The impact of internal lee wave closure in an idealised global model
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Abstract
Internal lee waves, with scales typically ranging from 1 to 10 km, play an important role in modulating ocean energy budget and deep ocean stratification. However, these small-scale motions have not yet been resolved in global ocean circulation models. Here we conduct a suite of numerical experiments using an idealised global model that incorporates an energetically and dynamically consistent lee wave closure. The effects of mean-wave interaction, wave drag and wave-driven mixing are considered separately through different experiments. The results show that wave drag plays a dominant role in modulating ocean energy and overturning circulation, while the effects of mean-wave interaction and wave-driven mixing are secondary. In the presence of wave drag, the (eddy) kinetic energy is significantly reduced by ~30%. In the Southern Ocean, enhanced eddy dissipation due to wave drag weakens eddy-induced meridional overturning circulation and reduces meridional eddy heat transport, leading to greater ocean heat uptake. To compensate for the enhanced eddy dissipation, isopycnals in the Southern Ocean steepen, which results in a deepening of the Atlantic pycnocline and a strengthening and deepening of the upper cell of the Atlantic meridional overturning circulation. Our study highlights the role of lee waves in modulating overturning circulation which could have important implications for global heat storage and climate change.
















1. Introduction
Oceanic internal lee waves (hereafter ‘lee waves’) are generated by strong near-bottom currents such as geostrophic currents or internal tides. These currents possess significant kinetic energy that can be converted into wave energy upon encountering small-scale seabed topography. Once generated, lee waves propagate into the ocean interior and may break when they encounter regions of reduced stability or critical layers (Kunze and Lien 2019). The breaking of these waves contributes to turbulence and mixing in the ocean, which can have significant impacts on ocean stratification and overturning circulation (Melet et al. 2014; Broadbridge et al. 2016). Estimates of energy conversion into lee waves based on the linear theory (Bell 1975) range between 0.2 and 0.75 TW (e.g., Scott et al. 2011; Nikurashin and Ferrari 2011; Wright et al. 2014), representing a significant contribution to the ocean energy cycle. 
According to the linear theory (Bell 1975), the scale of lee waves is determined by a combination of factors such as ocean bottom velocity, bottom stratification and inertial frequency, typically ranging from 1 to 10 km. These small-scale motions are not yet resolved by the global ocean models. Regional modelling studies have provided valuable insights into the energy budgets and contributions of lee waves in specific regions. For example, studies in the South China Sea have shown that the presence of lee waves can significantly reduce eddy energy and enhance deep-ocean mixing (Z. Yang et al. 2022, 2023b; Zheng et al. 2024). However, these regional models, which explicitly resolve lee waves, require significant computing resources and do not provide a comprehensive understanding of the role of lee waves in the broader ocean circulation system.
Lee wave parameterization schemes have been applied in previous model studies to represent either the effect of wave drag on eddy dissipation (e.g., Trossman et al. 2013, 2016) or wave-driven mixing on overturning circulation (e.g., Melet et al. 2014; Broadbridge et al. 2016). L. Yang et al. (2021, 2023) examined the combined effects of wave drag and wave-driven mixing in an idealised Southern Ocean (SO) model. In these studies, the energy flux of lee waves at the ocean bottom is estimated using the linear theory (Bell 1975), which is then vertically distributed over a fixed decay scale. However, previous research (e.g., Saenko et al. 2012) has shown the structure of deep overturning and stratification is highly sensitive to the choice of decay scale, with different decay scales producing different ocean circulation responses. Recent studies (e.g., Kunze and Lien 2019; Baker and Mashayek 2021; Sun et al. 2022; Z. Yang et al. 2023a) have highlighted the potential role of mean-wave interaction in the wave energy budget. However, the effects of mean-wave interaction on ocean circulation remains unclear. Recently, Eden et al. (2021) developed an energetically and dynamically consistent lee wave closure, where the vertical decay scale is predicted by solving the radiative transfer equation for internal gravity waves (e.g., Olbers et al. 2012). Their closure also accounts for the interaction between mean flow and lee waves. Here we conduct idealised global model experiments using the lee wave closure developed by Eden et al. (2021). In addition to the effects of waves drag and wave-driven mixing, we also investigate the impact of mean-wave interaction on ocean energy and overturning circulation. Our results show that lee waves can not only affect the SO circulation, but also alter the strength and structure of the Atlantic meridional overturning circulation (AMOC) through coupling between SO and ocean basins. 
This paper is organized as follows. Model configuration and lee wave closure are described in Section 2. In Section 3, we investigate the responses of ocean energy and overturning circulation to the lee wave closure. A summary of this study is provided in Section 4.

2. Methodology 
2.1. Model configuration

An idealised global model run with Python Ocean Model 2.2 (pyOM2; https://wiki.cen.uni-hamburg.de/ifm/TO/pyOM2) is used in this study. The model configuration is similar to the idealised model setup of NeverWorld2 (Marques et al. 2022). It has a horizontal resolution of 0.1o (covering 70oS-70oN and 0oE-60oE) and 18 vertical layers with thickness ranging from 10 m to 250 m. The bathymetry is shown in Figure 1a. A single basin connected to a re-entrant channel at its southern boundary is used to represent the idealised Atlantic Ocean (AO) and SO. The maximum model depth is set to 3000 m. There is a long ridge running through the middle of the basin and a small semi-circular ridge in the SO, representing the geographical features of the mid-ocean ridge and the Drake Passage, respectively. The model is forced by a fixed zonal wind stress  (Figure 1c), with the sea surface temperature (SST) relaxed to a prescribed temperature profile with a time scale of 30 days (Figure 1d). The model is initialized from rest and run for 200 years to reach a quasi-equilibrium state. Following this, we conduct a total of five experiments to investigate the impact of lee waves on ocean energy and overturning circulation (Table 1). The first experiment, “Noleewave”, is the control experiment which includes no lee wave closure. A full lee wave closure is applied in the second experiment, “Leewave”. To isolate the effect of mean-wave interaction, we conduct the “Leewave nomtw” experiment which disables mean-wave interaction in the lee wave closure. Similar to L. Yang et al. (2021, 2023), we also conduct two additional experiments: “Leewave dragonly”, which includes only the wave drag effect, and “Leewave mixingonly”, which includes only wave-driven mixing. Each of the five experiments is run for an additional 40 years. Results of the last 5 years are used for analysis. During the last 5 years, the drift of kinetic energy (KE) is negligible in all experiments, and the annual drift of deep ocean temperature is less than 0.04% (APPENDIX A).

2.2. Lee wave closure
The lee wave closure of Eden et al. (2021) builds on the gravity wave closure framework developed by Olbers and Eden (2017) and Eden and Olbers (2017). They assumed that the shape of the interior lee wave spectrum is close to that of the bottom lee wave spectrum predicted by the linear theory (Bell 1975), and solved the radiative transfer equation (e.g., Olbers et al. 2012) over wavenumber space for both upward and downward propagating waves:
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The terms on the lefthand side of Eq. (1) are-wave energy tendency and vertical wave energy flux divergence, respectively. The three terms on the righthand side are energy transfer between mean flow and lee waves, linear damping associated with the asymmetry between upward and downward propagating waves, and wave dissipation due to wave-wave interaction. The superscript ‘+’ (‘-’) represents upward (downward) propagating waves.  is the total wave energy and is the energy difference between upward and downward propagating waves.  is the wave vertical group velocity with  (where  is the inertial frequency;  is the buoyancy frequency and ) and  is the magnitude of the bottom velocity. The timescale associated with the energy transfer is calculated as , where  is the bottom velocity vector and the subscript “b” represents the bottom value. The direction of mean-wave interaction is determined by the vertical mean flow structure. The timescale associated with the linear damping () is set to 3 days. The damping parameter  (,  and  with  and ) and the background wave energy  are calculated following the gravity wave closure of Olbers and Eden (2013), assuming uniform bottom tidal forcing of 3×10-6 m3/s3 and surface wind forcing of 5×10-7 m3/s3. 
The surface boundary condition for Eq. (1) is a reflective boundary condition, i.e., the amplitude of the upward wave energy flux is equal to that of the downward flux but with opposite signs. At the bottom boundary, the upward wave energy flux is predicted by the linear theory (Bell 1975). Under the isotropic topographic spectrum approximation, the bottom lee wave flux can be simplified as:
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Here the parameter , the limiter function  with the inverse Froude number  ( is the root-mean-square height of the topography with scale of the radiating lee wave) and .  is the root-mean-square height of the full topography and  is the characteristic wavenumber. The spectrum slope parameter . A similar simplified linear theory has also been derived by Nikurashin and Ferrari (2010) (their Eq. 14).











Figure 1b shows the distribution of  used in our study.  has a uniform value of 125 m in the deep basin, which gradually increases to 250 m over the mid-ocean ridge.  is set to be a uniform value of 5×10-2 m-1. In the lee wave parameterization of L. Yang et al. (2021), the bottom lee wave flux is predicted using a simplified linear theory derived by Nikurashin and Ferrari (2010). It should be noted that the root-mean-square of topography height and the characteristic wavenumber in their studies are estimated in the radiating lee wave wavenumber range (~), which are different from those used in our study. For a typical barotropic flow in the SO with  m/s,  s-1 and  s-1, we compare the lee wave flux profiles parameterized by Eden et al. (2021) and L. Yang et al. (2021) (Figure 2). The bottom lee wave flux in Eden et al. (2021) is slightly smaller than L. Yang et al. (2021). However, the vertical structures of the wave fluxes are similar. We fit the wave flux profile of Eden et al. (2021) to the exponential function (i.e., ,  is the ocean depth) used by L. Yang et al. (2021) and obtain a decay scale of = 470 m, close to the fixed decay scale of 500 m used by L. Yang et al. (2021).




Once the wave energy equation (Eq. 1) is solved, the lee wave flux  can be diagnosed as . The lee wave stress  is given by  which is added in the momentum equation to represent the effect of wave drag:



.                                    (3) The term  represents viscous friction and bottom drag (details in section 2.3) and  is pressure.
The wave-driven mixing is parameterized using the Osborn relation (Osborn 1980):

, 


Where  and  is the lee wave energy dissipation. A ceiling of 10-2 m2/s is imposed on the magnitude of wave-driven mixing. In addition to wave-driven mixing, we also add a background mixing parameterized by the scheme of Olbers and Eden (2013) with uniform bottom tidal forcing of 3×10-6 m3/s3 and surface wind forcing of 5×10-7 m3/s3. 



To ensure the stability of the closure iteration, a small horizontal diffusivity with a coefficient of 10 m2/s is added to Eq. (1). The time scale  is limited to 5.5 h and gradually increases to 110 h in the upper 500 m (sensitivity to modifications of  is discussed in APPENDIX B). We think the modification of  in the upper ocean is reasonable, since the lee wave closure does not account for critical layer effects or wave reflection when encountering strong stratification (Baker and Mashayek 2021). In addition, lee wave activities are expected to be weak in the upper ocean (Nikurashin et al. 2013). 
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Figure 1. (a) Bathymetry (m) used in the idealised model. (b) The root-mean-square of the full topography height (m) used in the lee wave closure. Latitudinal profiles of (c) zonal wind stress (N/m2) and (d) relaxation SST (oC).
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Figure 2. Vertical profiles of lee wave energy flux predicted by the schemes of Eden et al. (2021) (blue) and L. Yang et al. (2021) (red), generated by a typical barotropic flow in the SO (i.e.,  m/s,  s-1 and  s-1). 

2.3. Kinetic energy dissipation
    The KE is dissipated by the interior viscous dissipation:

,                                     (4) 
and the bottom drag:

,                                                  (5) 
where Ah and Az are the horizontal and vertical viscosity coefficients parameterized using the scheme of Gaspar et al. (1990), and Cd is the quadratic drag coefficient, set to 0.002.
In the presence of lee wave drag, the KE dissipation associated with wave drag can be calculated as:

.                                                 (6)

2.4. Wind work
The wind work at the surface can be calculated as:


,                                                     (7) where  is the surface zonal velocity.

2.5. Decomposition of ocean current into mean and eddy components
The ocean velocity and temperature are decomposed into their mean and eddy components:

,                                                      (8)

,                                                      (9) where the overbar denotes a 4o spatial running mean and the prime denotes deviation thereof (Zhang et al. 2023). 
The KE is further separated into mean kinetic energy (MKE) and eddy kinetic energy (EKE):

,                                                 (10)

.                                                  (11)

2.6. Meridional eddy heat transport
The meridional eddy heat transport (EHT) is calculated as:



,                                                (10) where the reference density  kg/m3 and the specific heat of seawater  J/kg/oC. 
2.7. Meridional overturning circulation
The Eulerian time-mean meridional overturning circulation (MOC) streamfunction is the integral of zonally-integrated time-mean meridional velocity from the bottom to a given depth, and is defined as:



,                                          (11) where  is the zonal width of the model domain and  is the local water depth.
The eddies drives an eddy-induced MOC in the SO that counterbalances the wind-driven MOC. The eddy-induced MOC can be diagnosed following Marshall and Radko (2003) as:

,                                          (12) 
Table 1. List of experiments conducted in this study.
	Experiments
	Mean-wave interaction
	Wave drag
	Wave-driven mixing

	Noleewave
	NO
	NO
	NO

	Leewave
	YES
	YES
	YES

	Leewave nomtw
	NO
	YES
	YES

	Leewave dragonly
	NO
	YES
	NO

	Leewave mixingonly
	NO
	NO
	YES


3. Results
3.1. General characteristics
Figure 3 shows snapshots of SST and surface KE from the last day of the Noleewave experiment. Snapshots from other experiments are similar (not shown). Even though our model is highly idealised, it captures many key circulation features of the real ocean. As in the real ocean, there are three main current systems: the Antarctic Circumpolar Current (ACC), the western boundary current and the equatorial current. Among them, the ACC is the most energetic with ubiquitous mesoscale jets surrounding the main current. Many of these jets are deep-reaching, potentially transferring a significant amount of energy into lee waves when interacting with small-scale topography (Nikurashin et al. 2013).
Figure 4a shows the spatial distribution of bottom lee wave flux in the Leewave experiment. Consistent with estimates from observations (e.g., Scott et al. 2011; Nikurashin and Ferrari 2011; Wright et al. 2014), the distribution of lee wave flux is highly inhomogeneous. Enhanced lee wave flux on order of O(10-3~10-1 W/m2) is mainly concentrated in the SO (south of 35oS), the western boundary and the equatorial ocean (highlighted by green boxes in Figure 4a). The domain-integrated wave flux amounts to 18.3±0.4 GW (Table 2), with nearly 70% contributed by the SO. The magnitude of bottom lee wave flux depends on bottom stratification, bottom velocity, inertial frequency and topographic characteristics (Eq. 2). Consistent with previous studies (e.g., Wright et al. 2014; Shakespeare 2020), we find that the magnitude of lee wave flux in our model is more sensitive to the strength of bottom flow. For example, while the mid-ocean ridge has larger rough topography (Figure 1b), lee wave fluxes are generally low on the ridge except in regions with strong bottom flows, such as the SO. 


The globally integrated energy transfer from mean flow to waves is 5.7 GW and energy transfer from waves to mean flow is 0.5 GW, resulting in a net energy transfer from mean flow to waves of 5.2 GW (Table 2). To test the sensitivity of this result to the energy transfer timescale  in the upper 500 m, we run another two experiments with different values of  in the upper ocean (see the APPENDIX B). These experiments show that the modified timescale does not affect the energy transfer in the deep ocean (Figure B1) and has a negligible impact on the kinetic energy budget (Table B1).


The energy transfer from mean flow to waves mainly occurs at high latitudes, while energy transfer from waves to mean flow mainly occurs at low latitudes (Figures 4b, c). We also find that the vertical decay of wave flux has a strong latitudinal dependence (Figure 5). At low latitudes (e.g., the equatorial ocean), the wave flux decays quickly with a decay scale of about 150 m. In contrast, the wave flux at high latitudes (e.g., the SO) decays more slowly, allowing for greater penetration into the upper ocean. The direction of energy transfer between mean flow and waves depends on the vertical structure of the mean flow (Kunze and Lien 2019) and the upward-strengthening flow structure facilitates energy transfer from mean flow to waves. The variation of decay scale with latitude is caused by the latitude-dependent vertical wave group velocity  which is higher at high latitudes. The , which represents the mean vertical group velocity for the up- and downward-propagating components of lee waves, does not depend on wave frequency or wavenumber. It is estimated from the bottom lee wave spectrum predicted by the linear theory (Bell 1975), which is sensitive to the local inertial frequency (e.g., Kunze and Lien 2019). The latitude dependence of lee wave decay scales may contribute to the observed decreasing turbulent dissipation rates towards the equator (Gregg et al. 2003).

The distributions of lee wave flux in other experiments with lee wave closure are similar to that shown in Figure 4a (not shown). In the Leewave nomtw experiment, the bottom lee wave flux increases slightly to 19.2±0.3 GW (Table 2). This is likely due to the dominant direction of energy transfer being from mean flow to waves (Figures 4b, c), resulting in a smaller  in the Leewave experiment (Figure 6a). When the effect of wave drag is excluded in the Leewave mixingonly experiment, the bottom wave flux becomes significantly larger, highlighting the dominant role of wave drag in modulating the bottom wave flux. 

[image: figue2]
Figure 3. Snapshots of (a) SST (oC) and (b) surface KE (m2/s2; in log10) on the last day of the Noleewave experiment.
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Figure 4. Spatial distributions of the time-mean (a) bottom lee wave flux (W/m2; in log10), (b) depth-integrated energy transfer from mean flow to waves (W/m2; in log10) and (c) depth-integrated energy transfer from waves to mean flow (W/m2; in log10) in the Leewave experiment. The white regions in (a) represent areas with no lee wave generation (i.e.,  m or ). The three green boxes highlight regions with enhanced lee wave fluxes.

[image: fig6]
Figure 5. Domain average profiles of lee wave flux in the (a) SO, (b) western boundary and (c) equatorial ocean. Blue line represents the Leewave experiment and red line represents the Leewave nomtw experiment. The boundaries of these three regions are delineated by green solid lines in Figure 4a. 


Table 2. Globally integrated bottom lee wave flux (; GW) and energy transfer from mean flow to waves (MTW; GW) in experiments with lee wave closure. Within 95% confidence interval.
	Experiments
	

	MTW

	Leewave
	18.3±0.4
	5.2±0.2

	Leewave nomtw
	19.2±0.3
	0

	Leewave dragonly
	19.8±0.3
	0

	Leewave mixingonly
	260.3±11.5
	0


 



3.2. Energetics
3.2.1. Dissipation

The sink terms of KE in each experiment are listed in Table 3. Only the regions with lee wave closure (i.e., ; Figure 1b) are considered. To exclude the large viscous dissipation in the upper ocean, KE dissipation is calculated for the water column below the surface boundary layer (i.e., below 500 m).
The five experiments can be broadly categorized into two groups: those with wave drag and those without wave drag. The experiments with wave drag (Leewave, Leewave nomtw and Leewave dragonly) exhibit reduced viscous dissipation and bottom drag. The most significant reduction is seen in bottom drag, which decreases by nearly 90%. The horizontal viscous dissipation also decreases by ~30%, while the change in vertical viscous dissipation is negligible. The reduction in viscous dissipation is largely compensated by dissipation caused by wave drag. Below 500 m, wave drag contributes nearly 50% of the total dissipation. The wave drag dissipation is concentrated mostly in the deep ocean, with about two-thirds of wave dissipation occurring in the bottom 500 m. However, the overall dissipation in the experiments with wave drag is still smaller than that in the experiments without wave drag. 
Interestingly, mean-wave interaction has a negligible impact on the KE budget, despite its non-negligible contribution to the source of wave energy (Table 2). The total dissipation caused by wave drag can be calculated by vertically integrating Eq. 6: 

.                                   (14)

In the presence of mean-wave interaction, the decay of lee wave flux in the SO becomes slightly slower, while the wave flux profiles in other regions remain relatively similar (Figure 5). Almost all wave fluxes decay within the bottom 1500 m, where velocity can be assumed to be weakly depth dependent. Therefore, the total wave dissipation can be approximated as , which is similar in experiments with and without mean-wave interaction (Table 2). The total dissipation caused by wave drag is indeed found to be close to the bottom wave flux (Table 2; Table 3).





Table 3. Globally integrated horizontal viscous dissipation (), vertical viscous dissipation (), bottom drag () and wave drag dissipation () in each experiment. The second row represents the integral below 500 m. Only regions with lee wave closure () are considered. Within 95% confidence interval. Unit: GW.
	Experiments
	

	

	

	


	Noleewave
	67.5±1.2
30.6±0.6
	109.7±0.7
2.9±0.1
	14.4±0.6
14.4±0.6
	0
0

	Leewave
	44.7±0.6
17.3±0.3
	110.3±0.6
2.4±0.02
	2.0±0.1
2.0±0.1
	19.8±0.4
17.1±0.4

	Leewave nomtw
	46.4±0.8
18.4±0.4
	109.7±0.5
2.6±0.03
	2.2±0.1
2.2±0.1
	19.8±0.4
19.0±0.4

	Leewave dragonly
	44.5±0.8
17.3±0.4
	110.1±0.5
2.5±0.03
	1.9±0.1
1.9±0.1
	20.1±0.4
19.2±0.3

	Leewave mixingonly
	69.0±1.1
32.6±0.6
	109.1±0.5
2.8±0.1
	14.4±0.6
14.4±0.6
	0
0



3.2.2. Kinetic energy
Figure 6a shows the domain-averaged KE profiles in different experiments. The KE decreases significantly in all experiments with lee wave closure, especially in the presence of wave drag. Similar energy reductions can also be seen in the EKE and MKE profiles (Figures 6b, c). The reduction in surface EKE is more pronounced than that in surface MKE when the wave drag effect is on. This is due to the increase of the ACC transport (details in Section 3.3.4) leading to enhanced MKE in the SO (dashed lines in Figure 6c). While MKE dominates over EKE above 500 m, EKE is more significant in the deep ocean.


In the Leewave experiment, the total KE is reduced by 30.4 % compared to the Noleewave experiment. This reduction can be seen at all depths, especially in the deep ocean, where the KE decreases by nearly half below 500 m. Similar reductions are also found in other experiments with wave drag (Leewave nomtw, Leewave dragonly). The net effect of mean-wave interaction is a slight reduction in KE by 2% (Leewave vs. Leewave nomtw). The KE reduction (31.0%) is slightly larger when wave-driven mixing is disabled in the Leewave dragonly experiment (Figure 6a; Figure 7a). When wave-driven mixing is activated, the  becomes weaker due to enhanced bottom mixing (Figure 7b). According to the linear theory (Eq. 2), a reduced  leads to a smaller bottom wave flux (Table 2; Figure 7c) which reduces the dissipation due to wave drag (Figure 7d). Therefore, excluding wave-driven mixing results in a slightly greater reduction in KE.
In the Leewave mixingonly experiment, the KE is also reduced by 8%, primarily due to contributions from the SO (not shown). When wave drag is disabled in this experiment, the bottom wave flux becomes significantly larger (Table 2), resulting in greater wave-driven mixing in the deep ocean. The enhanced wave-driven mixing increases the downward heat flux, which warms the deep ocean (Figure 8). As a result, the temperature differences between the northern and southern boundaries of the SO decrease, leading to a reduction in geostrophic velocity.

[image: KE]
Figure 6. Domain-averaged vertical profiles of (a) KE (m2/s2), (b) EKE (m2/s2) and (c) MKE (m2/s2) in different experiments. Dashed lines in (b) and (c) represent the averaged profiles in the SO.
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Figure 7. Differences in bottom (a) KE (m2/s2), (b)  (s-1),  (W/m2) and  (W/kg) between the Leewave nomtw and Leewave dragonly experiments (former minus latter).
[image: fig_iso]
Figure 8. Zonal mean temperature contours in the SO in different experiments.

3.3. Changes in the SO
3.3.1. Eddy-induced MOC
According to the residual-mean theory (e.g., Marshall and Radko 2003), the westerly winds in the SO induce an Eulerian-mean MOC through Ekman upwelling and downwelling, which tilts the isopycnals, supporting the thermal wind current of the ACC and creating a reservoir of mean available potential energy. This process is counterbalanced by the generation of mesoscale eddies through baroclinic instability, which releases the available potential energy. Opposing the clockwise wind-driven MOC, mesoscale eddies induce an anticlockwise MOC that acts to flatten the isopycnals. Therefore, the residual MOC in the SO is determined by the balance between wind-driven MOC and eddy-induced MOC. 
In experiments with wave drag, the EKE dissipation is significantly enhanced (Figure 6b), which disrupts the balance between wind-driven MOC and eddy-induced MOC. Since the magnitude of the wind-driven MOC is solely determined by the wind stress which is identical across all experiments, the isopycnals steepen to enhance eddy generation until a new equilibrium is reached (Figure 8). Figure 9 shows the eddy-induced MOC in the SO in different experiments. In all experiments, the eddy-induced MOC forms an anticlockwise cell (negative) with peak values between 1000 m and 1500 m. In the Noleewave experiment, the peak value is about 5 Sv. In the presence of wave drag, the eddy-induced MOC decreases significantly, with a peak value of only ~3 Sv. This reduction in eddy-induced MOC can have important implications for ocean heat storage and overturning circulation, which will be discussed in subsequent sections.

[image: moc_eddy]
Figure 9. Eddy-induced MOC (Sv) in different experiments. The contour interval is 1 Sv.

3.3.2. Eddy heat transport
The eddy-induced MOC transports a large amount of heat poleward, which affects the melting and refreezing of sea ice around Antarctica (Rackow et al. 2022). The significant decrease in eddy-induced MOC due to wave drag can reduce this heat transport capacity. Figure 10b shows the vertical profiles of EHT in the SO. All experiments show a depth-dependent poleward (negative) heat transport. The magnitude of EHT is closely related to the EKE. With wave drag, the depth-integrated EKE in the upper 1000 m decreases by nearly 40% (Figure 10a) and the depth-integrated EHT decreases by ~50% (Figure 10b). This significant reduction in EHT is much larger than the decadal increasing trend of EHT (about 16% per decade) under climate change (Liu et al. 2024). Our results highlight the potential role of wave drag in modulating heat storage and sea ice extent in the SO (Rackow et al. 2022).

[image: untitled]
Figure 10. Vertical profiles of EHT (W/m2) in the SO. Only the upper 1000 m is shown. 

3.3.3. Air-sea heat flux
The presence of wave drag damps ocean eddies and weakens the eddy-induced MOC, which in turn steepens the isopycnals in the SO (Figure 8). As a result, surface isopycnal outcrops shift equatorward, leading to a cooling of SST south of 40oS. In all experiments, the SST is relaxed towards a fixed temperature profile (Figure 1d). Consequently, the decrease in SST increases the air-sea temperature difference, resulting in greater surface heat flux into the ocean. 
Figure 11 shows the zonal mean air-sea heat flux in different experiments. In all experiments, the heat flux shows a latitude-dependent distribution with positive values (ocean heating) in the low latitudes and negative values (ocean cooling) in the high latitudes. A region of ocean heating can also be seen in the mid-latitudes of SO which corresponds to heat gain over the ACC. Away for the ACC, the heat flux shifts to ocean cooling again. This characteristic ‘sandwich’ structure of surface heat flux is consistent with observations and has been widely used in idealised SO configurations (e.g., Abernathey et al. 2011; Zhai and Munday 2014). The main differences among different experiments occur in the SO, where ocean heat uptake is significantly larger in experiments with wave drag. Specifically, the total heat flux in the SO is 22.3 TW in the Noleewave experiment, compared to 72.4 TW in the Leewave experiment. The SO heat uptake also increases in the Leewave mixingonly experiment (Figure 11), likely due to enhanced downward heat flux caused by wave-driven mixing.
The increase in SO heat uptake due to wave drag leads to an increase in ocean heat content, as indicated by the higher domain-averaged temperature in experiments with wave drag (Figure A2). Interestingly, we find the changes of ocean heat content in the SO is negligible. The ocean heat content in AO has increased by ~1%. This indicates the enhanced ocean heat uptake will be transported equatorward instead of being stored in the SO (Armour et al. 2016). Under global warming, a significant fraction of ocean heat uptake occurs in the SO (Durack et al. 2014; Roemmich et al. 2015). Our study suggests that lee waves can enhance this heat uptake, with important implications for ocean heat storage and climate change.

[image: untitled]
Figure 11. Zonal mean air-sea heat flux (W/m2) in different experiments.

3.3.4. ACC transport
The theoretical model proposed by Marshall et al. (2017) predicts that the circumpolar volume transport in the SO is controlled by the rate at which eddy energy is dissipated, with stronger dissipation resulting in greater ACC transport. As demonstrated in Section 3.2.2, wave drag enhances eddy energy dissipation, which in turn requires steeper isopycnals to increase eddy energy generation, bringing the system to a new equilibrium. Steeper isopycnals correspond to larger thermal wind shear and hence greater baroclinic ACC transport. This increase in ACC transport due to wave drag can be seen in the time-mean barotropic transport streamfunctions and zonal mean velocity profiles (Figures 12). The barotropic transports are similar across different experiments, except for the SO, where they increase by about 10% in the experiments that include wave drag. 
The enhanced ACC transport due to wave drag is accompanied by an equatorward shift of isopycnal outcrops (Figure 8), which increases the meridional temperature gradient and strengthens the zonal geostrophic currents. The stronger zonal ACC geostrophic currents lead to increased wind work. We find that wind work in the SO increases by 23 GW in the Leewave experiment compared to Noleewave, representing an increase of 17% of the wind work in SO. This additional wind work contributes to the enhanced generation of eddy energy associated with the steepener isopycnals, as part of the system’s new equilibrium.

[image: S1]
Figure 12. Time-mean barotropic transport streamfunctions (Sv) in (a) Noleewave and (b) Leewave experiment. (c) Zonal mean barotropic transport streamfunctions (Sv) and (d) vertical profiles of zonal mean velocity (m/s) in different experiments.

3.4. Response of the AMOC
The SO plays an important role in setting global ocean stratification through connectivity with ocean basins (Gnanadesikan and Hallberg 2000). As a key component of the global ocean heat transport system, the strength and stability of AMOC are sensitive to changes in ocean stratification. Previous studies have shown that changes in ACC transport can influence the strength of AMOC (e.g., Gnanadesikan 1999; Marshall and Johnson 2017). Here we investigate the response of AMOC to the lee wave closure (Figure 13). The overall AMOC structure in our idealised model is consistent with that inferred from observations (Vallis 2006). There are a pair of surface cells above 500 m in the equatorial ocean, an upper cell above 2000 m and a deep cell below 2000 m. In the Noleewave experiment, the maximum transport in the upper cell is 8.3 Sv at 36.5oN. The deep cell in our model is relatively weak (~0.5 Sv), likely due to the highly idealised topography used in our study, which results in insufficient formation of Antarctic Bottom Water (Roberts et al. 2004).
In the presence of wave drag, the upper cell deepens by ~500 m and the maximum transport at 36.5oN increases by 0.6 Sv (Figures 13b-d). The deepening and strengthening of the AMOC due to wave drag can be explained as follows. Wave drag damps eddy activity in the SO (Figure 10a), which steepens the isopycnals and deepens isopycnal surfaces on the northern side of the ACC (Figure 8). This change in density structure on the northern side of the ACC is then communicated to the rest of the model domain via Rossby and Kelvin wave adjustment processes, lowering global mid-depth stratification and deepening the AMOC (Gnanadesikan and Hallberg 2000; Allison et al. 2011). Furthermore, this wave adjustment process increases the zonal pressure difference across the ocean basin which results in an increase in AMOC transport (Marshall and Johnson 2017). A recent study by Mak et al. (2022) also found that reducing the eddy dissipation timescale (i.e., increasing eddy dissipation) strengthens both the ACC transport and AMOC in a coarse-resolution global ocean model with parameterized eddies. Our results show that SO wave drag can cause significant changes in the structure and strength of the AMOC, which should be incorporated into climate models to improve predictions of future climate change.

[image: moc]
Figure 13. The structure and strength (Sv) of AMOC in different experiments. The grey solid (dashed) contour lines are the zonal mean temperature contours in experiments with (without) wave closure. 

4. Summary and discussion
An energetically and dynamically consistent lee wave closure proposed by Eden et al. (2021) is tested in a sector model that connects a rectangular basin with a channel at its southern boundary, representing an idealized AO basin and SO. A total of five experiments are designed and conducted to investigate the effects of mean-wave interaction, wave drag dissipation and wave-driven mixing on ocean energy and overturning circulation. The differences between the experiments are predominately due to wave drag, with mean-wave interaction and wave-driven mixing playing a secondary role.
These idealised experiments generally reproduce the main circulation features of the ocean. In the experiment with full lee wave closure, nearly 70% of the bottom lee wave flux is contributed by the SO. The dominant direction of energy transfer is from mean flow to waves, with a net energy transfer of 5.2 GW. We find that the presence of lee wave drag significantly reduces both viscous dissipation and bottom drag dissipation, with the latter decreasing by nearly 90%. This reduction in dissipation is largely compensated by dissipation caused by wave drag, which accounts for nearly half of the total dissipation below 500 m.
The impact of lee wave closure on ocean circulation is illustrated in Figure 14. In the SO, wave drag damps eddy activity and weakens the eddy-induced MOC. As a result, the isopycals become steeper, with three main consequences. First, the surface isopycnal outcrops shift equatorward, resulting in a decrease in SST and an increase in SO heat uptake. Second, the ACC transport strengthens due to enhanced thermal wind shear. Third, the deepening of isopycnal surfaces on the northern side of ACC causes a deepening of the pycnocline in the AO basin through ocean teleconnections, which in turn deepens and strengthens the AMOC (Marshall and Johnson 2017; Mak et al. 2022). 
It is often predicted that the AMOC will shoal and weaken over the 21st century (e.g., Cheng et al., 2013; Liu et al. 2020; Weijer et al., 2020). However, none of these studies consider the effects of ocean lee waves. Our study highlights the role of lee waves in modulating the structure and strength of the AMOC, which may have important implications for global heat distribution and climate change (Buckley and Marshall, 2016; Cessi 2019). 
The idealised model used in our study features a single basin connected to a re-entrant channel, representing the idealised AO and SO. Previous studies (e.g., Johnson and Marshall 2004; Sun et al. 2020, 2022) suggest that changes in the AMOC are often linked to overturning circulation in other basins. Future research could use more complex experiments with multiple ocean basins to investigate the response and interconnection of overturning circulation across different basins. In addition, the inclusion of lee wave closure is found to enhance SO heat uptake, potentially influencing atmosphere circulation and carbon cycle. Future studies could use coupled ocean-atmosphere models to investigate the response of the broader climate system to oceanic lee waves. 

[image: ]
Figure 14. A schematic diagram of ocean circulation in experiments (a) without and (b) with lee waves. Refer to the main text for a detailed description.
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APPENDIX A
Time series of domain-integrated KE and domain-averaged temperature
Figure A1 shows the time series of domain-integrated KE for the last 5 years. The KE shows no obvious trend and generally reaches a quasi-equilibrium state in all experiments. There are noticeable temperature drifts, especially in the deep ocean (Figure A2). We estimate the annual temperature drift in the deep ocean using a linear fit. In all experiments, the annual drifts of deep ocean temperature are less than 0.04%, which is much smaller than the differences between each experiments caused by lee waves.
[image: drift1]
Figure A1. Time series of domain-integrated KE (J) in the (a) full depth; (b) upper 1000 m and (c) bottom 2000 m.

[image: drift2]
Figure A2. Time series of domain-averaged temperature (oC) in the (a) full depth; (b) upper 1000 m and (c) bottom 2000 m.


APPENDIX B

Sensitivity to modifications of  in the upper ocean




To ensure the stability of the closure iteration, we gradually increase the time scale of energy transfer, , from 5.5 h to 110 h in the upper 500 m. We also conduct another two experiments with different values of  in the upper 500 m to test the sensitivity of our results to . The first experiment (Weak) has a weaker modification with a maximum time scale of 55 h at the sea surface, while the second experiment (Strong) has a stronger modification with a maximum time scale of 165 h. Other configurations are the same as the Leewave experiment (Medium) which has a medium modification of . The two experiments are run for 40 years, and the last 5 years are used for analysis. 


Figure B1 shows the domain-averaged profiles of energy transfer between mean flow and lee waves in experiments with different values of . We find that the modification of  affects the energy transfer only in the upper ocean. The energy transfers in the deep ocean remain similar across all experiments. We also examine bottom wave flux, wind work and KE dissipation in different experiments, and find no significant differences among them (Table B1). 

[image: MTW]

Figure B1. Domain-averaged profiles of energy transfer between mean flow and lee waves (W/kg) with different values of  in the upper ocean. Positive means energy transfer from mean flow to waves.








Table B1. Globally integrated bottom wave flux (), energy transfer from mean flow to lee waves (MTW), wind work (WW), horizontal viscous dissipation (), vertical viscous dissipation (), bottom drag () and wave drag dissipation () in experiments with different values of . The second rows represent the integral below 500 m. Only regions with lee wave closure () are considered. Unit: GW.

	Experiments
	

	MTW
	WW
	

	

	

	


	Weak
	19.0
	8.1
3.5
	339.3
	45.9
18.0
	112.5
2.3
	2.2
2.2
	21.2
17.8

	Medium
	18.3
	5.2
3.2
	335.6
	44.7
17.3
	110.3
2.4
	2.0
2.0
	19.8
17.1

	Strong
	18.1
	4.1
3.1
	335.7
	45.0
17.6
	109.8
2.4
	2.1
2.1
	20.2
17.3
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