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Sources and Sinks of Interannual Steric Sea Level Variability

Antoine Hochet! (2, William Llovel' (*, Florian Sévellec!, and Thierry Huck!

'Laboratoire d’Océanographie Physique et Spatiale, CNRS, University of Brest, IFREMER, IRD, Plouzané, France

Abstract Understanding the mechanisms of regional steric sea level variability is fundamental to
understand the regional sea level variability recorded by satellite altimetry for years and to insure that future
projections made by climate models are realistic. Here, we first develop a novel method based on steric sea
level variance budget that allows to detect the sources and sinks of the variability. Using the “Estimating the
Circulation and Climate of the Ocean” (ECCO V4) state estimate, we then show that interannual steric sea level
variability is mainly sustained by interannual fluctuating winds via Ekman transport almost everywhere. The
damping of the variability is made by both the interannual fluctuating net heat flux from the atmosphere, that
largely dominates the atmospheric freshwater fluxes, and the parametrized effect of eddies. It is also found that
the parametrized effect of diffusion on the variability is weak in most regions and that, although globally weak,
the fluctuations of atmospheric freshwater fluxes are a source of variance close to the Equator in the Pacific
Ocean.

Plain Language Summary Since the launch of Topex/Poseidon satellite in August 1992, sea level
is routinely measured every ~10 days at a nearly global coverage. For the first time, satellite altimetry data
show that regional sea level trends experience large regional variability compared to its global mean trend. If
global mean sea level rise is a direct consequence of the on-going climate change, regional sea level change

is more relevant for coastal impacts. Thus, investigating the regional sea level changes and its causes are of
great importance for potential socio-economic impacts as 10% of the world's population live at less than 10 m
above sea level. Those investigations are also important for assessing the reliability of coupled climate models
used to predict future sea level changes. In this study, we develop a novel method based on the steric sea level
variance budget to rigorously estimate the sources and sinks of the interannual steric sea level variability so as
to understand the physical processes at play. We find the main source of interannual steric sea level variance is
the advection of the mean density by interannual velocity anomalies which are sustained by the wind variability
via Ekman velocities.

1. Introduction

Sea level change is one of the most direct consequences of the on-going climate change and may have several
socio-economical coastal implications (Nicholls & Cazenave, 2010). Sea level change has been routinely recorded,
with a nearly global coverage, by satellite altimetry missions since the launch of Topex/Poseidon in 1992 and
its successors (Jason-1/2/3, ENVISAT, ERS1/2, Saral/Altika, Cryosat-2, and more recently Sentinel6-MF, etc).
These high-quality data have demonstrated that the global mean sea level experiences a linear rise of 3.3 mm yr~!
over the 1993-2015 period (WCRP Global Sea Level Budget Group, 2018). The global mean sea level is a good
indicator of global warming but regional changes are most relevant for socio-economic impacts as roughly 10%
of the world's population lived at less than 10 m above sea level especially in low-lying coastal and deltaic regions
(Durand et al., 2019; Neumann et al., 2015). For the first time, satellite altimetry data have revealed that sea level
is not rising uniformly and presents large deviations from its global mean trend. Indeed, some regions experience
a linear rise 3 times as large as the global mean sea level trend [for instance in the western Pacific ocean, in the
Indian ocean, and in the south Atlantic ocean for the 2005-2013 period; Cazenave and Llovel (2010); Llovel and
Lee (2015)].

Superimposed to the long-term trends, regional sea level interannual variability can enhance or reduce regional
sea level change. This interannual variability of sea level is driven by modes of climate variability such as El
Nino Southern Oscillation, the North Atlantic Oscillation, and the Indian Ocean Dipole in the north Indian
Ocean (Llovel et al., 2010). This interannual variability has a steric origin: it is due to variations of tempera-
ture and salinity affecting density, resulting from changes in surface wind stress and buoyancy fluxes (Stammer
et al., 2013). Therefore, investigating the interannual variability of steric sea level and their mechanisms appears
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to be highly relevant for understanding processes at play in regional sea level interannual variability. Moreover,
understanding the interannual variability of regional sea level is essential to interpret satellite-based sea level
observations relevant to ocean climate and to assess the reliability of future sea level projections made by coupled
climate models.

Physical processes contributing to interannual variability of regional steric sea level have been studied using an
observationally-constrained ocean state estimate produced by the “Estimating the Circulation and Climate of
the Ocean” (ECCO) consortium (Meyssignac et al., 2017; Piecuch & Ponte, 2011). Piecuch and Ponte (2011)
investigated the tendency changes of the vertically-integrated sea water density (i.e., steric sea level) due to
fluctuating potential temperature and salinity. The tendencies of both tracers (potential temperature and salinity)
are investigated by considering the conservation equation representing the effects of ocean advection, diffusion,
and surface exchanges. This study suggested that the oceanic transports are more important than the surface
buoyancy fluxes in setting the interannual variations of the steric sea level and that diffusion plays an important
role at extratropical latitudes. This method has been widely used for identifying the physical processes at play
in steric sea level interannual variability. However, this method presents some limitations as we cannot assess if
the physical processes at play create or reduce the interannual steric sea level variability, in other words, if the
physical process is a source or a sink of the interannual steric sea level variability.

Here we develop a novel method, based on the budget of the interannual steric sea level variance, to rigorously
compute its sources and sinks and better understand its mechanisms. For this purpose, we use the ECCO V4 state
estimate (Forget et al., 2015). The steric sea level variance budget is inspired from budget of density variance that
were originally used to study the drivers of a multidecadal mode of variability in idealized simulations of the North
Atlantic (Arzel et al., 2006; Colin de Verdiere & Huck, 1999), in realistic configuration of the North Atlantic (Arzel
et al., 2018; Gastineau et al., 2018), and mooring observations (Sévellec et al., 2021). Temperature variance budget
have also been used in Hochet et al. (2020) to show that the non-linear transfer of temperature variance is directed from
low to high frequencies. Here we transpose and adapt this approach to diagnose and partition as sources and sinks
physical processes (advection, diffusion, and surface forcing) at play in the interannual steric sea level variability.

The remainder of this article is organized as follows: in Section 2 we describe the method to obtain the steric
sea level interannual variance budget. In Section 3, we present the ECCO V4r3 state estimate. In Section 4, the
different terms of the steric sea level variance budget in the ECCO V4r3 state estimate are obtained. In Section 5
we show how the steric sea level budget is related to the more classical density variance budget already used in
numerous previous studies. In Section 6, we summarize and discuss the main conclusions of our study.

2. Method: Steric Sea Level Variance Budget

Based on the hydrostatic and Boussinesq approximations, the barometrically-corrected sea level can be parti-
tioned into local density change (due to change in temperature and salinity; this term is known as steric sea level)
and local/regional mass change [known as manometric sea level, see Gregory et al. (2019) for more details on
these terminologies].

0
1 = Nseeric + Mmanometric = -1 / pdz+ B M
Ps J-n pog
where g is the acceleration due to gravity, H is the total ocean depth, p is a time and spatially constant repre-
sentative surface density, p is the in situ density, and P, is the ocean bottom pressure (Gill & Niiler, 1973). We
use p, = p, = 1,029 kg m~? in the remainder of this paper. Although manometric sea level variations are locally
important at high latitudes, steric sea level variations are the main cause of interannual sea level variability in
most regions (Carret et al., 2021; Lombard et al., 2005; Piecuch & Ponte, 2011) and is therefore the focus of this
work. In what follows, we thus only consider the variations of 7.

The first step in computing the interannual steric sea level variance budget is to decompose every variable X into
a time mean, an interannual component, and a high-frequency component:

X =X + X" 4 1 )

where X is any time-dependent variable, X represents the time mean of X over the considered period of time,
X™er the interannual component of X which contains all frequencies strictly lower than the seasonal cycle, and
X"F the remaining high-frequency component of X which contains all the resolved frequency higher than annual
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including the seasonal cycle. The time derivative of the steric sea level equation gives the local evolution equation
of its variations:

9 ime_r 0 inter
nslerlc - _ l / ap dZ, (3)
ot po J_u ot

where ¢ is time. As mentioned in the introduction, the main novelty of this work is to compute the local variance
budget of the steric sea level. Because we are interested in the mean sources and sinks over the considered period
of time, the budget is obtained as the time average of the product of the interannual steric sea level equation and
its evolution from Equation 3:

T Jinter inter )2 i
yner Ve _ 190me)” _ 1 / ’ — / " opmer @)
steric ¢ 2 ot ,0(2) _H _H ot

This demonstrates that this product is equal to the variations of the interannual steric sea level variance. To
decompose the different terms of this budget, we thus need an evolution equation for p™°", As in ECCO (Forget
et al., 2015), we use the Jackett and Mcdougall (1995) equation of state for density to link the density to the
potential temperature € and the salinity S and pressure:

p=p(S,0,-pogz), (5)

where the pressure is assumed to be a function of only depth (z). Then, the time derivative of Equation 5 gives the
evolution equation for p as a function of ¢ and S:
dap _ ( 00 0S )
ar =P\t
= —po@ADV,, + pofADV s—poaDIF, + pofDIFs—poaFLUy + pofFLUs ©

' g g

=ADV =DIF =FLU

where ADV ¢, DIF, ¢, and FLU,, s represent respectively the 6, S advection, the parameterized diffusion of temper-
ature and salinity, and the net heat flux and freshwater fluxes from the atmosphere. ECCO V4r3 provides all the
necessary terms to close the temperature and salinity budgets. Temperature and salinity advection and diffusion
are obtained from the divergence of the corresponding advective flux and diffusive flux which are direct outputs
of the state estimate. Similarly, FLU, and FLU; are also obtained from the direct outputs of ECCO V4r3. a = —1/
Py0p/00 and B = 1/p,0p/dS are respectively the thermal expansion and saline contraction coefficients obtained
from the Jackett and Mcdougall (1995) equation of state for density. Note that the advection term regroups the
resolved and parameterized eddy-induced transport; whereas the diffusion term regroups the isopycnal, diapycnal
and convective mixing collectively. Using Equation (6), the equation for the interannual variations of density is

thus:

0 pinter

py — ADVimer +DIFimer +FLUinter’ (7)

where ADV ™ represents, the effect of advective terms, DIF™ the effect of diffusive terms, and FLU™®" the
buoyancy forcing from the atmosphere. Then, inserting Equation 7 in Equation 4 allows us to separate the steric
sea level variance budget into advective, diffusive, and atmospheric fluxes contributions:

()’ ®)
T = ADVsleric + DIFsleric + FLUsleric

N —

where:

1 0 0
Yiteric = _2/ Pimer dz / Y dz (9)
PyJ-H -H

Y represents either ADVi™er, DIF™er or FLU™™e", The main advantage of this method (variance budget) compared
to the direct budget of 7. is that it gives the local sources and sinks of the variability: if Y. i positive
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Figure 1. Time-variance of the interannual steric sea level (log scale, in m?) obtained from the ECCO V4r3 state estimate
and averaged over the period 1993-2014.

(negative) then it is a source (sink) of steric sea level variance because it acts to increase (decrease) ’7:?:11 variance.
Equation 9 can also be written as:

Ysteric = ninter B (10)

steric

where B = = / OH Y dz. Itis then apparent that Yy can be a source in two different cases: (a) ;1;‘;?1'0 is positive
po U

and B is positive or (b) n;?e‘flrc is negative and B is negative. It is also interesting to note that it is the correla-

tion between the vertical integral of the density anomaly and the vertical integral of the interannual anomaly
of advection, diffusion, or buoyancy surface flux that creates a sink or a source of steric sea level variance.
Therefore, in Equation 9 pi" and Y do not need to be correlated at the same depths to create a source or a
sink.

The results of the steric sea level variance budget applied to ECCO V4r3 outputs, as given by Equation 8 will first

be shown in Section 4.1. Then the advective term of the budget <ADVs,eric) will be further decomposed into four
different terms in Section 4.2.

3. Model

We assess the steric sea level variance budget using the ECCO V413 state estimate that covers the 1992-2017
period. This reanalysis is the output of the Massachusetts Institute of Technology general circulation model
(MITgcem) assimilating available observations for the period 1992 to 2017 (Forget et al., 2015). The advantage
of this reanalysis is that it satisfies the equation of motion and conservation laws hence making it possible to
compute tracers budget. The solution used in this article is computed on the LLC90 grid which has an average
horizontal resolution of 1° and 50 vertical levels. Outputs of the model consist of one month average and the
closed budget can be obtained for the 1993-2014 period. Thus we compute the steric sea level budget over this
1993-2014 period.

Interannual anomalies are computed by removing the time mean seasonal cycle from the monthly time series,
then the subannual signal is removed using a Lanczos low-pass filter with a 1 year cutoff frequency. The inter-
annual variability defined here thus contains all periods longer than 13 months (including the regional long-term
steric sea level trends).

The interannual steric sea level variance computed from the ECCO V4r3 estimate (Figure 1) shows, in agree-
ment with previous studies (Piecuch & Ponte, 2011, for instance), the largest values at low latitudes in the
equatorial Pacific and in the Indian ocean. At high latitudes, it is interesting to note that large interannual
variability of the steric sea level are found in the Beaufort gyre of the Arctic ocean. Fukumori et al. (2021)
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Figure 2. Terms of the interannual steric sea level variance budget (in m? s~!)
for total (top), diffusion (second line), advection (third line), and atmospheric
fluxes (last line). The spatial integral obtained for each terms is given in
Table 1.

have shown that interannual variations in halosteric sea level in this region
are linked with wind driven Ekman transport.

4. Interannual Steric Sea Level Variance Budget

In this section, we first present the decomposition of the interannual steric sea
level variance budget as given by Equation 8, then derive the decomposition
of the advective term and finally associate the advective source term with
Ekman velocities.

4.1. Interannual Steric Sea Level Variance Budget

The interannual steric sea level variance budget indicates the relative impor-
tance of the different terms (Figure 2). ADVerc is positive almost every-
where except in some localized regions of the western north Pacific low
latitudes. The largest magnitudes are found in the eastern equatorial regions
of the Pacific and Indian Ocean. On the contrary, m is negative and
compensates ADV . almost exactly. Table 1 gives the global integral
of the different terms of the interannual steric sea level variance budget.

As expected from the maps, the largest source is the advection (ADVSwriC)
with 4.8 X 10712 m? s~! and the largest sink is the atmospheric buoyancy
flux (FLUsteric) with —5 x 1072 m? s~!. The damping of steric sea level
variations by atmospheric buoyancy flux is mainly associated with the inter-
annual variations of the net heat flux (see Figure 3 and Table 1) but vari-
ations of freshwater fluxes play a non-negligible role close to the equator
in the Pacific ocean (acting as a source of variance). The net interannual
atmospheric heat flux thus act to decrease the temperature when tempera-
ture anomalies are positive and to increase the temperature when temperature
anomalies are negative. Overall, the main balance is therefore between the
advection, which is a source of variance in almost all regions and the net
atmospheric heat flux which is a sink of variance. This is one of the main
results of this study which we believe has never been shown before. The
amplitude of these two terms is almost one order of magnitude larger than the

amplitude of the parameterized diffusive term (DIFSIeﬁC> and the time mean

of the squared steric sea level anomaly tendency <m> (Figure 2). The

0

strongest magnitude of the time mean squared steric sea level anomaly is
found at low latitudes in the western Pacific and has negative values. These
negative values are due to the decrease of the interannual variability over the

inter)2
ECCO V4r3 period (1993-2014). The term % would be zero in a stable

climate (i.e., with a constant external forcing) and a time period sufficiently

long to sample all the internal variability. Here, these two conditions are not
satisfied: the climate is not stable because of anthropogenic climate change
and the 22 years period (1993-2014) is too short to capture all the internal

. - o(ninter 2 . o
variability. The decrease of % in the western Pacific could therefore

either be associated with anthropogenic climate change or with decadal natu-

ral variability, but this question is outside the scope of this article. The diffusion term (DIFg[eric> is at least one

order of magnitude smaller than the advective and atmospheric buoyancy flux terms and is weakly negative when

integrated horizontally (Table 1).

Several authors (Llovel et al., 2010; Lombard et al., 2005) have shown that the interannual steric sea level varia-
tions in the Equatorial Pacific are associated with the El Nifio-Southern Oscillation (ENSO). In the Indian Ocean,
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Table 1 the interannual variations of the steric sea level have been shown to be associ-
Globally-Averaged Terms Shown on Figures 2—4 ated with the Indian Ocean Dipole (IOD) (Llovel et al., 2010). Here we thus
Term 1012 m? 51 show that the main balance of the ENSO and IOD associated steric sea level
variations is the forcing made by the advective term and the damping made
Figures 2 and 3: (11,‘7‘“”)2 budget by variations of net atmospheric heat flux.
ld(".ivmer)z —-0.4
o 4.2. Decomposition of the Advective Term
DIFaleric —02
— The advection term ADV can be expressed as a function of in-situ density by
ADvsleric 4.8 . . . .
computing the product of the 3D velocity v and the gradient of the equation
FLUjteric — of state for density (5):
FLUTHETA —5.7
Site ADV = —po(=aV - v + BV - v.S) = =V - Vpinsiu — WY po 11)
FLUSALT 0.7
steric . . . .
Figure 4 advection decomposition where y = 1/p,0dp/0p is the pressure expansion coefficient. Thus ADV repre-
5 sents the advection of in-situ density plus a term due to its pressure dependence.
1 . . . .
ADV e Assuming that y is a constant, we can define a depth-dependent background
ADV2__ =14 density p,(z) that satisfies ﬁ:—f = ygpo. Then, writing p* = p, ... + pp(2), we
—_— 1.1 have:
ADv:leric
ADV* _ -8.7 ADV = -V - vp* 12)
steric
which shows that ADV can be interpreted as the advection of the in-situ
density corrected from its pressure dependence that is, p*. For the sake of
le-11
4
2
0
-4
le—-11
4
2
0
-2
-4
Figure 3. Decomposition of the atmospheric fluxes term (FLUjerc, in m s72) into a part associated with salinity due
freshwater fluxes (top panel) and a part associated with temperature and due to the net heat flux from the atmosphere (bottom
panel). The spatial integral of the 2 terms is given in Table 1.
HOCHET ET AL. 6of 16

95U9017 SUOLUWIOD SAIIR.D) 9|qed![dde auy Aq pausenob ae ssp e YO ‘8sn Jo Sajni o} Azeiq1auluO 4311 UO (SUDNIPUOI-PUR-SWBW0D A8 |1 Ale1q 1 jpul|UO//:SdNY) SUONIPUOD PuUe SWIS 1 8y 89S ' [€202/S0/TT] U0 Akeiqiauliuo A1 ‘9aueld aUeIyd0D Aq SEE6T0DIZZ02/620T OT/10p/od Ae|im AreiqipuljuosgndnBe;/sdiy Wwouy pspeojumod ‘v ‘€202 ‘T62669T2



A1 l

NI Journal of Geophysical Research: Oceans 10.1029/2022JC019335

ADVANCING EARTH
AND SPACE SCIENCE

AD Vster/c le-10 ,
1
0
-1
-2

AD Vster/c le-10 ,
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| 0
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| o =
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ADV

steric le-10 2

Figure 4. Decomposition of the advective term of the interannual steric sea
level variability budget (in m? s™!) into: the advection of mean density by
interannual velocity (ADV! _ | top), the advection of interannual density

steric’

by mean velocity (ADV? . , second row), the non-linear self advection of

— steric” 7

interannual density (ADV?

steric

frequencies including the action of GM eddy-induced advection (ADV*

steric’

bottom). The spatial integrals of the 4 terms are given in Table 1. The sum of

third row), and the rectification effect of higher

these four terms gives the total advection shown in Figure 2, bottom left panel.

conciseness, we drop the * superscript in what follows. Note that in practise,
all terms in the following density advection decomposition are computed
from the decomposition of the temperature and salinity advection given by
the first equality in Equation 11.

Using the timescale decomposition [Equation 2] from Section 2, the interan-
nual advective term that appears in Equation 8 can be decomposed as:

ADVinler =_V. (Vp)imer =_V. mterp V. meler
SN—_—— N——
=adv =adv,
-Vv. Vinterpin[er + RHF ,
N——— —— N——"

=advs =advy

13)

where adv, is the advection of mean density by interannual anomalous veloc-
ities, adv, is the advection of interannual density by mean velocities, adv, is
the non-linear self advection of interannual density and adv, is the residual,
containing the rectification effect of higher frequencies due to the correlation
of submonthly velocity and submonthly density anomalies and the effect of
Gent and McWilliams parameterized eddies (Gent & McWilliams, 1990, GM
hereafter). (The expression for adv, is given in Appendix A for reference but
is computed as a residual in practice.) Using Equation 13, the advective term
of the steric sea level variance budget [see Equation 8] can thus be decom-
posed into four terms as:

4

4 inter 0
ADVsleric = Z - 1 / adv, dz = Z ADVetenc (14)

i=1 Po H i=1

where the notation ADV! . is given by Equation (9) with ¥ = adv,. The four
terms from the decomposition of the ADVeric term are shown in Figure 4. In
most of the regions, the advection of mean density by interannual velocity is
positive although it can be negative in some localized regions (e.g., in the east-
ern Equatorial Pacific). Globally, it is the largest source of steric sea level vari-
ance (Figure 4 top left panel) with a horizontal average of 13.8 X 10712 m?2 s~!
Locally this source term is balanced by both the advection of p™*" by mean
velocities and by the HF rectification term. However, globally, the spatial inte-
gral of the two terms reveals that the main sink is the HF rectification term
(horizontal average: —8.7 X 10712 m? s~!). Indeed, an important compensation
occurs between the spatial integral of ADV;miC (source term) and the spatial
integral of the rectification effect of higher frequencies (sink term). This HF
rectification term is mostly the result of the GM parameterization of eddy
induced velocities (not shown). Remarkably, the compensation between the
source ADV:leriC and the sink term due to the GM parameterization of eddies
is locally important in the Beaufort gyre in the Arctic ocean where their sum
almost cancel out. The term linked with the advection of interannual density
anomalies by mean velocities, that is, ADVbl wric> 18 an important local sink of
interannual steric sea level variance mainly in the western equatorial Pacific,
it can also be a source in the equatorial eastern Pacific and western Indian

ocean. When horizontally integrated ADV2 . is weakly negative. The term
steric
steric

linked with the non-linear self advection of interannual density (ADV* )

is, in most regions, negligible except at low latitudes where it is generally
positive. Globally, the two main terms composing the advection part of the

interannual steric sea level budget are thus: (a) a source term made by the advection of mean density by interannual
velocities and (b) a sink term, mainly due to the GM parameterization of eddy velocities.

HOCHET ET AL.
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4.3. Role of Ekman Velocities in Interannual Steric Sea Level Variability

In this subsection, we show that ADV! . can be explained by the direct effect of wind via Ekman velocities. To
this end, we compute the term of the steric sea level variance budget that corresponds to the transport of mean
density by interannual Ekman velocities:

inter [0
ADkaman - ’1_ / V. Vinler ﬁdz (15)

Ekman
Po Dey

where Vil;l?:r:an is the 3D interannual Ekman velocity in the Ekman layer whose depth D, is assumed everywhere
constant. We assume that the horizontal Ekman velocities are 0 below the Ekman layer (i.e., z < D) and depth
independent in the Ekman layer (for 0 > z > D, ) and given by:

ulmer’ vmter - Tmler’ _Tmler 16
( ek ek ) Dek f() po y x ) ( )

where f; is the Coriolis parameter and (rj‘“‘e‘, T}“‘“) are the zonal and meridional components of the interannual
anomalies of momentum stress due to wind. Note that the momentum stress takes into account the effect of
sea-ice at high latitudes. The vertical Ekman velocity in the Ekman layer is then obtained from the vertical inte-
gral of the continuity equation as:

o oy
wek (Z) ==z W + W (17)

imer = (giner, piner ypiner) in then used to compute ADVE™™" from Equation 15. We choose to use D, = 50 m.

Because the Ekman velocities are inversely proportional to D, and are vertically integrated over D, we find

ek?
that ADVE™n js almost independent of the choice of D, (tested values: D,, between 20 and 100 m) as already
noticed by Buckley et al. (2014) for the variation of temperature in the mixed layer due to Ekman velocities.
ADVEman g shown in the top panel of Figure 5. Values are positive in most of the region and the largest magni-

tudes are found at low latitudes in qualitative agreement with ADV:leric (top panel, Figure 4). Positive values
of ADVEK™ are also found in the Beaufort gyre in the Arctic ocean, suggesting that the surface momentum
stress is an important source of interannual steric sea level variance in this region. The fact that ADVE™" s
qualitatively similar to ADVileric suggests that ADV:leriC is mainly contained to the surface Ekman layer. This is
confirmed by the vertical integral in the Ekman layer of the term associated with adv, (top panel of Figure 5)

that is,:

nintcr 0
- / adv;dz (18)

Po Dey

which is almost identical to ADV! .
of ADV?

steric
suggesting that other processes must be at play. This reconstruction is thus not shown.

(top panel, Figure 4). Note that we have also tested the reconstruction

2 s low
steric

using Ekman velocities, however, the agreement between the reconstruction and ADV

In the Indian ocean, the main mode of interannual steric level variability is the Indian Ocean Dipole (Llovel
et al., 2010), this dipole is associated with large scale SST variations forced by interannual wind variations
(Saji et al., 1999). In agreement with this wind forced mode of variability, the interannual wind variations act
as a source of steric sea level variability in the western part of the equatorial Indian basin. However, negative
values are found in the Eastern part, which suggests that, in this region, interannual wind variations may also
act as a sink of interannual steric sea level variability. Interestingly, the total effect of advection ADVyerc (see

Figure 2) is always positive in the equatorial Indian region suggesting that the sink effect of wind variations is

3
steric ?

balanced by an advective source. Figure 4 reveals that both ADV;‘\’leriC and ADV respectively the advection
made by the mean velocity and the self advection have positive values in this region and thus compensate the

damping of interannual steric sea levels variability made by the wind.

HOCHET ET AL.
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Figure 5. Top panel: same as ADV:leric (top panel, Figure 4) but where adv, is vertically integrated in the Ekman layer
instead of over the full depth. Bottom panel: ADVE™" (in m? s~!): term associated with the advection of the mean density by
3D Ekman velocities, vertically integrated in the Ekman layer [see formula Equation 15]. The gray band close to the equator
corresponds to the region where the Ekman balance does not hold.
5. Link Between Steric Sea Level Variance Budget and Density Variance Budget
In this section, we show that the steric sea level variance budget developed in the previous sections is proportional
to the vertically integrated barotropic density variance budget. As will be explained below, the barotropic density
variance budget is a component of the density variance budget which was used in many past studies (e.g., Arzel
et al., 2018; Colin de Verdiere & Huck, 1999; Gastineau et al., 2018; Huck et al., 1999) to understand the mech-
anisms of a multidecadal mode of variability in the North Atlantic. The use of the barotropic variance budget
will allow us to interpret the different terms of the steric sea level variance budget as transfers of density variance
between different density variance reservoirs. Additionally, density variance is close to the Quasi-Geostrophic
(QG) Available Potential Energy (APE), indeed, interannual QG APE is associated to the interannual density
variance through the following formula (see Vallis, 2017, for instance):
2( inter)2
ApEn = 1 glom) (19)
2 pN(2)
where N2(z) is the horizontally averaged Brunt Vaisala frequency. However, because N2(z) is depth dependent,
APEg“GCr is proportional to the vertically integrated density variance only where the N:(z) depth dependency is
negligible.
HOCHET ET AL. 9 of 16
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5.1. Density Variance Decomposition

The interannual density anomaly can be decomposed into barotropic and baroclinic parts as:
pimer — pi;;_er + pgnccr’ (20)

where pmlcr and plntcr

are the barotropic and baroclinic parts of p'"®, respectively, with pg“TC' the vertically averaged
density anomaly (i.e., ppi" = % /_OH perdz) and pips” = pi"er — pitter. Using the relationship between the density
anomaly and the steric sea level given by Equation 1, we have:
inter PO inter
=-= . 21
Py 7" 21
Thus, steric sea level anomalies can also be interpreted as barotropic density anomalies. It should be noted that
because it is well established that the interannual steric sea level variations are mainly due to density anomalies
close to the ocean surface (Llovel et al., 2013; Willis et al., 2004), the barotropic interannual density anomalies
therefore also mainly reflect surface density anomalies. Using Equation 2 to decompose the density p into
different timescales and the vertical decomposition of the interannual density anomaly (Equation 20) gives:

P =7+ + g + p. (22)

Using this decomposition, we show in Appendix B that the vertically integrated density variance is the sum of

four terms:
0 __ 0 0 0 0o __
/ p2dz=/ ;zdz+/ (piater) dz+/ (pineer) dz+/ i dz. (23)
-H -H -H H -H

The first term on the rhs is the vertically integrated squared mean density, the second and third terms, the verti-

cally integrated interannual density variance, split between its barotropic and baroclinic parts and the last term
the high-frequency density variance which contains all resolved sub annual frequencies. These four reservoirs are
schematically shown in Figure 6 as black boxes. The focus here is on all the transfers toward or from the barotropic
density variance which is proportional to the steric sea level variance. Indeed, using Equation 21, it is easily seen that:

2 _ H
mrer) = / p'g'f’ (24)

Thus, the budget for the vertical integral of ( p’l;';f’) is the same as the budget for the steric sea level variance, up to

a factor 2. Note that we add “unresolved eddies” to the high-frequency density variance reservoir in Figure 6 to be
o
coherent with the transfer made by the parametrized GM eddy induced velocities, we thus implicitly assume that

the parametrized eddies have subannual frequencies.

5.2. Equation for the Evolution of the Barotropic Density Variance

An equation for the evolution of the interannual barotropic density is obtained by vertically integrating the prod-
uct of Equation 7 and %:

inter
p BT

- = = ADVgr + DIFgr + FLUgr, (25)

where Xpr = / X dz with X being ADV, DIF or FLU. Multiplying this equation by p"“e’ and integrating
vertically give the evolution equation for the vertically integrated pg‘}“ variance:

0 a pmler

/ % ( aB;[ ) dZ — lemerADVBT + HpmlerDIFBT + HpmlerFLUBT (26)
-H

The first term on the rhs is the effect of advection on the interannual barotropic density variance and is repre-

sented by the sum of four blue arrows in Figure 6 (the decomposition of this term will be explained below).

The second and third terms respectively represent the effect of interannual barotropic diffusion (green arrow

HOCHET ET AL.
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= Interannual steric
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VI high-frequency 0 VI interannual BT density variance
density variance and VI subannual density variance
e plus GM eddy parametrisation
0 ——
1
J —(p")dz
g2
+

Unresolved eddies

Figure 6. Schematic showing the four reservoirs under consideration here: the Vertically Integrated (VI) squared mean density (top box), the VI interannual barotropic
(middle left) and baroclinic (middle right) density variance and the VI high-frequency density variance. The focus is on the interannual barotropic density variance
(outlined by a thicker black box) because it is proportional to the interannual steric sea level variance. The red arrow represents the transfer of buoyancy from the
atmosphere, the green arrow the diffusion effect and the blue arrows the effect of advection. Advection is decomposed into four terms 1, 2, 3, and 4 explained in the
schematic. Note that because we attribute the term due to the GM parameterization of eddy induced velocities to the transfer between interannual and HF density
variance, the HF density variance is assumed to also contains the unresolved eddies. The directions of the different arrows are chosen to represent the sign of each
transfer when horizontally integrated over the total ocean area (see Table 1). The transfer is a source (sink) when it is directed toward (from) the interannual barotropic
density variance reservoir, the only exception is the interannual BT density variance convergence represented by blue arrow 2 which disappears when horizontally

integrated.
in Figure 6) and interannual barotropic buoyancy flux from the atmosphere (red arrow in Figure 6). Using the
decomposition given by Equation 13 in the advective term gives:
- 0 ‘ 0 . 0
Hpy' ADVgr = ppe* / adv, dz + p?{?’( / (advy + advs) dz) + Pt / advy dz. 27
—-H —-H -H
We interpret below the different terms of this decomposition.
5.3. Transfer From the Squared Mean Density
The product of /_OH adv,dz and pg‘;.e' can be written as:
‘ 0 o
piner / advidz = — / pliteryinter . V5 dz. (28)
-H -H
This term is interpreted as the transfer between the squared mean density reservoir and the interannual barotropic
density variance reservoir. It is represented by blue arrow number 1 between the vertically integrated squared
mean density reservoir and the barotropic interannual density variance reservoirs in Figure 6. This term has
been studied by many authors because it has been identified as a possible source of multidecadal North Atlantic
HOCHET ET AL. 11 of 16
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variability (e.g., Arzel et al., 2018; Colin de Verdieére & Huck, 1999; Gastineau et al., 2018; Huck et al., 1999).

It is positive when the fluctuating transport of anomalous density (vi"‘EFpg’$r) is directed downward the mean
density gradient (Vﬁ) that is, when vi"‘efpg$' - Vp < 0. An intuitive interpretation is that, in this case, the fluctu-

ating part acts to weaken the mean density gradient by transporting positive density anomalies toward low values
of mean density and negative values toward high values of mean density.

5.4. Barotropic Density Variance Convergence and Transfer Between Barotropic and Baroclinic Density
Variance

Using the vertical decomposition of the velocity and density into the advective term, first without any timescale
decomposition gives:

-V - (vp) ==V - (vrper) — V - (vBcpsT) — V - (VerpBc) — V - (VBcpBC). (29)

The vertical integral of the terms involving only one BC term is zero and we are thus left with the following
expression for the barotropic part of the advective term:

0

1/’ 1
E [H -V (Vp) dz=-V- (VBTPBT) - E [ V- (VBcpgc)dZ. (30)

H

Applying this vertical decomposition (30) to the sum of terms adv, and adv, from (13) gives (see details in
Appendix C):

0 inter | 2 0
, p S
P};"Ter/ (advs +advy)dz = =V - <VBT( il > - i/ PV - (Veepps') dz (€3]
-H 2 H J_y4

where Vg = Vg1 + Vig‘Te' and Ve = Vg + vg“c‘". In this formula, the first term on the rhs is the convergence of the
interannual barotropic density variance by the sum of the mean barotropic and interannual barotropic velocities.
This term disappears when integrated horizontally and thus cannot be a global source or sink of interannual baro-
tropic density variance, it is represented by blue arrow number 2 in Figure 6. The last term in the rhs is the transfer
between the interannual baroclinic and barotropic density variance, it is represented by blue arrow number 3 in
Figure 6. The convergence and transfer terms are plotted in Figure 7, the convergence of interannual barotropic
density variance is almost everywhere smaller than the transfer between the barotropic and baroclinic interannual

density variance. This is not surprising since the baroclinic part of the circulation is much larger than the baro-

2

tropic part almost everywhere. This term is qualitatively similar to ADV; . (see Figure 4), the term due to the

advection of density anomalies by the time mean velocity, which dominates over ADVz’mic. It is mostly positive in
the Indian ocean, indicating that the baroclinic/barotropic transfer is, in this region, a source of interannual steric
sea level variance and have both sign in the equatorial Pacific ocean. Its spatial integral is equal to the sum of the
spatial integral of terms ADV? . and ADV? . and is thus weakly negative (0.3 x 107> m* s~!). Note that in

Figure 7, the formula from Equation 31 has been rescaled by H pg to correspond to the steric sea level (following

Equation 24) which is the focus of this article.

5.5. Transfer to HF Density Variance and GM Parameterization of Eddy Velocity

The last term is:

0 0
pg'{?‘/ advsdz = pi[‘;{.er/ Ry dz. (32)
-H -H
This term is a sink of barotropic variance (Figure 6). The HF has already been identified in Hochet et al. (2020);
Hochet et al. (2022) as acting as a damping effect on the lower frequencies. This induces a density variance
transfer from low to high frequencies, consistently with local observations near the Drake passage (Sévellec
et al., 2021). High frequencies associated with smaller spatial scales tend to erode the large scale gradients asso-
ciated with low frequencies. Because of the link between the density variance and the QG APE it can also be
thought as a direct APE cascade in the temporal scale as explained in Arbic et al. (2014). As mentioned in last

HOCHET ET AL.
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Figure 7. Decomposition of the sum of ADVf|eric + ADVf|cric (in m? s7!) as the sum of the convergence of interannual
barotropic density variance due to mean and interannual velocities (top panel) and the transfer between the interannual
barotropic and baroclinic density variance (bottom panel). The two corresponding formulas in Equation 31 have been rescaled

by H pg (following Equation 24) for easier comparison with the steric sea level terms ADVfleric and ADV? . from Figure 4.

steric

section, in ECCO V4r3, this transfer is dominated by the term linked with GM eddy induced velocities rather by
the resolved subannual circulation. This transfer is represented by the blue arrow 4 in Figure 6.

6. Conclusion and Discussion

In this article we have developed a new diagnostic based on interannual steric sea level variance budget that allows
to robustly assess the sources and sinks of interannual steric sea level variability. Using the ECCO V4r3 state
estimate, we have shown that in most regions, the main equilibrium is between the advection which is a source of
steric sea level variance and the buoyancy flux from the atmosphere which is a sink of variance. The atmospheric
buoyancy flux is largely dominated by the net heat flux exchange with the atmosphere. When horizontally inte-
grated, the diffusive term is one order of magnitude smaller than the advection and the atmospheric buoyancy flux.
The advective term can further be decomposed into four different terms which can be associated to different baro-
tropic density variance transfers between different density variance reservoirs. The decomposition of the advection
reveals that the main source of interannual variability is the self advection of interannual barotropic density anom-
alies in the direction opposite to the mean density gradient. In this process, the interannual circulation extracts
energy from the mean circulation by eroding the large scale mean density gradient. This term is interpreted as a
transfer of barotropic density variance between the mean and the interannual density variance. The same term was
previously found to be one of the possible source of the Atlantic multidecadal variability (e.g., Arzel et al., 2018,
and references therein). It is then shown that the velocities associated with this transfer are mainly the result of
interannual variations of the surface wind stress by means of the Ekman balance. This source term is thus an
intrinsic transfer of energy between two oceanic reservoirs triggered by an atmospheric source of variability.
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This advective source of interannual steric sea level variance is partly compensated by the term linked with the GM
parameterization of eddy induced velocities and by the resolved subannual oceanic circulation. Resolved subannual
frequencies and parametrized eddies erode the interannual density gradient and thus act as a sink of interannual steric
sea level variability. In this work high frequencies contain every subannual time scales including the seasonal cycle. It
is somehow more traditional in physical oceanography to sum the seasonal cycle with the mean circulation to create
a climatology. However the non-linear transfer of QG-APE is from low to high frequencies and we thus believe that it
is more physically-sound to use the ordered frequency separation as done in this work. Preliminary results not shown
here further suggest that the energy exchange between the seasonal cycle and interannual time scales is negligible.

Locally in the Equatorial Pacific, the transfer between the vertically integrated interannual barotropic and baro-
clinic density variance acts as important sink and source of steric sea level variance. However, when horizontally
integrated this term is weakly negative and thus a global sink of interannual steric sea level variance. It is also
interesting to note that, in the Equatorial Pacific, variations of the surface freshwater fluxes from the atmosphere
act as a source of interannual steric sea level variance.

An important limitation of this study is the absence of explicit turbulence in the ECCO V4r3 state estimate due
to its laminar resolution and thus to its parametrization through the GM scheme. We have assumed in this article
that the parameterized eddies are only made of subannual time scales which might not be true everywhere (i.e.,
permanent eddies or eddies evolving on interannual time scales). Moreover, satellite data and high-resolution
numerical simulations suggest that high levels of steric sea level interannual variability occur in high energetic
regions such as in western boundary currents or in the Antarctic Circumpolar Current (see for instance Figure 1
in Carret et al., 2021). Future work should thus include the effect of a turbulent field in order to (a) avoid the use
of an eddy parameterization that might introduce bias in the results and (b) understand the mechanisms of steric
sea level variance in these eddy-rich regions. Indeed, mesoscale eddies are expected to induce an inverse kinetic
energy cascade in both space and time that results in steric sea level variability at interannual time scales (Arbic
et al., 2014; Sérazin et al., 2015). However, the kinetic energy is not the most obvious proxy for steric sea level
variance compared to the APE, for which the cascade is direct (as suggested by the pioneering work on oceanic
turbulence of Rhines (1977); Salmon (1978, 1980)). Hence, the HF rectification term by which the HF circulation
act as a sink on interannual steric sea level variability is expected to remain a sink even in the presence of eddy
turbulence, consistently with the present study. The role of the indirect cascade of kinetic energy for the steric sea
level variance budget remains unclear and will therefore be the subject of future work. Another potential limitation
of this study is the use of a reanalysis (ECCO V4r3) that adjusts the set of initial conditions, parameters, and atmos-
pheric boundary conditions to fit observations. The ECCO V4 state estimate, contrary to others reanalysis prod-
ucts, obeys the law of physics, but the fitting procedure might nonetheless induce bias in some of the correlations
computed in this article. A perspective would thus be to compare our results with that obtained in a forced or free
oceanic run containing eddy turbulence such as DRAKKAR 112° (Molines et al., 2014) simulations for instance.

Finally the steric sea level variance budget appears to be a relatively simple tool to understand the mechanisms
controlling the steric sea level variability. It could thus be used to help improve the representation of steric sea
level variability in different models, for instance in climate models used for future climate projections, by facili-
tating the comparison of the representation of the physical mechanisms at play in these models.

Appendix A: HF Rectification Term in the Decomposition of the Advection
The high frequency rectification term adv, from Equation 13 is given by:

adV4 =_V. (vinlerpHF) -V. (VHFpinler) -Vv. (VHFPHF) + RGM- (Al)
where R, represents the effect of the eddy-induced velocities associated with the GM parameterization (Gent
& McWilliams, 1990).
Appendix B: Squared Density Decomposition
The square of Equation 22 is:

P =7+ (o) + (o) + (0) + 28 (o + A+ 4

+2( inter ,inter inter ,inter inter )

Per Pec T Per Pup T Py PHF

(BI)
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Time averaging gives:

P =7+ (o) + () + Y +2( o) (B2)

Then computing the vertical integral gives the decomposition of the vertically integrated density variance into 4

components:
0o 0 0o—— 0o —
/ p?dz = / 7 dz +/ (p ‘““”) dz +/ (piner) *dz+ (pHF) dz.
-H -H -H -H (B3)
=gy
where the fact that f o Pasrpierdz = piner [0 pg“cerdz =0, by definition of pJ', and /7011 perdz = Hp™er, by

definition of p‘"‘er have been used.

Appendix C: Decomposition of the Advective Terms Linked with adv, and adv,

Inserting adv, in Equation 30 gives:

0

inter 1 1 mnter
H/ (5) dz = = (Toagk) — 37 [V (el ez 1
similarly, inserting adv, in Equation 30 gives:
1 [° o 1 /° o
- / -Vv. mler 1mer) dz = — (Vg;?rpg}l?r) _ V. (vgucerpgl(l:er) dz (C2)
H J_4 H J_4

Then, summing these two equations, multiplying by p‘“‘e' and time averaging, we recover Equation 31.

Data Availability Statement
This study uses the following data: ECCO V4r3 which can be found here: https://ecco-group.org/products.htm.
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