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Abstract. In this work, we present a source code for computing the diathermohaline stream function, enabling the analysis

of Water Mass Transformation from gridded ocean data within the thermohaline framework. This implementation extends

previous versions by increasing the precision of the projection from geographical to thermohaline space. Using Helmholtz

decomposition, the stream function represents the rotational component of thermohaline transformation vectors, while the

divergent component defines the tendency potential. We show that the dominant global driver of the tendency potential is5

the net freshwater imbalance across the ocean boundary. Together, the tendency potential and the diathermohaline stream

function provide a powerful yet underutilized method for comparing global Water Mass Transformation across ocean models.

We demonstrate the utility of this framework using data from a coupled climate model, hindcast simulations, and an ocean

reanalysis product, all based on the NEMO ocean model and spanning multiple spatial resolutions. The implementation is

modular and user friendly, facilitating straightforward application to a wide range of oceanographic data sets. The code can10

also be applied to study water mass transformation using any tracer coordinates and to compute the meridional overturning

stream function for generalised coordinates.

1 Introduction

The ocean plays an important role for the climate system by redistributing freshwater and heat around the Earth. Understand-

ing the transformations of water mass properties is crucial when investigating the global ocean circulation (e.g Marshall and15

Speer, 2012) and its response to global warming. Water mass transformation (WMT) occurs to a large extent through air–sea

interactions, which increase temperature and salinity gradients, and thus modify the buoyancy of water masses (e.g. Hierony-

mus et al., 2014). The main drivers are precipitation, evaporation, latent, sensible, and radiative heating and cooling, as well

as river runoff, sea–ice melting, and brine rejection (Groeskamp et al., 2019). As heat fluxes increase the ocean’s temperature

particularly in tropical regions, the heat is further transported from low to high latitudes and thus, must also cross isotherms20

(Holmes et al., 2019). This diathermal heat transport balances the surface forcing through small-scale diffusive processes in the

ocean’s interior (Döös et al., 2012; Pemberton et al., 2015). Although these mixing processes are relatively weak, they act on

a large volume and accordingly relax the gradients of temperature and salinity. These perspectives make WMT a fundamental

concept for studying the ocean circulation. (Compare also Groeskamp et al., 2019, for a detailed review.)
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The WMT framework was formalised by Walin in 1977 and 1982, when investigating ocean circulation in salinity and25

temperature, which led to a significant improvement of the knowledge gained previously by e.g. earlier box-model approaches.

Several subsequent studies used this framework (e.g. Zika et al., 2015; Skliris et al., 2016, 2018) and extended the WMT

approach to other ocean properties, such as density and buoyancy, broadening its relevance for diagnosing the mechanisms

that drive the global circulation (e.g. Speer, 1997; Marshall et al., 1999; Nurser et al., 1999; Isachsen et al., 2007; Iudicone

et al., 2008; Evans et al., 2017). A package for WMT diagnostics in ocean models was recently developed by Drake et al.30

(2025). Another major advance has been the use of stream functions in tracer space to provide compact representations of the

circulation and the WMT. Döös and Webb (1994) demonstrated that representing the overturning circulation in latitude–density

stream function removes the Deacon cell, a pronounced feature in latitude–depth coordinates, clarifying the role of isopycnal

pathways and highlights the limitations of zonally integrated latitude–depth representations. Defining stream function in depth–

density coordinates reveals whether the cell is driven thermally or mechanically (Nycander et al., 2007). These developments35

show the power of stream function diagnostics for revealing how water masses circulate and transform.

Building on those developments, Döös et al. (2012) and Zika et al. (2012) independently introduced the thermohaline stream

function, representing only the advective modification of water mass temperature and salinity. Groeskamp et al. (2014) ex-

tended this concept to the diathermohaline stream function by incorporating non-advective displacements of isotherms and

isohalines associated with diffusive processes and surface forcing. Applying analogous ideas to the atmosphere yields the hy-40

drothermal stream function, which can be used to analyse atmospheric heat transport in latent heat and dry static energy, and its

changes under climate forcing (Kjellsson et al., 2014; Kjellsson, 2015). Linking the oceanic diathermohaline and atmospheric

hydrothermal stream functions shows that they are connected through exchanges of heat and freshwater across the sea surface

(Döös et al., 2017). This demonstrates how tracer–space stream functions offer a concise and physically consistent framework

for analysing these transformations.45

Due to this condensed representation of ocean dynamics and its WMT, the diathermohaline stream function is a powerful

diagnostic for comparing gridded ocean data (Groeskamp et al., 2014). Despite these advantages, the practical application of

the diathermohaline stream function remains challenging. For its computation, ocean fields must be fully resolved in both space

and time but observations of dynamical quantities rarely meet this requirement (Groeskamp et al., 2019). This makes ocean

models particularly well suited for applications of the diathermohaline stream function, including model intercomparison50

projects. Nevertheless, it remains seldom used in such studies. To address these limitations, we present a modular Fortran

code for computing the diathermohaline stream function, extending previous implementations used by Döös et al. (2012);

Kjellsson et al. (2014); Ballarotta et al. (2014); Döös et al. (2017), through a more accurate projection of volume transports

into thermohaline space. The code is designed to be easily adapted to other data sets. We demonstrate its utility by analysing

present day (PD) data of a coupled climate model, ocean hindcast simulations of different horizontal resolutions and an ocean55

reanalysis product, all based on NEMO. Furthermore, we analyse a pre-industrial (PI) simulation and several climate scenarios

of the coupled climate model. This illustrates how the diathermohaline stream function can contribute to comparison projects

of gridded ocean data. The data sets provide differing sets of available model variables, and we assess the sensitivity of the
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resulting diathermohaline stream functions to these differences. As validation data set, we use a ten year pre-industrial (PI)

simulation from the Earth System Model EC-Earth3-Veg.60

The paper is organised as follows. Sect. 2 presents the mathematical formulation and numerical implementation of the

diathermohaline stream function. It is based on the Helmholtz decomposition, ensuring that the stream function is divergence

free and contains no sinks and sources. We give a review of the studies that discuss the WMT shown by the diathermohaline

stream function. The non-rotative part is represented by the tendency potential that we analyse as a result of the freshwater

fluxes at the sea surface. Sect. 3 describes the data sets used, and Sect. 4 quantifies the sensitivity of the stream function to65

different model output variables. Sect. 5 compares the diathermohaline stream function across the NEMO configurations, and

Sect. 6 discusses these results in relation to the water-volume distributions of the ocean basins in the given data sets. Sect. 7

concludes and gives final remarks. In the Appendix, we provide a sensitivity study of the stream function and the tendency

potential on the thermohaline space resolution.

2 Method70

2.1 Mathematical formulation

The definition of the diathermohaline stream function follows Döös et al. (2017), whereby the total tendencies of salinity and

potential temperature are the sum of the advection by ocean currents and the time dependent, non-advective, displacements of

the isosurfaces:

Ṡ′ (x,y,z, t) =
DS

Dt
=
∂S

∂t
+u · ∇S and (1a)75

θ̇′ (x,y,z, t) =
Dθ

Dt
=
∂θ

∂t
+u · ∇θ, (1b)

with u= (u,v,w) the three-dimensional velocity vector. The tendencies have the units Ṡ′
(
psu s−1

)
and θ̇′

(◦Cs−1
)

and are

defined in physical space, indicated by primes. The tendencies are projected onto thermohaline space by

Ṡ (S,θ) =
1

t1 − t0

t1∫

t0

∫

Ω

δ [S−S′ (x,y,z, t)]δ [θ− θ′ (x,y,z, t)] Ṡ′dV dt and (2a)

θ̇ (S,θ) =
1

t1 − t0

t1∫

t0

∫

Ω

δ [S−S′ (x,y,z, t)]δ [θ− θ′ (x,y,z, t)] θ̇′dV dt, (2b)80

with an integration over the whole ocean volume Ω and a time average for the period from t0 to t1. The Dirac delta function

is defined as
∫ x+ϵ

x−ϵ
δ [x]dx= 1 with ϵ > 0 and δ [x] = 0 for x ̸= 0 and has the inverse unit of its argument. Thus, the projected

tendencies have the units of Ṡ
(
m3 s−1 ◦C−1

)
and θ̇

(
m3s−1 psu−1

)
.

Defining stream functions is possible for divergence-free vector fields. The oceans’ diahaline and diathermal tendencies are

not purely rotational but incorporate a divergent component, arising from trends in salinity and potential temperature as well85

as net fluxes through the sea surface. Moreover, the averaging periods do not fully represent the ocean’s natural variability, and
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numerical model truncations and drift also contribute to the non-rotational component (Döös et al., 2017). Therefore the vector

field
(
Ṡ, θ̇
)

is separated into its rotational and divergent components by Helmholtz decomposition (Li et al., 2006; Watterson,

2001; Shukla and Saha, 1974). Using the non-dimensional nabla operator ∇S,θ =
(
∆S ∂

∂S ,∆θ
∂
∂θ

)
, the stream function ψ and

the tendency potential χ are defined by the rational and the divergent part of the tendencies respectively:90

∇2
S,θψ = (∆S)

2 ∂θ̇

∂S
− (∆θ)

2 ∂Ṡ

∂θ
and (3a)

∇2
S,θχ=∆S∆θ

(
∂Ṡ

∂S
+
∂θ̇

∂θ

)
. (3b)

The solutions of the Poisson equations Eq. (3) are the stream function ψ and the tendency potential χ. It is worth noting that

the stream function shows the rotational part of the WMT resulting from, such as air–sea interaction and mixing processes,95

that act such that the global water volume reaches the same state in thermohaline coordinates within the considered time

period. The tendency potential represents the WMT that is irrotational. It contains for example the sinks and sources of mass

due to net evaporation and precipitation or internal variability in a global perspective represented in the thermohaline space.

Consequently, the tendency potential is generally non-zero, even when the ocean was in a steady state, reflecting sources and

sinks of mass in thermohaline space.100

2.2 Numerical implementation

The implementation of the diathermohaline stream function is a further development of the ones by Döös et al. (2012); Kjells-

son et al. (2014); Ballarotta et al. (2014); Döös et al. (2017). Its computation requires total tendencies (Eqs. (1)) that consist of

the non-advective displacement of isosurfaces and the advective terms. For the projection of the advective terms from physical

to thermohaline coordinates (Eqs. (2)), we use the zonal, meridional and vertical volume transports U̇, V̇,Ẇ
(
m3 s−1

)
. The105

horizontal volume transports are either taken from the model output files or computed from the model velocity fields with the

model layer thicknesses. The volume transports in the vertical direction Ẇ are computed using the continuity equation. Figure

1 visualises the projection of the zonal volume transport U̇ (x,y,z) onto thermohaline space for Ṡ (S,θ) in the upper row and

θ̇ (S,θ) in the bottom row. The meridional and vertical indices j,k are removed from the graphics for better readability. During

the computation of Ṡ (S,θ), the volume transport U̇i,j,k is added to all isohalines ( m, m+1 and m+2) that are crossed. The110

linear slope ∆S/∆θ between the two grid cells celli and celli+1 in thermohaline coordinates is used to find the corresponding

temperature index. Thus, U̇i,j,k is added to the salinity tendencies Ṡm,l, Ṡm+1,l−1 and Ṡm+2,l−2. This way of determining the

corresponding temperature index is improved in precision compared to the previous versions, where the temperature index has

been kept constant for all crossed isohalines.

The computation of the temperature tendency is done in a similar manner. In Fig. 1, the transport crosses the isotherm l115

and l− 1. By applying a linear slope in thermohaline coordinates, the corresponding salinity indices are determined as θ̇m,l

and θ̇m+1,l−1. It is worth noticing, that the implementation evaluates one grid cell after another and considers the transports

through all six adjacent cells when evaluating a single cell. This has the consequence that transports through grid cell walls is
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Figure 1. Visualisation of projecting the advective terms from geographical space (panels a) and c)) onto thermohaline space (panels b) and

d)) for the example of zonal volume transport U̇i between the grid celli and celli+1. For simplicity, the meridional and vertical indices j and

k are removed from the graphics. The upper (bottom) row shows the projection of the tendencies Ṡ (θ̇) whereby the volume transport U̇i is

added the isohalines (isotherms) that are crossed, indicated as bold lines. The corresponding index of the other tracer is determined by the

slope (∆θ/∆S) between the two grid cells in (S,θ) coordinates.

investigated twice. Therefore, the transports add only to the tendencies when the tracer gradient (∇S or ∇θ) along this transport

is positive and the tracer value in the adjacent grid cell is larger. This ensures that each volume transport is added only once120

to the tendencies. In case of the example in Fig 1, the volume transport U̇i is added to the tendency Ṡ (S,θ) when evaluating

grid celli, but it is added to the tendency θ̇ (S,θ) when evaluating grid celli+1 since the value of potential temperature of the

adjacent grid celli is larger.

The projection of the partial derivatives ∂S/∂t and ∂θ/∂t is done equivalent whereby each grid cell is compared in its

properties to the previous time step. The time averaged volume of the grid cell is divided by the time step length and added or125

subtracted from the tendencies when the tracer value in the past time step is smaller or larger respectively. To remove trends

from the data, the last time step is taken into account when ∂S/∂t and ∂θ/∂t is computed for the first time step in Eqs. (1).

Depending on the time period for which the stream function is computed, this might shift of the ocean volume in thermohaline

space due to internal variability.

The Poisson equations (Eqs. (3)) are solved iteratively with the Successive Over Relaxation algorithm (Döös et al., 2022)130

with the tendencies’ curl and the divergence as source terms for the diathermohaline stream function ψ and the tendency
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potential χ. The applied boundary conditions are homogeneous Dirichlet Boundary Conditions (ψ = χ= 0) on the convex hull

of the tendencies in thermohaline space with allowing for a small number of ϵ= 0.1Sv on the boundary. We show that the

diathermohaline stream function is independent to the discretisation of the the thermohaline space, but the potential appears

to be more sensitive while the general picture is robust here as well (shown in Appendix A). We speculate that this is caused135

by solving the discretised Eq. (3) using the definition of the non-dimensional nabla operator ∇2
S,θ. For the computation of the

stream function and the tendency potential of this study, we choose a discretisation of 500 bins for each tracer. With the ranges

of salinity from 30–40 psu and θ from -3–37 °C, our thermohaline space has a resolution of 0.02 psu and 0.08 °C.

2.3 Review of the diathermohaline stream function

The diathermohaline stream function (Fig. 2) is characterised by three major cells. The red clockwise Conveyor Belt cell is140

to a large extent – though not exclusively – the global Thermohaline Circulation (Döös et al., 2012; Zika et al., 2012) since

the subtropical gyres also contribute to it (Zika et al., 2013; Hieronymus et al., 2014). The blue anti-clockwise Tropical cell at

warm temperatures represents mainly the WMT in the Indo-Pacific predominately resulting from the upwelling and warm pool

and the wind driven tropical meridional cells (Döös et al., 2012). The blue anticlockwise Polar cell at colder temperatures is

associated mainly with advection in the Arctic region and, even more importantly, with processes in the Southern Ocean with145

Antarctic Bottom Water formation. In addition to these large-scale cells, a weaker anticlockwise cell appears at temperatures

2–10 °C and salinities 32.5–33.5 psu. Groeskamp et al. (2014) identified it as WMT by non-advective processes, specifically

a combination of cryospheric processes and seasonal radiative heating in the North Pacific.

Figure 2. Schematics of the diathermohaline stream function. Red stream function cells rotate clockwise and blue cells anti-clockwise. The

steps between the black contour lines are of 4 Sv starting with a magnitude of 1 Sv in both the clockwise and anticlockwise cells. The

computation of σ isopycnals are done with the Thermodynamic Equation Of Seawater - 2010 (TEOS-10); σ0 and σ2

(
kgm−3

)
are labelled

in back and grey respectively.
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The Conveyor Belt cell spans a broad interval in the thermal direction and has been the focus of multiple studies to reconnect

the sections (C1–C4 in Fig. 2) to geographical space and explain involved physical processes. First analyses refolded stream150

layers back into geographical coordinates (Döös et al., 2012; Zika et al., 2012) and identified the salinification branch (C1

in Fig. 2) at its warmest temperatures as warm and fresh waters flowing from the Pacific through the Indian Ocean into the

Atlantic (Döös et al., 2012). The subsequent cooling and freshening (C2 in Fig. 2) divide into two branches. Both originate

through surface fluxes, and further cooling and freshening along both branches arise from a combination of surface fluxes

and isoneutral diffusion (Hieronymus et al., 2014). The fresher branch is primarily located in the Indo-Pacific, while the saltier155

branch contains Atlantic water masses flowing northward. Berglund et al. (2017) simulated Lagrangian trajectories initialised at

17 °S with properties of South Atlantic Central Water, AAIW, and deep water. These trajectories terminated at 58 °N, at which

point most of the water masses had reached salinities between 34.5 and 35.5 psu and temperatures of 5–10 °C, characteristic

of North Atlantic central water and NADW. Major parts of the cooling and freshening occur along the northern flank of the

subtropical gyre, the North Atlantic drift and Gulf stream. In this region, water masses mix with those originating in the160

Labrador Sea and circulate within the subtropical gyre before flowing again northward. Berglund et al. (2017) also concluded

that further cooling and freshening takes place further north of 58 °N where North Atlantic Deep Water is formed at around

35 g kg−1 and 5 °C (Zika et al., 2013), mainly due to air–sea interaction since the mixed layer is usually deep (Berglund et al.,

2017).

In the Southern Ocean, the upwelling of deep water and formation of AAIW in the Southern Ocean (C3 in Fig. 2) are165

characterised by a net freshening and warming (Evans et al., 2018). In the annual mean, AAIW is destroyed by surface fluxes

while dianeutral and isoneutral diffusion act to produce AAIW (Hieronymus et al., 2014). However, Evans et al. (2018) showed

that the associated process exhibit a strong seasonality. During winter, AAIW is cooled by surface heat loss and salinified by

brine rejection. This dense winter water close to the freezing point mixes isoneutral below the surface with the Antarctic deep

water particularly in the Weddell gyre and Atlantic sector (Hieronymus et al., 2014; Evans et al., 2018). During summer,170

AAIW is formed, when the winter water is warmed by surface fluxes and freshened by sea ice melt (Evans et al., 2018). The

effect of the seasonality was also documented by Berglund et al. (2021) who found with Lagrangian simulations that waters

in the momentary mixed layer near the Antarcitc ice shelfs experience salinification that can be explained by brine rejection.

In contrast, the maximum mixed layer, show a strong freshening, especially in the Weddell Sea, corresponding to the net

freshening observed by Evans et al. (2014). Below the maximum mixed layer, salinity remains unchanged, highlighting the175

importance of seasonal air–ice–sea interaction.

The warming and salinification branch of the Conveyor Belt cell (C4 in Fig. 2) can be, to a large extent, explained by water

masses flowing from the Southern Ocean equatorward. Berglund et al. (2021) initiated Lagrangian trajectories in the Drake

Passage, and computed them from the 2 °C isotherm until they have reached the 25 °C isotherm. The Lagrangian stream

function of the northward flowing trajectories corresponds to the Eulerian stream function with 78 % at the 10 °C and 15 °C180

isotherm. This indicates that these pathways represents a major component of the Conveyor Belt cell part. The trajectories

follow the ACC, before they flow northward into the ocean basins in the east and turn westward in the subtropical gyres from

where they exit and continue northward without recirculation in the gyres. The net heat gain in the ACC is governed by a
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seasonality. Water cools within the momentary mixed layer during autumn and winter and warms in the maximum mixed layer

mainly during spring and summer. Further warming occurs in the subtropical gyres and at the equator due to surface fluxes185

and mixing with other, warmer water masses. Salinification takes place in the southern parts of the subtropical gyres due to

evaporation and in the eastern and northern parts of the subtropical gyres through mixing with other water masses below the

maximum mixed layer depth.

This salinification due to mixing was also discussed by Zika et al. (2013), who analysed the Conveyor Belt cell as a com-

bination of a deep, thermally indirect cell at colder temperatures and a warm, thermally direct surface cell. Both cells rotate190

clockwise in thermohaline coordinates and overlap in the thermohaline space at a potential temperature range of 12–15 °C.

This overlap is also visible in Fig. 2. Although, these cells are not connected in temperature-depth or in depth–latitude coordi-

nates, they form an interconnected circulation in thermohaline space because they involve the same water masses. Thus, they

constitute the Conveyor Belt cell. The thermally direct surface cell corresponds to the subtropical gyres, while the deep cell

represents the upper limb of the meridional overturning circulation. The salinity gain in the deep cell results primarily from195

mixing with the subtropical gyres.

The Tropical cell is determined by WMT in the Indo-Pacific (Döös et al., 2012) and can also be structured in four segments.

Firstly, a minimum temperature where water masses subduct into the thermocline adiabatically, from where they flow eastward

and equatorward, and upwell in the cold pool of the eastern Pacific (T1 in Fig 2). The second segment overlaps with the

salinification branch of the Conveyor Belt cell (T2 in Fig. 2). It is explainable by waters flowing westward while increasing200

in temperature and salinity due to surface fluxes that are opposed by isoneutral and dianeutral diffusion (Hieronymus et al.,

2014). The overlap implies that the Tropical cell and the Conveyor Belt cell partly cancel each other, and span, in fact, over a

larger region in the thermohaline space. As the water continues to flow westward (segment T3), the salinity decreases at nearly

constant temperatures since the warming by surface fluxes is opposed by dianeutral diffusion (Hieronymus et al., 2014). This

is followed by a cooling segment (T4), where salinity increases mainly due to dianeutral diffusion (Hieronymus et al., 2014).205

The Polar cell is primarily a result from WMT in the Southern Ocean. Stewart (2021) conducted a regional analysis of a

diathermohaline stream function in the Weddell Sea to examine WMT beneath ice shelves and the formation of Weddell Sea

Deep water, which contributes 40–50 % to the production of the Antarctic Bottom Water. The resulting diathermohaline stream

function appears in the structure of the global Polar cell with a magnitude of approximately -8 Sv, similar to the magnitude of

the Polar cell in Fig. 2, though extending to higher salinities. Stewart (2021) also found that the mean flow and eddies, defined210

as all processes on sub-monthly time scales, contribute nearly equally to the WMT in their regional diathermohaline stream

function.

2.4 Tendency potential

Döös et al. (2017) applied a Helmholtz decomposition for the computation of the diathermohaline stream function. They

discuss the tendency potential as a consequence of trends in salinity and temperature due to forcing, variability, model errors,215

and imperfect ocean mass conservation. Here, we investigate the contribution of the net sinks and sources from freshwater

fluxes across the oceans’ boundaries to the tendency potential. We use a historical simulation of 50 years with the EC-Earth3-

8
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Veg CMIP6 simulation (1851–1900) to limit the impact of climate change and to take inter decadal variability better into

account. We project the volume fluxes across the oceans’ boundaries (evaporation, precipitation, river run off, ice melting and

freezing) into thermohaline space (panel a) in Figure 3) and solve the Poisson equation with this quantity as source term (panel220

b) in Figure 3). Panel c) shows the tendency potential χ for which Eq. (3) is solved with the divergence of the tendencies as

source term.

Figure 3. Volume fluxes into the ocean in thermohaline space (panel a)), its solution of the Poisson equation (panel b)), and the tendency

potential χ (panel c)) for a CMIP6 EC-Earth3-Veg simulation (1851–1900). The black arrows in panel c) indicate the divergent parts of the

diathermohaline tendencies. The superimposed grey contour lines is the diathermohaline stream function in 4 Sv intervals starting with a

magnitude of 1 Sv for all cells. The isopycnals σ0 and σ2

(
kgm−3

)
are labelled in back and grey respectively.

The solutions of the two Poisson equations are in good agreement in magnitude and shape. Specifically, considering that

the quantity in the middle panel is computed on two-dimensional fields and the one in the right panel on three-dimensional

ocean data. Furthermore, both incorporate truncation errors caused by the projection from geographical space to thermohaline225

space. Thus, we argue that most of the tendency potential of the diathermohaline fluxes can be explained through the net fluxes

of freshwater that act as source term driving the potential. Contributions from mixing and model drift are minor. We further

include the diathermohaline stream function and superimpose it to Fig. 3 as grey contour lines. This combined representation is

in agreement with the discussion of Hieronymus et al. (2014) and Döös et al. (2017). The freshening branch in the Tropical cell

of the diathermohaline stream function aligns with net precipitation in the warm water pool. The warming and salinification230

sections of the Tropical and Conveyor Belt cell aligns with net evaporation in the subtropics and partly the tropics. The

freshening of the Polar cell and the Conveyor belt cell at cold temperatures is aligned with net precipitation in the polar

and subpolar regions.
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3 Data

3.1 Data description235

The diathermohaline stream function is computed for multiple data sets whereby all of them are based on the ocean model

NEMO (Madec et al., 2017). It uses the Boussinesq approximation with a reference density (ρ0) and only the hydrostatic

balance equation uses in situ density. The model conserves volume and the mass is a product of volume and ρ0 (Bacon et al.,

2015). They are defined on the ORCA tripolar grids of 1° and 1/12° horizontal resolution which correspond on the equator to

approximately 110 km and 9.3 km respectively. The grids are defined with a global orthogonal curvilinear ocean mesh with240

two North Poles over land to avoid singularities within the computational domain (Madec and Imbard, 1996). The ORCA grids

are of a C-grid structure with the scalar values defined in the centre of the grid cells and the transports and velocities defined

on the grid cell interfaces. All data sets are evaluated using monthly averaged data for the ten year time period 2003–2012 for

present day climate (PD).

The EC-Earth3-Veg model is a coupled earth system model where the ocean model is NEMO3.6 of 1° horizontal resolution245

and 75 vertical layers (Döscher et al., 2022). It is coupled to the Louvain-la-Neuve sea ice model LIM3, the atmosphere model

IFS 36r4, land surface component HTESSEL and the vegetation model LPJ-GUESS . Additional to the PD simulation, we

investigate pre-industrial (PI) for the years 1851–1860 and the climate scenarios ssp1-2.6, ssp3-7.0, ssp5-8.5 for the years

2091–2100 (SSP) (O’Neill et al., 2016). For all these CMIP6 simulation data we use the member r2i1p1f1 that is integrated

from the 500 years piControl simulation after model spin-up.250

The ocean-only (OGCM) simulations of 1° and 1/12° horizontal resolution, in the following called OGCM-1° and OGCM-

1/12°, are global ocean simulations with the NEMO version 3.6 and the coupled sea ice model LIM2 (Wilson et al., 2021).

Both model resolutions have 75 vertical model layers. The atmospheric forcing is the Drakkar forcing set (DFS) 5.2 (Dussin

et al., 2016). NEMO in the 1/12° resolution contains no parametrisations for the lateral mixing due to eddies since it is eddy-

resolving in most parts of the ocean (Bacon et al., 2015). Thus, the OGCM-1/12° data, contain the subgrid-scale diffusive255

parametrisations as part of the advective velocities (Wilson et al., 2021).

The GLORYS12 data set is a ocean reanalysis product with 1/12° horizontal resolution and 50 vertical layers. It is based

on the NEMO model version 3.1 the is coupled to the sea ice model LIM2 whereby its sea surface is forced by the ECMWF

ERA-Interim reanalysis data product (Jean-Michel et al., 2021). GLORYS12 is the only data set containing data assimilation

(DA) of SST, sea level anomaly, in situ temperature and salinity profiles, and sea ice concentration. The data set contains the260

river run off from the climatological run off by (Dai et al., 2009) and the freshwater fluxes from icebergs for Greenland and

Antarctica.

All NEMO data sets used here (OGCM simulations, EC-Earth3-Veg and GLORYS12) use a turbulent kinetic energy (TKE)

closure model for vertical eddy viscosity and diffusivity. The OGCM-1/12° and GLORYS12 data are "eddy-rich" and thus

contain the mesoscale eddy transports as part of the advective velocities (Wilson et al., 2021). Both ORCA1 configurations265

(EC-Earth3-Veg and OGCM-1°) use the Gent-McWilliams parametrisation (Gent and Mcwilliams, 1990) of mesoscale eddy-
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induced turbulence for the horizontal tracer diffusion (Treguier et al., 1997). They are included in the volume transports of the

EC-Earth3-Veg and are not used when calculating the OGCM-1° transports.

Zika et al. (2012) did investigations on the effect of the time mean eddy induced velocities with the University of Victoria

Climate Model with the ocean component Geophysical Fluid Dynamics Laboratory (GFDL) Modular Ocean Model version270

2.2 (MOM2) of 1.8° latitude and 3.6° longitude resolution. We repeat the investigations by Zika et al. (2012) for the NEMO3.6

model of 1° resolution using EC-Earth3-Veg simulation data for a pre-industrial time period of 10 years in Sect. 4 to determine

the effect of including the parameterised eddy transports or not.

3.2 Meridional overturning stream function

Figure 4 shows the zonally integrated global meridional overturning stream function in latitude–depth coordinates for all data275

sets (upper row) and as a function of of σ0, σ2, θ and S for the OGCM-1/12° as representative data set (lower row). Comparing

the different data sets, the bottom overturning cell (blue) and the Deacon cell of the EC-Earth3-Veg simulation has a weaker

magnitude compared to the other data sets. The OGCM-1° and OGCM-1/12° show a deeper surface cell in the Southern

Hemisphere compared to EC-Earth3-Veg and GLORYS12. The low-resolution models (EC-Earth3-Veg and OGCM-1°) both

exhibit weaker and shallower upper-ocean cells compared to the eddy-rich models (OGCM-1/12° and GLORYS12), likely due280

to them having a stronger AMOC which is a common feature in NEMO simulations (Roberts et al., 2020; Sieker et al., 2026).

The overturning cells are almost distinct hemispherical cells in the GLORYS12 data.

The overturning stream functions in the bottom row of Fig. 4 are computed by integrating over the axis of σ0,σ2,θ and

S respectively. Accordingly, open stream lines appear due to sinks and sources throughout the integration domain that in fact

occur at the sea surface due to evaporation and precipitation. These are not visible in depth coordinates since the the sea surface285

is the upper boundary for the integration. In tracer coordinates, however, the upper integration boundary is not necessarily on

the sea surface. One possibility would be to solve the overturning stream functions as well with Helmholtz decomposition to

separate first the sinks and source terms with a divergent part.

3.3 Area distribution function and comparison to satellite data

Since a significant part of the WMT takes place at the sea surface, an area distribution function a(S,θ) is defined and computed290

for all data sets following Hieronymus et al. (2014):

a(S,θ) =
1

t1 − t0

t1∫

t0

∂2A

∂S∂θ
dt (4)

where A=A(S,θ, t) is the volume with a salinity less than S and a temperature less then θ.

Figure 5 shows the area distributions for all data set and compares it to the area distribution of the satellite product SMOS-

SMAP (SSS SMOS/SMAP L4 OI - LOPS-v2023). This satellite data set is based on optimal interpolation methods of the ESA295

Soil Moisture and Ocean Salinity (SMOS) satellite and of the combined NASA Soil Moisture Active Passive (SMAP) satellite

data from 2015. It reduces the large-scale and time-varying bias from the subtropical to subpolar latitudes compared to other

11

https://doi.org/10.5194/egusphere-2026-3561
Preprint. Discussion started: 30 June 2026
c© Author(s) 2026. CC BY 4.0 License.



Figure 4. Meridional overturning stream functions as function of depth for the four different data sets described in Tab 1 (upper row) and

as function of σ0,σ2,θ and S for the OGCM-1/12° as representative data set (bottom row). Red stream function cells rotate clockwise and

blue cells anti-clockwise. The steps between the black contour lines are of 6 Sv starting with a magnitude of 3 Sv in both the clockwise and

anticlockwise cells. The dashed vertical lines in the upper row indicate the used Southern Ocean boundary used in Sect. 6.

satellite SSS products by correcting biases under the use of in situ observations mainly from Argo data. Kolodziejczyk et al.

(2021) gives a detailed description about the satellite data product SMOS-SMAP.

The overall structure of the distribution in thermohaline space is comparable between the satellite data and the model data.300

Specifically, the volume distributions of the high resolution simulation data the satellite data show a high degree of agreement

with the greatest deviation located close to the freezing line. Kolodziejczyk et al. (2021) discusses larger errors of the SSS

retrievals in the satellite data product in polar regions due to e.g. the SMOS and SMAP data resolution as well as limited Argo

data. It is noticeable that the coarse 1° resolution model data are covering less the extreme salinity values compared to the fine

resolution model data and the satellite data. The EC-Earth3-Veg data differ from the OGCM-1° data in terms of smoothness305

where some parts in temperature - salinity space do not show any surface water. The EC-Earth3-Veg simulation is using a free

simulation with a coupling to an atmospheric model while the OGCM is forced by atmospheric reanalysis data and is therefore

expected to represent the surface distribution more realistic. EC-Earth3-Veg has less water volume in the low temperature
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Figure 5. Area distribution functions a(S,θ) of global ocean surface water in thermohaline space of the four investigated data sets described

in Tab. 1 (panels a)-d)) and the satellite product SMOS-SMAP (panel e)). The isopycnals σ0 and σ2

(
kgm−3

)
are labelled in back and grey

respectively.

range close to the freezing line as well. We explain this by the known warm-bias of the model in the Southern Ocean and the

under-representation of sea ice cover (Döscher et al., 2022).310

3.4 Model output variables

Ideally, the advective part of the diathermohaline stream function is computed using the time averaged volume or mass trans-

ports computed online with the Eulerian mean velocities and the parametrised eddy-induced velocities. Otherwise, the volume

transports need to be computed on the time averaged model output variables. Table 1 summaries the model output variables
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Table 1. Overview of data sets, their spatial and temporal resolution, the applied ocean forcing, if data assimilation (DA) is incorporated

and the provided model output variables that are used for the computation of the diathermohaline stream function. For this computation,

volume or mass transports ṁ and the time dependency, three-dimensional cell thicknesses are needed dzt (x,y,z, t) . If these variables are

not provided, the listed alternative model output variables are used and the computational steps (1)–(4) are applied.

Data set Spatial resolution Temporal resolution Ocean forcing DA Output for V̇ Output for dz

EC-Earth3-Veg 1◦, 75 mod. lev. 1 month Coupled non ṁ(1) dzt (x,y,z, t)

OGCM-1° 1◦, 75 mod. lev. 1 month Drakkar 5.2 non v(2) dzt (x,y,z), η (x,y, t)(3),(4)

OGCM-1/12° 1/12◦, 75 mod. lev. 1 month Drakkar 5.2 non v(2) dzt (x,y,z, t)
(4)

GLORYS12 1/12◦, 50 mod. lev. 1 month ERA5 yes v(2) dzt(x,y,z), η (x,y, t)(3),(4)

Computational steps:
(1) Division by the mean density ρ0,
(2) Multiplication with cell thicknesses at u- and v-points dzu and dzv of the C-grid,
(3) Computation of a scaling factor of the vertical water column from the sea surface elevation η, assuming that all layers stretch and shrink with the same factor.
(4) Interpolation of dzu, dzv .

in the investigated data sets and the necessary steps in the computation of the volume transports. The following Sect. 4 in-315

vestigates the sensitivity of the stream function to those differences in a specifically created NEMO3.6 validation data set.

The EC-Earth3-Veg data set is the only one containing mass transports as model output while all the other data sets provide

information about the ocean dynamics as velocities. For these data, we compute the volume transport from the time mean

velocities fields and the time mean cell thicknesses. The data sets OGCM-1/12° and EC-Earth3-Veg include time dependent,

three-dimensional layer thicknesses but OGCM-1° and GLORYS12 provide only time dependent sea surface elevations and the320

time fixed ocean layer thicknesses. Therefore, we compute here the time varying ocean layer thicknesses from the sea surface

elevation assuming that all layers in a column are stretched and shrunk with the same factor. We expect this assumption to have

little impact on the resulting stream functions. Since the OGCM-1° data set contains only the Eulerian mean velocities but not

the eddy induced velocities, we also evaluate this contribution for in the NEMO validation data set.

4 Sensitivity of the diathermohaline stream function to model output variables325

The time averaged volume transport can be Reynold decomposed into the sum of a product of the mean terms and the mean of

the product of the fluctuation terms (e.g. Zika et al., 2013) as shown with the example of the meridional transports by Eq. (5)

v∆z
t
∆x= v

t
∆z

t
∆x+ v′∆z′

t
∆x, (5)

where the time average is notated with an overbar.

We compute the diathermohaline stream function with the product of temporal means for three of the four data sets (Sect.330

3.4) and miss out the fluctuation term of the Reynolds decomposition (Eq. (5)). We, therefore, analyse the contribution of

the terms in the Reynolds decomposition to the diathermohaline stream function. Since the OGCM-1° data do not contain the
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eddy-induced velocities, we are also investigating their contribution. For this, we create a validation data set which is a 11 years

(1850–1860) pre-industrial simulation with the EC-Earth3-Veg model using the initial conditions (member r1) of a 500 year

piControl experiment with 80 years time lag that was integrated from a spin-up simulation (Jung, 2026). The EC-Earth3-Veg335

model with the ocean component NEMO3.6 is the same model as described in Sect. 3.1. All date are stored as monthly means

and to cover the same number of years we use only the years 1851–1860 to compute the diathermohaline stream function. Zika

et al. (2012) conducted a similar investigation for MOM2 model data. They compared the stream functions that are computed

with monthly mean velocities and with velocities averaged over the whole time period identifying the contribution from inter

annual and seasonal variability contributing to their stream function. The Tropical and the Conveyor Belt cells showed the main340

difference with a maximum of 5 Sv at a potential temperature of about 15 °C and an absolute salinity of 35 g kg−1. They further

showed that even if eddy-induced velocities are weak in most of the ocean they contribute not negligible to the diathermohaline

stream function of the MOM2 model data. Figure 6 shows the meridional overturning stream function and the area distribution

Figure 6. a) Meridional overturning stream function and b) area distribution function of the ten year PI (1851–1860) EC-Earth3-Veg vali-

dation data set. The diathermohaline stream function ψ (panel c)) and the tendency potential χ (panel d)) are computed with monthly mean

volume transports. Red (blue) stream function cells indicate a clockwise (anticlockwise) rotation. Red convergence zones in the potential

indicate net sinks and blue divergence zones indicate net sources.

function of the simulation data as well as the diathermohaline stream function and the tendency potential computed using the

monthly averaged volume transports. Thus, it corresponds to the stream function computed with the volume transport of the345

left hand side (LHS) in Eq. (5). The stream function and the potential computed using the first term on the right hand side

(RHS) is shown in the panel a) and b) of Fig. 7 respectively. Panel c) and d) in Fig. 7 show the stream function and the potential

computed with velocities not containing the eddy induced part. The bottom row in Fig. 7 show the difference of the quantities

shown in the top row with respect to the stream function computed with the volume transport (panel c) and d) in Fig. 6). The

difference in the stream function computed with the time mean volume transport and the time mean velocities including eddy350

induced velocities is with a maximum absolute value of 2.8 Sv smaller compared to the difference of 5 Sv due to interannual

and seasonal variabilities computed by (Zika et al., 2012).
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Figure 7. Stream functions Ψ and tendency potential χ of EC-Earth3-Veg validation data for the ten years PI simulation (1851–1860)

computed with monthly model means using the time averaged velocities multiplied with time averaged area that is crossed by the flux. Red

(blue) stream function cells indicate a clockwise (anticlockwise) rotation. Red convergence zones in the potential indicate net volume sinks

and blue divergence zones indicate net volume sources. Black (grey) contour lines show the σ0 (σ2) isopycnals
(
kgm−3

)
. Panels a) and b)

include both the Eulerian mean and eddy induced velocities while the panels c) and d) include only the Eulerian mean velocities. The bottom

row (panel e) – h)) shows the difference with respect to ψ and χ computed with the volume transport (panel c) and d) in Fig. 6).

However, the contribution by the eddy induced velocities is larger with an absolute maximum of 21.6 Sv. This is at salinities

of 34.9 psu and a potential temperature of 2.9 °C indicated by the red dotted lines in panel g) in Fig. 7. The reference stream

function computed with volume transports has a magnitude of 4.5 Sv while the stream function without eddy induced velocities355

has strength of 26.1 Sv. Thus, the eddy induced velocities counteract the water mass transformation from the Eulerian mean

velocities in the temperature range of 2–15 °C and a salinity of 33.5–35 psu. The shape in thermohaline space is very similar

to the one found by (Zika et al., 2012) but they identified smaller values of 5–10 Sv by eddy induced velocities and connect

that mainly to the Southern Ocean where isopycnals are steep.
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5 Data comparison with the diathermohaline stream function360

We use the diathermohaline stream function to identify differences in four data sets in present day model data and further

present the diathermohaline stream function of a PI EC-Earth3-Veg simulation and three climate scenarios (ssp1-2.6, ssp3-7.0,

ssp5-8.5). Integrating the stream function gives information about the transport of heat and freshwater.

5.1 Diathermohaline stream function in present day model data

The upper row of Fig. 8 shows the diathermohaline stream function of the four different data sets, summarised in Tab. 1, for the365

PD simulations. They are comparable in their general appearance, as all of them show the three main cells Tropical, Conveyor

Belt and Polar cells. The weak blue NP radiative cell at 5 °C and 32–33 psu and the Cryosphere cell along the freezing line

are visible for all data sets with an exception for the OGCM-1° data. The Polar cell is most pronounced in the EC-Earth3-Veg

simulation and almost not visible in the OGCM of high resolution.

Figure 8. The diathermohaline stream function ψ (upper row) and the tendency potential χ (lower row) for EC-Earth3-Veg (first column),

OGCM-1° (second column), OGCM-1/12° (third column), GLORYS12 (last column). Black (grey) contour lines show the σ0 (σ2) isopycnals
(
kgm−3

)
.

We identify also differences in the Conveyor Belt cell and the Tropical cell among the data sets. A pronounced feature is the370

alignment of the two cells. They are positioned at the same salinity ranges in the OGCM and GLORYS12 data while they are

slightly tilted in the EC-Earth3-Veg simulation, likely since the OGCM and GLORYS12 simulations are bound by atmospheric
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reanalysis forcing at the surface while EC-Earth3-Veg is a free-running climate model. The Tropical cell is located at lower

salinities in the coupled EC-Earth3-Veg simulation with the maximum absolute value of the Tropical cell at 34.2 psu compared

to 35 psu in the other data sets. In the coupled climate model data set, the Tropical cell also reaches down to 18 °C while its375

coldest temperature range is cancelled out by the Conveyor Belt cell in the OGCM and reanalysis data. The magnitude of the

Tropical cell is smallest in the EC-Earth3-Veg simulation (-33.5 Sv), slightly higher in the OGCM-1° (-35.9 Sv) and highest in

the high resolution data OGCM-1/12° (-39.4 Sv) and GLORYS12 (-38.4 Sv).

The salinity range of the Conveyor Belt cell is clearly wider in the coupled EC-Earth3-Veg simulation at most potential

temperatures compared to the other data sets. The magnitude of the Conveyor Belt cell is smallest in the EC-Earth3-Veg380

simulation (23.3 Sv) and largest in the GLORYS12 reanalysis data set (63.2 Sv). The Conveyor Belt cells of the OGCM

simulations of low and high resolution have a maximum magnitude of 31.8 Sv and 30.2 Sv respectively. The shape of the

Conveyor Belt cell in the OGCM-1° differs from the high resolution OGCM in the potential temperature range 2–10 °C, which

we connect to the difference caused by the missing eddy induced velocities (compare Fig. 7). Distinct warm and cold subcells

in the Conveyor Belt cell is pronounced in the coupled simulation and also present in the OGCM data. These two subcells were385

connected to the thermally direct surface and thermally indirect deep cell in temperature–depth space by Zika et al. (2013).

The GLORYS12 data show, however, a different structure where the Conveyor Belt cells appears rather structured by salinity

ranges.

The tendency potential of all the data have similar shapes as described in Sect.2.4 with convergence in the centre of the

domain (net evaporation) and divergence at high and low temperatures (net precipitation). The smallest magnitude in the390

tendency potential is shown in the coupled EC-Earth3-Veg simulation with a maximum absolute value of 0.4 Sv. The OGCM

model data of coarse (fine) horizontal resolution have a maximum in the tendency potential of 1.2 Sv (0.6 Sv) and GLORYS12

has the largest maximum value of 1.4 Sv.

5.2 Diathermohaline stream function of a pre-industrial simulation and climate scenarios

Figure 9 shows the coupled EC-Earth3-Veg simulations for a PI simulation and for the three different climate scenarios ssp1-395

2.6, ssp3-7.0 and ssp5-8.5. The difference in the Conveyor Belt cell and the Tropical cell between the PI and PD day simulation

is slightly bigger compared to the difference between PD and ssp1-2.6 scenario but clearly overreached by the differences of

the ssp3-7.0 and ssp5-8.5 scenarios with respect to the PD simulation.
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Figure 9. The diathermohaline stream function ψ (top row) and the tendency potential χ (bottom row) for EC-Earth3-Veg simulation data

a) PI (1851–1860) and b)-d) climate scenarios (2091–2100). Grey contour lines in the upper row indicate the stream function from the PD

(2003–2012) simulation. Isopycnals σ0 and σ2 are labeled in black and grey respectively
(
kgm−3

)
.

The WMT of both the Tropical and the Conveyor Belt cell occurs at a larger range of salinity the higher the emission

scenario. While the Tropical cell is reduced in magnitude from a maximum of 36.7 Sv in the PD simulation to -26.5 Sv in400

the ssp5-8.5, there is no clear trend found in the maximum strength of the Conveyor Belt cell with higher emission scenarios.

However, the Polar cell is reduced remarkably and shifted towards fresher water masses with stronger climate scenarios and

the Cryosphere cell disappears entirely in the high emission scenario.

5.3 Heat and freshwater transport

The heat transport across isohalines and within the potential temperature range of θ to θ+dθ is determined by cpθ (∂ψ/∂θ)dθ405

(Döös et al., 2017). By integrating by parts, the heat transport of the stream function cells is defined as:

H (S) =−cpρ0
θmax(S)∫

θmin(S)

ψ (S,θ)dθ, (6)
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and equivalent the freshwater transport as:

F (θ) =− 1

Sr

Smax(θ)∫

Smin(θ)

ψ (S,θ)dS (7)

where we use the specific heat capacity cp of 3992 J kg−1K−1 and the density ρ0 of 1026 kgm−3 and Sr =35 psu as ref-410

erence salinity. Figure 10 shows the heat and freshwater transports of the Tropical and the Conveyor Belt cell for all analysed

data sets. The heat and freshwater transports of both the OGCM Tropical cells align well with the shape of the GLORYS12

transports (panel a) and b) in Fig 10) with a larger magnitude in GLORYS12. Even if the maximum strength of the stream func-

tion cells in the OGCM-1/12° and GLORYS12 are comparable, the cell of the reanalysis data is less confined in thermohaline

space which leads to a larger magnitude in the transports. Following the same argument, the Tropical cell of the EC-Earth3-Veg415

simulation has a larger amplitude in the heat and freshwater transport due to its extension in the thermohaline space while the

magnitude of the stream function cell is smaller compared to the other data sets. Due to the position of the Tropical cell in

thermohaline space, the heat transport of the EC-Earth3-Veg Tropical cell is at low salinity values. In the climate scenarios,

the heat transport is shifted towards smaller salinity values and the freshwater transport towards higher potential temperatures

with higher emission scenarios. Since the magnitude of the Tropical cell is reduced in the scenarios, the heat and freshwater420

transport is decreasing (compare Sect. 5.2).

Figure 10. Heat (left) and freshwater (right) transport of the Tropical cell (upper row) and the Conveyor Belt cell (lower row) for the four

data sets described in table 1. Dotted lines indicate the different scenarios with darker colours for higher scenario numbers.

The Conveyor Belt cell of the GLORYS12 data and the EC-Earth3-Veg simulation has the maximum heat transport at

salinities where the heat transports of both OGCM model data have the local minima of its dipole structure (panel c) of Fig.
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10). The EC-Earth3-Veg Conveyor Belt cell shows less heat transport at low salinities due to the overlap with the Tropical cell

at high temperatures but more heat transport at higher salinities but due to the large salinities range. This extension of the EC-425

Earth3-Veg Conveyor belt cell induces also a freshwater transport that is comparable to the other data sets despite the smaller

magnitude of the stream function cell in the EC-Earth3-Veg simulation. In the OGCM simulations, the low resolution case

shows a larger heat transport which we connect to the missing counter parts from the eddy induced velocities. The Conveyor

Belt cell of the OGCM-1/12° is characterized by the smallest salinity range resulting in a overall small freshwater transport

compared to the other data sets. In the climate scenarios, the Conveyor Belt cell is widening in the salinity range which can be430

seen in the heat transport, specifically in the high salinity values. This leads as well to a larger freshwater transport with higher

emission scenarios which is shifted towards higher temperatures.

6 Discussion under the use of ocean basins water volume distributions

In the previous section, we compared the diathermohaline stream function computed for data sets of multiple horizontal reso-

lutions of a coupled climate model, ocean hindcast simulations forced by reanalysis data and ocean reanalysis data. Here we435

summarize the main differences by comparing the results to the volume distributions of each ocean basin that is defined as

v(S,θ) =
1

t1 − t0

t1∫

t0

∂2V

∂S∂θ
dt (8)

where V = V (S,θ, t) is the volume with a salinity less than S and a temperature less then θ (Hieronymus et al., 2014).
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Figure 11. Volume distribution function v(S,θ) of the ocean’s basins water for the four data sets described in table 1. The red water volume

distribution in the first row is the Arctic water, blue in the second row the Atlantic, purple in the third row the Pacific, green in the fourth

row the Indian and orange in the last row represents water around Antarctica. The latitude defining the boundary for the Southern Ocean is

indicated as vertical dashed line in Fig. 4. The grey contour lines are the diathermohaline stream function. Isopycnals σ0 and σ2 are labelled

in black and grey respectively
(
kgm−3

)
.
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The Tropical cell is weaker in the low resolution models, of both the coupled and ocean hindcast, which suggests an under

representation of the WMT in the subtropical gyres or an stronger cancelling effect by the Conveyor Belt cell compared440

to the high-resolution data. The stream function of the EC-Earth3-Veg (OGCM-1° ) is computed from the mass transports

(Eulerian mean velocities). Since the validation data set does not show much contribution from the eddy induced velocities

in the range of the Tropical cell, we speculate that the different strengths in the Tropical cell is not caused by the missing

subgrid parametrization of the advective scheme. The Tropical cell stretches towards lower temperatures and is located at

lower salinities in the EC-Earth3-Veg simulation which has a positive precipitation bias in the subtropics of the Southern445

Hemisphere (Döscher et al., 2022). Accordingly, the water volume distribution in Fig. 11 stretches out to lower salinities above

20 °C in the Pacific and the Indian ocean basins of the EC-Earth3-Veg simulation.

A major difference of the Conveyor Belt cells is a wider salinity range in the EC-Earth3-Veg data. The cell of this data set

also shows a stronger heat transport at salinities between 36–36.5 psu which we connect to water masses between 10–15 °C

that are mainly water masses in the Atlantic Ocean. In the EC-Earth3-Veg simulation, however, the Indian Ocean shows a larger450

amount if water volume saltier than 36 psu for potential temperatures warmer than 20 °C. This is presumably contributing as

well to a wider salinity range of the Conveyor Belt cell in the EC-Earth3-Veg simulation.

The Pacific as well as the Indian Ocean water warmer than 5 °C appears to reach lower salinities in EC-Earth3-Veg data

compared to the other data sets (Fig. 11). This, however, does not lead to a stronger heat transport in the low salinities because

the Conveyor Belt cell of the other data sets are spanning a wider temperature range due to the cancellation effects by the455

Tropical and Polar cells in the EC-Earth3-Veg simulation. Döös et al. (2012) also notes that a faster ocean lead to a smaller

salinity range and a slower ocean has a wider salinity range in the diathermohaline stream function.

The Polar cell is most pronounced in the EC-Earth3-Veg simulation while this data set has also the weakest bottom cell in

the meridional overturning stream functions as function of depth. The warm bias in the Southern Ocean in the EC-Earth3-Veg

model (Döscher et al., 2022) could result in the salinitfication branch of the Conveyor Belt cell at warmer temperatures and,460

thus, to a clearer separation of the Polar Cell and the Conveyor Belt cell. This leads to a stronger Polar cell even if the bottom

water in the overturning stream function appears to be weaker. Additional, the coldest water in the Indian ocean is warmer at

around 34 psu with a minimum temperature of about 1 °C while the other data sets contain more water volume close to the

freezing line in the Indian Ocean. Furthermore, the spin-up time in the EC-Earth3-Veg simulation is longer and which could

lead to a more pronounced Polar cell since this cell is specifically sensitive to model drift (Döös et al., 2012).465

In the climate scenarios, the Tropical cell is located at lower salinities with higher emission scenarios indicating a freshening

of the subtropical gyres (Sathyanarayanan et al., 2021). The Tropical cell and the Conveyor Belt cell is shifted towards higher

temperatures whereby the difference is larger the warmer the temperatures. This is expected since this is mainly surface near

water that respond quicker to climate change and the propagation of the heat uptake to the ocean interior occurs on slower time

spans (Marshall and Zanna, 2014). The widening of Conveyor Belt cell in the salinity range of the climate scenarios might be470

connected to an accelerated hydrological cycle.
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7 Conclusions

We developed a modular code to compute the diathermohaline stream function that is easy to adapt for other data sets.

Analysing the sensitivity of the stream function on different model output variables shows that the impact of fluctuation terms

on a monthly time scale is negligible when computing the volume transports from time averaged velocities and time averaged475

layer thicknesses. The eddy induced velocities, however, contribute significantly to the stream function. Furthermore, we show

that the tendency potential can be mainly connected to net sinks and sources of freshwater mainly due to evaporation and pre-

cipitation. Using the diathermohaline stream function makes it possible to identify quickly the differences in the global WMT

in various data sets by combining three-dimensional ocean dynamics variables and two variables of the global thermohaline

state in only two figures. It is therefore a powerful tool that contains a large amount of information about the WMT on a time480

averaged and global scale. Thus, it is a method that offers a beneficial potential for model comparison projects and model

development processes. By using different example data we highlight how the framework can contribute to those comparison

projects of gridded ocean data. In combination with ocean volume distribution functions indications to the geographical loca-

tions are given. And yet, it cannot explain whether the differences occurring due to the dynamical or the thermohaline fields

nor can it identify precisely the geographical regions where the differences are largest. It needs further investigations to reveal485

the processes that are represented differently in the data sets. More detailed analysis about the geographical location can be

applied by remapping layers of the stream function into geographical space as described in Döös et al. (2012).

24

https://doi.org/10.5194/egusphere-2026-3561
Preprint. Discussion started: 30 June 2026
c© Author(s) 2026. CC BY 4.0 License.



Appendix A: Sensitivity of the stream function with resolution of the thermohaline space

Figure A1. Sensitivity of the stream function ψ and the tendency potential χ to the resolution of the tracer space with decreased resolution in

a) potential temperature, b) in salinity and c) both temperature and salinity. Isopycnals σ0 and σ2 are labelled in black and grey respectively
(
kgm−3

)
.
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Code and data availability. The ocean data of the EC-Earth3-Veg validation simulation are archived on the Bolin Center data base https://doi.

org/10.17043/jung-2026-ec-earth3-veg-1 (Jung, 2026). The satellite data SMOS-SMAP are taken from https://doi.org/10.48670/mds-00369490

(SSS SMOS/SMAP L4 OI - LOPS-v2023). CMIP6 data of EC-Earth3-Veg simulations are accessible with https://doi.org/10.22033/ESGF/

CMIP6.642 (EC-Earth Consortium). The GLORYS12 data are available as regular gridded interpolated data on the Copernicus data base

https://doi.org/10.48670/moi-00021 (Global Ocean Physics Reanalysis) and on the native Arakawa-C grid in the mercator data catalogue http:

//tds.mercator-ocean.fr/thredds/catalog.html (Mercator Ocean International). The OGCM-1° are provided on the NOC supercomputer Jasmin

https://www.jasmin.ac.uk/users/access/ (JASMIN facility; Lawrence et al., 2013) and the OGCM-1/12° data are made publicly available by495

NERC https://gws-access.jasmin.ac.uk/public/nemo/ (NOC Marine System Modelling group). We provide the tendencies for all investigated

data sets, together with the code for the diathermohaline stream function on Zenodo https://doi.org/10.5281/zenodo.20724367 (Jung et al.,

2026).
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