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•  Observed  vertical mixing in the interior is VERY small 
(10-5 m2/sec) according to tracer measurements 

•  Can the numerics of ocean models maintain this level 
of diapycnal mixing, or smaller, when run 
adiabatically?  

•  One needs to quantify the truncation errors introduced 
by the discretization of the Navier-Stokes equations.  

•  Challenging for eddy-rich models. In many cases, the 
numerically induced mixing is often larger than 
observed.  

Spurious mixing 



•  The practical issues of representation of mixing and 
associated subgrid scale parameterization are often 
directly linked to the vertical coordinate choice 
(Griffies et al., 2000).  

•  Isopycnal models by definition are fine (here I assume 
that isopycnals are // to neutral surfaces) 

•  Fixed coordinate models (z- and sigma-) must always 
depend on the numerical integrity of their transport 
operators  

•  Problem becomes MORE difficult at refined 
resolutions since mesoscale eddies pump variance to 
the grid scale and this must be dissipated 
adiabatically. 

Spurious mixing 



Spurious mixing 

•  Numerically induced (i.e., spurious) diapycnal mixing 
arises in fixed-coordinate ocean models because of 

1.  Advective truncation errors 
2.  Non-rotated horizontal/isosigma diffusion tensor 

Non-‐rotated	  diffusion	  

Along	  isopycnal	  diffusion	  



TOPO	  

CLIM	  

2	  yrs	  

6	  mths	  

34.35	   34.65	  PSU	  

ROMS	  1/6º	  (σ-‐level)	  
simulaLons:	  only	  seasonal	  
forcing.	  Salinity	  at	  1000	  m	  
for	  	  the	  iniLal	  condiLon	  
(CLIM),	  6	  months,	  and	  2	  

years.	  	  
Large	  anomalies	  are	  present	  

near	  steep	  slopes.	  	  
(Marchesiello	  et	  al.,	  2009)	  

By construction, there is no 
explicit diffusion operator in 

ROMS. Diffusion is part of the 
advection operator => strong 
numerically induced isosigma 

mixing – difficult to remove 
(Lemarie et al., 2012) 



Overflow Representation 
•  Strongly dependent on the choice of the vertical 

coordinate 
•  Ilicak et al. (2012) state that in order to reduce 

spurious dianeutral mixing, the grid Reynolds 
number should be small enough to suppress the 
grid noise and resolve the flow. This is consistent 
with Legg et al. (2008), who argued that the 
bottom frictional boundary layers should be 
resolved to avoid spurious entrainment in the 
overflows. 



Ilicak et al. (2012) 

Caveat: 
ROMS may 
have a lower 

Reynolds 
number due 

to the 
isosigma 

diffusion built 
in its 

advection 
operator  



•  Sensitivity to resolution of the bottom boundary layer 
illustrated by Ezer (2005) 

•  Much better representation of overflows than z-coordinate 
models, but any entrainment parameterization will have to 
take into account any numerically induced mixing 

Overflow Representation 

Mellor-Yamada KH=0 KM=0 



Overflow Representation 
•  In z-coordinate models, the numerically induced 

entrainment (i.e. mixing) is larger than observed => 
no need for parameterization of the entrainment 
since the focus is on reducing the numerically 
induced mixing to below observations 

•  Many solutions suggested for z-coordinate models:  
–  "Plumbing" parameterization of downslope flow: 

 Beckman & Doscher (JPO 1997), Campin & Goose 
(Tellus 1999). 

–  Adding a separate, resolved, terrain-following 
boundary layer: Gnanadesikan (1998), Killworth 
and Edwards (1999), Song and Chao (2000). 

– Nested high-resolution or conceptual model in key 
locations (Danabasoglu et al., 2011) 



Overflow parameterization of 
Danabasoglu et al. (2011) 
implemented in CCSM/CESM=> 
based on the Marginal Sea 
Boundary Condition scheme of 
Price and Yang (1998) 
 



Overflow Representation 
•  In density-coordinate models, the challenge is to 

prescribe the proper entrainment parameterization 
(Xu et al., 2006; Jackson et al., 2008) 

•  Parameterizations need to take into account the 
change in the magnitude of the vertical shear 
induced by an increase/decrease in the horizontal 
grid spacing 



Denmark Straits Overflow at 31º W  

Temperature 

Salinity 

Results from 1/12º Atlantic HYCOM 

Colder fresher water  
forms over the shelf 
in the Nordic Seas 
  
and spills over the  
Denmark Strait 

and entrains more 
saline Irminger  
Sea water 

(Xu et al, 2006) 



Spreading of dense overflow water in the 
western subpolar North Atlantic 

Xu, Chassignet, Rhines, and Schmitz (2014) 
 

•  The general spreading pattern of the DSOW has been illustrated by θ/S and 
tracers such as CFCs, Oxygen, I129, Tritium, etc.  

•  The highest tracer concentration associated with the cold/fresh DSOW is 
found along the deep western boundary current (DWBC) 
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How does the DSOW spread (from the  
DWBC to the offshore interior)? 

•  The general spreading pattern of the DSOW has been illustrated by potential 
temperature and salinity distributions (Worthington and Wright, 1970). Consistent pattern 
is effectively illustrated using tracers such as CFCs, Oxygen, I129, Tritium, etc.  

•  The highest tracer concentration associated with the cold/fresh DSOW is found along 
the deep western boundary current (DWBC), consistent with velocity measurements 
using moored current meter arrays.  

Elevated tracer concentration/inventory is found away from the DWBC: (a) Maximum CFC 
inventory in the offshore region near the Orphan Knoll and the Flemish Cap (LeBel et al., 
2008).  (b) High CFCs and I129 across the entire deep part of the Labrador Sea (Smith et al., 
2005);  



Numerical model 
•  1/12° HYCOM configured for the North and Equatorial Atlantic  

(28°S-80°N), initialized from ocean climatology GDEM3 and  
with closed southern/northern boundaries restored toward 
climatology in a ~3° buffer zone; ERA 40 atmospheric forcing; 
integrated for 20 years. 

•   Analysis done over the last 5 years 

•  A numerical, passive tracer is injected into the Denmark Strait 
overflow water during the last 5 years 

•  Twin experiments with different vertical resolutions (32 and 64 
layers) 



Tracer injected below 400 m 
(sill is 620 m) 

Model bathymetry near the Strait 

Source box (C=1) 





Horizontal Distribution 

Observed CFC inventory from LeBel et al., 2008 

Modeled tracer inventory 
below σθ of 27.80 kg/m3 



Tracer across the Labrador sea 

I129 in observation 

E32 E64 

Passive tracer in model 



Deep in the Labrador Sea 

•  The lower layer of DSOW (σ2≥37.14) transits from a narrow DWBC into widely 
spreading flows in the northern and central Labrador Sea  

Transport vectors & 
 Tracer concnetration 

Transport vectors & PV 



Transport vectors & 
 Tracer concnetration 

Transport vectors & PV 

Upper overflow layer 

•  The circulation pattern in the upper overflow layer (σ2 of 37.02-04) exhibits a 
relatively narrow and continuous DWBC around the basin. 

1.8/3.2 

4.4/7.8 



Dynamically … 

The flow in the Labrador Sea is decoupled with the deep overflow 
waters following the bathymetry  and spreading into the interior 
and the upper overflow water staying the western boundary 
current 



Farther downstream 

a) complex bathymetry (i.e., Orphan Knoll-Flemish Cap-Newfoundland Seamounts-
Newfoundland Ridge) around deep basins; b) high eddy variability; and c) interaction 
between the DWBC and the upper North Atlantic Current (NAC, Rossby, 1996) …  



Tracer flux 
V’C’ VC 

K=59 

K=59 



Deep in the DSOW 
E32   E64 



Upper circulation drives the recirculation in the lower layer  

E32   E64 



Questions? 


