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a b s t r a c t

The impact of topographically catalysed diapycnal mixing on ocean and atmospheric circulation as well
as marine biogeochemistry is studied using an earth system model of intermediate complexity. The
results of a model run in which diapycnal mixing depends on seafloor roughness are compared to a con-
trol run that uses a simple depth-dependent parametrization for vertical background diffusivity. A third
model run is conducted that uses the horizontal mean of the topographically catalysed mixing as vertical
profile in order to distinguish between the overall effect of larger diffusivities and the spatial heteroge-
neity of the novel mixing parametrization.

The new mixing scheme results in a strengthening of the deep overturning cell and enhances equatorial
upwelling. Surface temperatures in the Southern Ocean increase by about 1 K (in the overall effect)
whereas cooling of a similar magnitude in low latitudes is generated by the spatial heterogeneity of
the mixing. The corresponding changes in the atmospheric circulation involve a weakening of the south-
ern hemispheric Westerlies and a strengthening of the Walker circulation. Biogeochemical changes are
dominated by an improved ventilation of the deep ocean from the south. Water mass ages decline signif-
icantly in the deep Indian Ocean and the deep North Pacific whereas oxygen increases in the two ocean
basins. The representation of the global volume of water with an oxygen concentration lower than
90 lmol/kg in the model is improved using the topography catalysed mixing. Furthermore, primary pro-
duction is stimulated in equatorial regions through increased upwelling of nutrients and reduced in the
oligotrophic gyres.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction represents the first attempt to capture the spatial distribution of
Observational studies indicate weak, O (10�5 m2/s), diapycnal
mixing in the ocean’s interior (Gregg, 1987; Kunze and Sanford,
1996; Kunze et al., 2006; Ledwell et al., 2011) and bottom-intensi-
fied mixing orders of magnitude larger in regions of rough topog-
raphy (Gregg and Sanford, 1980; Toole et al., 1997; Polzin et al.,
1997; Klymak et al., 2006; Aucan et al., 2006; Levine and Boyd,
2006). The diapycnal diffusivity, Kq, is therefore depth-dependent
and patchily distributed in the horizontal in contrast to diffusivity
parametrizations generally adopted in OGCMs, that often use hor-
izontally homogeneous and vertically varying values for Kq (Bryan
and Lewis, 1979).

A spatially varying mixing parametrization has been developed
over the past decade by St. Laurent (1999), Jayne and Laurent
(2001) and St. Laurent et al. (2002). This parametrization
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diapycnal mixing resulting from the local dissipation of internal
tides at generation sites and has been implemented in recent mod-
eling studies (e.g., Simmons et al., 2004, Saenko and Merryfield,
2005, Koch-Larrouy et al., 2007, Jayne, 2009).

The observed bottom-intensification of diapycnal mixing in re-
gions of rough topography is the result of a large number of topogra-
phy-catalysed mixing processes. However, it remains unclear what
fraction can be ascribed to the local dissipation of internal tides. Ten-
tative energy budgets (Munk and Wunsch, 1998; Wunsch and Fer-
rari, 2004) suggest that the tides supply no more than half of the
mechanical energy available for diapycnal mixing in the abyssal
ocean. Interaction of non-tidal internal waves with topography
may be equally important, through for example reflection off a slop-
ing bottom at the critical frequency (Eriksen, 1998; Nash et al., 2004)
and scattering off rough topography (Müller and Xu, 1992). The com-
bination of tidal motions with near-inertial internal waves gener-
ated by storms has also been observed to lead to enhanced mixing
(Aucan and Merrifield, 2008). In addition, abyssal mixing can be sus-
tained by instability of internal lee waves associated with mesoscale
near-bottom currents over rough topography (Polzin and Firing,
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1997; Marshall and Garabato, 2008; Nikurashin and Ferrari, 2010),
by hydraulic flow through constricted passages (Ferron et al.,
1998; Thurnherr, 2006; St. Laurent and Thurnherr, 2007) and by epi-
sodic deep overflows (Lukas et al., 2001).

Dynamically, vertical gradients of the diapycnal diffusivity
relate to the intensity of upwelling via the buoyancy equation
and influence the horizontal circulation via vorticity dynamics
(St. Laurent, 1999; Saenko and Merryfield, 2005). Circulation
patterns calculated with spatially varying mixing can thus be
expected to differ from those obtained with uniform mixing.

The sensitivity of the ocean circulation to the horizontal
distribution of vertical mixing has been studied by a number of
recent numerical studies (Hasumi and Suginohara, 1999; Simmons
et al., 2004; Saenko and Merryfield, 2005; Emile-Geay and Madec,
2009; Jayne, 2009). In particular, horizontally non-uniform mixing
has been shown to alter the abyssal circulation from the classical
Stommel–Arons pattern (Huang and Jin, 2002; Katsman, 2006;
Emile-Geay and Madec, 2009), to affect the deep ocean stratifica-
tion (Hasumi and Suginohara, 1999; Saenko, 2006), to have a bear-
ing on the depth and intensity of the Antarctic Circumpolar Current
(Saenko and Merryfield, 2005; Jayne, 2009), as well as to yield
improved temperature-salinity characteristics of simulated water
masses (Simmons et al., 2004; Saenko and Merryfield, 2005;
Koch-Larrouy et al., 2007). Zonally integrated quantities such as
the meridional transport of heat and mass are found to be sensitive
to the spatial distribution of diapycnal mixing in the deep Indian,
Pacific and Southern Ocean basins (Saenko and Merryfield, 2005;
Palmer et al., 2007) and down to thermocline depths in the Atlantic
Ocean (Saenko and Merryfield, 2005; Griesel, 2005; Jayne, 2009).

Several studies have demonstrated the relationship between
vertical mixing and biogeochemical parameters. Gnanadesikan
et al. (2002) reported a doubling of new production in response
to an increase of vertical diffusivity from 0.15 to 0.6 cm2/s in the
upper 2000 m of the water column. As the driving forces behind
this doubling the study identified the increase in convection and
in vertical diffusive and advective fluxes. Furthermore it was found
that the location where vertical mixing is increased appears to be
crucial for the response of new production. Gnanadesikan et al.
(2004) showed that changes in vertical diffusion lead to changes
in the radiocarbon budget and the distribution of this tracer in
the ocean. The advective surface flux of young water masses to
the Southern Ocean as well as the influx into the tropics at depth
were found to be strengthened by an increase in vertical diffusion.
In the presentation of a global marine ecosystem model Schmittner
et al. (2005) tested the model’s performance under different verti-
cal mixing parametrizations. They revealed a large sensitivity of
chlorophyll concentration to the vertical mixing scheme in partic-
ular in low latitudes. It was also shown that the delicate balance of
diffusion and upwelling which sets the depth of the nutricline is al-
tered in response to a change in vertical diffusion which results in
shallower (deeper) nutricline for higher (lower) values of mixing.

The effects of changes in the strength of the overturning circu-
lation (which is directly connected to diapycnal mixing) on ocean
biogeochemistry have been investigated in numerous studies. Sch-
mittner et al. (2005) and Menviel et al. (2008b) reported a decrease
in global primary production in response to a major weakening of
the Atlantic Meridional Overturning Circulation (AMOC) which
was mostly caused by a decrease in the supply of nutrients from
the deep ocean. Schmittner et al. (2007), Schmittner and Galbraith
(2008) and Okazaki et al. (2010) demonstrated the coupling of
North Pacific ventilation to the state of the AMOC. In both studies
an increase in subsurface oxygen levels was observed concordantly
as a consequence of a weakened AMOC.

In our present study we incorporate an empirically-derived
topography-catalysed diapycnal mixing scheme (Decloedt and
Luther, 2010) describing the spatial distribution of the mean back-
ground diffusivity Kq resulting from a broad range of mixing pro-
cesses into an earth system model of intermediate complexity.
The model includes a three-dimensional global model of the mar-
ine carbon cycle, a terrestrial vegetation model, a sea ice model, an
OGCM and a simplified 3 dimensional dynamical atmosphere.
Through this approach we are able to study the potential impact
of spatially non-uniform mixing on ocean circulation, climate and
the carbon cycle. Our primary intention is to elucidate the effects
topography-catalysed mixing on the different compartments of
the Earth system as well as to study the interactions.

The paper is organized as follows: after the description of
the earth system model and the experimental setup in Sections
2 and 3, respectively, we give a brief explanation of the rough-
ness diffusivity model in Section 4. Section 5 presents and dis-
cusses our main results. We summarize our main findings in
Section 6.
2. Model configuration

We use the Earth system model of intermediate complexity
LOVECLIM (version 1.1) (Goosse et al., 2010; Menviel et al.,
2008b) which is based on 5 coupled subsystems.

The sea ice-ocean component (CLIO) (Goosse et al., 1999) con-
sists of a primitive equation ocean general circulation model with
3� � 3� resolution on a partly rotated grid in the North Atlantic.
CLIO uses a free surface and is coupled to a thermodynamic–dy-
namic sea ice model (Fichefet and Morales Maqueda, 1997,
1999). In the vertical there are 20 unevenly spaced levels with a
thickness ranging from 10 m near the surface to �700 m below
3000 m. Mixing along isopycnals, as well as the effect of mesoscale
eddies on transports and mixing and downsloping currents at the
bottom of continental shelfs are parametrized (Goosse et al.,
2010). The different vertical mixing parametrizations employed
in our study are described in the following two sections. Bering
Strait is closed in our simulations which inhibits freshwater trans-
port from the Pacific into the Arctic.

The atmosphere model (ECBilt) is a spectral T21 model, based
on quasigeostrophic equations with 3 vertical levels and a horizon-
tal resolution of about 5.625� � 5.625�. Ageostrophic forcing terms
are estimated from the vertical motion field and added to the prog-
nostic vorticity equation and thermodynamic equation. Diabatic
heating due to radiative fluxes, the release of latent heat and the
exchange of sensible heat with the surface are parametrized. The
seasonally and spatially varying cloud cover climatology is pre-
scribed in the ECBilt version employed here.

The ocean, atmosphere and sea ice components model are cou-
pled by exchange of momentum, heat and freshwater fluxes. The
hydrological cycle over land is closed by a bucket model for soil
moisture and simple river runoff scheme. Due to the weakness of
the tropical trade winds simulated by the model, the moisture
transport from the Atlantic to the Pacific is underestimated. To
generate an Atlantic salty enough for an Atlantic Meridional Over-
turning Circulation (AMOC), a correction for freshwater flux is pre-
scribed redirecting 8–15% of precipitation over the Atlantic to the
North Pacific.

The global dynamic terrestrial vegetation is modelled using VE-
CODE (Brovkin et al., 1997). Annual mean values of precipitation
and temperature are communicated to the vegetation from the
atmospheric model. On the basis of these mean values the evolu-
tion of the vegetation cover described as a fractional distribution
of desert, tree, and grass in each land grid cell is calculated once
a year. In the current version, only land albedo (as seen by the
atmospheric model) outside the icesheets is changed by VECODE.
Other processes such as vegetation effects on evapotranspiration
or surface roughness are neglected.
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LOCH is a three-dimensional global model of the oceanic carbon
cycle with prognostic equations for dissolved inorganic carbon, to-
tal alkalinity, phosphate, dissolved and particulate organic matter,
oxygen and silicates (Goosse et al., 2010; Menviel et al., 2008a,b).
The phytoplankton growth is a function of temperature, light and
phosphate concentration. The sink term depends on grazing and
mortality. Although phytoplankton biomass is a prognostic vari-
able it is not subject to advective transports. Remineralization be-
low the euphotic zone (0 – 120 m) is a function of oxygen
concentrations. Anoxic remineralization can occur in oxygen-
depleted areas but is less efficient. The export production is
accompanied by the export of opal assuming a constant silicate-
to-phosphate ratio. Furthermore CaCO3 (calcite and aragonite)
shells are formed as a function of phytoplankton growth. The dis-
solution of shells occurs in the deepest ocean layer. For CaCO3 the
dissolution rate depends on the calcite and aragonite saturation
states. A constant rate is used for opal. The loss of alkalinity, car-
bon, phosphate and silicate that is associated with organic matter
that is not remineralized and the shells that are not dissolved is
compensated by river influx. A run-off mask for the main rivers
of the world is used for this compensation. The surface partial pres-
sure of CO2 is computed from total alkalinity, dissolved inorganic
carbon, temperature and salinity. The parametrization of the gas
transfer velocity follows Wanninkhof (1992). In a version that
allows for free CO2 variability, the atmospheric CO2 content is pre-
dicted for each ocean time step taking into account the air–sea CO2

fluxes calculated by LOCH as well as the air–vegetation CO2 fluxes
provided by VECODE. LOCH is coupled to CLIO, using the same time
step. Biogeochemical tracers that are subject to advection and mix-
ing are advected and mixed using the same circulation field and
mixing parameters, respectively as in CLIO. Water mass ages pre-
sented in this paper are based on an age tracer which is included
in LOCH. The age tracer is initialized to be zero. At each time step
the length of the time step is added except for the surface layer
where the age tracer is restored to zero. The age tracer is subject
to the same advection and horizontal and vertical mixing as all
other tracers in LOCH.

A more detailed description of the LOCH model including the
relevant equations for the evolution phytoplankton biomass and
remineralization can be found in Goosse et al. (2010).
1 K[h,r(x, y)] in Eq. (1).
3. The 3-dimensional roughness diffusivity model

The mixing parametrization adopted in this study is the rough-
ness diffusivity model (RDM) presented by Decloedt and Luther
(2010). The premise of the RDM is that total topography-catalysed
mixing can be approximated as depending mainly on topographic
roughness. The functional form of the RDM is based on a heuristic
recipe for the TKE dissipation rate profile resulting from the break-
ing of bottom-generated internal waves as a function of height h
above bottom (Polzin, 1992, 2004). The RDM has the functional
form:

K½h; rðx; yÞ� ¼ KbðrÞ½1þ h=h0ðrÞ��2 þ K0 ð1Þ

where the boundary diffusivity Kb(r) and decay scale h0(r) are sim-
ple functions of topographic roughness r(x,y) that have been deter-
mined empirically from �300 microstructure observations of TKE
dissipation rates. Microstructure profilers measure the turbulent
velocity shear on centimeter scales from which the TKE dissipation
rate can be inferred. The microstructure surveys used in the con-
struction of the RDM were conducted around the Fieberling Guyot
seamount in the northeast Pacific, the Brazil Basin (on and off the
Mid-Atlantic Ridge) and the Hawaiian Islands Ridge (French Frigate
Shoals, Necker and Nihoa Islands and the Kauai Channel) (black
crosses in Fig. 1a).
The minimum diffusivity K0 = 5.6 � 10�6 m2/s is the diffusivity
that can be sustained by the Garret–Munk internal wave field (Pol-
zin et al., 1995) assuming a mixing efficiency of C = 0.2. The value
of K0 is lower than the often used background value of �10�5 m2/s.
Recent studies, however, show that diapycnal diffusivity can fall
well below �10�5 m2/s and that our minimum diffusivity lies well
within the boundaries of observations (Kunze et al., 2006; Ledwell
et al., 2011).

The RDM parameters r(x,y) and h0(r) are derived from the altim-
eter-derived seafloor topography of Smith and Sandwell (1997) with
a resolution of 2 arc-minutes between 72�S–72�N. The ocean com-
ponent of LOVECLIM has a horizontal resolution of 3� � 3�. In order
to incorporate the RDM, diffusivities are interpolated from the 2 arc-
minute grid of the RDM onto the 3� � 3� grid of CLIO by calculating
mean values of the RDM for each CLIO grid cell. The topography-
catalysed mixing scheme is availabble with a lower resolution of
0.5� � 0.5� at: http://www2.hawaii.edu/�decloedt/.
4. Vertical mixing parametrizations and experimental setup

Three different parametrizations can contribute to the actual
vertical diffusivity in the ocean component (CLIO) of LOVECLIM
(Goosse et al., 2010). In turbulent regions, like the surface mixed
layer, vertical diffusivity is proportional to the characteristic veloc-
ity and length scale of the turbulent motion. Here, the mixing
parametrization is based on the Mellor and Yamada level 2.5 mod-
el (Mellor and Yamada, 1982), (see Goosse et al. (1999) for a de-
tailed description). In addition vertical diffusivity is increased to
10 m2/s whenever the density stratification is unstable allowing
for rapid stabilization of the water column. A background diffusiv-
ity is applied whenever the local diffusivity derived from the Mel-
lor and Yamada scheme is lower than the local background
diffusivity value which is mostly the case for deeper water layers
of little turbulence outside the surface mixed layer. It is this back-
ground diffusivity that is different in our three model sensitivity
simulations:

� In the case of the control run (CTR-run) this background diffu-
sivity is simply depth-dependent and adapted qualitatively
from the profile proposed by Bryan and Lewis (1979). In the
deepest layer of our model, however, the diffusivity differs sig-
nificantly from the ‘‘Bryan and Lewis’’-profile. In combination
with the parametrization of downsloping currents the values
have been selected after a tuning in order to have the best pos-
sible water masses characteristics.
� The background diffusivity in the second run is based on the

topography-enhanced RDM diffusivity scheme1 which is
explained in the previous section (RDM-run). Since the study
by Smith and Sandwell (1997) does not provide bathymetry data
poleward of 72�, the background diffusivity of the CTR-run was
used to fill in data gaps.
� Our third model experiment uses the horizontal average of the

RDM to prescribe a depth-dependent vertical diffusivity
(meanxy(RDM)-run). This allows us to discern between the
effect of spatially-heterogeneous mixing and the overall effect
of the new mixing parametrization where the latter is partly
driven by simply higher diffusivity values throughout the water
column.

All runs were integrated for more than 8000 years until a quasi-
equilibrium in temperature, salinity, oxygen, phosphate, water
mass age and dissolved inorganic carbon was reached in all deep
ocean basins. The atmospheric CO2 concentration was set to the

http://www2.hawaii.edu/~decloedt/
http://www2.hawaii.edu/~decloedt/


(a)

(b)

Fig. 1. (a:) Average vertical diffusivity of the roughness diffusivity model (RDM) between 1000–5500 m in m2/s. Black crosses indicate the locations of microstructure
measurements used to derive the RDM. (b:) Vertically integrated (1000–5500 m) power consumption in W/m2 using Eq. (5) of Decloedt and Luther (2010). Values for
potential density and buoyancy frequency were calculated using the Levitus climatology (Levitus, 1994).
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preindustrial level of 280 ppmv during the integration. Subse-
quently the models were run for an additional 100 years with an-
nual mean output. All numbers and figures presented in the study
are based on averages over these 100 years.
5. Results and discussion

5.1. Changes in ocean and atmospheric circulation

The strength of vertical mixing arising largely from the topo-
graphic features varies by more than two orders of magnitude in
the RDM. The lowest values of about 5 � 10�6 m2/s are located at
depths of 500–1000 m above the abyssal plains. Highest mixing
rates reach 10�3 m2/s directly above ocean ridges and in the vicin-
ity of fracture zones (Fig. 1a). The power consumed by this mixing
scheme closely follows this patchy distribution (Fig. 1b).

Fig. 2 shows the horizontal averaged depth (potential density)
profile of the three background diffusivity schemes used in this
study. The largest differences between the two diffusivity
parametrizations are found in the upper and lower thousand me-
ters of the water column. For the density classes between 23–
27.6 kg/m3 mixing rates are about twice as high for the RDM in
the basin-mean than for the standard LOVECLIM. This results in a
change of vertical density distribution. Compared to the control
run (CTR-run) the top 300 m of the water column become denser
in the RDM-run by up to 0.35 kg/m3. This increase is dominated
by the equatorial regions where potential density of surface waters
increases by about 1 kg/m3. Below 1700 m water becomes lighter
by about 0.02 kg/m3. The overall effect is a global reduction in
the stratification of the water column which is most pronounced
in the near-surface waters around the equator. The three model
simulations allow for differentiation between the overall effect of
the new mixing parametrization and it’s heterogeneity effect. The
overall changes (RDM-run–CTR-run) are not necessarily a direct
consequence of enhanced bottom mixing but could also arise in re-
sponse to higher values of vertical mixing. The RDM-run and the
meanxy (RDM)-run are using the same depth-profile of mixing.
Thus, the heterogeneity effect of the topography-catalysed mixing
scheme can be determined by their difference (RDM-run–mean-
xy (RDM)). Comparing the mean vertical density distributions in
the three runs (not shown) reveals that simulated near surface



(a) (b)

Fig. 2. Globally averaged vertical background diffusivity applied in the RDM-run (spatially-heterogeneous) and as a profile in the meanxy (RDM)-run (red) and as applied in
the CTR-run (blue) plotted versus depth (a) and potential density (b). Note the logarithmic x-axis in both plots. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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density increase (0–200 m) in the RDM-run is mostly driven by the
spatially-heterogeneous mixing. Below 1500 m, the RDM-run and
the meanxy (RDM)-run exhibit a similar mean vertical density pro-
file. Thus, the decrease in deep ocean density is mostly due to high-
er vertical mixing values.

The second immediate consequence of stronger diapycnal mix-
ing around topographic features in our simulation is an enhanced
northward spread of deep and bottom waters formed in the South-
ern Ocean. Velocity anomalies below 3500 m between the RDM-
run and the control run (Fig. 3a) and between the RDM-run and
the meanxy (RDM)-run (Fig. 3b) show a similar pattern in the Pacific
(a)

(c)

Fig. 3. Left panels (overall effect): (a:) Model ocean topography (shaded) and difference in
the RDM-run and the control run. (c:) Difference in Global Meridional Overturning Circul
(heterogeneity effect): same as left but for the difference between the RDM-run and the
and the Indian Ocean with slightly larger anomalies in the overall
effect. This indicates that the elevated northward flow is guided to
a large extent by rough topography (and the associated increase in
vertical mixing) such as the Tonga Trench, albeit the coarse resolu-
tion employed here. The effect of heterogeneous mixing around the
Mid Atlantic Ridge is considerably smaller and only recognizable in
higher latitudes.

Overall, northward velocities are 2–5 times higher close to
topographic features which is associated with a spin-up of the
deep overturning cell (Fig. 3c, d), most notably in the Pacific
and the Indian Ocean. For the deep ocean the effect of the
(b)

(d)

velocity (vectors) averaged over the lowest 3 depth levels (3300–5500 m) between
ation in Sv (1 Sv = 106 m3/s) between the RDM-run and the control run. Right panels

meanxy (RDM)-run. Note the split z-axis in the panels c and d.
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RDM on the global overturning is comparable to results of
Emile-Geay and Madec (2009) (their Fig. 8c) who studied the
impact of geothermal heating on ocean circulation. Both geother-
mal heating and rough seafloor topography are associated with
seafloor spreading zones. Thus the spatial characteristics of en-
hanced mixing in both studies share similar features. But in
addition to the mixing parametrization used in Emile-Geay and
Madec (2009) that mostly affects the lowest water level, the
RDM influences mixing in the entire water column which is
accompanied by changes in ocean and atmospheric circulation
on a nearly global scale. Comparing the global overturning
anomalies in Fig. 3c, d demonstrates that about one half of the
overturning increase in the deep ocean below 1500 m is driven
by the patchy distribution of mixing whereas the other half
can be attributed to larger mixing values. The largest differences
between the overall and the heterogeneity effect can be found in
upper water column of the Northern Hemisphere and are mostly
caused by a different response of the North Pacific. Compared to
the CTR-run, the RDM-run exhibits a basin-scale positive anom-
aly of in the meridional streamfunction of up to 2.5 Sv in the
North Pacific reaching depth of up to 2000 m. This increase is
not found for the RDM-run–meanxy (RDM)-run anomalies and is
thus not a consequence of spatially-heterogeneous mixing.

In conjunction with the spin-up of the bottom overturning cell,
the upwelling in the Eastern Equatorial Pacific is also strongly ampli-
fied and slightly reduced in the western part (not shown) by the
topography-catalysed mixing scheme. The eastward shift can be re-
garded as an effect of heterogeneous mixing. The strengthening of
the upwelling in the Equatorial Pacific is partly driven by the anom-
alous North Pacific overturning. Therefore it is not as pronounced
when comparing the RDM-run and the meanxy (RDM)-run.

The overall changes (RDM-run–CTR-run) in the deep Indian
Ocean are dominated by an increased influx of Antarctic Bottom
Water (AABW). Below 3500 m enhanced northward flow along
the South West Indian Ridge and the Mid Indian Ridge leads to
an increased overturning cell in the deep ocean (not shown). The
(a)

(c)

Fig. 4. Left panels (overall effect): (a:) Difference in ocean temperature in K (shaded) and
control run. (c:) Difference in 2 m air temperature (shaded) and 800 mbar wind vel
(heterogeneity effect): same as left but for the difference between the RDM-run and the
change in the equatorial upwelling exhibits a similar pattern as
in the Pacific with an increase (decrease) in the eastern (western)
Indian Ocean (not shown). However, the magnitude in the Indian
Ocean upwelling accounts only for about 50% of the increase sim-
ulated in the Pacific. When considering only the effect of heteroge-
neity, the magnitude of the changes is reduced by about 50%
whereas the patterns are identical.

The effect of the new mixing parametrization on the Atlantic is
also characterized by an enhanced inflow of AABW in the maxi-
mum density class originating near Antarctica along the western
side of the Mid Atlantic Ridge (Fig. 3a, b). This results in a stronger
northward flow of AABW into the North Atlantic as well as in a
stronger recirculation into the eastern South Atlantic. The anoma-
lous northward flow and recirculation is largely driven by higher
mixing values and significantly smaller taking only the heteroge-
neity effect into account. However, the latter is responsible for an
increase in the formation of North Atlantic Deep Water (the AMOC
index increases by about 8%) and a strengthening of the shallow
overturning cells and an associated increase in the upwelling in
the equatorial Atlantic.

The changes in the deep circulation and the equatorial
upwelling in the world’s ocean are associated with large scale
changes in surface ocean currents and temperature which in
turn alters the atmospheric circulation pattern. The most prom-
inent feature with regard to surface temperature is a cooling of
the equatorial regions (Fig. 4a, b). The magnitude and pattern of
this cooling is similar for both of the anomalies calculated from
our model runs. Thus, we conclude that it is caused by the pat-
chy distribution of the vertical mixing. Surface ocean tempera-
ture anomalies in the Southern Ocean are very different in our
experiments. The overall effect is characterized by a significant
warming which cannot be observed in the heterogeneity effect.
Clearly, the Southern Ocean warming is the consequence of sim-
ply higher, global mean vertical diffusivities.

The changes in surface temperature can be mostly explained by
the strengthening of the shallow and the deep overturning cells.
(b)

(d)

velocity in m/s (vectors) averaged over the top 40 m between the RDM-run and the
ocity in m/s (vectors) between the RDM-run and the control run. Right panels

meanxy (RDM)-run.
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The increase in equatorial upwelling brings more cold water to the
surface. In case of the overall effect, surface waters in the northern
subtropical Pacific, the Labrador Sea and the Irminger Sea become
slightly warmer. Here, the warming in northern hemispheric sur-
face waters is caused by the slight increase in North Atlantic and
North Pacific overturning respectively which strengthens the
northward flow of warm waters. The same effect is responsible
for the �1 K warming of the Southern Ocean where the spin-up
of the deep overturning cell is associated with an amplified south-
ward transport of warm low-latitude waters that supplies the in-
creased bottom water cell.

In addition, noteworthy is the cooling of surface waters along
the western boundary of the Pacific and the Indonesian region.
The topographic features incorporated in the RDM result in a sig-
nificant strengthening of the boundary mixing leading to enhanced
near coastal upwelling.

The surface salinity in the equatorial Pacific and the Indian
Ocean is up to 0.5 psu higher in the RDM-run compared to the con-
trol run (up to 0.3 psu higher compared to the meanxy (RDM)-run).
This is a consequence of the increased upwelling in the eastern
equatorial Pacific in conjunction with the atmospheric response
to the cooling caused by it. In the case of a stronger upwelling
the equatorial freshwater balance dominated by rainfall-driven
dilution of horizontally and vertically advected water is shifted to-
wards saltier conditions. In addition precipitation is reduced by up
to 50% (RDM-run–CTR-run) over the areas that exhibit cooling due
to increased upwelling. Thus, the upwelled water becomes saltier
as it moves downstream towards the Indian Ocean.

Another atmospheric response in the equatorial Pacific is the
strengthening of the Walker circulation, which in ECBilt is rela-
tively weak. The increased upwelling in the east generates a zonal
temperature gradient that leads to stronger equatorial easterly
winds (Fig. 4c, d). A similar feature can be observed in the Indian
Ocean. Thus, at the equator the response of the atmosphere to en-
hanced diapycnal mixing provides a positive feedback. Stronger
winds induce stronger upwelling and increase the amount of sub-
thermocline waters being brought back to the surface. The dipole
pattern with warming of the subtropical surface waters in the
North Pacific and cooling in the Atlantic is associated with a south-
erly wind anomaly over the North American continent which
causes a warming of this area.

In accordance with studies by Saenko and Merryfield (2005)
and Jayne (2009) we also find a strengthening of the Antarctic Cir-
cumpolar Current (ACC) and an associated increase of the transport
through the Drake Passage. However, in the RDM-run Drake Pas-
sage transport increases by only about 7% compared to the CTR-
run whereas Saenko and Merryfield (2005) report a 25% increase
in the ACC. This discrepancy may have different reasons. Among
them are differences in the mixing parameterization and in the
mean model set-up. We speculate that this discrepancy could be
at least to some extent caused by the windfield response to
changes in the surface ocean temperature (which is not captured
in the study by Saenko and Merryfield (2005)). The cooling of the
tropics and the concurrent warming of the Southern Ocean result
in a decrease of the meridional surface temperature gradient of
4% in the southern hemisphere. Fig. 4c shows that this leads to a
weakening of the trade winds of 7% and the Westerlies of 5%
around 40�S, respectively. The latter results in a weakening of
the northward Ekman transport and thus a reduction of the merid-
ional pressure gradient which partly drives the ACC. At this lati-
tude we find eastward currents being reduced by 0.1–0.6 cm/s
(not shown) in the depth range of 0–800 m. Between 45�S and
60�S we find a deep-reaching increase (0–2500 m) in the ACC of
about the same magnitude. It is noteworthy that the Southern
Ocean warming in our simulation is not solely caused by the
strengthening of the deep overturning cell and the associated in-
crease in meridional heat transport. The warming provided by
the latter entails a southward retreat of the sea-ice margin (defined
as the position of the 0.15 m sea-ice thickness contour) of about 1�
in the annual mean. This generates a positive feedback that further
amplifies the warming due to a reduction in surface albedo. Overall
the Southern Ocean warming strengthens the stratification in the
upper 100 m between 40�S and 60�S by up to 100% which hampers
convection and thus vertical mixing.

5.2. Changes in ocean biogeochemistry

Diapycnal mixing can alter ocean biogeochemistry in two ways.
First of all, the distribution of relevant parameters such as nutri-
ents, oxygen and dissolved inorganic carbon can be changed di-
rectly through mixing. In addition, the marine biogeochemistry is
closely connected to the ocean physics through for example the
ventilation of the abyssal ocean by horizontal advection,
the upwelling of nutrients and the temperature dependencies of
the solubility of oxygen and carbon dioxide.

The changes in the overturning and the upwelling in our simu-
lation with topography-enhanced diapycnal mixing have a strong
impact on the ventilation of the deep ocean (Fig. 5), the associated
extension of the Oxygen Minimum Zones (Fig. 6c, d) and the pri-
mary production at low and mid-latitudes (Fig. 6a, b).

The anomaly pattern generated in the overall effect (RDM-
run–CTR-run) in the Pacific and the Indian Ocean is dominated
by a faster ventilation of the ocean at depths >1000 m through
the increased deep overturning cell. Water mass ages drop locally
by up to 500 yr in the western North Indian Ocean and by up to
700 yr in the western North Pacific (not shown). At the same time
oxygen concentrations rise by 50–100 lmol/kg at these locations
(not shown). In the zonal-mean the age decreases by up to 100–
300 yr (Fig. 5a, b). Oxygen levels increase by up to 50 lmol/kg in
the zonal-mean (Fig. 5c, d) due to the reduced time for remineral-
ization to affect oxygen concentrations. The upper water column is
characterized by a slight increase in water mass ages due to
strengthening in the upwelling of ‘‘old’’ water. A similar dipole
behavior of water mass ages in response to stratification was found
by Gnanadesikan et al. (2007) (their Fig. 3 and 6d) and Oschlies
et al. (2008) (their Fig. 5). Gnanadesikan et al. (2007) investigated
the fate of ocean ventilation under global warming and the associ-
ated weakening of the overturning circulation. Our results support
their suggestion that local water mass ages are the result of many
different pathways to that point and are governed by an advec-
tion–diffusion balance.

Anomalies in deep ocean water mass ages and oxygen gener-
ated by the heterogeneity effect are about 50% smaller compared
to the results seen in the RDM-run in accordance with smaller
overturning anomalies. No increase in water mass ages is found
in the sub-surface of the equatorial regions. Fig. 3d exhibits that
the heterogeneity effect mostly causes a strengthening of the shal-
low overturning in this areas whereas the contribution of deeper
(and ‘‘old’’) water mass remains relatively unaltered.

The modifications induced by the RDM also alter the distribu-
tion of nutrients (phosphate in our model) in the surface ocean
and thus the primary production (PP). The coupling of nutrient
concentrations and PP to the overturning circulation state was al-
ready described by Schmittner (2005) and Menviel et al. (2008b).
Both studies find that for a reduced AMOC near-surface nutrient
concentrations and PP decrease in the equatorial Pacific. The re-
sults of our study confirm this coupling for an increased overturn-
ing. The topography-catalysed mixing results in lower phosphate
concentration in the deep North Pacific (not shown) due to reduced
residence time of the water. At the same time, subsurface waters in
the equatorial Pacific are characterized by an increase in phosphate
due to the strengthening in upwelling. However, in the euphotic
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Fig. 5. Left panels (overall effect): Zonally averaged difference in water mass age in years (a) and Oxygen in lmol/kg (c) between the RDM-run and the control run. Right
panels (heterogeneity effect): same as left but for the difference between the RDM-run and the meanxy (RDM)-run. Note the split z-axis in the plot.

(a) (b)

(c) (d)

Fig. 6. Left panels (overall effect): (a) Difference in annual mean primary production in mol/m2/a between the RDM-run and the control run. (c) Difference in the thickness of
the Oxygen Minimum Zone (defined as O2 < 90 lmol/kg) between the RDM-run and the control run. Contours in (c) indicate the mean extension of the Oxygen Minimum
Zone (O2 < 90 lmol/kg) for the control run (green), the RDM-run (red) and World Ocean Atlas (cyan). Right panels (heterogeneity effect): same as left but for the difference
between the RDM-run and the meanxy (RDM)-run. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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zone the response is different for the overall and the heterogeneity
effect. On the one hand the strengthening in overturning and equa-
torial upwelling is weaker if only the effects of a patchy mixing dis-
tribution are taken into account (RDM-run–meanxy (RDM)-run). On
the other hand the pathway of water upwelling in the Pacific is dif-
ferent redirecting a large share of the deep water to the Southern
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Ocean (Fig. 3c, d). This has a bearing on the response of PP to the
new mixing parametrization. Fig. 6a shows that in case of the over-
all effect, PP is strongly increased near the equator and in the east-
ern Pacific coastal upwelling regions and decreased in the
subtropical gyres and off the coast of Angola. The heterogeneity ef-
fect generates a similar pattern but of smaller magnitude in the Pa-
cific (Fig. 6b).

As mentioned in Section 5.1, the upwelling shifts eastward in
the equatorial Pacific. Accordingly the maximum growth in PP is
found slightly west of the new upwelling center. The shift in
upwelling has also an impact on the PP in the North Pacific sub-
tropical gyre. The nutrient supply in this oligotrophic region is
mostly provided by horizontal advection from high and low lati-
tudes. Due to the eastward shift in the upwelling less phosphate
can recirculate north at the western boundary as most of it is al-
ready utilized on the way across. On the other hand, water being
brought back to the surface in the North Pacific by convection
(a)

(b)

(c)

Fig. 7. Vertical density gradient in kg/m4 for the control run (blue), the RDM-run
(red), the meanxy (RDM)-run (green) and Levitus climatology (black) averaged
globally (a), over 20�S to 20�N (b) and over 30�S to 77�S (c). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)
and diapycnal mixing is now significantly younger (Fig. 5a, b)
and thus less enriched in phosphate by remineralization.

The decline in PP seen in the overall effect in the southern hemi-
spheric oligotrophic gyres is to a large extent caused by the South-
ern Ocean warming. The strengthening in surface stratification
between 40�S and 60�S hampers the upward transport of nutri-
ent-rich waters and with it the supply for the gyres through north-
ward advection.

The changes in the eastern-equatorial PP in the Atlantic are a
consequence of the northward shift in the tropical upwelling. Ver-
tical advection of phosphate is increased (decreased) by up to 100%
north (south) of the equator. Comparing the numbers in Fig. 6a it
must be emphasized that even though changes in the subtropics
appear to be small compared to the ones at the equator, they can
account for 30–50% of the PP in the oligotrophic gyres. The relative
increase in PP at the equator amounts to 50–150%. On a global
scale simulated PP amounts to 57 GtC/yr in the CTR-run, 59 GtC/
(a)

(b)

(c)

Fig. 8. (a) Slope of the Pacific 20�C isotherm averaged over 10�S to 10�N. (b)
Globally averaged potential density distribution given in relative volume. Note the
logarithmic y-axis. (c) Depth of aragonite saturation horizon (XAr = 1) averaged over
the Pacific. The different model runs are indicated in the panels. Observational data
were taken from the Levitus climatology (Levitus, 1994) for panels a, b and the
preindustrial GLODAP data set (Key et al., 2004) for panel c.
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yr in the RDM-run and 61 GtC/yr in the meanxy (RDM)-run. All
three values are on the upper end of estimates (46–60 GtC/yr) pro-
vided by Carr et al. (2006) and Behrenfeld et al. (2006).

It should be noted that the simulated response of PP to changes
in nutrient supply and SST may strongly depend on the complexity
and parameters of the ecosystem model. A recent study by Taucher
and Oschlies (2011) showed that, for example, the temperature
sensitivity of the microbial loop can outweigh the effects of en-
hanced stratification and weaker nutrient upwelling. The largest
PP changes in our model simulation (RDM-run–CTR-run) occur at
the equator and coincide with the largest changes in SST. Given
the fact that fast remineralization through the microbial loop is
not included in our Earth system model it must be kept in mind
that the PP response to the new mixing parametrization may look
different using a different ecosystem model.

So far, topography-enhanced diapycnal mixing turns out to
have a considerable impact on water mass ventilation, low-latitude
upwelling and PP. Thus, we can expect it to have an effect on Oxy-
gen Minimum Zones (OMZ). In our analysis we define the OMZ by
oxygen concentrations lower than 90 lmol/kg. Fig. 6c, d indicate
the reduction in the OMZ thickness as well as the changes in the
OMZ extension that is caused by applying the RDM. In the overall
effect the OMZ thickness is reduced by several hundred meters
over large parts of the Pacific and the Indian Ocean. Close to the
North American continent the reduction rates reach 1000–2200
m at some locations. In the central North Pacific the northernmost
extent of the OMZ is shifted southward by up to 20�. The southern
boundary of the OMZ moves several degrees to the north in the In-
dian Ocean and the South Pacific. This erosion of the OMZ is
accomplished by the faster ventilation of the deeper water layers
from the south that increases the oxygen concentration of the
upwelling waters. The near surface waters are characterized by a
slight thickening of the OMZ. Here, it is the intensified PP that leads
to more oxygen-consuming remineralization at depths of around
200–600 m. Overall, the volume of waters with an O2 concentra-
tion lower than 90 lmol/kg (10 lmol/kg) decreases by 32% (11%)
whereas the globally averaged O2 concentration rises by 10%.

Accounting only for heterogeneity effects, the reduction in OMZ
thickness and extension is slightly smaller. However, anomalies
generated by the spatially-heterogeneous distribution of mixing
Table 1
Root-mean-square model bias for the control run, the RDM-run and the meanxy (RDM)-ru
column. Biases in potential temperature and salinity were calculated using the Levitus c
(Garcia et al., 2006) were taken. DIC data was taken from the GLODAP preindustrial data

Tracer Depth

Potential temperature [K] 0–100 m
100–1000 m
1000–5500 m
Total (0–5500 m)

Salinity [psu] 0–100 m
100–1000 m
1000–5500 m
Total (0–5500 m)

Oxygen [lmol/kg] 0–100 m
100–1000 m
1000–5500 m
Total (0–5500 m)

Phosphate [lmol/kg] 0–100 m
100–1000 m
1000–5500 m
Total (0–5500 m)

DIC [lmol/kg] 0–100 m
100–1000 m
1000–5500 m
Total (0–5500 m)
(RDM-run–meanxy (RDM)-run) amount to a 22% (10%) decrease in
the volume of waters with an O2 concentration lower than
90 lmol/kg (10 lmol/kg).

The evolution of suboxic waters in response to enhanced dia-
pycnal mixing are in good agreement with a study by Oschlies
et al. (2008) that found OMZ volume to be a function of ventilation
and the drawdown of carbon by PP (and its subsequent remineral-
ization). They showed that increased stratification can lead to a de-
crease in the volume of suboxic waters which is qualitatively in
line with the findings of Gnanadesikan et al. (2007). However, if
PP is strengthened (as in Oschlies et al. (2008) through a coupling
of carbon drawdown to atmospheric pCO2) the increased oxygen
demand for remineralization can preponderate the effect of re-
duced entrainment of ‘‘old’’ waters. The spatially-heterogeneous
response of the OMZ thickness in our model runs is a manifestation
of this mechanism.

With regard to our results it must be emphasized that the rep-
resentation of the OMZ is rather poor in the LOVECLIM model. A
minimum requirement for a resonable representation of the OMZ
is a horizontal resolution that is capable of reproducing the equa-
torial current system. This cannot be achieved with the LOVECLIM
3� � 3� resolution. As shown in Fig. 6c, d, the mean extension of the
OMZ (based on observational data provided by the World Ocean
Atlas (Garcia et al., 2006)) cannot be reproduced. It is largely over-
estimated in the South Pacific and underestimated in the North Pa-
cific. Therefore, above results need to be judged with caution even
though the mechanisms behind them are qualitatively consistent
with previous studies.

5.3. Changes in model biases

The global changes in overturning, density distribution, winds
and biogeochemical tracers raise the question to what extent the
topography-enhanced mixing scheme can improve the model’s
performance with respect to observations.

Fig. 7 shows the mean vertical density gradient in the upper
600 m for the control run, the RDM-run, the meanxy (RDM)-run
and the Levitus climatology (Levitus, 1994). Compared to observa-
tions, the stratification maximum in the control run is too low and
in case of the tropical regions (Fig. 7b) too strong. The RDM clearly
n for tracers indicated in the first column and depth levels indicated in the second
limatology (Levitus, 1994). For oxygen and phosphate data from World Ocean Atlas
set (Key et al., 2004).

CTR-run RDM-run Meanxy (RDM)-run

2.878 2.568 2.993
2.687 2.675 3.078
1.130 1.151 1.133
1.742 1.732 1.909

0.927 0.848 0.885
0.463 0.444 0.459
0.134 0.152 0.146
0.308 0.299 0.306

20.82 21.18 22.80
66.92 69.41 69.15
56.61 46.91 54.28
58.42 52.26 57.34

0.355 0.354 0.374
0.578 0.604 0.604
0.290 0.322 0.309
0.374 0.402 0.395

46.62 44.53 47.44
71.27 75.10 72.97
41.01 45.78 43.04
49.71 53.87 51.53
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rectifies the stratification bias in the upper 200 m. Most of this cor-
rection is achieved through a better representation of the equato-
rial upwelling. The described decrease (increase) in SST (SSS) in
low latitudes provides a significant reduction in the model’s bias
compared to the Levitus climatology. Clearly, this improvement
can be attributed to the spatial heterogeneity of mixing as it is
most pronounced in the RDM-run whereas the meanxy (RDM)-run
provides only a small rectification.

The Southern Ocean warming largely implies an impairment of
the model’s performance. Only around the Ross and the Weddell
Seas is the bias decreased compared to the Levitus climatology.
We speculate that the coarse resolution of the ocean component
of LOVECLIM results in an inadequate representation of deep and
bottom water formation regions leading to a warming that is insuf-
ficiently constrained. Fig. 7c indicates that the gain in stratification
in the upper 100 m of the Southern Ocean due to the RDM in-
creases the model bias significantly.

The eastward shift in the upwelling leads to a considerably bet-
ter reproduction of the slope of the 20�C isotherm in the equatorial
Fig. 9. Taylor diagram (Taylor, 2001) for model performance for annual mean temperatu
run (red symbols) and the meanxy (RDM)-run (green symbols). Depth levels as indicated
salinity and with World Ocean Atlas for oxygen and phosphate (Garcia et al., 2006). For co
of the references to colour in this figure legend, the reader is referred to the web versio
Pacific in the RDM-run (Fig. 8a) – which is a crucial feature for
tropical climate dynamics. The use of simply higher vertical mixing
that does not account for any spatial distribution apparently in-
creases the bias in the representation by lowering the 20�C iso-
therm while conserving the insufficient slope in the eastern
equatorial Pacific observed in the CTR-run.

Easterly winds over the equatorial Pacific are 1–6 m/s too weak
in the control run compared to the ECMWF reanalysis data (Kall-
berg et al., 2004). The strengthening of the equatorial easterlies
by 0.5–1 m/s in the RDM-run reduces the wind speed biases (not
shown).

The representation of bottom water masses is improved by the
RDM (Fig. 8b). The control run and the meanxy (RDM)-run are lack-
ing in water masses with a potential density of >28.2 kg/m3. While
still subject to too low bottom water densities, the heterogeneity
effect of topography-enhanced mixing scheme increases the pro-
portion of the highest density class appreciably (factor 10). This
leads to a better agreement with respect to the shape of the ob-
served density distribution.
re, salinity, oxygen, phosphate and DIC for the control run (blue symbols), the RDM-
in the panels. Data were compared with Levitus climatology for temperature and

mparison with DIC, the preindustrial GLODAP data set was used. (For interpretation
n of this article.)
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Table 1 provides a summary over the model biases for the con-
trol run, the RDM-run and the meanxy (RDM)-run for annual mean
values of potential temperature, salinity, oxygen, phosphate and
DIC respectively for different depth levels. Fig. 9 evaluates the per-
formance for these variables in a Taylor diagram (Taylor, 2001).
The near surface representation of temperature and salinity is
slightly improved by RDM. This rectification which is mostly
achieved in the equatorial regions cannot be explained by simply
larger mixing but appears to be an effect of the spatial
heterogeneity.

The enhanced ventilation of the deep ocean in the RDM-run re-
duces the root mean square model bias with respect to observa-
tions. Only the North Pacific constitutes an exception here. Yet in
the control run using a simple depth-dependent diapycnal mixing
the model is not capable of reproducing the OMZ in the North Pa-
cific that is centered around a water depth of 1000 m. The
strengthening in ventilation and the associated oxygen increase
worsens the model’s performance in this region. The erosion of
the OMZ in the equatorial regions helps to rectify the deviation
from the observed oxygen distribution. In particular in the eastern
tropical Pacific the bias in OMZ thickness is reduced by up to 50%. A
similar behavior is observed for the representation of aragonite
saturation depth (Fig. 8c). DIC concentrations in the RDM-run are
reduced in the deep North Pacific in line with increased oxygen
and decreased water mass ages (Fig. 5a, c). This increases the bias
in the representation of aragonite saturation depth compared to
the control run. However, a slight improvement is visible for the
southern tropical Pacific.

Overall, changes in model performance given as 3-dimensional
pattern correlation and standard deviation with respect to 3-
dimensional observations in Fig. 9 are relatively small using the
different diapycnal mixing schemes. No consistent improvements
or impairments can be identified in the Taylor diagrams.

Finally it needs to be emphasized that our evaluation of the
model’s performance can only be regarded as a preliminary esti-
mate. Changing one parametrization in the model might require
a thorough optimization (‘‘tuning’’) of other parametrizations in
order to achieve the best possible model performance. For exam-
ple, the parametrization of downsloping currents in the standard
version of our Earth system model was tuned in combination with
the vertical mixing profile to ensure an optimal water mass repre-
sentation. Repeating this time-consuming optimization process
including the RDM would be far beyond the scope of the present
study. Thus it is not clear to what extent the RDM is running in
its optimal parameter range. Furthermore, an intrinsic problem
of studying biogeochemical effects of a new mixing scheme in a
coupled Earth system model is the long spin-up time of >3000
model years. Currently this can only be accomplished with rela-
tively low model resolution and a reduction in complexity. As a
corollary, the representation of many features that require high
resolution and/or high complexity such as for example the Oxygen
Minimum Zones and the spatial distribution of primary production
is rather poor. The response of these features to changes in vertical
mixing is therefore difficult to assess and might be very different in
a –hypothetical– model study with higher complexity and better
resolution.
6. Conclusions

Our results indicate that topography-enhanced mixing has a
noticeable and global impact on ocean and atmospheric circulation
as well as marine biogeochemistry. In our simulation, the increased
and patchily-distributed diapycnal mixing results in a weakening
of stratification that is associated with a strengthening of the deep
overturning cell and of the equatorial upwelling. Separating the
effects of spatially-heterogeneous mixing and simply larger mixing
values reveals that about 50% of the increase in overtuning can be
attributed to the heterogeneity effect of the new mixing scheme.
The increase in equatorial upwelling leads to a significant cooling
of the low latitudes whereas the strengthening of the deep over-
turning cell is responsible for a warming of the Southern Ocean.
These changes in surface temperature trigger atmospheric re-
sponses that in turn have a feedback on the ocean. The strengthen-
ing and the eastward shift in the equatorial upwelling in the Pacific
results in a stronger Walker circulation which further increases the
equatorial Ekman divergence and thus upward flow of waters. The
decreasing meridional temperature gradient in the southern hemi-
sphere leads to a weakening of the westerlies around 40�S which
seems to provide a negative feedback for the strengthening of
the ACC in our simulation.

Ocean ventilation is significantly improved through the spin-up
of the deep overturning cell. Accordingly water mass ages drop by
several hundred years in the deep North Pacific and the deep In-
dian Ocean whereas oxygen concentrations increase in the deep
ocean. Globally, the volume of the Oxygen Minimum Zone is re-
duced by about 32%. Furthermore, the increase and shift in equato-
rial upwelling and the strengthening in near-surface Southern
Ocean stratification have a bearing on the nutrient availability in
the low and mid-latitudes. Primary production is strongly en-
hanced near the equator and reduced in the subtropical regions.
Model biases in near-surface temperature and salinity are reduced
by the topography-enhanced mixing in low latitudes. The warming
of the Southern Ocean seems to be insufficiently constrained which
leads to an impairment of the model’s performance.

Finally our results indicate that the atmospheric feedback and
the sea ice response can alter the changes induced by the topogra-
phy-catalysed mixing. This places emphasis on the importance of a
coupled model approach for reliably assessing the global effects of
diapycnal mixing parametrizations.
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