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Abstract There is ongoing controversy as to the dynamical significance of geothermal
heat flow in shaping the abyssal circulation. In this paper, we gauge the impact of geothermal
heating and vertical mixing parameterizations in the general circulation model OPA. The
experiments are evaluated by comparing simulated mantle *He with observations collected
during the GEOSECS and WOCE programs. This tracer is particularly adapted to the valida-
tion of our numerical simulations because its injection into the ocean interior is tightly linked
to geothermal processes. In agreement with previous studies, the model circulation is found
very sensitive to the parameterization of the vertical mixing. The meridional overturning
circulation (MOC) is globally intensified when moving from a constant mixing to a version
with enhanced mixing near the ocean bottom, with the most drastic variation observed for
AABW (+50%). Adding the geothermal heat flux mainly affects AABW circulation in the
model, enhancing it all the more as the meridional circulation is slow (low vertical mixing),
but proportionally less so when it is more vigorous (enhanced vertical mixing). This can be
understood from the requirement of the abyssal ocean to maintain heat balance. The eval-
uation with mantle *He simulations reveals that the version with low vertical mixing, with
its sluggish circulation, produces unrealistically high a 3He isotopic composition. However,
with a vertical mixing that is enhanced at depth, the >He distribution falls within an acceptable
range of values in the deep ocean. Finally, adding the geothermal heating to this enhanced
mixing case provides a substantial improvement of the simulation of AABW in all basins but
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the Indian Ocean. 3He isotopic composition is then in good agreement with the observations.
Taken jointly with observational estimates of the MOC intensity, these independent isotopic
constraints suggest that both geothermal heating and enhanced diapycnal mixing at depth are
key ingredients in the realistic simulation of abyssal circulation.

Keywords Ocean - Tracer - Helium-3 - Geothermal flux - Model

1 Introduction

The ocean circulation plays an important role in climate variability, e.g. [40,53], with the
ocean having a great capacity to store and transport heat and CO», as well as exchanging these
with the atmosphere. Thus it contributes significantly to the poleward transfer of excess solar
energy received in the low latitudes to higher latitudes. In addition, it governs atmospheric
CO» concentrations, since it contains about 50 times more CO; than the atmosphere, with
the majority in the deep ocean [6]. Hence, understanding the dynamics of the deep-ocean is
essential to the study of global climate change, via the carbon cycle.

Ocean general circulation models (OGCMs) provide the only controllable environment
with which to answer such questions. It is thus crucial to understand the processes and forc-
ings that control the strength and patterns of the simulated deep-ocean circulation. Many
previous studies have shown the importance of the parameterization of small-scale mixing
processes on ocean circulation [9,10,16,35,58]. Indeed, the models’ deep-ocean circulation
are known to be particularly sensitive to the vertical mixing parameterization [7,54]. Since
the deep ocean is essentially aphotic, diapycnal mixing is chiefly responsible for the transfer
of water mass characteristics from top to bottom away from convective regions (i.e. over
much of the global ocean), thereby mapping surface density gradients onto the deep ocean.
These gradients, in turn, support the abyssal circulation via geostrophic balance.

There is, however, another process supplying heat to the abyss. Although it has long been
neglected by oceanographers, e.g. [26], geothermal heating has recently been recognized as
a significant actor in abyssal dynamics and thermodynamics [1,2,13,45,52].

While its magnitude is small compared to surface heat fluxes, geothermal heating acts
on a much broader area—the entire seafloor. Overall, it contributes a comparable amount of
buoyancy to bottom waters as air/sea fluxes—albeit of opposite sign over the Southern Ocean.
Furthermore, it acts below the thermocline, in regions of the ocean where small thermal gra-
dients mean that the downward diffusive heat flux is also small. So small, in fact, as to be
commensurate to geothermal heat flow over much of the seafloor’s surface [13]. As a result,
the same authors found a realistic representation of geothermal heating was able to generate
a deep circulation of the order of several Sverdrups! for Antarctic Bottom Water (AABW),
and suggested that it constitutes a driving force of the AABW cell. This statement must be
tempered by the observation than the deep circulation response to geothermal forcing is much
reduced when diapycnal mixing is very strong—as appears to be the case in the vicinity of
rough topography. Nonetheless, the convergence of idealized [1,45,52] and more realistic
[13] studies of its impact justifies the claim that geothermal heat flow significantly shapes
the abyssal circulation. Can these model-based theories be substantiated by observational
constraints?

In this paper we use He tracer data to evaluate the suite of modeling experiments. The
model circulation is used to simulate natural 3He distributions and compare them to obser-

1 Sverdrup (Sv) = 106 m3 s,
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vations. This inert tracer, whose oceanic behavior is tightly linked to geothermal heat flow
[25], is particularly apt to probing the effect of geothermal heat flow on the model’s deep
circulation. Indeed, its source consists of mantle >He that is injected into the oceans by the
hydrothermal circulation at deep sea spreading ridges, where most of the geothermal heat flux
is also transferred to the ocean [8,31,44]. This injection of hot hydrothermal fluids enriched
in 3He produces large scale *He plumes (with 3He excesses up to 30-40% relative to the
solubility equilibrium with the atmosphere), that are dispersed by the prevailing currents
and can be used for tracing deep ocean currents and for evaluating ocean general circulation
model [12,17]. The comparison from six OGCM during the Ocean Carbon Model Intercom-
parison Project (OCMIP2) has shown that the modeled He distribution is very sensitive to
the simulated circulation and that the parameterization proposed by Farley et al. [17] for its
source function is robust [12]. During OCMIP-2, six different global OGCMs were tested
with mantle He simulations [12]. This inter-comparison has revealed that the resulting circu-
lation was a direct consequence of the models’ characteristics. More precisely, the OGCMs
coupled to a sea-ice model were found to produce a substantial amount of bottom water
in the Southern Ocean, which tended to overestimate AABW ventilation and to produce
too low a *He value in this region. Conversely, models that were not coupled with a sea-
ice model were systematically underestimating AABW ventilation and simulating excessive
3He values. Moreover, the parameterization of sub-grid scale mixing (which is recognized
to generate large effect on the simulated circulation and tracer redistribution, e.g. [14]) also
accounted for significant discrepancies. The two OCMIP2 models coupled to a sea-ice model
were not using the eddy-induced velocity parameterization of Gent et al. [20]. Sensitivity
tests performed during that project clearly demonstrated that this parameterization tended to
reduce ventilation of the deep ocean, and to generate higher >He excesses. The wide range
of simulated distributions during OCMIP2 has been a motivation to explore in more details
the impact of the physics on the modeled deep ocean circulation and to further evaluate it
with mantle 3He simulations. Taking into account the experience gained during the OCMIP2
exercise, we have initiated our new modeling efforts with a more recent configuration of
the OPA model with characteristics that provide a more realistic circulation. This analysis
focuses on the impact of the geothermal heating and the parameterization of the vertical
mixing on the circulation simulated by the model.

2 Description of the model and the simulations

The ice-ocean coupled model is OPA, developed at IPSL/LOCEAN [33], in its global con-
figuration ORCA2-LIM. The horizontal mesh is based on a 2° by 1.5° Mercator grid. It has
been modified poleward of 20°N in order to include two numerical inland poles and merid-
ional resolution is refined up to 0.5° at the equator [32]. There are 31 vertical levels, with
the highest resolution (10 m) in the upper 150 m. The upper boundary uses a free surface
formulation [42]. The model is coupled to the dynamical-thermodynamical sea ice model
LIM [21]. Lateral mixing is performed along isopycnal surfaces, and the eddy-induced veloc-
ity parameterization of Gent and McWilliams (1990) is added. The vertical mixing scheme
uses a turbulent closure [4], and a diffusive bottom boundary layer parameterization [3] is
included.

Two versions of the model background vertical diffusivity are tested in our simulations.
A first version (CONTROL) uses a constant values of 0.12 x 10~#m?2s~! throughout the
entire ocean volume, and a second version (High K,) where it increases linearly from the
surface to the bottom in order to mimic the effects of decreased stratification and increased
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Fig. 1 a Geothermal heat flux (units: mW m_z), b mantle helium-3 flux (units: mol year_l)

small-scale turbulence near the bottom (values ranges from 0.12 x 10~*m? s~ in the first
1000m to 1.2 x 10~* m?s~! at depth).

At the surface, the model is forced by fluxes of heat and freshwater prescribed with bulk
formulae using monthly climatologies. A penetrative shortwave solar radiation formulation
is used. A restoring to climatological surface salinities was also added, that is only signifi-
cant in the North Atlantic and Greenland Sea. Climatological ERS1/2 scatterometer monthly
mean wind stresses were used for the tropics while the NCEP/NCAR climatology was used
poleward of 50°N and 50°S.

At the bottom, we include in some experiments the geothermal heating term (Qge,) devel-
oped by Emile-Geay and Madec [13], who parameterized the heat source as a function of the
age of the bedrock. The global mean value is 86.4 mW m~2, close to observational estimates
[48]. Its spatial distribution is shown in Fig. 1a, which closely mirrors seafloor age [34]. The
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3
Table 1 Mean % He value (units: %)

Global Atlantic Pacific Indian Southern Ocean
(south of 45°S)
Exp 1: Control 8.5 5.6 15.6 11.7 9.8
Exp 2: Qgeo 7.8 (8) 4.7 (16) 14.5 (7) 10.8 (8) 8.6 (12)
Exp 3: High K, 6.2 (27) 3.5(38) 11.9 (23) 8.8 (25) 6.4 (35)
Exp 4: Qgeo + High Kz 5.7 (32) 3.0 (46) 11.0 (29) 8.0 (32) 5.5 (44)

Values in brackets correspond to the percentage of variation with the control experiment

highest values are observed along the ridge system where the lithosphere formed at high
temperature, then was displaced outward by lithospheric plate divergence. Along ridge axes,
geothermal heat flux is directly related to the spreading rates: maxima are located in the
eastern Pacific Ocean, where the spreading rate is highest; lowest values are observed in the
Atlantic, with intermediate values in the Indian and Southern Oceans.

We have performed four simulations in order to investigate the sensitivity of the ocean
circulation to both vertical mixing parameterization and geothermal heating (Table 1). Our
first experiment (CONTROL) uses a constant vertical mixing coefficient and the geothermal
forcing is not included. In the second experiment (Qgeo), the geothermal heating is added.
The third experiment (High K,) does not include geothermal heating, but has a vertical mix-
ing parameterization with values increasing with depth (see Sect. 2). The fourth experiment
includes both geothermal heating and the vertical mixing coefficient that varies with depth
(exp4 = HighK, — Q). This last experiment has been extensively evaluated and analyzed
in detail in Iudicone et al. [22,23].

3 Global meridional stream functions

We first analyze the global meridional stream functions of the different experiments. In the
control experiment, the circulation associated with the North Atlantic deep water overturning
(NADW) (between 1000 and 2500 m depth) reaches 15 Sv, and below 3000 m the circula-
tion related to the AABW is on the order of 5Sv (Fig. 2). These diagnostics are not easily
constrained by the observations, as diagnosed stream functions or transports usually carry
large uncertainties (3—5 Sv, [50]). However, the mean strength of the NADW in the Atlantic
Ocean overturning is comparable to observational estimates, 18 £ 5Sv [50] and 16 4 3 Sv
[18]. In contrast, the AABW circulation seems weak: using geochemical tracers budgets Orsi
et al. [37] estimated the ventilation of AABW on shelves of Antarctica to be 8-10Sv, and
global AABW overturning is estimated from hydrographic data to be 22 Sv [50]. Adding the
influence of geothermal heating (exp 2), the main adjustment is an increase of 50% in the
strength of the AABW cell (Fig. 2). Conversely, a quasi-insignificant change is observed for
the NADW cell. These variations are necessary to compensate for the additional heat supplied
to the abyssal ocean [45]. It affects predominantly AABW because the geothermal heating
is injected at the ocean floor and only weakly affects the shallower NADW. In addition, the
magnitude of geothermal heating is smallest in the Atlantic Ocean. In the third experiment,
when the vertical mixing increases with depth, the thermohaline circulation is enhanced. In
comparison to the control run (exp 1), the strength of the AABW cell is doubled (to 10Sv),
and the NADW cell increases to 17.5Sv (4+17%). This large increase in the thermohaline
circulation is due to the more efficient vertical transfer of the characteristics of the water
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Fig. 2 Global meridional stream functions (units: Sv; 1 Sv = 106m3s—1).a Expl,bexp2,cexp3,dexp4

masses produced in the surface layer, which magnifies density gradients in the deep ocean
and produces a more intense circulation via geostrophy.

Including the geothermal heating in the version with high vertical mixing leads to almost
no change in NADW, but an additional increase of 1.8 Sv (+17.5%) for the AABW cell. The
variation obtained by including the geothermal forcing is smaller than for the control run
(exp 2 versus exp 1) because the high diapycnal mixing produces an abyssal circulation that
is already more vigorous and hence more efficient at transporting heat. This causes only a
modest increase in circulation to compensate for the geothermal heat injected at depth and
keep the deep ocean in thermal equilibrium [13].

In the model, about 5Sv of extremely dense Antarctic shelf water converges into the
AABW class [22] and is subsequently transformed by the model bottom boundary layer
parameterization, which mimics the dense gravity currents descending the slopes of Antarc-
tica to produce AABW. This process is not well simulated because of the excessive lateral
diffusion which dilutes the water mass before it reaches the ocean bottom, as occurs in
the majority of coarse resolution OGCMs. The result is an AABW strength at 30°S of
about 10Sv, weaker than most observational estimates, e.g., [46,50]. The export of bot-
tom waters toward the Pacific Basin is similar to the estimate in Talley et al. [S0]. The
CDW import is 50% weaker than observed and so too is AABW export, though observa-
tional estimates can vary by as much as 50 Sv [22,23]. The overturning of deep and bottom
water in the Indian basin (about 3 Sv) is largely underestimated compared to estimates from
inverse models, which range from 7 [19] to 24 Sv [43] (see [50] for a discussion). The
model’s deep circulation in the Atlantic basin is the closest to observations: NADW/CDW
at 30°S is 17.1Sv in the model as compared to 17.8Sv in Talley et al. [S0], AABW is
2.8 Sv in the model relative to 3.8 Sv in Talley et al. [50] and 6 Sv in Sloyan and Rintoul
[46].
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Recent studies on the dynamics of the AABW transport have proposed that AABW in the
Atlantic Ocean is sensitive to the surface salinity along the Antarctic coast [39] and mixing
by lateral diffusion [27]. In this context the model intercomparison study by Weber et al. [56]
on the MOC during glacial periods gives interesting indications on the dynamics of the bot-
tom cell. They found that the bottom overturning scales well with both the deep meridional
density contrast and—as proposed by Kamenkovich and Goodman [27]—the vertical extent
of the deep cell.

From the analysis of our global simulations a complex picture of the sensitivity of AABW
to deep mixing emerged, whose main features are summarized here (a more detailed discus-
sion will be presented in a separate manuscript (Iudicone et al., in preparation)).

The most relevant results are related to the Southern Ocean overturning of NADW, which
is extremely high and weakly dependent on the deep mixing intensity (in both cases about
80% of NADW is transformed into other water masses). The difference lies in the parti-
tioning of NADW into bottom (AABW) and subsurface waters (SAMW, AAIW). A lower
(higher) deep mixing generates a larger (lower) upwelling and a lower (higher) downwelling,
which in turn corresponds to a shallower (deeper) separation between the upper and bottom
overturning cells.

Furthermore, in the case of low deep diffusivity, most of the weakening of the AABW
cell is associated with a reduced deep upwelling in the Pacific basin while the inflow into
the Indian Ocean is less affected. In the Atlantic Ocean, a reduced northward penetration
of AABW is observed together with a deepening of NADW, in good agreement with the
theory of Komenkovich and Goodman [27]. Interestingly, the flow of AABW through the
Drake Passage is also strongly affected, with a transport that largely exceeds observational
estimates in the case of low diffusivity. Therefore an intense vertical mixing is necessary to
reproduce the vertical water mass distribution in the Southern Ocean, as suggested also by
observations, e.g. [36].

In principle, the effect of deep mixing on AABW is not limited to a direct influence
on the deep and bottom stratification. First, the Southern Ocean upwelling maps the deep
anomalies onto the sub-surface water masses. Therefore, deep mixing can also influence the
properties of AABW by altering the water mass properties at the surface and thus it can in
principle feedback onto AABW formation. This can be particularly true for salinity, which
dominates the density variations at low temperatures. However, the role of this latter process
could not be fully evaluated in our simulations. Indeed, in our ocean-forced simulations,
even in presence of a sea-ice model, the subsurface emergence of deep salinity anoma-
lies in the Southern Ocean is somewhat damped by partially restorating to climatological
values.

The other indirect impact of deep diffusivity on AABW formation is related to the over-
flow mechanism. After surface AABW formation, these very cold waters cascade along the
continental slopes of Antarctica. In this process, shear and thermobaric processes increase the
volume of dense water by promoting mixing with the incoming NADW, whose thermohaline
properties depend on the same diffusivity.

In summary, deep diffusivity impacts the AABW distribution in the ocean by altering both
the water mass formation and consumption rates (see discussion in [23]). For the reasons
discussed above, only fully coupled ocean-atmosphere-sea-ice models allow for a thorough
exploration of the sensitivity of AABW to diapycnal mixing. In particular, the impact of
regional mixing variability will be left for future study.

These results illustrate the sensitivity of the model to the parameterization of vertical mix-
ing and geothermal forcing. We will now evaluate the impact of these changes with natural
3He simulations.
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4 Natural 3He simulations
4.1 Parameterization of mantle helium injection

The four simulations used the same parameterization for mantle helium injection. The proto-
colis very similar to that proposed by Farley et al. [17], and further validated using simulations
from six OGCM during OCMIP-2 [12]. We simulate both 3He and “He distributions, and
mantle 3He is injected along ocean ridges with an isotopic ratio (53Hez) of 700%. 1t is injected
at a global rate of 1000 mol *He/year at 300 m above the ridge axis. 5°He is next calculated
from the outputs of the simulation (*He and *He concentrations) using its classical defini-
tion. The only difference with the OCMIP-2 protocol (http://www.ipsl.jussieu.fr/OCMIP/)
is that the mantle helium flux along the ridge axis is proportional to the geothermal flux,
instead to be proportional to the ridge spreading rate. This adaptation, formulated for better
consistency with the dynamical forcing of our model, induces no significant changes for the
spatial distribution of the mantle helium source in the ocean. The depth of injection varies
between 2000 and 3000 m. Maximum fluxes occur in the Pacific Ocean at the East Pacific
Rise (EPR), intermediate fluxes are found in the Indian and Southern Oceans, while minimum
fluxes are associated with the Mid-Atlantic Ridge (MAR) (Fig. 1b). The only sink for mantle
helium is loss to the atmosphere, which is prescribed using the gas exchange formulation of
Wanninkhof [55] (http://www.ipsl.jussieu.fr/OCMIP/). Simulations are integrated off-line
until they reached a quasi-steady state when the globally integrated 3He drift were less than

4 mol year’l.

4.2 Results

The horizontal distributions of the depth-averaged tracer distributions provide a global
description of the performance of the simulations (Fig. 3). The inter-basin tracer distribution
is qualitatively similar among the simulations. The highest 5°He values are found in the Pa-
cific Ocean where the rate of injection is the most elevated (Fig. 1b), and no newly ventilated
deep water is formed. The zonal contrast is important facet of this basin, with high *He values
simulated close to the East Pacific Rise where the mantle helium flux reaches a maximum.
The lowest ® He values are simulated in the Atlantic Ocean where the rate of injection is the
lowest, and recently ventilated NADW waters with a low ’He value are overflowing. In the
Indian and southern Ocean, where the rate of tracer injection is intermediate, ‘SSHe values are
in between those simulated in the Pacific and Atlantic basins. Still lower values are observed
in the Southern ocean where upwelling in the Antarctic Circumpolar Current (ACC) tends to
remove helium by bringing it to the surface where it degasses to the atmosphere. However,
large quantitative differences are observed in SHe among the simulations, illustrating the
large sensitivity of this tracer to the ocean circulation. Modeled He values are straight-
forwardly interpreted as a function of the strength of meridional overturning circulation.
The control experiment with the weakest overturning circulation (Fig. 2), features a longer
residence time of the tracer in the ocean (Table 2) and the highest simulated °He values.
The increase in meridional overturning simulated in the other experiments acts to reduce
the residence time of the tracer in the ocean (Table 2) and generates globally lower He
values (Table 1). The global mean *He isotopic composition is reduced by 8, 27 and 32%,
respectively, from exp 2 to exp 4 (Table 2). These percentages are also more elevated in the

3
2 He = 100((Rocean/Ratm0sphere) —l)andR = 3He/4He-
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depth averaged helium3 isotopic cocmpcesition
CONTROL (exp1)

BO"W 120°E

Qgeo + High Kz (exp4)

180°wW 120°w 60w 120°t

Fig. 3 Depth averaged helium-3 isotopic composition (units: %)
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Table 2 Mantle 3He residence
time (units: year) defined as the
ratio of the global mantle 3He

3He residence time

inventory to the mantle 3He Exp 1: Control 855
source Exp 2: Qgeo 789
Exp 3: High K, 651
Exp 4: Qgeo+High Ky 604

DATA - WOCE P17

€0 i ]
: e o
24 ay . |

20 M e Q?" r T‘j
16 - =

10 e ? L;
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Fig. 4 Observed and simulated helium-3 isotopic composition along the WOCE P17 section in the Pacific
Ocean (units: %)

Atlantic and Southern Ocean, where deep waters are formed and *He isotopic composition
is lower.

An opportunity to evaluate the simulated natural >He distributions is provided by the data
collected during the GEOSECS and WOCE programs (http://www.ldeo.columbia.edu/res/
fac/etg/text/woce_data.html) [29,30,44,47,57]. Model outputs are compared with observa-
tions along the WOCE P17 and WOCE P04 in the Pacific Ocean (Figs. 4, 5), the GEOSECS
section in the Atlantic Ocean (Fig. 6) and the WOCE 107 sections in the Indian Ocean (Fig. 7).
In the Pacific Ocean, the control experiment (exp 1) has 3He isotopic compositions which are
largely overestimated compared to the two WOCE sections (Figs. 4, 5). The weak circulation
generated in this experiment produces 5°He values almost twice as large as those observed.
When geothermal heating is added in the second experiment, 5°He values are globally reduced.
The variations are most noticeable below 3000 m in the AABW cell, where modeled values
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DATA -WOCE P4

250

Fig. 5 Observed and simulated helium-3 isotopic composition along the WOCE P4 section in the Pacific
Ocean (units: %)

are reduced by 20%, but still remain too high relative to the observations. Changes in He
isotopic composition are still more pronounced when vertical mixing is increased (exp 3). The
reduction in *'He values is again globally accentuated, with a substantial decrease now also
occurring in the deep and intermediate water (1000, 3000 m) near the tracer injection depth.
These changes lead to a range of modeled 5" He values now comparable to observations in the
Pacific Ocean. When geothermal forcing is added to the version with high vertical mixing
(exp 4), very pronounced changes again occur in the simulated bottom waters. The simulated
3He isotopic compositions then compare much more favorably to observations along each
section, especially for AABW. There however remain discrepancies in the simulations that
are generally attributable to the coarse resolution of the model. The westward propagation
of the enriched 3He plume is too weak (Fig. 4) and the two 5°He maxima associated with
plume jets on both sides of the equator are not simulated (Fig. 5).

In general, a comparison to observations reveals similar performances in other basins. The
progressive decrease of simulated 5°He values following the evolution of the configuration of
the model observed in the Pacific Ocean, is found again in the Indian Ocean (Fig. 7). How-
ever, if the modeled He values are globally reduced from exp 1 to exp 4, they remain, in
general, largely overestimated compared to the observations, especially at mid-depth where
the tracer is injected. The only water mass showing a realistic improvement in 3He isotopic
composition is AABW, which is quite realistic in exp 4.
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DATA - GEOSECS

Fig. 6 Observed and simulated helium-3 isotopic composition along the GEOSECS section in the Atlantic
Ocean (units: %)

In the Atlantic Ocean where model sensitivity is most pronounced (Table 1), compari-
son with the GEOSECS observations (Fig. 7) reveals that the main improvement among the
different simulations occurs for bottom waters flowing from the Southern Ocean. Large vari-
ations are observed in the AABW helium isotopic composition, with the control experiment
displaying a higher bias here than in other basins. A noticeable improvement is observed in
the Antarctic Circumpolar Current (ACC) for the experiments with higher vertical mixing
(exp 3 and exp 4), that is in turn propagated through the AABW isotopic signature and pro-
vides more realistic values compared to bottom water observations. This is especially true
of the last experiment where geothermal forcing is included (exp 4). Conversely, all sim-
ulations successfully produce a realistic helium isotopic composition at depth in the North
Atlantic Ocean close to the formation region of NADW. However, NADW gets inconsistently
enriched in *He during its southward journey through the Deep Western Boundary Current,
in a generally similar fashion for all simulations.

5 Discussion

It is clear that the main reason for the discrepancies between the control simulation and
observations is an excessively weak abyssal circulation, especially for bottom water. Though
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DATA-WOCE 17

Fig. 7 Observed and simulated helium-3 isotopic composition along the WOCE 17 section in the Indian
Ocean (units: %)

modeled NADW overturning in exp 1 (15 Sv) ranks close to the lower limit of a variety of
observationally-based estimations (13—15Sv in [18], 12-23 Sv in [45], 18 Sv in [50]), the
intensity of the simulated AABW cell (2.5 Sv) is far below observational estimates (5-8 Sv
production rate [37], 22 Sv [50]). This sluggish circulation generates a long *He residence
time and unrealistic isotopic mantle *He values that largely exceed the observations. The
slow circulation is due in part to the weak vertical mixing prescribed throughout the water
column. The value of the mixing coefficient (0.1 cm? s~ 1) is adequate for the thermocline—
where stratification is strong by definition—but inadequate for bottom water where greater
mixing is observed, especially in oceanic regions of rough topography [24].

The modeled thermohaline circulation can be strengthened by increasing vertical mixing
as suggested by Bryan [7], but also by including geothermal flux as a forcing, as first sug-
gested by Adcroft et al. [1]. Here we have evaluated in more detail the impact of these two
processes on the ocean circulation with mantle *He simulation.

Adding the geothermal heat flux (exp 2) strengthens the AABW cell, but has little impact
on the circulation above 3000 m depth (Fig. 2). When compared to the control experi-
ment, this simulation leads to unrealistically high 5*He values above 3000 m depth. While
the intensity of the AABW cell is increased (5Sv), it is still too moderate to provide a
realistic range of helium isotopic composition near the bottom. We find that changing the
vertical mixing parameterization to a version where mixing is enhanced in the deep ocean
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globally improves the model’s performance (exp 3). The overturning circulation and the
simulated ®'He values are both adjusted towards more realistic values. The improvement in
AABW is more significant than when including the geothermal heating alone, even if near-
bottom *’He values remain slightly too high. Increasing vertical mixing leads to noticeable
improvement in the simulation at mid-depth in the ocean where the tracer is injected. Deep
ocean ventilation is then improved to the point of simulating a realistic range of He values
where the enriched plumes of mantle helium are observed.

When the geothermal heating is added to the version with high vertical mixing (exp 4)
the relative change is less intense than when the mixing was low (exp 1/exp 2) because the
deep ocean circulation is already vigorous enough to readily remove the additional heating
injected at the bottom [1,45]. Equivalently, strong diapycnal mixing generates important
lateral temperature gradients at depth by mapping surface density patterns onto the bottom.
The simple scaling law of Emile-Geay and Madec [13] (their Eq. 11) explains why only a
small increase in circulation is then necessary to keep the deep ocean in thermal equilibrium
for a given geothermal input.

This small circulation change notwithstanding, a noticeable additional improvement is
observed on the distribution of isotopic mantle helium in AABW, where ‘SSHe values become
comparable to the observations in all basins. With the exception of the Indian ocean, the
simulated helium isotopic composition now appear globally quite reasonable, even if some
discrepancies (classically attributed to coarse resolution models) remain:

e The overflow of the densest NADW formed in the Nordic Seas is poorly simulated
[5,11,15,16] such that NADW ventilation does not penetrate below 3000 m depth. Con-
sequently, the Deep Western Boundary Current is too sluggish to maintain a realistic *He
isotopic composition of newly formed NADW while it is transported to the south.

e The model failed to correctly reproduce the eastward propagation of the enriched >He
plume in the deep ocean Pacific observed along the WOCE PO4 Section (Fig. 5), main-
taining too high values close to the East Pacific Rise source.

The Indian Ocean is the only basin where the model failed to produce a realistic range of
3He altogether, with all experiments largely exceeding the observations. The source function
could be to blame, but the results obtained during the multimodel OCMIP2 project tend to
indicate that this formulation of the source function is not inaccurate [12]. On the other hand,
the deep overturning circulations of all our simulations are very weak in this basin (<2sv).
This is far below all observational estimates: 27 &= 10Sv [51], 12£3Sv [41], 11 £3Sv [19],
23 £ 3 Sv [46]. This large discrepancy in the overturning circulation in the Indian Ocean
is common to a large set of general circulation models [38]. In our simulations, it is unam-
biguously the main reason for the overestimation of the helium isotopic composition in this
basin.

6 Conclusion

Having taken into account the experience gained during the OCMIP2 project, we have per-
formed simulations with a new configuration of the OPA model in order to improve its deep
ocean ventilation. Natural 3He, with its large sensitivity to ocean circulation, proves a use-
ful constraint for the evaluation of the validity of the simulated deep circulation, as large
uncertainties remain in the estimations of ocean overturning derived from hydrographic data
[50].
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It was found that the control version of the model, with low vertical mixing, generated
an unrealistically sluggish circulation that led to an overestimated 3He isotopic composition.
Including the parameterization with enhanced vertical mixing in the deep ocean provided a
major improvement to the model’s circulation. It is thus recommended to pursue this effort
and to test some more sophisticated parameterizations, such those developed for representing
the effect of tides on the topography [24].

Second, the inclusion of a geothermal forcing provided an additional—though modest—
enhancement of the AABW circulation. However, its impact on simulated 3He was substantial
and brought the simulated tracer distributions in a close agreement with observations for most
basins. This supports the notion that 3He is a key oceanographic tracer, providing constraints
independent of, and complementary to, hydrographic transport estimates. This additional
information corroborates the suggestion that geothermal heating has a significant dynamical
impact on the simulated circulation of our model [13] and, we expect, other ocean GCMs
besides those where it has already been found [1,45,52]. Since it was found in Emile-Geay
and Madec [13] that the inclusion of a realistic geothermal heat flow both improved the fit
to both circulation and temperature field, 3He is now the third observational constraint to be
positively affected by this process in OPA. Taken together, these constraints strongly suggest
that geothermal heating is indeed essential to abyssal dynamics.

The next step would be to carry out a similar analysis with different ocean GCMs, pos-
sibly including a broader suite of tracers to diversify the constraints and help discriminate
between the most relevant physical processes and parameterizations. Using higher resolution
models would also offer the opportunity to better simulate the detailed structure of the " He
distribution observed in the deep ocean and even allow to simulate other dynamical process
that can affect the *'He distribution, such as entrainment and vertical pumping associated
with the geothermal heat flux [28,49]. This will be left for future investigation.
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