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Abstract. This study provides observationally based estimates of the contributions to global mean sea level (GMSL) rise from

individual physical oceanographic processes. The kinematic equation for sea level evolution is used to calculate the spatial dis-

tribution of the evolution of sea level rise, and its global integral. Results are separated into impacts from boundary mass fluxes

and from non-Boussinesq steric effects. The non-Boussinesq steric effect itself is further decomposed into contributions from

boundary buoyancy fluxes and interior buoyancy changes driven by mixing processes. It is neither the intention nor currently5

possible to close the GMSL budget using this approach. Instead, the results quantify the magnitude and uncertainty of the phys-

ical oceanographic processes and their relative importance in shaping GMSL rise. This allows for a comparison of the impact

on GMSL by single processes or parameterizations. Results indicate large uncertainties associated with boundary heat, mass,

and freshwater fluxes and highlight the importance of ocean mixing for GMSL rise. Additionally, GMSL rise is substantially

affected by how shortwave radiation is redistributed with depth and by the choice of neutral physics calculation method. This10

study also finds that nonlinear thermal expansion is offset by mixing-induced densification, and that both processes strongly

influence sea level as consequences of the nonlinear equation of state. Many of the results are relevant for observationally based

calculations and for modelers making decisions about which methods or parameterizations to use. Understanding the impact

of these processes on GMSL rise, and how they change in a transient ocean and climate system, is important because these

choices influence projections of future sea level rise, which inform policy decisions.15

1 Introduction

Since 1850, human-induced warming has increased global surface temperatures by approximately 1.1 ◦C (Eyring et al., 2023).

About 89% of this anthropogenic heat has been absorbed by the ocean (von Schuckmann et al., 2020), leading to significant

ocean warming (Li et al., 2023), thermal expansion and associated sea level rise (Horwath et al., 2022). Approximately 4% of

the warming since the pre-industrial era has contributed to the melting of glaciers and ice sheets, further elevating global sea20

level. The remaining heat has been stored in land (6%) and the atmosphere (1%).

Global mean sea level (GMSL) rise is estimated using satellite altimetry (Ablain et al., 2017; Hamlington et al., 2024) and

tide gauges (Jevrejeva et al., 2006; Hamlington et al., 2022). Since 1901, GMSL has risen by approximately 21 cm (Fox-

Kemper et al., 2023). Sea level rise has accelerated from 1.35 mm year−1 between 1901 and 1990 to 3.7 mm year−1 between

2006 and 2018 (chapter 9, table 9.5, Fox-Kemper et al. (2023), Nerem et al. (2018)), and it is projected to accelerate further25
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(Nerem et al., 2022). Currently, the main contributions to sea level rise are thermal expansion (39%, 1.4 mm year−1) and the

combined contributions from glaciers and ice sheets (45%, 1.6 mm year−1).

The GMSL rise budget can be closed by summing contributions from steric and barystatic changes. Steric sea level change

is obtained by integrating global ocean temperature and salinity observations (Pattullo et al., 1955; Antonov et al., 2002) and

accounted for roughly 34% of GMSL rise between 1900 and 2018 (Frederikse et al., 2020). Barystatic change, derived from30

satellite observations of mass fluxes from glaciers, ice sheets, and terrestrial water storage (Shepherd et al., 2018; Fasullo and

Nerem, 2018), contributed approximately 66% of GMSL rise over the same period (Frederikse et al., 2020). These "top-down"

approaches have enabled the closure of GMSL budgets within statistical uncertainty (Moore et al., 2011; Horwath et al., 2022;

Frederikse et al., 2020; Church et al., 2011; Ludwigsen et al., 2024).

Instead of a top-down approach, this study uses a ‘bottom-up’ strategy, estimating GMSL as the sum of contributions35

from individual physical oceanographic processes that alter ocean density and volume. The kinematic equation for sea level

evolution is used to calculate the impacts of boundary mass fluxes and non-Boussinesq steric effects on sea level rise. Non-

Boussinesq steric effects are further decomposed into contributions from boundary freshwater, heat, and salt fluxes, and from

interior diffusive and advective fluxes generated by oceanic turbulent eddies. This bottom-up approach was previously applied

by Griffies and Greatbatch (2012) within numerical models, successfully closing the model’s GMSL budget.40

This study uses observational based datasets instead of numerical models to quantify sea level changes caused by physical

oceanographic processes. This allows for an assessment of how uncertainties in observations or parameterizations influence

GMSL calculations and how these compare to observed GMSL rise rates. Rates of sea level rise are calculated using annual-

mean observational hydrography, representing annual-mean changes. Results are presented as spatially varying maps of local

sea level changes and as their global integrals to estimate GMSL rise. However, due to large uncertainties in observational45

products, it is neither the intention nor possible at this stage to observationally close the GMSL budget using this approach.

This highlights the lack of observational constraints on air-sea interactions, mass fluxes, and mixing, as well as incomplete

understanding and representation of fundamental physical mechanisms underlying GMSL budgets.

Specifically, this study examines the impacts of variations in heat, mass and freshwater flux products, mixing strength param-

eterizations, neutral physics, shortwave radiation depth penetration parameterizations, and eddy stirring parameterizations. All50

of these processes substantially influence GMSL rise, with first-order impacts of the order of millimeters per year. These results

are relevant for numerical ocean and climate models, as modelers must make decisions on how to represent these processes,

which in turn affect projections of future sea level rise. Quantifying the impact of different parameterizations on GMSL in

numerical ocean models is difficult due to the complexity and expense of reprogramming and rerunning the model and because

of difficulties to isolate the impact of a single change.55

1.1 Nonlinear thermal expansion and densification upon mixing

This study also investigates whether "densification upon mixing" can prevent the ocean from ever expanding due to warming

(Schanze and Schmitt, 2013). Even without anthropogenic warming, an ocean with a net-zero global heat flux would still
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expand, causing sea level rise. This occurs because the thermal expansion coef�cient� varies with temperature (and to a lesser

extent, salinity and pressure). Warmer water expands more than colder water contracts.60

Since ocean warming primarily occurs in low latitudes over warm waters and cooling occurs at higher latitudes over colder

waters, warming drives greater expansion than cooling drives contraction. Globally integrated, this produces a net ocean volume

increase that contributes to GMSL (Grif�es and Greatbatch, 2012; Schanze and Schmitt, 2013). This study refers to this

process as "nonlinear thermal expansion" as it occurs only due to nonlinearity of the equation of state, distinct from the thermal

expansion caused by a net heat �ux into the ocean. It should not be confused with the thermobaric effect or thermobaricity,65

which arises from variations in the thermal expansion coef�cient with pressure.

Densi�cation upon mixing can reduce sea level (Gille, 2004; Jayne et al., 2004) and therewith counteract nonlinear thermal

expansion. This occurs when two water parcels mix, and the resulting mean density is greater than the average of the original

densities due to the nonlinear equation of state. This process, also know as cabbeling (Witte, 1902; Foster, 1972; McDougall,

1987b), contracts water volume and lowers sea level. As �rst suggested by McDougall and Garrett (1992), densi�cation upon70

mixing opposes nonlinear thermal expansion, potentially preventing unbounded ocean expansion. While Schanze and Schmitt

(2013) estimated the magnitude of densi�cation upon mixing using air-sea heat �uxes, it has not been veri�ed from independent

sources, that this is of the same order as nonlinear thermal expansion. This study addresses that gap.

This paper is organized as follows. Section 2 derives the equations governing physical oceanographic processes in�uencing

the GMSL budget and discusses assumptions and processes not covered. Section 3 describes the datasets used. Section 475

presents results for nonlinear thermal expansion (section 4.3), densi�cation upon mixing (section 4.6), shortwave radiation

(section 4.4), and stirring (section 4.7), among others. Section 5 provides a summary, discussion of caveats, and implications,

followed by a brief conclusion in Section 6.

2 Theory

Sea level changes due to adding or redistributing mass, and due to changes in ocean density (Gill and Niller, 1973). Following80

Grif�es and Greatbatch (2012) (their Eq. 1), these effects are described using the kinematic equation for sea level evolution:

@�
@t|{z}

sea level
evolution

=
Qmass

� (z = � )
| {z }

boundary
mass �ux

�r �

�Z

� H

u dz

| {z }
dynamic
changes

�

�Z

� H

1
�

d�
dt

| {z }
Non-Boussinesq

steric

: (1)

Here both integrals are from the ocean bottom height (� H ) to the ocean surface height (� ). Sea level evolution (l.h.s. of Eq.

1) is evaluated locally for a vertical water column by taking the sum of i) the boundary mass �uxes, ii) the redistribution of

ocean volume by ocean currents (dynamic changes), and iii) due to Non-Boussinesq steric changes. The latter is the expansion85

or contraction of seawater volume due to changes in sea water density. Changes in sea water density are due to small-scale or

mesoscale mixing processes, due to air-sea heat, mass and freshwater �uxes, or due to geothermal heating (see Appendix A for

details). Eq. 1 is derived under the assumptions that the ocean bottom does not move, the ocean surface area is constant and
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that the gravitational acceleration is constant (Grif�es and Greatbatch, 2012). Processes not covered are the inverse barometer

effect, the tidal sea surface elevations and joule heating (Grif�es and Greatbatch, 2012).90

This study presents both maps of the spatial structure of sea level evolution, as well as the global integral of these maps that

provide the net GMSL changes. The spatial structure is given by applying Eq. 1 to a vertical water column, while its impact on

GMSL rise @�
@t is obtained by integrating those results globally, using:

@�
@t

=
1
A

Z

globe

@�
@t

dA; with A =
Z

globe

dA: (2)

Under a no-�ux boundary condition, the term "dynamic changes" in Eq. 1 vanishes (second term, r.h.s.). Therefore ocean95

currents have no net effect on GMSL rise and instead only redistribute volume.

In the remainder of this section the sea level calculations for the boundary mass �uxes (section 2.1) and redistribution of

ocean volume by ocean currents (section 2.4), are speci�ed. This study presents sea level calculations of the non-Boussinesq

steric changes due to diffusive salt and heat �uxes (section 2.3), skew �uxes of salt and heat (section(2.4), and by the combi-

nation of direct and indirect boundary �uxes of salt and heat (section 2.2). The details of most derivations are moved to the100

appendices. Derivations rely heavy on (Grif�es and Greatbatch, 2012) and (Groeskamp et al., 2019b).

2.1 Sea level change due to a boundary mass �uxes

At the ocean boundaries, the ocean mass �uxQmass (kg s� 1 m� 2) is de�ned as positive into the ocean and given by:

Qmass = P � E + R + I + Ae; (3)

whereP is precipitation (positive into the ocean),E is evaporation (positive out of the ocean),R is runoff from rivers (positive

into the ocean),I is runoff from land ice melt (positive into the ocean), andAe is the aeolian deposition of salt (positive into105

the ocean). These mass �uxes can enter the ocean by crossing the ocean surface (E , P, andAe), laterally (R) or from both

directions (I ). Inserting Eq. 3 into the �rst term on the r.h.s. of Eq. 1 leaves:

@�
@t

�
�
�
�
mass

=
Qmass

� (� )
=

1
� (� )

(P � E + R + I + Ae) : (4)

When Eq. 4 is integrated globally, even for a net-zero global mean mass �ux, there can still be a net contribution to GMSL rise.

This is because the impact of the mass �ux on volume is weighted by the sea surface density� (� ) (section 4.1). This effect

is conceptually similar to the impact of a changing thermal expansion coef�cient for a net-zero global heat-�ux as previously110

mentioned in section 1 and detailed in Appendix B.

2.2 Sea level change due to boundary heat, salt and freshwater �uxes

Boundary mass �uxes into the ocean (e.g., evaporation, precipitation, ice melt), as well as direct sources of heat and salt, all

impact sea level. The impact of such boundary �uxes on sea level rise can be expressed as:

@�
@t

�
�
�
�
boundary

= �

�Z

� H

1
�

�
F �

mass + F �
surface + F �

geo + F �
swr

�
dz (5)
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The details for deriving Eq. (5) can be found in Appendix B. The termF �
mass (kg m� 3 s� 1) represents the changes in local115

ocean density due to ocean mass �uxes (Qmass), primarily through alterations of local salinity. HereF �
surface (kg m� 3 s� 1)

captures the impact on density by direct sources of salinity and heat at the surface of the ocean. Surface salt �uxes (e.g., due

to sea ice melt or sea spray) are not considered in this analysis, because they are unknown or negligible. Surface heat �uxes

are longwave radiation as well as latent and sensible heat �uxes. Shortwave radiation (SWR) enters the ocean surface and

can penetrate to deeper layers depending on the clarity of the water (Paulson and Simpson, 1977). The impact of shortwave120

radiation on ocean density is represented by the termF �
swr (kg m� 3 s� 1) and is a term separate fromF �

surface . Geothermal

heating at the sea �oor is given byF �
geo and has a small impact on ocean density (de Lavergne et al., 2015).

2.3 Sea Level Change due to diffusive �uxes

In this section an expression is derived for the impact of diffusive mixing on density and sea level. Mixing is split into a

contribution from mesoscale and small-scale processes (Fox-Kemper et al., 2019). Small-scale mixing is due to eddies on the125

order of a meter that are most commonly associated with breaking internal waves and boundary-layer processes (MacKinnon

et al., 2013; Large et al., 1994). This mixing is represented by a vertical turbulent diffusivityD acting on vertical tracer

gradients (McDougall et al., 2014). The magnitude of the vertical eddy diffusivity is typically ofO (10� 5 - 10� 3 m2 s� 1 )

(Polzin et al., 1997; Whalen et al., 2012; de Lavergne et al., 2020). Mesoscale eddies ofO(20-200 km) that stir tracers along

neutral directions are parameterized by isoneutral eddy diffusivityK N acting on tracer gradient along a neutral directionr N C130

(Redi, 1982; Grif�es, 1998; McDougall et al., 2014). When in�uenced by the geometric constraints of the surface boundary,

mesoscale stirring leads to horizontally oriented mixing across outcropped density surfaces (Tandon and Garrett, 1997; Treguier

et al., 1997; Ferrari et al., 2008), which is parameterized by a horizontal diffusivityK H acting on horizontal tracer gradient

r H C. The magnitude forK N and K H is typically O (101 - 103 m2 s� 1 ) (Abernathey and Marshall, 2013; Klocker and

Abernathey, 2013; Cole et al., 2015; Roach et al., 2018; Groeskamp et al., 2017, 2020; Sévellec et al., 2022; Kusters et al.,135

2024).

The above mixing directions are represented by a symmetric positive-de�nite kinematic diffusivity tensorK (m2 s� 1) that

contains the contributions of the mesoscale neutral and horizontal diffusion, and small-scale isotropic diffusion. This leads

to the following expression for the impact of diffusive mixing on density and sea level, for which the details are provided in
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Appendix C:140
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; (6)

where the following de�nitions (see Appendix C) apply:

R = � � K � r � + � K � r SA ; (7)

P = r � � (K � r �) � r � � (K � r SA ) : (8)

Here� is Conservative Temperature (McDougall, 2003; Graham and McDougall, 2013),SA is Absolute Salinity (McDougall145

et al., 2012; Millero et al., 2008). Further,R ntr , R hor , andR ver (m s� 1) are the components ofR for the three different

mixing direction "neutral", "horizontal" and "vertical", respectively. ThenPntr , Phor , andPver are the components ofP (s� 1)

for the three different mixing direction. For the neutral direction� r N � = � r N SA , and thusR ntr = 0 . The �rst term on the

r.h.s. of Eq. 6 named "redistribution" turns out to be large, but also globally integrates to zero due to the divergence operator.

By explicitly writing Eq. 6 in a form that contains this redistribution term, this creates the term named "diffusion-density150

interaction" that can be interpreted as the interaction between diffusion and density gradients. This term will turn out to be small,

such that it is advantageous to write Eq. 6 in this form, as it allows for neglecting the global integration of the redistribution term

and the diffusion-density interaction term. The term named "Production" is the interaction between diffusion and the nonlinear

equation of state. This term includes the terms causing densi�cation upon mixing, cabbeling and the thermobaric terms, as

speci�ed in Appendix C1. Thermobaricity can in fact lead to both an increase and decrease in density, but its impact on density155

is generally an order of magnitude smaller than that due to cabbeling (Klocker and McDougall, 2010; Groeskamp et al., 2016).

Although cabbeling and thermobaricity are names speci�cally referring to neutral mixing (McDougall, 1987b), effects of the

nonlinear equation of state that change density due to mixing of� andSA , are not limited to the neutral direction. The same

abbreviations for the mixing directions as before are used for the impact of cabbeling (Pntr
Cb

;Phor
Cb

;Pver
Cb

) and thermobaricity

(Pntr
T b

;Phor
T b

;Pver
T b

), due to the different mixing processes.160

2.4 Sea level change due to ocean dynamics and eddy-induced transport

The convergence of the vertically integrated horizontal ocean velocityu can lead to redistribution of volume and thus a local

impact on sea level, while its global integral is zero under the assumption that there is no velocity through the boundaries. The
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velocityu will be approximated as the sum of the geostrophic velocityugeo and the eddy-induced velocityueddy , to obtain:

u = ugeo + ueddy : (9)165

Following Ferrari et al. (2010), the eddy velocity parameterization is constructed to ensure a net zero vertical integral over the

local eddy velocity in Eq. 1 (Appendix D), leaving:

@�
@t

�
�
�
�
dynamic
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zZ

� H

ugeo dz: (10)

Hence, there is no impact of dynamic changes on the GMSL budget, but locally it does change sea level. The latter can be

estimated using the thermal wind balance in combination with a reference level velocity.170

Although the eddy-induced transport itself does not change sea level, it does impact density through unrepresented transport

of salt and heat (Grif�es and Greatbatch, 2012). The resulting impact of stirring on sea level evolution is given by:
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@t
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�Z

� H

Pstir dz
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� H

R stir � r ln � dz

| {z }
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: (11)

The full derivation for obtaining Eq. 11 is given in Appendix D. Note that the down gradient eddy tracer �ux of temperature

and salinity are embedded insideR stir (m s� 1) andPstir (s� 1) in a manner comparable to that for diffusion:175

R stir = � � K stir � r � + � K stir � r SA ; (12)

Pstir = �r � � (K stir � r �) + r � � (K stir � r SA ) : (13)

HereK stir is the stirring strength operator (Eq. D3), also know as the "GM diffusivity" (Gent and McWilliams, 1990). The

�rst term on the r.h.s. of Eq. 11 named - redistribution - globally integrates to zero, while the last term, named "Eddy-density

interaction" will be small. Hence, when integrating Eq. 11 globally, it is the Production term in Eq. 11 that will lead to the main

impact of stirring on GMSL rise. This term is related to the interaction between stirring and the nonlinearity equation of state,

comparable to the cabbeling and thermobaricity terms for diffusion.180

2.5 Sea level change due to the Non-Neutrality term

A term that does not exist in the real ocean, but does exist in any calculation involving neutral mixing, is the "non-neutrality"

term related to neutral physics (Grif�es, 2004; Klocker et al., 2009). Diffusive �uxes and stirring in the neutral direction are

calculated using the slopes of the neutral tangent plane, and the tracer gradients along the neutral tangent plane (McDougall,

1987a; McDougall and Jackett, 1988). The accuracy with which one can calculating the neutral slopes or gradients, depends185

strongly on the method used (McDougall and Jackett, 1988; Stanley, 2019; Stanley et al., 2020; Groeskamp et al., 2019a).

When a neutral slope or gradient is not exact, this will lead to �ctitious diffusion (Klocker et al., 2009) that causes additional

densi�cation upon mixing (Groeskamp et al., 2019a), and therefore impacts steric sea level calculations. This means that; i)
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R ntr 6= 0 , ii) that the Pntr terms also have error embedded, and iii) that the neutral slopes in the stirring term are not exact. This

allows us to de�ne the non-neutrality term as:190
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HereR ntr (� )�r H � = 0 as there are no neutral slopes at the surface, andP(ntr) = P (perfectly neutral) +P (error) . Hence,P(error) is

the impact of an incorrect neutral physics calculation scheme. IfP(error) > 0 then the method underestimates neutral gradients,195

while for P(error) < 0, the method overestimates neutral gradients. In the latter case, which is most common, this can be

interpreted as enhanced vertical mixing and leads to additional, but non-realistic densi�cation upon mixing. Note that the

vertical component of theR ntr � k has no role to play at all, because there are no vertical gradients of either the bottom slope

or the surface slope, and this term is zero after vertical integration. The last term@�
@t

�
�
�
non � neutral

stirring
is the impact of stirring along

non-neutral slopes, as detailed in Appendix D. For this term, an overestimation of the neutral slopes will lead to more reduction200

in GMSL.

2.6 The total sea level rise equation

Collecting all terms, the local evolution of sea level rise can be expressed as:
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Eq: 11

+
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�
�
�
non � neutral| {z }
Eq: 14

(15)

Each of these terms consist of many processes that also vary in space and time, emphasizing the number of fundamental205

processes that need to be understood in order to provide an accurate bottom-up calculation of the evolution of sea level and it

global integral for calculating GMSL rise. Section 3 described the data used for calculating these terms. Section 4 shows the

results.

3 Data used

This section describes a range of observational products that are needed for calculating the terms in the GMSL budget as210

de�ned in section 2. An overview is given in Table .1.
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Variable Source

� , SA , P , N 2 , Cb , Tb , Usingt, SP andP from World Ocean Atlas 2018 (Garcia et al., 2019),

R � , � , � , � , zmld , r H (� H ) and recalculated using McDougall and Barker (2011)

K N , K H andK stir Based onK from Groeskamp et al. (2020).

D Based onD from de Lavergne et al. (2020)

Latent and sensible heat. From two products for comparison;

Longwave and shortwave radiation.1) the "OA" Fluxes (Yu and Weller, 2007), and

Evaporation, Precipitation, Runoff 2) the "CORE.v2" Fluxes (Yeager and Large, 2008)

r N � , r N P, r N SA Using the VENM software of Groeskamp et al. (2019a)

Geothermal Heating Based on de Lavergne et al. (2015); Goutorbe et al. (2011)
Table 1. Presented are the sources of the different variables considered in this study. The mixed layer depthzmld is calculated using

de Boyer Montégut et al. (2004). Direct salt sources and Aeolian �uxes are not considered. Land ice meltI is embedded inR for both

OA and CORE.v2. Further details are described in section 3.

3.1 Gridded climatology

World Ocean Atlas 2018 (Garcia et al., 2019) is used for objectively analyzed (1� grid) climatological �elds ofin situ tempera-

turet and practical salinitySp at standard depth levels for monthly compositing periods for the world ocean sometimes referred

to as a "standard year". Monthly means for the upper 1500 m are used, while it is assumed that the deep ocean has little seasonal215

variation, such that seasonal means (repeated per quarter) are used for the interior (below 1500 m). Topographic gradients (e.g.

r H (� H ) in Eq. 6) are calculated using vertical derivatives from WOA column depths. TEOS-10 software (IOC et al., 2010;

McDougall and Barker, 2011) is applied to convert(Sp ; t;P ) into (SA ; � ;P). Subsequently TEOS-10 software is further used

to take(SA ; � ;P) as input and calculate the mixed layer depthzmld according to the de Boyer Montégut et al. (2004) criteria,

the Buoyancy frequencyN 2, the expansion coef�cients and their gradients, and the cabbeling and thermobaricity coef�cients220

(Cb , Tb ). Static stability or a stably strati�ed water column (N 2 > 0 everywhere) is obtained using a minimal adjustment of

SA and� within the measurement error (Jackett and McDougall, 1995; Barker and McDougall, 2020).

3.2 Diffusivities for diffusion and stirring

The mesoscale neutralK N and horizontalK H diffusivities are based on the product from Groeskamp et al. (2020). They

provide global 3D observational-based estimates of oceanic mesoscale diffusivity on a gridded climatology of WOA18 using225

a combination mixing length theory (Prandtl, 1925), mean �ow suppression theory (Ferrari and Nikurashin, 2010; Klocker

et al., 2012), and the theory of vertical modes (LaCasce and Groeskamp, 2020). As the diffusivities obtained by Groeskamp

et al. (2020) are static, they are repeated for each month to obtain estimates forK N , K H and K stir . To separate between

neutral and horizontal mesoscale mixing, a step-wise change is applied at the base of the mixed layer. Above the mixed layer

depth, mixing is represented by horizontal mesoscale mixing and below the mixed layer depth, it is represented by neutral230
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mixing. The same mesoscale diffusivities are used to approximate the mesoscale stirring diffusivitiesK stir , thus assuming that

stirring diffusivities are equal to tracer diffusivities, even though they are known to vary spatially (Smith and Marshall, 2009;

Abernathey et al., 2013; Kusters et al., 2025).

Vertical mixing diffusivities are based on de Lavergne et al. (2020), which is a parameterization for turbulence production

due to internal tides (de Lavergne et al., 2019, 2020). This parameterization does not include surface boundary layer mixing235

processes, such as those parameterized with the K-pro�le parameterization (KPP) scheme (Large et al., 1994). Grif�es and

Greatbatch (2012) found that in a numerical model, the KPP scheme leads to 0.3 mm year� 1 GMSL rise (see their Table 1),

which we will be missing.

This study also make use of constant diffusivities ofD = 5 � 10� 5 m2 s� 1, K N = K stir = 300 m2 s� 1, K H = 750 m2 s� 1,

while maintaining the mixed-layer depth as the separation.240

3.3 Neutral slopes and gradients

For the calculation of neutral slopes and gradients, two methods are applied. Traditionally neutral slopes and gradients are

calculated using the "local" method that computes the ratio of the horizontal to vertical derivative of� l , i.e. the locally refer-

enced potential density (Redi, 1982; Grif�es, 1998). The resulting slopes are then combined with the local spatial gradients of

SA , � andP, to calculate their neutral tracer gradients. The local method is problematic in regions of weak vertical strati�-245

cation, consequently requiring a variety of ad-hoc regularization methods that can lead to rather nonphysical dependencies for

the resulting neutral tracer gradients. To avoid such dependencies Groeskamp et al. (2019a) developed the “vertical nonlocal

method” (VENM), which is a search algorithm that requires no ad-hoc regularization and signi�cantly improves the numerical

accuracy of estimates of neutral slopes and gradients, making it one of the most accurate methods available for calculating

neutral slopes and gradients from ocean observations. To the authors knowledge, the only model to date that has implemented250

a comparable method as to VENM, is the Modular Ocean Model Version 6 (MOM6, (Adcroft et al., 2019)) by Shao et al.

(2020). The results presented in this study, use the VENM method. However, to calculate the non-neutrality term, the results

from the VENM algorithm are considered "perfectly neutral" in Eq. 14, while using the results from the local method as "ntr".

VENM is not perfectly neutral, therefore the magnitude of the non-neutrality term is interpreted as an order of magnitude

estimate of how much impact different methods of calculating neutral slopes and gradients can have on GMSL rise.255

3.4 Velocity and surface height gradients

To calculate the ocean geostrophic velocity the TEOS-10 software 'gsw_geo_strf_dyn_height' is used to calculate the dynamic

height anomaly streamfunction using the thermal wind balance. The derivatives of the streamfunction provide the associated

geostrophic velocities using the function 'gsw_geostrophic_velocity' (McDougall and Barker, 2011). The 1000 dbar is used as

reference level, with the associated reference level velocity taken from the YoMaHa'07 Argo �oat trajectories based estimates260

at 1000 db (Lebedev et al., 2007).
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Sea surface height variation (� , as in Eq. 6) and gradients are estimated using 10 years (from 2014 to 2023) of altimeter

satellite based Global Ocean Gridded L4 Sea Surface Heights data, provided by E.U. Copernicus Marine Service Information

(CMEMS).

3.5 Boundary mass and heat �uxes265

Surface mass �uxes and air-sea-ice interaction are obtained from two products described below. The �rst product is the Objec-

tively Analyzed air-sea Heat Fluxes (OA; Yu et al. (2008); Yu and Weller (2007)). The OA �ux is constructed from optimal

blending of satellite retrievals and three atmospheric reanalysis in combination with bulk formula. OA is combined with surface

radiation data from the International Satellite Cloud Climatology Project (Zhang et al., 1995, 2004, 2007) to provide the heat

�uxes and evaporation from 1983–2006. Precipitation data accompanying the OA are obtained as the long-term (1981–2010)270

monthly means (2.5 degree grid) from the Global Precipitation Climatology Project Version 2.3 (Adler et al., 2003) and inter-

polated to the WOA grid. Runoff is obtained from time series (1900–2014) of monthly river �ow from stations of the world's

largest 925 rivers, which excludes contributions from Greenland and Antarctica (Dai, 2016). Long-term monthly means are

calculated, and 50% of the out�ow to the ocean is allocated at the river mouth, spreading the other 50% over the grid points

directly surrounding the river mouth. The runoff data set does not take into account unmeasured continental runoff and under-275

ground seepage, which could be of the same order of magnitude as the river runoff but distributed over all global basins (Large

and Yeager, 2004).

The second product is version 2 of Common Ocean Reference Experiment (CORE)-based product (Large and Yeager, 2009;

Yeager and Large, 2008; Danabasoglu et al., 2014). Here bulk formula are applied in combination with adjusted wind speed

and humidity to decrease a global net imbalance from 30 W m� 2 to 2 W m� 2. CORE combines the Global Precipitation Clima-280

tology Project with other products to obtain their precipitation (P) values. Monthly mean values (1949–2006) are constructed

for latent heat, sensible heat, longwave radiation and shortwave radiation, evaporation and precipitation. Then a standard year

is constructed by averaging for each calendar month for the WOA grid. Runoff is based on (Dai, 2016), but with an extra runoff

term that is added for Antarctica.

Here the OA and CORE �ux are chosen because they have the largest (OA, about 30 W m� 2) and smallest (CORE, about 2 W285

m� 2) globally integrated net heat �ux imbalance (see Fig. 2 Valdivieso et al. (2017)). That makes them suitable to quantify the

impact that different heat �ux products have on GMSL budgets. Both mass �ux products may inadequately represent barystatic

contributions to sea level (included inR or I ). For the OA �ux is has to be part of the runoff term, through river discharge,

while CORE has added extra mass �ux from Antarctica that is not included in OA. This study does not examine the details

of the mass or heat �ux products, and will only provide the impact on sea level that different products have. This will allow290

contrast and compare the magnitude of uncertainties between mass or heat �ux estimates relative to other non-Boussinesq

effects. In the next subsection it is discussed how these products are adapted to be globally balanced. The geothermal heat �ux

product is given by de Lavergne et al. (2015), based on Goutorbe et al. (2011).
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3.5.1 Balanced boundary mass and heat �uxes

To quantify nonlinear thermal expansion, this study uses an arti�cially balanced mass and heat �ux product that is applied to295

the 'standard year' climatology. Meaning there is no net global heat �ux that leads to climate change induced sea level rise, or

GMSL rise due to land-ice melt. The exact procedure is given in Appendix E, but the overarching idea is that the total global

imbalance is redistributed over each grid point for all contributing �uxes, and proportional to the magnitude of the local �ux.

This assumes that if at a given time and location the �ux is large, that the error is also larger and it can compensate a larger

proportion of the total imbalance. The result is a global net-zero mass and heat �ux. This method is applied to both mass and300

heat �uxes of OA and CORE and referred to as the "balanced" products.

3.6 Shortwave radiation (SWR) depth penetration parameterization

SWR that reaches the surface of the ocean, is redistributed with depth using a structure functionF (z) (see Eq. B4). The vertical

distribution of the SWR will lead to density changes over a range of depths, instead of only at the surface (Iudicone et al., 2011;

Groeskamp and Iudicone, 2018).F (z) can depend on factors such as water clarity and chlorophyll concentrations (Lewis et al.,305

1990; Morel and Antoine, 1994; Ohlmann, 2003). This study compares the impact on GMSL rise, using three different SWR

depth penetration parameterizations that are detailed in Eq. B7 in Appendix B. The general results that are presented in this

study and in particular in Table 2 use the parameterizationFMA94 from Morel and Antoine (1994) (Eq. B7). Differences with

other parameterizations are discussed in section 4.4. BecauseFMA94 depends on chlorophyll-a, a chlorophyll-a climatology

is constructed (similar as done in Groeskamp and Iudicone (2018)). This is based on a 9-km resolution monthly mean Sea-310

viewing Wide Field-of-view Sensor data. Data for the period 1997–2010 is used (Hu et al., 2012), which is spatially averaged

to the WOA climatology, and subsequently time averaging for each calendar month. This process provides a standard year of

monthly means that should be a good �rst order estimate of the decay factors inFMA94 for the purposes of this paper.

4 Results

This section discusses the results of the quanti�cation of local sea level evolution and GMSL rise due to the different processes315

described in section 2, in combination with the data described in section 3. The results are presented as spatial maps of sea

level rise in mm year� 1, and their global integrals. The given numbers for sea level rise and GMSL rise represent annual mean

values, based on a standard year (see section 3).

4.1 GMSL rise due to mass �uxes

Here the direct impact of ocean mass �uxes on sea level rise is discussed (section 2.1, Eq. 4). The indirect impact of mass320

�uxes on the salinity budget (Eq. 5) are discussed in section 4.2. The largest contributions to GMSL is due to PrecipitationP

(just over 1100 mm year� 1) and evaporationE (just below -1100 mm year� 1), and are of opposite sign. Some precipitation

falls on land and enters back via river runoff, which is why precipitation is a bit smaller and the difference is about that from
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Figure 1. The spatial impact of mass �uxes on sea level rise (mm year� 1) due to Evaporation (a), Precipitation (b), Runoff (c) and their sum

(d) for the CORE dataset. Derivations and discussion of these terms are found in sections 2.1, 3.5, 4.1, Eq. 4 and Table 2.

river runoff and of the order of 65-85 mm year� 1 (Table 2). The different impact on GMSL between CORE and OA due to

E , R andP is 65, 19 and 7 mm year� 1, respectively. ForR this is probably related to Antarctic runoff added in the CORE325

product that is not included in OA. ForE andP such differences may arise from different bulk transfer algorithms, calibration

protocols and reason for which a product is designed. The total difference in GMSL rise between CORE and OA is about 40

mm year� 1, ten times the observed rates of current sea level rise. This means that uncertainties between the products, also

swamp the impact of poorly represented barystatic sea level changes of approximately 2 mm year� 1. This clearly indicates the

dif�culty to accurate represent mass �uxes into the ocean and the impact this could have on sea level rise calculations.330

Resulting spatial patterns of sea level evolution die toE , P andR are a direct re�ection of well-known evaporation, pre-

cipitation and runoff patterns (Fig. 1). Sea level decreases in subtropical regions where evaporation dominates, while sea level

increases at higher latitudes and equatorial regions where precipitation dominates (Fig. 1d).

When examining the GMSL changes due to the constructed balanced mass �ux products of CORE and OA (section 3.5.1

and Appendix E), the net change in GMSL is of the order of 0.1 mm year� 1, similar to that found by (Grif�es and Greatbatch,335

2012) in a numerical model. This is a consequence of mass entering the ocean at higher densities (higher latitudes), while

leaving the ocean at lower densities (lower latitudes, Eq. 1).
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GMSL in mm year� 1 Normal Balanced

CORE OA Core OA

Total Mass -35 3.3 0.11 0.05

Evaporation -1185 -1120 -1167 -1121

Precipitation 1064 1057 1080 1055

Runoff 85 66 87 66

Total Freshwater -1.2 -0.24 -0.27 -0.33

Evaporation -30 -29 -30 -29

Precipitation 27 27 28 27

Runoff 2.1 1.5 2.1 1.5

Total Heat 13 57 5.8 1.0

Longwave -99 -92 -101 -100

Shortwave 339 356 335 326

Latent heat -203 -189 -205 -205

Sensible heat -23 -18 -24 -19

Table 2.Area weighted GMSL rise in mm year� 1 , calculated using Eq. 2 for surface mass �uxes (�rst 4 rows), freshwater �uxes (row 5-8)

and heat �uxes (row 10-14). Mass and freshwater �uxes are due to evaporation, precipitation, and runoff, while heat �uxes include radiative

�uxes (longwave and shortwave) and turbulent �uxes of latent heat and sensible heat. Bold indicate their sums. See also sections 2.2, 4.1-4.3,

Eq. 4, 5 and Figs. 1, 2 and 3.

4.2 GMSL rise due to the surface freshwater �ux

The mass �ux (Eq. 3) is also a freshwater �ux (Eq. B1) that can be calculated into an equivalent salt-�ux that alters salinity

and therewith density and sea level (section 2.2, Huang (1993); Nurser and Grif�es (2019); Groeskamp et al. (2019b)). The340

difference between the mass �ux and salt �ux is only a factor�S A , meaning that the impact of the salt �uxes on local and

GMSL rise is almost 40 times smaller than the direct impact of the individual mass �ux terms (Table 2). The impact on GMSL

rise due to freshening resulting from precipitation is about 27 mm year� 1, a bit smaller than the impact from evaporation of

about -30 mm year� 1 (Table 2). The residual is covered by the impact on freshening by river runoff (about 2 mm year� 1).

Resulting patterns of sea level evolution are different fromE, P andR by the factor�S A , but overall comparable (Fig. 2).345

Hence, as for the mass �ux, sea level decreases in subtropical regions where evaporation dominates, while sea level increases

at higher latitudes and equatorial regions where precipitation dominates (Fig. 2d).

The net impact of freshwater �uxes are about -1 mm year� 1, with the difference between OA and CORE being about the

same size and thus of the same order as observed GMSL rise. As for the balanced mass �ux products, the resulting "nonlinear

haline expansion" leads to GMSL change of about� 0:3 mm year� 1 for both products, which is of the same order of magnitude350

as found by Grif�es and Greatbatch (2012). This is nonzero as the balanced mass �ux is weighted by the factor�S A , which

leads to a net GMSL rise that is non-negligible, but almost an order of magnitude smaller than observed GMSL rise.
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Figure 2. The spatial impact of freshwater �uxes on sea level rise (mm year� 1) due to Evaporation (a), Precipitation (b), Runoff (c) and their

sum (d). Results are shown for the CORE dataset. Derivations and discussion of these terms are found in sections 2.2, 3.5, 4.2, Eq. 5 and

Table 2.

4.3 GMSL rise due to the surface heat �ux

This section presents the effect of the sensible heat �ux, latent heat �ux and long-wave heat �ux that are exchanged at the

oceans surface on local and GMSL rise (section 2.2). Also, the impact on GMSL rise due to shortwave radiative heat �ux355

is presented, that may penetrate deeper into the ocean (section 3.6, Table 2 and Fig. 3). The shortwave heat �ux leads to an

increase in sea level, where the other heat �uxes lead to a decrease. Their individual impacts on GMSL vary between -200 mm

year� 1 to 350 mm year� 1(Table 2). The total net impact of heat �ux is about 10-50 mm year� 1, i.e. with a difference between

the two products of about 40 mm year� 1, comparable to that due to global mass �uxes. This difference is not unexpected as

heat �ux products are notoriously dif�cult to close (Josey et al., 1999; Yu, 2019). A net global heat �ux of 0.3 W m� 2 is enough360

to explain the observed increase in global heat content (Domingues et al., 2008; Ishii and Kimoto, 2009; Levitus et al., 2012;

Lyman and Johnson, 2013), while imbalances up to 30 W m� 2 are not uncommon for available heat �ux products (Balmaseda

et al., 2015; Valdivieso et al., 2017). The CORE and OA �ux products have some of the largest difference in net heat �ux

(Valdivieso et al., 2017), meaning that these results should be a good indication of the range that can be expected from the

impact of heat �uxes on GMSL.365

Resulting patterns of sea level evolution (Fig. 3) are a direct re�ection of heat �ux patterns themselves that can be found in

many different studies (Josey et al., 1999; Yu, 2019; Tang et al., 2024). Of interest is the distribution of these �uxes, showing

warming around the equator and cooling at western boundary currents and higher latitudes (Fig. 3e). As the thermal expansion
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coef�cient can vary up to a factor of 10 (especially with latitude), this leads to differently weighted impact of warming and

cooling on sea level.370

Nonlinear thermal expansion is calculated using the balanced heat �ux products (so no expansion due to net warming, see

section 3.5.1) and estimated to be 1 - 6 mm year� 1. This is comparable to the 10 mm year� 1 found by Grif�es and Greatbatch

(2012) (their Fig. 7). Hence, both the magnitude of the nonlinear thermal expansion, as well as the difference between the

products, is of the same order as observed GMSL rise (4 mm year� 1). The differences are related to different emphases

between products in where heat leaves or enters the ocean, demonstrating the importance of carefully constructing heat �ux375

products. Note that the impact from both the nonlinear haline contraction and mass �uxes are about an order of magnitude

smaller than that from nonlinear thermal expansion (Table 2). In section 4.6 the balance between densi�cation upon mixing

and nonlinear thermal and haline expansion is examined.

4.4 GMSL rise due to different SWR penetration parameterizations

The total incoming SWR at the surface is vertically redistributed according to some vertical structure functionF (z) (section380

2.2, or Eq. B8). This means that a part of the heat reaching the surface is actually accumulating and transforming water below

the surface. Most often sub-surface temperatures will be cooler with a smaller thermal expansion coef�cient� , and thus a net

smaller volume increase compared to the hypothetical situation in which all SWR is absorbed at the surface. The results in

row 11 of Table 2 used the vertical distribution function of Morel and Antoine (1994) (Eq. B7). When the other two speci�ed

functions (section 4.4) are applied to the balanced products for CORE, the observed change in GMSL due to the total heat385

�ux is 4.7, 5.8, and 6.7 mm year� 1 for FPS77 , FMA94 (as above) andFSF , respectively. Taking the balanced products for

OA, this gives -0.05, 1.0 and 2.0 mm year� 1 for FPS77 , FMA94 (as above) andFSF , respectively. AsFPS77 allows for the

deepest penetration, this will lead to the least increase, followed byFMA94 andFSF . For the unbalanced heat�ux products

the difference due to different SWR parameterizations are similar (not shown). In conclusion, GMSL rise can change 1.0 mm

year� 1, depending on the the choice of SWR depth penetration parameterization.390

4.5 GMSL rise due to geothermal heating

Geothermal heat injection from the sea �oor leads to sea water expansion and local sea level rise. This predominantly occurs

along ocean ridges, with additional hot-spots in the Caribbean Sea and the waters around South East Asia (Fig. 4). The large

ocean basins have values that are an order of magnitude lower, but cover large surface areas. The total impact of geothermal

heating on GMSL is 0.08 mm year� 1. This is relatively small compared to other processes (Table 6) and is exactly similar to395

that calculated in a numerical model (Grif�es and Greatbatch, 2012) (their Table 1).

4.6 GMSL rise due to mixing

Here the impact on GMSL due to mixing processes are quanti�ed (Section 2.3, Eq. 6). The impact on GMSL rise by both

constant diffusivities as well as the more realistic spatially varying diffusivities (section 3) are compared and contrasted. This
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Figure 3. The spatial impact of heat �uxes on sea level rise (mm year� 1) due to latent heat �ux (a), sensible heat �ux (b), longwave heat

�ux (c), shortwave heat �ux (d) and their sum (e). For SWR penetration the Morel and Antoine (1994) parameterization is used (Eq. B7).

Derivations and discussion of these terms are found in sections 2.2, 3.5, 4.3, Eq. 5, and Table 2.
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Figure 4. The spatial impact on sea level rise (mm year� 1) by geothermal heating, which is derived and discussed in sections 2.2, 3.5, 4.5,

Eq. 5, and Table 6.

gauges the range of possible outcomes of the impact on GMSL rise due to using different mixing parameterizations. The results400

for a constant diffusivity are simply proportional to the diffusivity, and can therefore easily be rescaled with a different constant

diffusivity in mind.

For variable diffusivities, the largest impact on GMSL is by vertical cabbeling (-2 mm year� 1), and to a lesser extent by

horizontal (-0.4 mm year� 1) and neutral cabbeling (-0.5 mm year� 1). Together decreasing GMSL with a rate of about -3 mm

year� 1 (Table 3). Somewhat important are vertical thermobaricity (0.2 mm year� 1) and the bottom boundary condition term405

(-0.1 mm year� 1). All other mixing-related terms have an almost negligible impact on GMSL rise (Table 3).

The use of a constant diffusivity is an overly simplistic alternative that instead might overestimate the impact of vertical

mixing and results inD constant > D (x;y;z) in the upper 2500 meter of the ocean. This explains the difference of a factor 5 in

GMSL rise due to vertical cabbeling, between using a variable or constant vertical diffusivityD . The best way to narrow down

this estimate is to �rst include an observational-based estimate of a surface layer boundary mixing scheme, which is beyond410

the scope of this study.

Taken together, the total impact of all mixing on GMSL rise is between -3 and -11 mm year� 1. This indicates that both

the impact of mixing itself, as well as the difference between mixing parameterizations, are of the same order as the observed

GMSL rise. In addition, the impact of mixing is comparable in magnitude and of opposite sign to that by nonlinear thermal

expansion (Table 2, section 4.3), suggesting that densi�cation upon mixing can counteract expansion due to nonlinear thermal415

expansion.

Vertical cabbeling takes place where there is vertical mixing by internal waves (de Lavergne et al., 2020) in combination with

vertical gradients of temperature and salinity (Eq. C22), which is mostly around topography (Fig. 5a). Although the integrated

impact of vertical diffusion on GMSL rise is comparable to that found in Grif�es and Greatbatch (2012), the spatial structure of

this effect is very different (their �gure 10a). The differences between these studies is best explained by the different diffusivity420

parameterizations. Vertical thermobaricity is of opposite sign to cabbeling and smaller, this increasing sea level at locations

where vertical cabbeling is also strong (Fig. 5d).
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Process: Variable Diffusion Constant Diffusion

Total (unit of mm year� 1) -2.8 -11

Cabbeling VerticalPverr
C b

-2.0 -10

Cabbeling HorizontalPhor
C b

-0.48 -0.75

Cabbeling NeutralPntr
C b

-0.44 -0.41

Thermobaricity VerticalPver
T b

0.16 0.49

Bottom Bdy-termR hor � r H (� H ) -0.12 -9.0 x 10� 2

Thermobaricity NeutralPntr
T b

-3.7 x 10� 2 -2.7 x 10� 2

D � 1 jR ver j2-term -1.4 x 10� 2 -9.5 x 10� 2

K � 1
H

�
�R hor

�
�2

-term -3.3 x 10� 3 -2.9 x 10� 3

�g� k � R ver -term -6.0 x 10� 3 -2.3 x 10� 2

Surface Bdy-termR hor � r H (� ) -2.5 x 10� 5 -3.7 x 10� 5

Thermobaricity HorizontalPhor
T b

1.5 x 10� 5 2.2 x 10� 5

Table 3. Area weighted GMSL rise in mm year� 1 , calculated using Eq. 2 for different mixing terms as described in section 2.3 and Eq. 6

and shown in Figs. 5 and 6.

Neutral temperature and salinity gradients are particularly strong in the Southern Ocean at mid-depths, near western bound-

ary currents and to a lesser extent in the major ocean basins (Groeskamp et al., 2019a). The mesoscale diffusivity are partic-

ularly strong near western boundary currents and in some of the subtropical regions (Groeskamp et al., 2020). Together this425

means the impact of neutral cabbeling on sea level rise is mostly centered around western boundary currents and to some extent

in the Southern Ocean (Fig. 5c). This is expected, as other studies also found these location to be a hotspot for neutral cabbel-

ing (Groeskamp et al., 2016; Klocker and McDougall, 2010; Grif�es and Greatbatch, 2012; Urakawa and Hasumi, 2012). For

similar reasons, neutral thermobaricity is large in many of the same places as neutral cabbeling, but is generally smaller and

can lead to both sea level rise and fall (Fig. 5e). Horizontal cabbeling is de�ned using the same diffusivity as neutral mixing,430

but only in the mixed layer. This means it is more pronounced where mixed layers are also deeper (Fig. 5b), such as in the

Southern Ocean and the North Atlantic (de Boyer Montégut et al., 2004).

Overall mixing decreases sea level (Fig. 5f), with the largest impact where the different cabbeling processes are strong. The

spatial distribution of the small (negligible) terms are shown for completeness (Fig. 6), but not further discussed.

4.7 GMSL rise due to stirring435

The impact of stirring on sea level (section 2.4, Eq. 11) is investigated by comparing results using a constant mesoscale

diffusivity to that using a spatially varying mesoscale diffusivity (section 3.2). There are only three terms contributing to

stirring, of which the �rst term is zero after global integration (Eq. 11). Of the remaining two terms, the production termPstir

has a non negligible impact on GMSL rise of about -0.4 to -0.6 mm year� 1 (Table 4), that is about 8 times smaller than observed

GMSL rise.440
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Figure 5. The spatial impact on sea level rise (mm year� 1) by the most important mixing terms, due to vertical cabbeling (a), horizontal

cabbeling (b), neutral cabbeling (c), vertical thermobaricity (d), Neutral Thermobaricity (e) and the sum of all mixing terms (f), including

the ones shown in Fig. 6. The mixing terms are derived and discussed in sections 2.3, 3.2, 4.6, Eq. 6, and Table 3.
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Figure 6. The spatial impact on sea level rise (mm year� 1) by the mixing terms with a small impact. Shown are the bottom boundary

term (a), horizontal thermobaricity (b), diffusion-density interaction with horizontal mixingK � 1
H

�
�R hor

�
�2

-term (c), the diffusion-density

interaction with vertical mixingD � 1 jR ver j2-term (d), diffusion-density interaction with horizontal mixing�g� k � R ver -term (e), and the

surface Boundary termR hor � r H (� ) (f). Note the multiplication factor given in the title, which is used for all terms to have the same

color-scale. The mixing terms are derived and discussed in sections 2.3, 3.2, 4.6, Eq. 6, and Table 3.
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Process Variable Diffusion Constant Diffusion

mm year� 1 mm year� 1

Total -0.55 -0.36

Production by StirringPstir -0.53 -0.35

R stir � r ln � -term -1.4 x 10� 2 -9.1 x 10� 3

Table 4.Area weighted GMSL rise in mm year� 1 , calculated using Eq. 2 for stirring. See also sections 2.4, 4.7, Eq. 11 and Fig. 7.

Figure 7.The spatial impact of the stirring terms on sea level rise (mm year� 1), due to stirring production term (a) and theR stir � r ln � -term

(b). Note the multiplication factor given in the title of panel b. The stirring terms are derived and discussed in sections 2.4, 3.2, 4.7, Eq. 11,

and Table 4.

The stirring parameterization includes a factorK S (Eq. D6), causing the main impact on sea level to be where the combina-

tion of both neutral slopes and mesoscale diffusivity are large. This is between 40� S an 50� S and in western boundary currents

(Fig. 7). Although its global mean impact is moderate, it could locally be important.

4.8 GMSL rise due to Non-Neutrality

Here the impact of non-neutrality on GMSL is quanti�ed (Section 2.5, Eq. 14). As explained in section 3.3, two methods are445

used for calculating neutral slopes and gradients. The results from the VENM algorithm is used as perfectly neutral in Eq. 14,

while using the results from the local method as ntr. As VENM is not perfectly neutral, the results should be interpret as the

order of magnitude of the improvement that can be made when accurate neutral physics is implemented.

The �rst (non-divergent) term in Eq. 14 has no net contribution to GMSL rise by construction and is discussed in section 4.9.

The three non-neutral terms that are related toR ntr (Eq. 14), all have very small contribution to GMSL (Table 5, Fig. 8c,d,e).450

Note these can be directly calculated using the gradients obtained from the VENM method, and these terms would be larger

when using the local method as that is much less neutral and more irregular (Groeskamp et al., 2019a). However, these terms

are small, even when using the local method, and are not further discussed.
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Process Variable Diffusion Constant Diffusion

mm year� 1 mm year� 1

Total -2.7 -2.4

Pntr � P(perfectly neutral) -2.5 -2.2
@�
@t

�
�non � neutral

stirring
-term -0.16 -0.13

Bottom Bdy-termR ntr � r H (� H ) -7.4 x 10� 4 -4.4 x 10� 2

� r N P � R ntr -term 1.8 x 10� 5 6.4 x 10� 5

K � 1
N

�
�R ntr

�
�2-term -1.1 x 10� 6 -5.5 x 10� 6

Table 5.Area weighted GMSL rise in mm year� 1 , calculated using Eq. 2 for non-neutral terms. See also sections 2.5, 4.8, Eq. 14 and Fig. 8.

The main impact of non-neutrality to GMSL rise comes from the neutral cabbeling and thermobaricity terms (-2.5 mm

year� 1), and to a lesser extent from eddy stirring (-0.2 mm year� 1). The impact of calculating these terms using different455

methods is in total about -3 mm year� 1, with a small impact from the difference in diffusivity. This means that the use of the

local method makes an error of at least the same order of magnitude as observed GMSL rise rates themselves.

4.9 GMSL redistribution terms

The four redistribution terms that have local impact on sea level, but no net impact on GMSL, are from ocean currents (Eq. 10,

section 2.4), from horizontal diffusion (Eq. 6, section 2.3), from neutral diffusion (a non-neutrality term, Eq. 14, section 2.5)460

and from stirring (Eq. 11, section 2.4). The redistribution terms have a large impact on local sea level rise (except the neutral

term). The largest impact on local sea level is by dynamical sea level changes (Fig. 9d). In all cases, clear patterns of positive

and negative change exist due to the divergence operator (Fig. 9). The shape and location of these patterns are related to speci�c

processes. For example; the horizontal diffusion redistributes volume from the subtropics to the equator, while stirring does this

within western boundary currents. Overall these results are not further examined, but the �gures are provided for completeness.465

5 Summary and Discussion

Observation-based mass and heat �uxes are by far the largest contributors to GMSL changes, but they are notoriously hard to

balance due to a lack of observational constraints. For example, the GMSL rise estimates based on the mass �ux (-35 to 3 mm

year� 1, Table 6) or the heat �ux (13 to 57 mm year� 1, Table 6) are both about ten times larger than the observed GMSL rise

(4 mm year� 1). For comparison, Grif�es and Greatbatch (2012) found the net impact of the ocean mass �ux on sea level to be470

0.8 mm year� 1 in a numerical model environment (their Fig. 2). The impact on GMSL rise estimated from different heat and

mass �uxes is also about ten times larger than the observed GMSL rise. The main source of these differences for mass �ux

products is the representation of ocean evaporation and precipitation processes (Section 4.1 and Table 6), which overwhelm

uncertainties in the representation of barystatic sea level rise. Similarly, different bulk formulas and choices in calculating heat

�uxes may have a large impact on GMSL rise. Improving the mass and heat �ux products is beyond the scope of this study.475
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Figure 8. The spatial impact of the non-neutral terms on sea level rise (mm year� 1), due to the production terms (a), the stirring production

term (b), theK � 1
N

�
�R ntr

�
�2-term (c), the bottom boundary term (d), the� r N P � R ntr -term (e), and the sum of all these terms (f). Note the

multiplication factor given in some of the titles, which is used for all terms to have the same color-scale. The non-neutral terms are derived

and discussed in sections 2.5, 3.3, 4.8, Eq. 14, and Table 5.
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