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Abstract We investigate how a topographic slope impacts eddy diffusivities in a two‐layer quasi‐
geostrophic model. There are asymmetric effects of retrograde slopes, where the layer interface and the
topography tilt in the same direction, and prograde slopes, where the interface and topography tilt in opposite
directions. Moreover, there is asymmetry between the upper and lower layer. Steep retrograde slopes suppress
the eddy diffusivity in both layers compared to flat or weak slopes. With a strong prograde slope, coherent, long‐
lived vortices form in the upper layer; as these are surface‐trapped, they are not influenced by topography or
bottom friction, and the diffusivity in the upper layer is thus relatively unaffected by the slope. In the lower
layer, however, the diffusivities decrease with slope magnitude for both prograde and retrograde slopes.We also
compare the Lagrangian diffusivity, derived from particle tracking experiments, and the Eulerian diffusivity,
based on the flux‐gradient relation for potential vorticity (PV). The two values agree in the upper layer, but not
in the lower layer. We present a new expression relating Eulerian and Lagrangian diffusivities, and this correctly
captures the differences seen in the lower layer. The difference occurs because bottom friction alters the PV
along the particle tracks. The results underline the importance of considering both topographic slopes and
bottom friction in parametrizations of mesoscale eddy stirring.

Plain Language Summary Ocean eddies mix properties such as heat, salt and nutrients, impacting
oceanic ecosystems and climate. The strength of the mixing is expressed by the eddy diffusivity, measuring how
much particles spread out in a flow.We study how the eddy diffusivity is impacted by a sloping seafloor.We use
a model with two fluid layers, with a background flow in the upper layer and a sloping bottom in the lower layer.
In the Northern Hemisphere, if the flow has the shallow side to its left, the eddy diffusivity gets weaker as the
bottom slope gets steeper. If the flow has the shallow side to its right, the eddy diffusivity only gets weaker in the
lower layer, but not in the upper. This is due to very strong eddies which form in the upper layer and are
unaffected by the slope. We also evaluate an eddy diffusivity widely used in climate models. This matches the
diffusivity determined from particles in the upper layer but not in the lower. We present a new relation which
demonstrates that this difference stems from bottom friction. Thus, both the steepness and orientation of the
slope and the bottom friction have important impacts on eddy mixing.

1. Introduction
Mesoscale eddies account for more than 90% of the surface kinetic energy in the oceans (Ferrari &
Wunsch, 2009). They play a vital role in the ocean through the mixing of oceanic tracers such as heat, salt, carbon,
oxygen, and nutrients (e.g., Lee et al., 2007; Gnanadesikan et al., 2013; Harrison et al., 2018; Jones & Aber-
nathey, 2019; Ruan et al., 2023; Y. Zhang & Vallis, 2013). Eddies contribute to horizontal mixing in two different
ways: by stirring tracers laterally and by trapping tracers in their cores and transporting them as they move
(Abernathey & Haller, 2018; Denes et al., 2022; Frenger et al., 2015; W. Zhang & Wolfe, 2024; W. Zhang
et al., 2020). In this study, we focus on horizontal eddy mixing through stirring. As most global ocean‐climate
models do not have sufficient horizontal resolution to explicitly resolve the mesoscale, which typically en-
compasses length scales of O(10− 100) km, eddy mixing is usually parametrized (e.g., Eden & Greatbatch, 2008;
Fox‐Kemper et al., 2019; Gent & McWilliams, 1990; Hallberg, 2013; Hewitt et al., 2017, 2020; Jansen
et al., 2015; Jansen & Held, 2014; Kjellsson & Zanna, 2017). One widely used approach to parametrize horizontal
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eddy mixing through stirring is to relate the eddy‐induced flux of a tracer, FC, to the background lateral tracer
gradient ∇C via an eddy diffusivity, K, following a Fickian flux‐gradient relation:

FC = − K∇C. (1)

This parametrization assumes a scale separation between the background field and the eddy field, such that
gridscale properties (∇C) can be used to infer subgridscale fluxes (FC). Climate models are highly sensitive to the
eddy diffusivity (K), which can have major consequences for the representation of global climate and ocean
circulation (Chouksey et al., 2022; Gnanadesikan et al., 2015; Holmes et al., 2022; Pradal & Gnanade-
sikan, 2014). It is therefore vital to understand howK varies throughout the ocean and how it depends on external
parameters in order to accurately parametrize it (Vallis, 2021).

One oceanic variable that can strongly modulate the eddy diffusivity is the slope of the seafloor, which varies
significantly throughout the ocean (e.g., LaCasce, 2017). In regions of the ocean where the seafloor is steeply
sloped, the diffusivity in the cross‐slope direction is suppressed compared to the diffusivity in regions where the
seafloor is flat (Isachsen, 2011). This suppression can be linked to a more general phenomenon: the suppression of
eddy diffusivity by gradients in potential vorticity (PV), which act as a barrier for lateral transport and thus
suppress diffusivity in the direction of the PV gradient (Balwada et al., 2016; Ferrari & Nikurashin, 2010; Griesel
et al., 2015; Klocker, Ferrari, & LaCasce, 2012; LaCasce, 2000; Marshall et al., 2006; Nakamura & Zhu, 2010;
O’Dwyer et al., 2000; Srinivasan&Young, 2014; Sterl et al., 2024). Wewill refer to this effect as PV suppression.
Recent efforts have aimed to derive diagnostic expressions for the eddy diffusivity above topographic slopes
(Brink, 2012, 2016; Brink & Cherian, 2013; Dettling et al., 2024, 2025; Nummelin & Isachsen, 2024; Wang &
Stewart, 2020; Wei et al., 2022, 2024; Wei &Wang, 2021). Sterl et al. (2024) derived an analytical expression for
eddy diffusivity as a function of topographic slope in a barotropic context. This predicted Lagrangian diffusivity
compared favorably with depth‐averaged diffusivities diagnosed from a numerical model using Equation 1.
Despite the agreement, a shortcoming of this derivation is that it does not take into account baroclinic effects and
vertical variations. The vertical structure of mesoscale eddies can have a significant baroclinic component and is
influenced by topographic slope (e.g., De La Lama et al., 2016; Feng et al., 2021; LaCasce, 2017; LaCasce &
Groeskamp, 2020; Ni et al., 2023; Steinberg et al., 2025; Yankovsky et al., 2022). Moreover, estimates of eddy
diffusivity all show variations with depth (Zika &McDougall, 2008; Zika et al., 2010; Cole et al., 2015; Chapman
& Sallée, 2017; Groeskamp et al., 2017, 2020, W. Zhang &Wolfe, 2022). Therefore, the first goal of the present
study is to better understand how topographic slopes affect eddy diffusivity throughout the water column.

To move our study of eddy diffusivity from a barotropic to a baroclinic framework, we use the two‐layer quasi‐
geostrophic (2LQG) model (Phillips, 1951, 1954). The model consists of a layer of lighter fluid on top of a layer of
denser fluid. The layers have different background flows (typically zonal), and the vertical shear can make the
flow baroclinically unstable. The 2LQG model is the simplest model of stratification and baroclinic instability
(Flierl, 1978), the main generation mechanism of mesoscale eddies (e.g., Gill et al., 1974; Robinson &
McWilliams, 1974). Thus, due to its simplicity and incorporation of crucial features of baroclinic flows, the
2LQG model is widely used to study eddy fluxes and diffusivities.

Typically, eddy diffusivity in the 2LQG model is derived from the flux‐gradient relation (1) using the baroclinic
eddy streamfunction as a tracer and assuming it is advected by the barotropic flow (Larichev & Held, 1995;
Salmon, 1980). In the QG framework, the baroclinic streamfunction is directly proportional to the height of the
isopycnal interface between the two layers. As such, a positive (negative) baroclinic streamfunction corresponds
to a locally deeper (shallower) upper layer, meaning that in a depth‐averaged sense, the fluid is lighter (denser)
here. The baroclinic streamfunction can thus be seen as the local density or (inverse) temperature anomaly with
respect to the background state. Multiple studies have derived scalings or parametrizations for the diffusivity
based on the baroclinic streamfunction; this was done for the flat bottom f ‐plane case by Thompson and
Young (2006), Gallet and Ferrari (2020) and Chen (2023), and for the flat bottom β‐plane case by Thompson and
Young (2007), Gallet and Ferrari (2021) and Chang and Held (2021). Their findings were extended by Deng
and Wang (2024) to sloping topography (on an f ‐plane). In line with PV suppression, it was found that the eddy
diffusivity decreases as planetary or topographic PV gradients increase (Deng & Wang, 2024; Gallet &
Ferrari, 2021; Thompson &Young, 2007). The dependence of the diffusivity on the orientation of the topographic
slope was also studied by Deng and Wang (2024), considering two relative orientations: retrograde (prograde)
topographic slopes tilt in the same (opposite) direction as the isopycnal interface (e.g., Pavec et al., 2005; Sterl
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et al., 2025). Both slopes suppress mixing, but there is an asymmetry between them, depending on the bottom
drag: diffusivities are higher for prograde (retrograde) slopes in a regime of weak (strong) bottom drag. Recently,
Pudig and Smith (2025) demonstrated that diffusivities are also suppressed over rough bathymetry, making a
sudden transition when the topographic heights exceed a critical value.

In most of these studies, the focus was on advection of the baroclinic streamfunction by the barotropic flow,
yielding a single diffusivity. As we are interested in the vertical structure of diffusivity, we will differentiate
between the values obtained in the layers. These can be quite different over a sloping bottom. Diffusivities are
usually estimated from eddy fluxes, an Eulerian approach. Diffusivities in the ocean on the other hand are
generally computed using Lagrangian methods, following Taylor (1921) (see Davis, 1987; Davis, 1991;
LaCasce, 2008a). Lagrangian methods include the use of surface drifters (Chiswell, 2013; Colin de Ver-
diere, 1983; Davis, 1991; Zhurbas et al., 2014; Zhurbas & Oh, 2003, 2004), subsurface floats (Balwada
et al., 2016; Freeland et al., 1975; LaCasce et al., 2014), numerical particle tracking (Griesel et al., 2010; Klocker,
Ferrari, Lacasce, & Merrifield, 2012), or combinations thereof (Oelerich et al., 2025; Roach et al., 2018; Rühs
et al., 2018; Rypina et al., 2012). In the 2LQG model, particle tracking can be used to calculate layer‐wise dif-
fusivities. But a question arises: how well do Lagrangian and Eulerian diffusivities compare? This was studied by
W. Zhang et al. (2020) and W. Zhang and Wolfe (2024) for the flat bottom β‐plane case. They found good
agreement between the two approaches. However, they only made the comparison for the upper layer. Thus a
second goal of this study is to determine how well the Eulerian and Lagrangian diffusivities match throughout the
water column, for varying topographic PV gradients.

To this end, we run numerical simulations of the 2LQGmodel with varying topographic slopes, and diagnose both
Lagrangian and Eulerian diffusivities in both layers. We find there is an asymmetric effect of prograde and
retrograde slopes, especially in the upper layer. Retrograde slopes suppress the Lagrangian diffusivity in both
layers, in line with expectations. In contrast, over prograde slopes, coherent, surface‐trapped eddies form that are
not affected by bottom effects. As such, the Lagrangian diffusivity is not suppressed in the upper layer (though it
is in the lower layer). We also find that while the Eulerian and Lagrangian diffusivities match in the upper layer,
they differ in the lower layer. We show that this is due to bottom friction, and derive an analytical expression
relating the Eulerian and Lagrangian diffusivities. Our results highlight the importance of considering topo-
graphic slopes as well as bottom friction when studying and parametrizing mesoscale eddy stirring.

The manuscript is organized as follows. In Section 2, we review the 2LQG model equations, describe the nu-
merical models we use, and discuss Lagrangian and Eulerian approaches of diagnosing eddy diffusivity from our
simulations. Section 3 discusses the Lagrangian and Eulerian flow field characteristics and eddy diffusivities, and
presents the analytical relation between the two diffusivity measures. We end with a summary and discussion in
Section 4.

2. Methods
2.1. Model Equations

We consider the 2LQG model on an f ‐plane with a rigid lid over a linear bottom slope α in the y‐direction. We
choose an f ‐plane in order to focus on the effect of topographic PV without having to consider the effects of
planetary PV (Deng &Wang, 2024). We index the upper layer with j = 1 and the lower layer with j = 2. The two
layers have densities ρj and thicknesses Hj, and thus the deformation radius in layer j is given by

λj =
̅̅̅̅̅̅̅̅̅
gʹHj

√

f0
, (2)

with f0 the Coriolis parameter and gʹ = g(ρ2 − ρ1)/ρ2 the reduced gravity. The flow field is split into a sta-
tionary background field and a perturbation to that background field, which we refer to as the eddy field. We
prescribe a zonal background flow U in the upper layer and no background flow in the lower layer. The back-
ground PV per layer is denoted by Qj and is equal to the sum of the stretching PV and topographic PV:

Q1 = F1Uy, (3a)
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Q2 = (− F2U +
f0
H2
α) y, (3b)

with Fj ≡ 1/λ2j . From (3b), there exists a critical topographic slope at which the lower layer PV gradient vanishes:
αc = f0U/ gʹ . In the frictionless case, αc is the critical slope for instability (Charney & Stern, 1962; Pavec
et al., 2005; Pedlosky, 1963, 1964; Steinsaltz, 1987; Tang, 1976), but linear bottom friction destabilizes the
system even beyond αc (Sterl et al., 2025). The eddy PV qj and the eddy velocities uj are related to the eddy
streamfunctions ψj:

qj = ∇2ψj + (− 1) jFj (ψ1 − ψ2), (4a)

uj = (uj,vj) = (
− ∂ψj
∂y

,
∂ψj
∂x

). (4b)

In the lower layer, we employ linear bottom friction with a frictional timescale of μ− 1, acting as an energy sink to
balance the energy input by baroclinic instability. The evolution equations for the eddy streamfunctions then
become

∂q1
∂t

+ U
∂q1
∂x

+ F1U
∂ψ1
∂x

+ J (ψ1,q1) = 0, (5a)

∂q2
∂t

+ (− F2U +
f0α
H2

)
∂ψ2
∂x

+ J (ψ2,q2) = − μ∇2ψ2, (5b)

where J (a,b) = ∂a
∂x

∂b
∂y −

∂a
∂y

∂b
∂x is the Jacobian operator.

2.2. Simulating Flow Fields

To simulate 2LQG flow governed by Equations 5a and 5b, we use GeophysicalFlows.jl (Constantinou
et al., 2021), which solves the QG equations on square, doubly periodic domains using Fourier‐based pseudo-
spectral methods. A filtered fourth‐order Runge‐Kutta timestepping scheme is used. The filter removes enstrophy
at high wavenumbers at every time step (no explicit lateral viscosity was applied, so a small part of the high‐
wavenumber energy also ends up in the filter). All simulation parameters are listed in Table 1. We employ a
flat bottom as well as a range of positive and negative topographic slopes, keeping all other parameters constant.
Here a positive slope means the bottom is sloping toward the north. We apply a positive zonal shear and a positive
Coriolis parameter, so positive slopes are retrograde and negative slopes are prograde in our simulations. The
slopes cover a range between ±7 × 10− 3; the corresponding non‐dimensionalized topographic PV gradients,
( f0α/H2) ⋅ λ22/U, cover a range between±1.34. Stratification and flow in the ocean are surface‐intensified, and we
therefore consider different layer thicknesses for the upper and lower layer. We employ an eastward background
flow in the upper layer of 0.2 m s− 1 and linear bottom friction with an inverse frictional timescale of 3 × 10− 6 s− 1;
the non‐dimensionalized friction, μ ⋅ λ2/U, is 0.59. The parameter values are chosen in such a way that eddy
velocities are of order 10 cm/s—realistic for the ocean (e.g., Naveira Garabato et al., 2011)—for steep slopes,
while the flow reaches a statistically steady state for most of the tested slope values. Only the cases with slopes
α = − 5 × 10− 3 and α = − 7 × 10− 3 do not reach statistical equilibrium by the end of the simulations, as will be
further discussed in Section 3.1. Every simulation is initialized with a random eddy PV field of magnitude q0,
spun up to equilibrium for 1,000 model days, after which the output is saved for 670 model days. To check if the
results are robust to changing initial conditions, we simulate three realizations for each slope, each with a different
random seed to initialize the PV; we refer to these as R1, R2, and R3. Note that if the results are indeed robust to
initial conditions, this approach should be equivalent to running one longer simulation.

2.3. Particle Tracking

We use Parcels (Delandmeter & van Sebille, 2019) to advect virtual particles. For each realization, we perform an
ensemble of 10 particle releases, released at intervals of 30 days. The particles start from a uniform distribution

Journal of Geophysical Research: Oceans 10.1029/2025JC023770

STERL ET AL. 4 of 21

 21699291, 2026, 4, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2025JC

023770 by N
IC

E
, N

ational Institute for H
ealth and C

are E
xcellence, W

iley O
nline L

ibrary on [21/05/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



across the domain and are advected using a fourth‐order Runge‐Kutta advection scheme. Parcels linearly in-
terpolates the velocities in space and time. We save time series of particle locations and velocities along the
particle trajectories. The particle tracking is performed separately for each layer. The simulation settings are listed
in Table 2.

2.4. Calculating Eddy Diffusivity

2.4.1. Lagrangian Diffusivity

We compute the Lagrangian eddy diffusivity from the particle trajectories. The cross‐stream Lagrangian eddy
diffusivity KL is defined as one‐half the derivative of the cross‐stream dispersion, which is the mean squared
cross‐stream displacement from the starting y‐coordinate, y0 (Taylor, 1921) (Note in our simulations the cross‐
stream direction is cross‐slope, and the two terms can be used interchangeably.) The diffusivity can be
rewritten in a number of ways (Davis, 1991; LaCasce, 2008a; LaCasce et al., 2014; Taylor, 1921):

KL,j(t) ≡
1
2
d
dt

⟨[yj(t) − yj(0)]
2
⟩
L

(6a)

= ⟨vj(t)[yj(t) − yj(0)]⟩L (6b)

= ⟨vj(t)∫
t

0
vj (tʹ)dtʹ⟩

L
(6c)

= ∫

t

0
〈vj(t)vj (tʹ)〉Ldtʹ (6d)

≡ ν2j TL,j. (6e)

Table 1
Model Parameters for the GeophysicalFlows.jl Simulations

Quantity Symbol Value

Number of grid points n 256

Domain size L 700 km

Horizontal grid size Δx 2.7 km

Simulation timestep Δt 200 s

Output timestep Δtout 1 hr

Coriolis parameter f0 10− 4 s− 1

Planetary PV gradient β 0

Height upper layer H1 1,000 m

Height lower layer H2 4,000 m

Gravitational acceleration g 9.81 m s− 2

Density upper layer ρ1 1,027.6 kg m− 3

Density lower layer ρ2 1,028 kg m− 3

Deformation radius upper layer λ1 20 km

Deformation radius lower layer λ2 39 km

Bottom friction μ 3 × 10− 6 s− 1

Zonal background flow upper layer U 0.2 m s− 1

Magnitude of initial eddy PV field q0 3 × 10− 6 s− 1

Topographic slope α [0,1,2,3,5,7] × [10− 4, 10− 3]

Critical topographic slope αc 5.24 × 10− 3

Table 2
Parameters for the Parcels Simulations

Variable Value

Number of particle releases 10

Number of particles per release 400

Time between releases 30 days

Duration of each release 400 days

Advection timestep 1 hr

Output timestep 12 hr
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The brackets 〈⋅〉L denote the average over all particles, and the subscript j is the layer index. In (6d) the cross‐
stream diffusivity is expressed as the integral of the cross‐stream velocity autocovariance. If the velocity is
statistically stationary, the autocovariance can be normalized by factoring out the velocity variance ν2. Note that
ν2 is equal to the velocity autocovariance at lag 0, or, equivalently, to the time‐averaged cross‐stream eddy kinetic
energy (EKE). The eddy diffusivity is then equal to ν2 times the integral of the velocity autocorrelation, the
Lagrangian integral timescale TL. This is a measure of the predictability time for the system.

Due to PV suppression, the eddies spread preferentially in the zonal direction. Particles first spread out in the
meridional direction due to the swirling motion of the eddies, but then move back toward their starting latitudes.
Thus the cross‐stream velocity autocovariance becomes negative before it converges to zero as the memory of the
system runs out. As a result, KL and TL usually have an initial peak, then decrease and converge as t → ∞
(Balwada et al., 2016; Griesel et al., 2015; LaCasce et al., 2014; Zhurbas et al., 2014). We focus solely on the
asymptotic values of KL and TL.

For each particle release, we compute time series of the cross‐stream velocity autocovariance averaged over all
particles. We employ the biased autocovariance, to smooth the time series for large time lags. We use (6d) to
compute time series of diffusivity, using the trapezoidal rule for the integral of the autocovariance. We normalize
the diffusivity by the autocovariance at lag 0 to obtain the Lagrangian integral timescale (Equation 6e). We have 3
flow field realizations and 10 particle releases per flow field for each topographic slope, resulting in 30 time series
of TL andKL for each slope. Limit values of TL and KL are computed as the mean over those 30 time series over
the last 100 days of each particle release.

2.4.2. Eulerian Diffusivity

To compute the Eulerian cross‐stream eddy diffusivity KE, we use the flux‐gradient relation (1) with PV as a
tracer:

⟨vjqj⟩E = − KE,j
∂Qj

∂y
, (7)

where 〈⋅〉E denotes the area average. The asymptotic values ofKE are computed as the mean over the 3 flow field
realizations per slope, over the whole equilibrated time series of 670 days. The layer diffusivities are related, as
the vertically summed PV fluxes must vanish following Bretherton's relation (Bretherton, 1966):

δ1⟨v1q1⟩E + δ2⟨v2q2⟩E = 0. (8)

Here δj ≡ Hj/H are the layer depth ratios and F ≡ δ1 F1 = δ2 F2. This in turn has implications for the diffu-
sivities. With a flat bottom, the mean PV gradients are:

∂Q1
∂y

= F1U,
∂Q2
∂y

= − F2U. (9)

Using these and the diffusivities (7) in the Bretherton relation yields:

δ1KE,1 F1U − δ2KE,2 F2U = 0 → KE,1 = KE,2. (10)

The layer diffusivities over a flat bottom are equal, regardless of the layer depths. However, this is no longer true
with a bottom slope. With the PV gradient from (3b), we obtain:

KE,2
KE,1

=
1

1 − α/αc
, (11)

with αc = f0U/gʹ the critical slope. Thus the bottom diffusivities are larger than at the surface for positive slopes
and smaller for negative slopes. Moreover, if the slope exceeds the critical slope, one of the diffusivities must be
negative.
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The lower layer PV fluxes, and hence the deep diffusivities, are related to the deep kinetic energy (Larichev &
Held, 1995; Thompson & Young, 2006). This follows from the equation for the total energy, which yields a
balance between baroclinic production and dissipation in the bottom Ekman layer in a statistical steady state
(e.g., Thompson & Young, 2007). Thus, with the Bretherton relation (8):

⟨v2q2⟩E = −
δ1
δ2

⟨v1q1⟩E =
2μ
δ2U

EKE2, (12)

where

EKE2 =
δ2
2
⟨
⃒
⃒∇ψ2|

2⟩E. (13)

This relation holds regardless of topographic slope (as the topographic term vanishes in the energy equation).

3. Results
3.1. Eddy Flow Fields, Energies and Fluxes From Simulations

Figure 1 shows snapshots of the eddy PV and streamfunction fields from the R1 flow realizations for 5 different
bottom slopes: a flat bottom, a weak positive and negative slope and a strong positive and negative slope (Movies
showing the evolution of the eddy PV field and the movement of the particles can be found in the Supporting
Information S1.) The eddy fields are highly isotropic (i.e., no jets form, due to the strong bottom friction; Vallis &

Figure 1. Snapshots of eddy potential vorticity and streamfunction fields from the R1 flow realizations in the upper layer (first
row) and lower layer (second row) for different bottom slopes α. Note the different magnitudes on the colorbars for the upper
and lower layer.
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Maltrud, 1993; Kong & Jansen, 2017) and are surface‐intensified. The eddy PV reveals more coherent vortices in
the upper layer than in the lower layer, where there is more filamentation. The size of the eddies does not appear to
change with the topographic slope magnitude or orientation. This is also seen in the energy spectra (Figure 2): the
peak wavenumbers of the kinetic energy spectra are not impacted by the topographic slope. The peak energy scale
is always at a quarter of the domain scale. The spectral slopes are steeper than − 3, which represents an enstrophy
cascade (Kraichnan, 1967), due to the filter removing enstrophy at high wavenumbers. Moreover, the spectral
slopes are steeper in the lower layer than in the upper because bottom friction removes enstrophy at all scales. As
such, there is less enstrophy to transfer to successively larger wavenumbers in the inertial range. The lower layer
spectral slope is steepest for a positive slope.

The snapshots of q and ψ in Figure 1 reveal different aspects for the positive and negative slopes. The eddies over
weak positive or negative slopes look similar to the flat bottom case. For a steep positive slope, the eddies are
weaker. In contrast, with a steep negative slope (α = − 5 × 10− 3 in the figures), something interesting happens:
long‐lived coherent vortices with much stronger PV and streamfunction anomalies emerge in the upper layer. The
strong streamfunction signature is absent in the lower layer, indicating that the vortices are surface‐trapped. As
such, they are only weakly affected by bottom friction, and are thus strong and persistent. The high PV is visible in
both layers, although in the lower layer the PV is filamented like the rest of the PV field.

These “monster eddies” appear in all runs with a negative topographic slope steeper than α = − 1 × 10− 3, and
increase in intensity as the slope steepens. Their imprint is clearly visible in the kurtosis of the eddy PV q, shown
in Figure 3: the kurtosis becomes very large for steep negative slopes. Similar long‐lived, surface‐trapped vortices
were found previously in 2LQG flat bottom β‐plane simulations with a westward mean flow by Arbic and Fli-
erl (2004b) and Berloff et al. (2011). We return to this later on.

Monster eddies can trap particles in their cores. This complicates calculating Lagrangian diffusivities because the
trapped particles can be transported over large distances, rather than advected randomly with the fluid between
vortices. Tracking trapped particles thus yields information about the vortex motion rather than the diffusive
mixing (Abernathey & Haller, 2018; LaCasce, 2008b; W. Zhang et al., 2020; W. Zhang & Wolfe, 2024). Once a
particle is trapped in a monster eddy, its velocity is correlated over long periods and the Lagrangian integral
timescale and eddy diffusivity no longer converge. Therefore, we exclude trapped particles in the subsequent
analyses.

We identify the trapped particles as follows. For each release, we examine the flow field and particle locations at
the final time step of the particle advection. We compute the spatial mean and standard deviation of this final eddy
PV field. We then remove particles at locations where q is more than 2.5 standard deviations from the mean. We
apply this procedure only to the upper layer, as the monster eddies are surface‐trapped. On average, around 2% of
the particles are removed in the runs without monster eddies, while up to 8% of the particles are removed in the
monster eddy runs. This filtering leads to differences in the average diffusivity of less than 8% for the runs without
monster eddies, but up to 80% for the runs with monster eddies (see Figures S1 and S2 in Supporting Infor-
mation S1). Figure 4 shows a snapshot of the upper layer eddy PV and EKE fields overlaid with the particle

Figure 2. Spectra of the layer eddy kinetic energies 1
2
Hj
H |∇ψj|

2 as a function of wavenumber magnitude, for different
topographic slopes α. Results are averaged over all output times of the GeophysicalFlows.jl runs and over the three flow field
realizations. On the horizontal axis, the wavenumber magnitude is normalized by the baroclinic deformation wavenumber
κd =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
F1 + F2

√
. The black dashed lines show the spectral slopes.
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locations for a simulation that contains monster eddies. Particles that are filtered out are indicated in white. Note
that a few of the monster eddies have anomalously high EKE around the core. Particles trapped in the core
experience anomalously low EKE.

The cases with slopes α = − 5 × 10− 3 and α = − 7 × 10− 3 are not in statistical equilibrium by the end of the
simulations. This is due to the continued growth of the monster eddies. As such, the simulations eventually
become numerically unstable. Thus a statistical description of these flow fields is not sensible, and we exclude
these cases from our analyses.

Figure 5 shows the cross‐stream eddy PV fluxes ⟨vjqj⟩ and the cross‐stream eddy kinetic energies ⟨v2j ⟩ across all
simulated slopes. For comparison, both the Lagrangian (averaged over all particles) and Eulerian (averaged over
all grid points) values are shown. The fluxes follow the same trends in both layers but with different signs and
magnitudes, following the Bretherton relation (8). There is a strong asymmetry between steep positive and
negative topographic slopes. For steep positive slopes, the PV fluxes are suppressed compared to the flat bottom
case, as expected from stability considerations. For steep negative slopes, however, the fluxes are comparable to
those with a flat bottom, and vary little with slope. In the upper layer, the Lagrangian fluxes fluctuate strongly in
time, but the time‐averaged Lagrangian and Eulerian PV fluxes match for all slopes in both layers.

Figure 3. (a) Square root of the kurtosis of the Eulerian distribution of q as a function of the topographic slope. The points are
the averages and the error bars are the standard deviations over the last 100 days of the R1, R2, and R3 flow realizations. (b),
(c) Histograms showing the distribution of the upper layer eddy potential vorticity field at the last time step of the R1 flow
realization for a weak negative slope and a steep negative slope, respectively.

Figure 4. Snapshot of the eddy potential vorticity and eddy kinetic energy fields in the upper layer of the R1 flow field
realization with slope α = − 3 × 10− 3. The locations of the particles in the flow fields are indicated in green. Particles that
are excluded from the analysis are indicated in white.
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The same behavior is seen in the cross‐stream EKE. As the flows are isotropic, the along‐stream EKE is almost the
same (not shown). The lower layer EKE follows the exact same trend as the PV fluxes due to the linear relation
(12). The upper layer EKE is very similar, though an order of magnitude larger, as follows from linear stability
analysis: the amplitude of the upper layer streamfunction is stronger (e.g., Pedlosky, 1987) (There is also some
effect of the difference in layer thickness; equal layer thicknesses reduce the ratio between the upper and lower
layer EKE, though the EKE remains higher in the upper layer.) The Lagrangian and Eulerian EKE values match in
all cases within the variability ranges. Differences seen with steep negative slopes are caused by the monster
eddies; their anomalously high EKE is not sampled by the particles (Figure 4), but is captured in the Euler-
ian EKE.

3.2. Eddy Diffusivities

We now turn our attention to the cross‐slope eddy diffusivities, starting with the Lagrangian diffusivities. Time
series of Lagrangian diffusivities are shown for three different slopes in Figure 6. As described in Section 2.4.1,
the timeseries have an initial peak, after which the diffusivity converges. In the upper layer, the limit value of the
diffusivity is the same for a steep negative slope and a flat bottom, but it is less over a steep positive slope. Note
that with α = − 3 × 10− 3 there are three lines that don't converge; here not all trapped particles were captured by
our filter. However, we still find a converging timeseries for the mean of all runs. In the lower layer, the dif-
fusivities and the variations between realizations and particle releases are reduced over both steep negative and
positive slopes.

Figure 7 shows the limit diffusivities for all slopes. Both Lagrangian and Eulerian diffusivities are shown, but for
the moment we focus on the Lagrangian values (red line). The upper layer diffusivity follows the same trend as the
eddy PV fluxes and EKE: the values are unaffected by negative topographic slopes, but are suppressed over steep
positive slopes. The variations between realizations and particle releases are also smaller for positive slopes. The

Figure 5. Lagrangian and Eulerian cross‐slope eddy potential vorticity fluxes ⟨vjqj⟩ (a), (b) and cross‐slope eddy kinetic
energy ⟨v2j ⟩ (c), (d) as a function of the topographic slope. For the Eulerian values, the points are the averages and the error
bars are the standard deviations over the full equilibrated time series of the R1, R2, and R3 flow realizations. For the Lagrangian
values, the averages and standard deviations are over the full timeseries of all particle releases of the three flow realizations. The
critical slope αc = f0U/gʹ is indicated with the blue dotted line.
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lower layer, however, shows very different behavior: here the diffusivities decrease for both positive and negative
slopes. The suppression is somewhat greater with positive slopes.

For almost all slopes, the diffusivity is lower in the lower layer than in the upper layer. This is also the case with a
flat bottom; here the average ratio of lower‐to‐upper layer diffusivity is 0.72 (Figure 7c), contrary to the
expectation that the layer diffusivities are equal over a flat bottom (Equation 10). Topographic slopes have a clear
impact on the lower‐to‐upper layer diffusivity ratio, and again, there is a strong asymmetry between positive and
negative slopes. Going from negative to positive slopes, the ratio increases almost monotonically, and even
becomes larger than 1 for α∈ [2,3] × 10− 3. For steeper positive slopes, the ratio drops back to values closer to
the flat bottom ratio.

The ratio of the Lagrangian diffusivity and the Lagrangian cross‐stream EKE gives the Lagrangian integral
timescale, TL (Equation 6e), shown in Figure 8. As the upper layer diffusivity and EKE follow the same trend, so
does TL: it is lower over positive than over negative slopes. In the lower layer, the behavior of TL is exactly
opposite: it increases almost monotonically from negative to positive slopes, decreasing eventually for steep
positive slopes. This trend is the same as that of the lower‐to‐upper layer diffusivity ratio (Figure 7c). Note, again,
the difference in the order of magnitude between the two layers. In the upper layer, TL is on the order of a few
hours, whereas in the lower layer it is on the order of days.

Now we consider the Eulerian diffusivity, computed as the cross‐slope eddy PV flux divided by the background
PV gradient (Equation 7). The Eulerian diffusivity is shown in black in Figure 7. It has larger error bars than the
Lagrangian diffusivity in both layers, indicating larger variation between realizations. In the upper layer
(Figure 7a), the diffusivities agree well, as found previously by W. Zhang et al. (2020) and W. Zhang and
Wolfe (2024). Only for steep negative slopes—the simulations with monster eddies—are the Lagrangian dif-
fusivities higher than the Eulerian values, albeit with overlapping error bars.

In the lower layer (Figure 7b), up to a slope of α = 2 × 10− 3 the Lagrangian and Eulerian diffusivities follow a
similar trend with slope, but the Eulerian value is consistently larger than the Lagrangian. This offset exists even
for a flat bottom, so it is not caused by topographic slopes. With α = 5 × 10− 3, the Eulerian diffusivity is
approximately 38,000 m2/s (this data point falls outside the axis range in Figure 7b), as this slope is very close to
the critical slope αc (Section 2.1); here the Eulerian PV diffusivity becomes ill‐defined. Then, for a slope of

Figure 6. Time series of the Lagrangian cross‐slope eddy diffusivity in the upper and lower layer for different topographic
slopes α. Each individual black line shows one particle release in one of the flow field realizations. The red line shows the
average over all flow field realizations and particle releases.
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α = 7 × 10− 3, the Eulerian diffusivity becomes negative as the lower layer PV gradient switches from negative
to positive for slopes larger than αc, while the lower layer PV flux remains positive for all slopes (Figure 5). This
implies an up‐gradient eddy PV flux.

The theoretical ratio of the lower and upper layer Eulerian diffusivity (Equation 11) is plotted in Figure 7c. The
Eulerian ratios fall onto this curve. The ratio is equal to one for a flat bottom; for a negative slope, the diffusivity is
largest in the upper layer, and for a positive slope it is largest in the lower layer. Up to a slope of α = 2 × 10− 3,

Figure 7. Lagrangian and Eulerian cross‐slope diffusivities as a function of the topographic slope. The points are the averages
and the error bars are the standard deviations over the R1, R2, and R3 flow realizations; for the Eulerian diffusivities over the
full 670 days of the equilibrated flow fields, for the Lagrangian diffusivities over the last 100 days of each particle release.
The critical slope αc = f0U/gʹ is indicated with the blue dotted line. The theoretical lower‐to‐upper layer ratio plotted in
(c) is defined in Equation 11.
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the Lagrangian ratio follows the trend as the Eulerian ratio, increasing with the topographic slope, but consistently
lower. The Eulerian ratio diverges as α→ αc, and becomes negative for α > αc, whereas the Lagrangian ratio
remains positive and decreases.

3.3. Frictional Modification of the Eddy Diffusivity

Thus the Lagrangian and Eulerian (PV‐derived) diffusivities agree within the errors over all slopes in the upper
layer, but the Lagrangian diffusivities are consistently smaller than the Eulerian in the lower layer (Figure 7b),
even though the Lagrangian and Eulerian PV fluxes match (Figure 5b). Why?

To obtain a relation between the two measures, we consider the Lagrangian eddy PV flux. We do this by rewriting
the PV Equations 5a and 5b in Lagrangian form:

dqj
dt

= − Qjyvj − δj2μζ2, (14)

whereQjy ≡ ∂Qj/∂y is the background PV gradient, ζ2 ≡ ∇2ψ2 is the relative vorticity in the lower layer and δjk is
the Kronecker delta. Note we absorb mean advection into the derivative in the upper layer (it has no bearing on
what follows). Integrating (14) in time gives:

qj(t) − qj(0) = − Qjy ( yj(t) − yj(0)) − δj2μ∫
t

0
ζ2 (tʹ) dtʹ . (15)

We multiply (15) by the meridional eddy velocity and average over all particles and then in time (over the last
100 days of each particle release as before) to get the Lagrangian eddy PV flux:

⟨vj(t)qj(t)⟩L = − Qjy⟨vj(t)[yj(t) − yj(0)]⟩L − δj2μ ∫

t

0
⟨vj(t)ζ2 (tʹ)⟩Ldtʹ . (16)

We have neglected the term ⟨vj(t)qj(0)⟩L on the assumption that the time‐averaged eddy velocities are zero (no
Stokes drift). Following Taylor (1921) and Equations 6a and 6e, we can rewrite (16) thus:

⟨vj(t)qj(t)⟩L = − ∫

t

0
[Qjy〈vj(t)vj (tʹ)〉L + δj2μ⟨vj(t)ζ2 (tʹ)⟩L] dtʹ . (17)

Figure 8. Lagrangian integral timescale (computed as the ratio of the cross‐slope Lagrangian diffusivity and cross‐slope
Lagrangian eddy kinetic energy) as a function of the topographic slope. The points are the averages and the error bars are the
standard deviations over the last 100 days of the R1, R2, and R3 flow realizations. The critical slope αc = f0U/gʹ is
indicated with the blue dotted line.
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The left‐hand side of (17) is the Lagrangian eddy PV flux, which is equal to the Eulerian eddy PV flux (Figure 5),
and thus to the Eulerian diffusivityKE times the PV gradient (Equation 7). In the first term on the right‐hand side
of (17) we recognize the Lagrangian diffusivity, KL (Equation 6d). So we can rewrite (17) as follows:

KE,j = KL,j + δj2∫
t

0

μ
Qjy

⟨vj(t)ζ2 (tʹ)⟩Ldtʹ
⏟̅̅̅̅̅̅̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅̅⏟

M

. (18)

Equation 18 shows that the Eulerian PV flux has two contributions, one from Lagrangian dispersion and one from
bottom friction. Thus the Eulerian and Lagrangian diffusivities should agree in the upper layer but differ in the
lower. In the latter case the diffusivities are offset by a termM that depends on the frictional strength, the bottom
slope, and the correlation between the lower layer relative vorticity and cross‐slope velocity:

M ≡
μ

− F2U + f0α/H2
∫

t

0
⟨v2(t)ζ2 (tʹ)⟩Ldtʹ . (19)

As such, the Eulerian diffusivity differs greatly from the Lagrangian near the critical slope, where the denomi-
nator in (19) vanishes. This is a direct result of bottom friction. In the inviscid case (μ = 0), the Eulerian and
Lagrangian diffusivities would match in both layers.

How does one evaluateM? This can be seen from Equation 17. The Lagrangian diffusivity is proportional to the
autocorrelation of the Lagrangian velocity, as noted above. The friction term is similar but involves the correlation
between the velocity and the relative vorticity on the parcel. To evaluate the first term, we integrate to a time, t, at
which the integral has converged (LaCasce et al., 2014). This suggests the velocity‐vorticity integral should be
handled the same way.

Thus we computeM for all particle releases. We interpolate v2 and ζ2 to the particle locations at every time step,
compute the biased covariance between them and then integrate in time.We average over the last 100 days of each
particle release to obtain the asymptotic value of the integral, as done before.

Figure 9. Lower layer Lagrangian and Eulerian cross‐slope diffusivities as a function of the topographic slope, shown
together with the sum of the Lagrangian diffusivity and the term M (Equation 19).
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The result is shown in Figure 9. Indeed, KL,2 + M matches KE,2 for all
slopes, even close to and beyond the critical slope. In the latter case the
frictional contribution explains why the Eulerian diffusivity becomes nega-
tive. For slopes α < αc, the Eulerian diffusivity exceeds the Lagrangian
diffusivity, meaning M is positive; since Q2y < 0, this means that the cor-
relation between v2 and ζ2 is, on average, negative. For α > αc, this is the
other way around. So anticyclonic eddies (ζ2 < 0) tend to drift in the
opposite direction of Q2y, and cyclonic eddies in the same direction. Hence,
anticyclones tend to drift downslope for α < 0 and α > αc, and upslope for
0 < α < αc. The movement of the eddies is thus influenced not only by the
topographic slope, but by the total PV gradient in the lower layer.

4. Summary and Discussion
4.1. Summary

A graphical summary of the results is shown in Figure 10. We showed that the
effect of topographic slopes on layer‐wise eddy diffusivity is asymmetric
between prograde and retrograde slopes, in agreement with results for the
diffusivity based on the eddy streamfunction (Deng & Wang, 2024). More-
over, there is asymmetry between the upper and the lower layer, and between
Lagrangian and Eulerian diffusivities.

Retrograde (positive) slopes suppress the eddy diffusivity compared to flat or
weak slopes in both the upper and the lower layer (Figure 7), in line with
expectations based on PV suppression theory. Notably, when there is no PV

gradient in the lower layer, PV suppression theory predicts no suppression of cross‐slope fluxes. The lower layer
flux, however, still decreases monotonically for positive slopes, as does the Lagrangian diffusivity. This suggests
that it is the topographic PV gradient rather than the layer‐wise PV gradient that determines the PV suppression,
and the Lagrangian diffusivity captures the suppression in both layers.

Prograde (negative) slopes suppress the diffusivity in the lower layer, but not in the upper layer. With strong
prograde slopes, monster eddies form: highly coherent, long‐lived, surface‐trapped vortices with very high EKE.
The formation mechanism of the monster eddies remains a puzzle.

Lagrangian and Eulerian diffusivity values are equal in the upper layer for all slopes, but not in the lower layer.
We derived a new relation between the two diffusivities, demonstrating that it is bottom friction that causes the
difference in the lower layer. It is thus important to consider the joint effects of topographic slopes and bottom
friction to understand QG turbulence.

4.2. Linear Stability Properties

Asymmetric effects of topographic slopes are also seen in the linear stability properties of the 2LQG model. The
topographic PV gradients suppress the growth rates, but retrograde slopes do so more strongly than prograde
slopes, as shown previously by Blumsack and Gierasch (1972) and others. In the frictionless case, retrograde
slopes beyond the critical slope even suppress all baroclinic instability (Charney & Stern, 1962; Pavec et al., 2005;
Pedlosky, 1963, 1964; Steinsaltz, 1987; Tang, 1976).

However, the situation changes with bottom friction. Topography and bottom friction jointly influence linear
stability properties and, if strong enough, friction can dominate the response, effectively negating the asymmetric
slope influence (Sterl et al., 2025). Moreover, the flow can be unstable over supercritical slopes, which explains
why we observed turbulence in those cases as well.

In our simulations, we employed strong bottom friction, but the growth rate of the most unstable mode is still
asymmetric between positive and negative slopes. Using the model of Sterl et al. (2025) and the present pa-
rameters, we obtain the growth rates shown in Figure 11. These are almost constant for slopes less than 10− 3 but
decrease for steeper slopes, and they decrease more dramatically for positive slopes.

Figure 10. Summary of the findings from this study regarding the effects of
topographic slopes compared to the flat bottom case, for both the upper and
lower layer.
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This is a likely explanation then for the observed asymmetry on the diffusivities. Instability is suppressed with
strong slopes and hence the energy levels are lower, particularly if the slope is positive (Figure 5d). As noted, the
upper layer EKE and diffusivities are less affected over negative slopes, because of the formation of the monster
eddies.

4.3. Monster Eddies

The coherent, long‐lived eddies which form over strong negative slopes (Figures 1 and 4), are surface‐trapped and
therefore unaffected by the topographic slope or bottom friction. The imprint of these “monster eddies” manifests
in the lower layer PV flux as well, through the Bretherton relation (8). Previous studies reported similar vortices in
2LQG flat bottom β‐plane simulations. Berloff et al. (2011) studied zonal flows (as here) and found the strong
vortices form with a westward mean flow but not an eastward one. Arbic and Flierl (2004b) found strong surface
vortices with various orientations of the mean flow: with meridional flows, westward zonal flows and flows
oriented slightly east of south (or north). Moreover, they formed only when βwas nonzero. They also found strong
vortices when planetary β was restricted to the lower layer, as is the case here with topographic β. Although
planetary and topographic PV have distinct effects on geostrophic turbulence in the 2LQG model (Deng &
Wang, 2024), the formation of monster eddies appears to be common in both.

It is likely the eddies reflect a linear unstable mode when the mean flow has certain orientations to the slope or
planetary β. Brink and Pedlosky (2020) examined the modes resulting from an unstable mean flow with a range of
orientations over a linear bottom slope. The n = 0 mode is often bottom‐intensified, but the n = 1 mode can be
entirely surface‐trapped under certain orientations. A similar mode likely exists in the present context with a
strong prograde slope. Then the surface eddies would extract energy from the mean flow but would be undamped
by bottom drag. As such, they could become very strong and persist for long periods of time. This could be
checked by solving the full stability problem (i.e., for all modes), using the parameters employed here. We leave
this for future work.

The calculation of Brink and Pedlosky (2020) was with continuous stratification. Hence monster eddies are likely
to occur with continuous stratification as well. The key requirement is that the unstable mode is surface‐trapped,
and thus isolated from bottom drag.

If monster eddies occurred in the ocean, they could have substantial impact. They could enhance lateral transport
over the entire water column, and provide a means for long range, advective transport. Their presence could also
thwart estimating frictional drag from surface data, as pointed out by Arbic and Flierl (2004b). Thus it is worth
studying under what conditions they would be expected to form.

Figure 11. The growth rate of the most unstable mode as a function of the topographic slope, using the stability model of Sterl
et al. (2025) with the model parameters used in our simulations.
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4.4. Relation Between Lagrangian and Eulerian Diffusivities

We presented an analytical relation between the Lagrangian and Eulerian diffusivities (Equation 18). The two
measures differ in the presence of friction, which alters the PV along a particle path. The simulations support the
relation. The diffusivities match in the upper layer (Figure 7a), with minor differences only in the monster eddy
runs (noting that particles trapped in monster eddies have been excluded from the analysis). This agreement was
noted previously, byW. Zhang et al. (2020) andW. Zhang andWolfe (2024) for a flat bottom β‐plane case. To our
knowledge, the difference in diffusivities in the presence of bottom friction has not been noticed previously. The
focus in previous baroclinic turbulence studies has mostly been on vertical modes, and the baroclinic diffusivity in
particular. The present results highlight the advantage of thinking in terms of layers instead, as friction affects the
bottom layer but also affects all modes. Indeed, the flat bottom modes cease to be relevant in the presence of
topography (LaCasce, 2017), which is another good reason to focus on layers.

The difference between the layer diffusivities stems from the fact that the particles are a passive tracer while PV is
an active tracer. With friction, the PV is not conserved along a particle path and this impacts the deduced mixing.
Without friction, the Lagrangian and PV‐diagnosed diffusivities are the same, as in the upper layer here. A related
question is how well eddy fluxes of other active tracers, such as temperature, capture Lagrangian diffusivities in
the presence of non‐conservative forcing. This could have implications for the representation of eddy‐induced
mixing in global ocean‐climate models.

The difference between the diffusivities is proportional to the integral of the correlation between the lower layer
cross‐slope velocity and relative vorticity. For a positive slope below the critical slope this term is negative,
indicating a preference for anti‐cyclones to drift upslope. This is counter to the usual expectation for vortices over
sloping bathymetry (Carnevale et al., 1988; Köhl, 2007; LaCasce et al., 2024; Solodoch et al., 2021). However,
the latter applies in the absence of a mean flow. When the eddies are generated by baroclinic instability, as is the
case here, the propagation changes. The difference could have consequences for the types of eddies one would
expect to find in different regions.

Relation (18) also informs on how the present results would extend toN layers. Then frictional modification of the
diffusivity would be expected only in the lowest layer, as PV would be conserved in the other layers. However, in
practice this may not always be the case. If a model employs interfacial friction, e.g., the Eulerian flux would
again be expected to differ. Similar arguments apply to continuous stratification. The Eulerian and Lagrangian
diffusivities will agree as long as PV is exactly conserved in the interior, and would be expected to differ only on
the boundaries (e.g., Haynes & McIntyre, 1990).

4.5. Linear Versus Quadratic Bottom Friction

In the present study, we used linear bottom friction with an inverse frictional timescale of roughly 4 days, which is
a large value for the ocean (Arbic & Flierl, 2004a). We opted for this to prevent the inverse energy cascade from
reaching the domain scale. It would be informative to do the experiments with different frictional strengths μ.
From Equation 18 we see that the Eulerian PV diffusivity scales linearly with μ, but since friction affects the
isotropy and strength of the eddy field, it may also influence the velocity autocorrelation and the velocity‐vorticity
correlation.

Moreover, linear and quadratic bottom friction impact the diffusivity in different ways (Chang & Held, 2019;
Chen, 2023; Gallet & Ferrari, 2020, 2021). Most relevant to our study, Deng and Wang (2024) showed that the
dependence of eddy diffusivity on topographic slope varies with the strength of the quadratic bottom friction.
Future work should build on these results to explore the role of linear and quadratic bottom friction in combination
with topographic slopes and the impact on the layer‐wise eddy diffusivities.
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