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Abstract Climate models often parameterize isopycnal mixing by mesoscale eddies using a diffusion
operator that acts in the isopycnal direction, multiplied by an isopycnal-mixing coefficient. The magnitude
of this coefficient is uncertain, with observational estimates ranging from 10 to 10,000 m2/s. In an
idealized-geometry ocean model, the isopycnal-mixing coefficient is varied across a similar range without
allowing the circulation to change: This leads to large changes in the ventilation of the deep ocean. Passive
tracers are used to assess the impact of varying the isopycnal-mixing coefficient on water mass
distributions. Increasing the isopycnal-mixing coefficient from 50 to 5,000 m2/s leads to a 63% reduction in
the amount of North Atlantic Deep Water and a doubling in the amount of Antarctic Bottom Water in the
deep Pacific ocean. This change is associated with a 700-yr reduction in the ideal age of water in the deep
Pacific ocean.

Plain Language Summary The ocean is full of eddies at the 100-km scale that stir tracers along
surfaces of constant density. Climate models generally have coarse grids that are not able to resolve these
ocean eddies. Instead, climate models represent this stirring using a diffusion operator along surfaces of
constant density: This diffusion operator smooths out gradients in ocean tracers like temperature, salinity,
oxygen, and nutrients. Based on currently available observations, it is unclear how large this diffusion
operator should be in climate models. The results shown in this paper suggest that the amount of diffusion
along surfaces of constant density influences the pathway along which water reaches the deep Pacific.
Improving estimates of the size of this diffusion operator would probably increase the accuracy of climate
models.

1. Introduction
Oceanic mesoscale eddies typically have spatial scales of less than 100 km. Because of their relatively small
scales, these eddies are not resolved in coarse-resolution ocean and climate models. Instead, eddy trans-
ports are commonly parameterized using the Gent and McWilliams (1990) and Redi (1982) schemes. The
Gent and McWilliams scheme parameterizes the advective transport of mesoscale eddies. In this param-
eterization, the strength of this advective transport is controlled by the slopes of local isopycnals and by
the Gent-McWilliams coefficient. The Redi scheme parameterizes the diffusive effects of eddies using a dif-
fusion operator that acts in the isopycnal direction, with the rate of diffusion set by an isopycnal-mixing
coefficient, 𝜅redi.

It is numerically convenient to set the isopycnal-mixing coefficient to be equal to the Gent-McWilliams
coefficient (Griffies, 1998): This choice was common in early studies that used these two parametrizations
(e.g., Danabasoglu & Mc Williams, 1995; Dunne et al., 2012; Farneti et al., 2010). Recent work suggests that
this simplification is unrealistic (Abernathey et al., 2013; Smith & Marshall, 2009; Vollmer & Eden, 2013)
and that the isopycnal-mixing coefficient is generally larger than the Gent-McWilliams coefficient.

Observational estimates of the isopycnal-mixing coefficient vary widely. Groeskamp et al. (2017) derive a
global value of around 12 m2/s, whereas Lumpkin and Flament (2001) estimate the isopycnal-mixing coef-
ficient to be in excess of 10,000 m2/s near the surface of the North Pacific. Other observational studies find
a variety of isopycnal-mixing coefficients between these two values (e.g., Armi & Stommel, 1983; Garabato
et al., 2007; Ledwell et al., 1998; Roach et al., 2018; Tulloch et al., 2014). Spatial variations in isopycnal mixing
may partially explain the wide range of these values: Values of the isopycnal-mixing coefficient are gener-
ally higher in the top 1,000 m than in the deep ocean (Cole et al., 2015). However, even globally averaged
estimates of the isopycnal-mixing coefficient vary substantially.
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Abernathey and Ferreira (2015) show that isopycnal mixing is a major factor in controlling the ventila-
tion of the Southern Ocean. They find that stronger winds increase eddy kinetic energy, and larger eddy
kinetic energy is associated with stronger isopycnal mixing. Here, we explore how changing the strength of
isopycnal mixing affects the global distributions of deep water masses. Our results may have repercussions
for interpreting paleo-oceanographic data in time periods with stronger winds, for example, during glacial
periods in the Pleistocene (Stuut et al., 2002).

Uncertainty in the isopycnal-mixing coefficient is a possible source of error in predictions of heat and carbon
uptake by global climate models. Gnanadesikan et al. (2015) found that increasing the Redi isopycnal-mixing
coefficient from 400 to 2,400 m2/s increases historical oceanic uptake of anthropogenic carbon by 15% in
the GFDL ESM2Mc model. This increase in carbon uptake appears to be caused by a combination of fac-
tors, including reduced stratification in the North Pacific and changes to biological feedbacks, as well as an
increase in along-isopycnal diffusion of carbon. In this paper, we isolate the direct effects of along-isopycnal
diffusion on the tracer field by keeping the stratification and velocity fields constant and only modifying the
isopycnal-mixing coefficient used to transport passive tracers.

Here, we examine how changing the isopycnal-mixing coefficient affects the composition and age of deep
Pacific water. Observations suggest that the water in the deep Pacific is primarily composed of North Atlantic
Deep Water (NADW) and Antarctic Bottom Water (AABW). Estimates of the fraction of NADW in the deep
Pacific ocean vary, but Gebbie and Huybers (2010), Johnson (2008), and Broecker et al. (1998) all agree that
this fraction is less than 50%. Observational estimates suggest that water takes about 1,300 yr to reach the
deep North Pacific from the surface (Khatiwala et al., 2012).

Passive tracers are commonly used to characterize the age of water in ocean models (England, 1995; Holzer
& Hall, 2000) but can also be used to characterize the fraction of water that was last ventilated in a chosen
region of the surface (Haine & Hall, 2002; Primeau, 2005). Here, we use these tracers to characterize both
the age of water in the deep ocean and the fraction of deep water that was last ventilated in a specific area
of the surface ocean.

Our model uses 11 passive tracers, 10 of which represent water masses like NADW or AAIW and one of
which represents the time since water was last in contact with the surface (ideal age). We change the Redi
isopycnal-mixing coefficient for passive tracers only and examine the effects on the distributions of these
tracers. The distribution of passive tracers for different Redi isopycnal-mixing coefficients and different ver-
tical diffusivities is compared. Our results suggest that increasing the isopycnal-mixing coefficient reduces
the fraction of NADW in the deep Pacific ocean and that tracer transport by isopycnal mixing is as important
as tracer transport by vertical diffusivity for setting tracer concentrations in the deep ocean.

2. Methods
The Massachusetts Institute of Technology general circulation model (MITgcm; Marshall et al., 1997) is
configured in an idealized-geometry two-basin ocean-only domain, similar to that used in Jones and Cessi
(2016). This domain was chosen for its simplicity: The overturning and tracer concentrations in this domain
are conveniently plotted in two panels (see below), enabling easy interpretation. In addition, this model's
relatively inexpensive computational cost allowed us to use a large number of water-mass tracers.

The domain, which has 1◦ resolution, is a spherical sector spanning 70◦S to 70◦N in latitude and 210◦ in
longitude. Two one-grid-point-wide continents run in the meridional direction, dividing the domain into a
narrow basin, which represents the Atlantic, and a wide basin, which represents the Pacific. At the southern
edge of the domain, the basins are joined by a reentrant channel that represents the Southern Ocean. The
continent to the east of the Atlantic basin extends from 35◦S to 70◦N, while the continent to the west of
the Atlantic basin extends from 52.5◦S to 70◦N. There is a ridge of height 1,333 m located directly south of the
long continent, where a short wall that represents the Antarctic Peninsula extends from 70◦S to 65◦S.

The model is forced with zonally uniform wind stress, temperature relaxation, and freshwater flux, as shown
in Figures 1a–1c, except in the cross-hatched region of Figure 1d. A uniform freshwater flux of −2×10−7 m/s
is applied to the cross-hatched area, which represents a coastal polynya. (The inclusion of the polynya region
is necessary to produce a lower-cell overturning of realistic strength.) The temperature used for surface
temperature relaxation in this area is set to zero. The area integral of the freshwater flux over the domain is
zero. As in Jones and Cessi (2016), the model uses a linear equation of state.
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Figure 1. (a) Surface wind stress in pascals, (b) surface temperature relaxation profile in degrees Celsius, and (c)
surface freshwater flux in ×10−8 m/s. (d) Surface regions associated with each of the passive tracers. The westernmost
20◦ of the domain is repeated on the right side of the domain. The concentration of each tracer is relaxed to one in its
associated surface region and to zero at the surface outside this region. In the small cross-hatched region at 70◦S and
0◦E and repeated at 70◦S and 210◦E, the surface freshwater flux is set to −2 × 10−7 m/s, to simulate a polynya. (e) The
original vertical diffusivity profile, used for temperature and salinity in all the experiments shown here.

In addition to temperature and salinity, the model has 10 water-mass tracers; each of these tracers is relaxed
to one in a chosen region of the surface and to zero at the surface elsewhere. The surface regions associated
with each of the passive tracers are shown in Figure 1d. Because the surface regions are nonoverlapping
and together they cover the whole ocean surface, in equilibrium, the sum of all tracer concentrations is one
at every point in the domain. At any given point, the concentration of each individual tracer is equal to
the fraction of water that originated in the surface region that corresponds with that tracer. The tracer “Atl
North” is associated with NADW, and the tracers “Channel Atl S” and “Channel Pac S” are associated with
AABW. Besides the 10 water-mass tracers, we use an ideal age tracer, which is set to zero over the whole
surface ocean and increases in concentration by one time unit per unit of time it spends away from the ocean
surface.

Our experiments use the Prather (1986) second-order moments scheme and a vertical diffusivity profile of

𝜅 = 𝜅v +
[
𝜅deep + 𝜅abyss

(
10−(z+4,000)∕2,000)]

[
1 − tanh

(
z+2,000

200

)]

2
+ 10−2

[
1 + tanh

(
z+30

30

)]

2
. (1)

This represents a high-diffusivity mixed layer above 30-m depth, below which the vertical diffusivity tapers
to 𝜅v, increasing to 𝜅deep+𝜅v at 2,000 m, and 𝜅abyss+𝜅deep+𝜅v near the bottom. For temperature and salinity,
𝜅v = 2 × 10−5 m2/s, 𝜅deep = 2 × 10−4 m2/s, and 𝜅abyss = 2 × 10−3 m2/s. The vertical diffusivity profile for
temperature and salinity is henceforth referred to as “the original vertical diffusivity profile”(see Figure 1e);
it is similar to the vertical diffusivity profile used by Nadeau et al. (2019). This profile is very idealized but
emulates an increase in vertical mixing below 2,000-m depth that is seen in observations (e.g., Nikurashin
& Ferrari, 2013). Various different profiles of vertical diffusivity are used to transport passive tracers in our
experiments.

The advective part of the tracer transport due to eddies is parameterized using the Gent and McWilliams
(1990) scheme with a uniform Gent-McWilliams coefficient, 𝜅GM = 500 m2/s. The diffusive part of the
eddy transport is parameterized using Redi (1982). For temperature and salinity, the Redi isopycnal-mixing
coefficient is 𝜅redi = 500 m2/s. We vary the Redi coefficient used to transport passive tracers.

The values of 𝜅tr
redi, 𝜅

tr
v , 𝜅tr

deep, and 𝜅tr
abyss are varied in six experiments, where the tr superscript indicates that

these diffusivities are only applied to the water-mass and ideal age tracers. The first three experiments use
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Figure 2. The residual overturning stream function (contour interval 2 Sv; color), calculated in density space and
mapped back into depth space, as detailed in Jones and Cessi (2016), and the zonally averaged depth of buoyancy
surfaces (contour interval 0.002 m2/s; black) in the Atlantic basin (top) and the Pacific basin (bottom). South of the
vertical yellow line that marks 35◦S, the residual overturning stream function is zonally integrated over the whole
domain. The thick black contour shows the isopycnal bm, which approximately divides the northward flowing water in
the upper Atlantic from the southward flowing water in the deep Atlantic. ROC = residual overturning circulation.

the original vertical diffusivity profile to transport these tracers, and 𝜅tr
redi is modified in each case: The first

experiment has 𝜅tr
redi = 50 m2/s, the second has 𝜅tr

redi = 500 m2/s, and the third has 𝜅tr
redi = 5, 000 m2/s.

In the other three experiments, 𝜅tr
redi = 500 m2/s, but 𝜅tr

v is varied, and 𝜅tr
deep and 𝜅tr

abyss are set to zero (the
vertical diffusivity of passive tracers is constant below the mixed layer). In the first of these experiments,
𝜅tr

v = 2×10−5 m2/s; in the second, 𝜅tr
v = 2×10−4m2/s; and in the third, 𝜅tr

v = 2×10−3 m2/s. In each case, the
model is run for at least 4,000 yr, until equilibrium is reached. The results shown below are averaged over
the last 100 yr of the model run.

The velocities in all of these experiments are the same: The overturning is shown in Figure 2. Middepth
isopycnals outcrop in the North Atlantic and in the Southern Ocean but not in the North Pacific. About
20 Sv of deep water is formed in the North Atlantic, consistent with estimates by Lumpkin and Speer (2007)
and Talley (2013).

In our model, about 13 Sv of bottom water flows northward across 30◦S. Because our idealized model only
covers 210◦ in longitude, we do not expect it to form as much deep water as the real ocean. Most diffusive
upwelling of deep water occurs between 30◦S and 30◦N: The area of our Pacific basin between these two
latitudes is 9.7 × 107 km2, whereas the area of the real Pacific plus Indian Oceans in this latitude band is
1.5×108 km2. Our Atlantic is similar in size to the real Atlantic. About 10 Sv enters the Pacific basin at 30◦S:
If the basin were scaled up to the size of the real Pacific plus Indian Oceans, we would expect about 15 Sv to
enter this basin, and a total of 18 Sv of bottom water would leave the Southern Ocean at 30◦S. This is lower
than the estimate of Lumpkin and Speer (2007), who find that 25.8 ± 6.5 Sv enters the ocean basins at 32◦S.
Sensitivity experiments (not shown) find that our conclusions are not affected by a 5-Sv reduction in the
strength of Southern Ocean bottom water formation, implying that our results are robust even though our
model produces too little bottom water.

Another interesting feature of the circulation in our model is that the abyssal cell is split in the Southern
Ocean, with a minimum in the residual overturning circulation south of 55◦S and another minimum north
of this that extends into the basins (Figure 2). The presence of this split may indicate that a lot of NADW
is entrained into the abyssal cell without reaching the surface, which is consistent with the distribution of
NADW in Figure 3. Cessi (2019) shows that the abyssal cell in ECCOv4 is split, though to a lesser extent than

JONES AND ABERNATHEY 13,147



Geophysical Research Letters 10.1029/2019GL085208

Figure 3. Concentration of the tracer that originates at the surface in the north of the Atlantic basin, averaged zonally over the Pacific basin (and over that
sector of the reentrant channel) for 𝜅tr

redi = 50 m2/s (top left), 𝜅tr
redi = 500 m2/s (top middle), and 𝜅tr

redi = 5, 000 m2/s (top right), with the vertical diffusivity
profile described above, and for 𝜅tr

v = 2 × 10−5 m2/s (bottom left), 𝜅tr
v = 2 × 10−4 m2/s (bottom middle), and 𝜅tr

v = 2 × 10−3 m2/s (bottom right), with
𝜅tr

redi = 500 m2/s. The zonal average is performed in buoyancy coordinates, and the result transformed back into depth coordinates. The white contours show
the residual overturning circulation, zonally integrated over the Pacific basin north of 35◦S, and zonally integrated across the whole domain south of 35◦S, with
contours every 2 Sv. The black contours show the depth of buoyancy surfaces, zonally averaged across the Pacific basin or that sector of the channel with
contour interval 0.002 m2/s. The vertical yellow lines show the locations of the end of the short continent, at 35◦S, and the end of the long continent, at 52.5◦S.

ours, and Lumpkin and Speer (2007) show a similar split cell in their observational estimate of the residual
overturning circulation.

3. Results
Figure 3 shows the concentration of tracer “Atl North,” which represents NADW, in the wide basin. The
distributions of NADW for 𝜅tr

redi = 50 m2/s and 𝜅tr
redi = 500 m2/s are similar: In these simulations NADW

makes up about 50–60% of the water in the deep Pacific. AABW makes up 20–35% of this water, as discussed
later. Modern observations show that deep Pacific waters are composed primarily of NADW and AABW, but
the relative proportions of these water masses are much debated (Broecker et al., 1998; Gebbie & Huybers,
2010; Johnson, 2008). Increasing 𝜅tr

redi to 5,000 m2/s reduces the concentration of NADW in the Pacific ocean.
With this value of 𝜅tr

redi, NADW is mixed upward and southward along isopycnals more efficiently, toward
the surface of the Southern Ocean, which is a sink of NADW.

The bottom panel of Figure 4 shows the concentration of each tracer below 2,000 m and north of the equator
in the Pacific basin. For all of the experiments that use the original vertical diffusivity profile, about 15%
of the water in the chosen region of the deep Pacific was last ventilated in the north of the Pacific basin,
regardless of the value of the isopycnal-mixing coefficient (the forest green portion of the left three bars in the
bottom panel of Figure 4). When 𝜅tr

redi = 50 m2/s, 60% of water in the chosen region originates in the North
Atlantic, and 20% originates in the Southern Ocean. When 𝜅tr

redi = 500 m2/s, 49% of water in the chosen
region originates in the North Atlantic, and 33% originates in the Southern Ocean. Increasing 𝜅tr

redi from 500
to 5,000 m2/s leads to a much smaller fraction of NADW (22%) and a much larger fraction of AABW (62%).

Increasing 𝜅tr
redi is associated with a reduction in the ideal age of water in the deep Pacific, as shown in the

top panel of Figure 4. With the original vertical diffusivity profile, the ideal age of water in the Pacific north
of the equator and below 2,000 m is 1,600 yr for 𝜅tr

redi = 50 m2/s, 1,400 yr for 𝜅tr
redi = 500 m2/s, and 700 yr for

𝜅tr
redi = 5, 000 m2/s. It appears that larger 𝜅tr

redi is associated with stronger mixing of AABW along isopycnals
into the deep Pacific: AABW reaches the deep Pacific more quickly, reducing the ideal age there.

The Peclet number on isopycnals is approximately 𝜅tr
redi∕UL, where U is the characteristic velocity and L is

the characteristic length scale of the flow. The Peclet number is often used to quantify the relative importance
of advective and diffusive transports. The average velocity in the southward flowing lower limb of the upper
cell in the Atlantic is about 0.001 m/s, so taking a length scale of 4,000 km (about the width of the channel),
the Peclet number is approximately 0.0125 for 𝜅tr

redi = 50 m2/s, 0.125 for 𝜅tr
redi = 500 m2/s, and 1.25 for

𝜅tr
redi = 5, 000 m2/s. In other words, compared to the advective transport, the diffusive transport of water-mass

tracers along isopycnals is small when 𝜅tr
redi = 50 m2/s and 𝜅tr

redi = 500 m2/s, but the diffusive transport
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Figure 4. Ideal age in years (top) and average tracer concentration (bottom) in the Pacific basin north of the equator
and below 2,000-m depth. Figure 1 shows the regions associated with each water-mass tracer. The left three bars
represent experiments that use 𝜅tr

v = 2 × 10−5 m2/s, 𝜅tr
deep = 2 × 10−4 m2/s, and 𝜅tr

abyss = 2 × 10−3 m2/s. The right three
bars represent experiments that use 𝜅tr

deep = 0 m2/s, 𝜅tr
abyss = 0 m2/s, and 𝜅tr

redi = 500 m2/s.

becomes significant when 𝜅tr
redi = 5, 000 m2/s, apparently leading to a large change in the fraction of NADW

in the deep Pacific ocean.

The concentration of NADW in the deep Pacific also declines when 𝜅tr
v is increased from 2 × 10−5 to 2 ×

10−4 m2/s (cf. the bottom left and bottom middle panels of Figure 3). Increasing 𝜅tr
v from 2 × 10−5 to 2 ×

10−4 m2/s creates similar changes in the NADW fraction in the deep Pacific to increasing 𝜅tr
redi from 500

to 5,000 m2/s. This suggests that when comparing the direct effect of each diffusion coefficient on tracer
transport, the isopycnal-mixing coefficient is as important as the vertical diffusivity for regulating global
tracer distributions.

When the vertical diffusivity is increased from 𝜅tr
v = 2 × 10−5 to 2 × 10−4 m2/s, NADW concentration is

preferentially reduced at shallower depths (cf. bottom left and bottom middle panels of Figure 3). In the
experiments with higher vertical diffusivities, “Pac Low Lat” and “Pac North” tracers are mixed directly
downward from the surface, occupying a large fraction of the deep Pacific ocean (green colors in Figure 4),
and displacing NADW at shallower depths. Increasing 𝜅tr

v to 2×10−3 m2/s completely removes NADW from
the Pacific basin (bottom right panel of Figure 3). This NADW is replaced by water that is transported directly
downward from the surface by the high vertical diffusivity.

The ideal age in the deep Pacific is 100 yr for 𝜅tr
v = 2× 10−3 m2/s, 700 yr for 𝜅tr

v = 2× 10−4 m2/s, and 1,300 yr
for 𝜅tr

v = 2 × 10−5 m2/s. A high vertical diffusivity enables very fast mixing of water downward from the
surface and reduces the ideal age of water at depth.

4. Summary and Discussion
In our idealized model, increasing the isopycnal-mixing coefficient from 𝜅tr

redi = 500 to 𝜅tr
redi = 5, 000 m2/s

reduces the concentration of NADW in the deep Pacific ocean by 55% and reduces the ideal age in the deep
Pacific by 600 yr. Until recently, the isopycnal-mixing coefficient was neglected in discussions of the accuracy
of global climate models, but our results indicate that the tracer transport by the isopycnal-mixing coefficient
is as important as the tracer transport by the vertical diffusivity for setting the distribution of water masses
in the deep ocean.
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The magnitude of 𝜅redi is not well constrained by observations: All the values of 𝜅tr
redi used in our experiments

are within the observational range. The different water mass distributions found in this paper suggest that
uncertainty in the magnitude of 𝜅redi may be associated with disagreement in climate model predictions of
carbon and heat storage in the deep ocean. Further work is needed to assess how spatial variability in 𝜅redi
affects global tracer transport.

It may be possible to use an inverse model to estimate the value of 𝜅redi based on observations of various
ocean tracers. Forget et al. (2015) estimate 𝜅redi for temperature and salinity by assimilating temperature,
salinity, and velocity observations in the ECCOv4 model, although there is still high uncertainty in the deep
ocean due to limited observations. Our results suggest that the same process could be performed with other
tracers like PO∗

4, oxygen, and radiocarbon.

Our results may also have implications for interpreting paleo-oceanographic data. During glacial periods
in the Pleistocene, the influence of NADW in the deep Atlantic was reduced. This is often attributed to a
reduction in Lower NADW production (e.g., Oppo et al., 1995). However, there is also evidence that winds
over the Atlantic were stronger during glacial periods in the Pleistocene (Stuut et al., 2002). Stronger winds
are generally associated with higher eddy kinetic energy and a larger isopycnal-mixing coefficient (Meredith
et al., 2012). A possible alternative explanation for the diminished influence of NADW in the deep Atlantic
during these glacial periods is that elevated isopycnal mixing caused by stronger winds may have brought
Southern Ocean waters further northward, reducing the concentration of NADW in the deep Atlantic.
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