advective terms.  The
coatnbution of Fi." s generally greater at shallower layers (Le., upper 100 m) as it is repeesented
mostly by solar radistion and heat exchange @ the ar-sea inlerface, As the depth of integration
incresses, V- (0f) becomes more impoetant and foecing diminishes, in the knver Tatitudes, When
integrating over the wpper 2000 m (or the entire water column ), Fy " remains relevant only in the
higher katitudes as a result of the deep winter MLD there.

The heat budget is also sensitive 10 the temporal scale. Averaging over loager time intervals (Le.,
varying the tempoesl mean from moethly to decadal), results @n a decrease mn Fg, " &5 the majoe
contrabulorn, concomitant with s iscrease n the comtribution by <V - (w61, This suggests that heat
content variabilsty s largely forcing-drivem on shorter time scales, while advective processes are
increasingly important at Jonger time scales. Such time scale dependencies have boen reposted
for the North Adlamtic by Buckley et al. (2014, 2015) and for the WBCs and ACC by Bishop
etal (2017). We have shown here that this ransition from forcing 10 advection-driven budgets as
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temporal aggregation mcreases is common in most dynamical regimes. Thus, for future stadies, it
Is lnportant 10 clearly define ot what temporal scales heat comen variabibity is analysed.

Interestangly, it is mostly < V(U7 ¢) that becomes dominass m knger ume scales. The greser
importance of mean advection of ascenalous heat content @ long timse scales is comsistent with
studics which treat the Jong-4crm occan-heat-uptake problem as a passive tracer tramsport phe-
nomenon (Zanea et al. 2019). The spatial pattern of covanance ratsos we hinve described in this
study is compatible with the conclusion from Armour et al. {2016), who studied the effect of mean
cwrculation on temperatuee trends i the Southern Ocean. They conclude that south of the ACC,
mean circulation is respoassble for the relatively wesk SST wends. We also find that ~S(@™#)
1s the Jominant driver of temperature variabality in the Southern Ocean at Jonger Bme scales
(Figures 4) and that Fe.." plays a Josser role here. This is in contrast to the high htitudes of the
Noethern Hemisphere, where we find Fi..” to be more dominant.

Consistent with recent studies by Bishop et al. (2017) and Small et 2l (2019, 2020), we find
that spatial aggregation of the gridded ECCOV fickds 10 coarser resolutions chasges the balance
betwoen forceng and advection. However, in our Gase the overall patterns remain the same when
aggregatimg the grid from the original resolution of [°x 17 up 10 a factor of 90. This kw sensitivity
of the heat budget to aggregation scale is surprising, as our initial expectation was that the balance
of mechanisms in the budget would shift stroagly sowards Fo." as aggregation occans over larger
scales. For the ghobal isegral, the contribution of advection must vanish completely. Instead, only
2 very moderate incresse in the comtribution of Fi ' was observed as the spatial scale coansened,
such that Fi..” becomes dominast only o the basin scale.

Similarly. the contribution by —V - (u#)’ decreases omly slightly with coarsening, mostly in the
high latitudes. Advection remains the main comtributoe in the dow lativades. even at the largest

aggregaton scale (12, 90 « 90, Ia contrast 10 our results, previous studies using samikar methods
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(Bishop et al. 2017; Small et al. 2019, 2020) instead found that spatial aggregation changed the
heat badget gualitatively. The cause foe this discrepancy is probably that the spatial resodation of
the ECCOVS state estimate & alrcady 100 coarse 1o resolve mesoscale dynamics. The only possible
exception is for the tropical oocans, where the eddy-like motions (e.g. tropical anstability waves)
occur on such Rarpe scales that they can be partially resolved in ECOOv.

The highest n value (v = 90) cormesponds to approximately 907 =907, which cam be considered
a basan-wide scale. Amy coarser aggregation would lead 1o summing over different ocean basins
{across comtinents) which would yield ambivalent results in serms of potential undertying mech-
anesms. Coanening of the grid Beyoad the 207 =" was addressed by evalumting the heat badget
for the three major ocean basans (Pacific, Atlastic, Indsan), This tells us that heat ransport by the
bhasin-scale circulation. e.g. large-scale gyres and overturming circulations, is playing a dominant
role im the basin-scale heat badget. Thus. # is not possible 10 determine a specific resolution scale
at which =V (uff)" will become zero, other thaa the entire global ocean.

We mote cerain caveats assocsated wath our study.  Fiest and foremsost, ECCOVS 15 a relatsvely
coane resolution model and therefore anable 10 resolve mesoscalle occan processes. Simalar 10 the
work presented here, Small ot al. (2020) evaluated oocan heat bodgets over the upper 50 m and
400 m, wsing both a high- and kweresolution setap. An important insight regarding the impact
of resolutson arose when performing spatial smoothing with their high-resolution model outpet 10
determine mt what scale the high-resolution model results reflects the low-sesoluton resules. They
found that Sor most regioms this occuns when iveraging over a box of 3% 10 5™ for the SO m budget and
5% to 7o the 400 m budget. As most of the seasitivity 10 spatial resolution lies bekow 1 (Bishop
et al. 2007 Small et al. 20200, it makes sense that the spatial aggregation with ECCOvE did not
lead to large differences globally, as the spatial resodution of ECOOn &5 arvund 1.
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While higher spatial resolution is important in capturing ocean dynanmcs relevant to heat content
varisbility, &t is currently mot feassble in a reasalysis framework to present estimates a resolutions
bedow 17 and seill ensure constraining them to available observasions, Despite these limsations,
ECCOVS peesents a distinet advantage is that it is a physically consastent estimane of the observed
occan state. It accurately reflects the occan variability over larger regions, though it must be
recognized that once the spatial resolution is increased, variahility in mesoscale occan dynamics
will lkely play a more importase rode i charactenzing overall vanability.

Another cavest of our appeoach is that only 24 years of data are available, limiting our capability
1o aalyze (he budpet on a decadal time scale, The issue that anses is that at losger temporal
aggregation scales, the time series have fewer and fewer poants and so the correlations becomse
more noisy. Thus, with the pentad averages the number of data points may be 100 small to yield
robuest results. Om the other hand. our results are consistent with the findings of other studies
(Buckley et al. 2014, 2015; Bishop et al. 2017). By using mashtiple temporal aggregations we were
able 1o reveal a clear shifi somands advective-driven heat budgees which oftes occurs a8 panticalas
e scales, For mostt dynamic regions thas was shown with averageng beyond a 2-year time scale,
We encourage the application of our tinw aggregation methodology 10 longer dataset runs (e.g.
hindcast simulations or coupled-climate models), in order to provide an independent and more
robast way 10 identify important time scales at which shafts in the heat budget halance can be
expected.

Daa avatlability ssatemenr. Al results of this stady are based on ECCO Version 4, Release 3
(ECCOVEr3) for which standand output and documentation can be obtained at hteps: //ecco,
fpl.nasa.gov/drive/files/Versiond/Released/. We reproduced the ECOOvAeI occan
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stane estamate with a custom set of diagnostics which are avaalable as a dataset on Pangeo thttp:

//catalog.pangeo. io/ocean/ECCOvAr3) or can be requested from the comesponding authoe.
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(=¥ (w0, rod Boes)  Lines ave shadod by spatial aggrogation scalo. with drkor shades
Cormosponding 1o coarser aggreganoms.  Covananoe rasos were denved feom £y, " and
=V ()" at each aggregation scale and avoraged imo 107 beoade bins. Zooal means ane
presented for e upper oocan detined by winser MLD (b0p ros ), 300 m (oenney ross ) and
TUO 28 (DoMWMD row ), uuu-mmbnena»-uu-.mmmmm

pestad (nght colema) temporsd sgprepaton. . . L v » &

Fig. & Wd&mu&b«mdﬂqui&hcmmwhbﬁ.
reprosentisg vanation betwoes forving (Fi. ), advection (<5 - (o)) and diffuson (-F
Faa") ax documant terma m the ot budpet. (a) Spatial diseribation of cach cluster, (b) Mean
covanance ratos of each bodpet torm by closer, Brror ban doncee # | standand deviation, . 48

Flg. 7.  Covarlance matios for 3 seloction of oopan segions ot defercnt sstegration depths (50 m,
100 m, 300 m, 700 m, X00 m and 6000 m) and time aggregason scalies (IM, IMLOM, 1A,
SAL AL AAL A, 10A). Regions represont distinct ocoaic regimes and are derived using
Lmeans cluster analysis (Figure S). Specific locaton are shown i Pigere S6. Each column
represents the four Beat bodpet terms (forcmg., advection, diffusion. residual ) Sor the specified
fegion. Mmlmmmmhmmwmmmm
vertical avis and tise sggrepation scale sloag the horoesal axis. . . oWy
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Fig. &  Coveriance ratio for 2 selecson of oocan regions of Sifferent immegration depths (50 o, 100 =,
300 o, 700 m, 2000 = sad 6000 m) asd time aggregation scalles (1M, 3M, 6M, 1A, 2A,
AL SA, SA, HIA). Regivas represest dnlinct occanic rogiones and arc derived usang k-
s clinder asalysis (Figure i Specific locatsons are shomn is Figure S6. Each colurn
reprosents the docomponed tormm for advection Sor the spealicd region.  Fach panel sorty
wmmmhuhmwmm&whhumunhdm
apgrogation scale along the borizostal axis ' 50
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o | Glebal digribotion of the covananoe matios herwoos $ie sl sendency and anomaloss (2) foecing
(Fiw ') (B) sdvection (=¥ - (@) ). () ancenalous sdvection of the mean lemperatoee Seld (< T(ud ), (d) mess
advection of B anomalous temperatere fickd (=T (W @) (o) covanason of anomalios of both velogity and
sereperanure Belds (< (08 « @@ 1) and () asosalomn Efesion (< T Fag'). The tonms see istograsod over
B¢ chmasological masimum MLD Glo, winter MLD) and the oomanaace ratios hanw boon evalemed on the
ociginal spatial (1 = 1) and sesspocal (rmonthly ) resolussonm.
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P 2. Globad distnbenon of covanaace ratios at differost doptis of micgrabos. Fach columm repessonts
e muais badget terms (el 10 aght s ancmalous Sorcemg (Fo "), asomadon advection of Bhe mean romporaluse
Skt (=@ 1), men advoction of the ancemaloss semperature fiekd (=% (@™ #)) and anomalous difesicon
(~V Faa') Each ros sepresents the depdh kevel over whiich badget serms aee stegraed Oop 0o dotom . 10 m,
MO m, N0 moand 200 m. The covanence ration have been evaluated on the ongmal hoetzoatal (1 = 1) and
seneporal Crooethly ) resolumson.
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P 3 Global digribation of the covarance rtaos Sor differont depiis of imegration. Fach column repegsents
followmg advecmne tormm.  anomuadous horisontal advection of the mean temperature icld, mean horizontal
advoction of the asomadoss lemporateny fickd, ssomalows vortical advection of the mean omperature Hckd and
mean vertical advection of B¢ asomalions iesperaiure ekl Each row represcents the Scpth Jevel over whah
bodpet serms aer imegrased. 10 m, M0 m, N0 m and 2000 m. The conanaace ration hawe boen ovalsatod on
B origmal horuoormal aad remporal resolusonm,
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G 4, Zooal meams of the covanance ranos for the difforont badpet serms in the upper ocoan defined by winser
MLD Grop rose ). 300 m (coster row ) and TOO s (Bomom row ), and Sor mosthly (et column), snsual (middle
column) and peatad (rghe colemn) tomporal averages. Covartance ration were denived from the original {1 = |)
spatial resobation and averaged o 107 Latinede B
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)

PG, 8. Zosal means of tho covaniance rasos for anomalous foecing (£, . bloe lises) and advection (~¥ - (w9)",
red Bmes ). Lines are shaded by sputial aggregation scale, with darker shades corsesponding 40 coaner agpreps-
tom. Covartance ration wore dorived from F,, * and =T - (0¥)" at cach aggeegation scale and averaged o 107
latinade bens. Zonal meams are presesied foe Bie upper occan dctined By wisier MLD (top sow t, 300 m (cenner
row | and 00 m (hottom pow ), 3 well s wxing moathly (eft columa ), araual (siddie columa) and pontad (right
oodumn ) termpaowal aggregation.
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PG, 6. Clavaficatsons of the oocan sing k-mscans clastermg with Sve cludens bidelad A w E, represonting
variation between forcing (£, "L advection (=¥ - (ui)") and diffuson (=% - Fag") as domimant torme in the heat
bodpet. (a) Spatial detrdamion of cach clester, (b) Mean covariance ratios of cach budget term by chusaer. Ervoe
Bors denote 4 | standaed deviahion,

4
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. 7. Covarmesce ration Sor o selection of occmn sepions at different stepration dopthe (50 m, 100 m, 300 m,
00 m, 2000 m and 6000 m) and time aggrogation scales (IML SM, 6M, 1A 2A, SALAA, SA, HOA) Regiom
represern disiadt oocamsc sepames and are dermed usag komoass Cluster malysis (Figure S) Spocific Jocanon
are shows in Figure S6. Fach column sepeosents the foer heat budpet sorms (forcieg. advection, diffuson,
sesidual) i the specifed region. Each pancd soets tihe covanance rato for cach teres by micgration dopth along
e vertical ave and time agpeegaton scale along e horwontal axis
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Sevaba LAY Subtsopical St Pachc L) Martaant Pochc (1) Popec s Pacte (M)

PG, & Covarlance o Sor a selecnon of occan repross ot Sferent micgration depths (S0 s, 100 m, 300
TO0 m, 2000 m and 6000 m) and time aggrogation scales (ML IM, 6M, 1AL 24, JA_ 34, SA, 10A). Reprom
represenn Sistint oCcumic regimes and ae denved usmg kmeans Chaster aalysis (Figure $). Spociic hocasons we
shown = Fgure $6, Each column reproseats the docomponad terms for advection for $he specdiad region, Fach
panel sorts the covaramce ratho for cach 1erm by insegramon Jepth along the vernical anis and tome aggregation
walke akoag the hoeiroatal avin
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