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Ocean	
  dynamics	
  at	
  high	
  resolu.on	
  
Dynamical scale: Rossby Radius  

From 20km grid, Treguier and 
Hua (1987) 

…. To O(1 km) grids (today) 

First numerical model of the 
global ocean, Bryan and 
Manabe, JPO 1975.  

6° by 4° grid 

Scale of the global ocean 



Why	
  high	
  resolu.on	
  at	
  the	
  global	
  scale?	
  
1	
  –	
  High	
  resolu.on	
  in	
  forced	
  ocean	
  models,	
  to	
  resolve	
  baroclinic	
  
eddies.	
  	
  
	
  
-­‐	
  	
  	
  	
  Isopycnal	
  mixing	
  but	
  also	
  organiza5on	
  of	
  diapycnal	
  mixing	
  
-­‐  Rec5fica5on:	
  Neptune,	
  intensifica5on	
  of	
  eastward	
  jets	
  	
  
-­‐  Transport	
  by	
  coherent	
  structures	
  and	
  eddy-­‐tracers	
  correla5ons.	
  
	
  

	
   	
  One	
  exemple:	
  Eddy	
  transport	
  of	
  salt	
  in	
  the	
  global	
  ocean	
  
(Treguier	
  et	
  al,	
  Ocean	
  Science	
  2014)	
  
	
  
	
  
2	
  –	
  High	
  resolu.on	
  ocean	
  for	
  coupled	
  climate	
  models:	
  
	
  
Emergent	
  processes?	
  
	
  



What	
  controls	
  the	
  distribu.on	
  of	
  salt	
  	
  
in	
  the	
  ocean?	
  	
  

Balance	
  between	
  
E-­‐P-­‐R	
  …	
  

And	
  transport	
  by	
  
the	
  ocean	
  
circula5on	
  	
  

E-P-R: Kg.m-2s-1 

Salinity (PSU) averaged 
over the top 200m  



E-­‐P-­‐R:	
  net	
  mass	
  transport	
  

Total mass transport + salty water = transport of salt  
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Salt	
  transport	
  by	
  the	
  net	
  mass	
  flux	
  

Model Tm 

Observations: 
E-P (Large 
and Yeager) 
Salinity 
(Levitus) 

Numerical model:  
DRAKKAR ORCA12 
NEMO platform 

84 years simulation 

Climatological forcing 

(Molines et al, LGGE, 
Grenoble) 

www.drakkar-ocean.eu 



How is the salt balance achieved? 

Tm	
  
Transport	
  by	
  
net	
  mass	
  flux	
  	
  
(related	
  to	
  	
  
E-­‐P-­‐R)	
  

vS
s∫∫ = F 0S0+ (vS)*+

s∫∫ v 'S '
s∫∫
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s∫∫ S0(y, t) = 1
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Tr	
  
Transport	
  by	
  
5me-­‐mean	
  
recircula5on	
  

Te	
  
Transport	
  by	
  eddy	
  
fluctua5ons.	
  

F0	
  :	
  volume	
  flux	
  across	
  the	
  sec5on	
  s	
  
S0	
  :	
  salinity	
  averaged	
  over	
  the	
  
sec5on	
  area	
  A	
  



Eddies	
  perform	
  half	
  the	
  salt	
  export	
  out	
  of	
  
the	
  subtropical	
  gyres!	
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Treguier et al, 
Ocean Science, 
2014 



Map	
  of	
  eddy	
  salt	
  flux	
  divergence	
  

Equatorial region: waves, seasonal variability 

Tropics (15°-20°): basin-wide eddy propagation and waves 

Mid latitudes (40°): western boundary currents 



There	
  is	
  not	
  just	
  one	
  mechanism	
  for	
  eddy	
  
transport	
  

Divergence of eddy salt flux V’S’ in a 
latitude band, cumulated as a 
function of longitude.  

 

 

North of the subtropical gyre: 
transient behavior of the Gulf Stream 
separation  

 

South of the subtropical gyre: 
westward propagating eddies and 
gyre (classical baroclinic instability?) 
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2-­‐	
  Ocean-­‐atmosphere	
  coupling	
  at	
  high	
  
resolu.on	
  

GFDL:  CM2.4 model, Ocean: ¼° isotropic grid. 

                                    Atmosphere: 1°  Farneti et al, 2010 

             CM2.6 model, Ocean: 1/10°  

                                   Atmosphere: 50 km 

UK MetOffice:  

Use NEMO-ORCA025 (1/4°) for ocean forecasting, seasonal prediction 
and climate.  

Plan for 2014: first ORCA12 coupled simulations with 17km 
atmosphere 

Also presented in the WGOMD-Clivar workshop, Kiel, april 2014: 

JMA/MRI, MIROC, NCAR, DOE MPAS, MPI-Hambourg, Cerfacs, EC-
earth, CMCC, Bergen… 



Eddy	
  effect	
  on	
  Southern	
  Ocean	
  	
  MOC?	
  	
  

Speer	
  et	
  al,	
  2001:	
  Ψ*	
  	
  =	
  residual	
  MOC	
  =	
  diaba5c	
  Deacon	
  cell	
  	
  

When	
  Ekman	
  transport	
  increases	
  (SAM	
  increase	
  from	
  
1979	
  to	
  2000),	
  do	
  the	
  eddies	
  compensate?	
  

Eddies:	
  opposite	
  
direc5on	
  
(circula5on	
  tends	
  to	
  
fla]en	
  isopycnals)	
  

Mean	
  flow:	
  
equatorward	
  at	
  the	
  
surface	
  (Ekman)	
  



Eddies	
  drama.cally	
  change	
  the	
  coupled	
  
response	
  to	
  perturba.ons	
  

Farneti et al, JPO 201O. 

Low resolution climate model: 
wind increase = MOC increase 

 

 

Higher resolution, eddy 
permitting ocean: not much 
MOC increase. Eddy 
compensation.  

strengthening of the AMOC of about 3 Sv (1 Sv 5
106 m3 s21) after 40 years, and it will continue to
strengthen for the following century, as shown in Fig. 3
of Delworth and Zeng (2008). The model with explicit
eddies exhibits a much weaker intensification of north-
ward volume flux, of around 1 Sv, suggesting a reduced
anomalous northward Ekman transport in the SO feed-
ing the upper limb of the AMOC.

Global and Atlantic MOC anomalies are shown in
Fig. 2. Consistent with most coarse-resolution climate
models (Sen Gupta et al. 2009), strengthening of the
SO wind stress drives a local circulation anomaly that
penetrates into the deep ocean, as the anomalous north-
ward Ekman flow is balanced by a return southward flow
at depth, resulting in a significant intensification of the
Deacon Cell in CM2.1 (Fig. 2a). However, the response
in the eddy-permitting CM2.4 model (Fig. 2b) is less
than 30% of that found with CM2.1 because, it is argued,
the energized mesoscale eddies induce an overturning
circulation anomaly opposing the increased Eulerian
circulation (Farneti et al. 2010). The remote implica-
tions are readily seen in Figs. 2c and 2d, where we focus
on the Atlantic basin response. Considering the time
mean for years 31–40, the AMOC in CM2.1 has attained
an anomaly of around 3 Sv at 208N, whereas it is roughly
only a third of that in CM2.4 (1 Sv; see also Figs. 1b,c).
Further, focusing on the latitude at which the upper limb
of the MOC—driven by SO processes—enters the At-
lantic basin (;308S), a streamfunction anomaly of 7 Sv
is present for CM2.1 while only 1 Sv has penetrated into
the Atlantic in CM2.4. This result suggests that the two
solutions will most likely continue to diverge, and dif-
ferences between the two models will grow with longer
integrations. Similar discrepancies between models are
found in the Indo-Pacific basin (not shown).

The deep MOC is responsible for a large fraction of
the meridional energy transport in the ocean and in the
total climate system (Vallis and Farneti 2009). Changes
in MOC strength are thus expected to lead to a signifi-
cant response in ocean heat transport (OHT) in the dif-
ferent basins. Farneti et al. (2010) show how, in the SO,
wind-induced changes in meridional eddy heat trans-
port are partially compensating for the anomalous heat
transport accomplished by the mean flow. Figure 3 ex-
amines the Global, Southern Ocean, and Atlantic Ocean
OHT anomalies in the two models under POS3 forcing.
Globally, as expected, OHT anomalies are weaker in the
model with explicit eddies. Locally, the SO stands out as
being buffered from the anomalous zonal momentum in-
put from surface winds because of the energized mesoscale
eddy field (Fig. 3b). The reduced anomalous flow of water
in the upper layers from the SO in to the oceanic basins
induces a weaker OHT response in the Atlantic (again,

FIG. 1. (a) Zonal mean zonal wind stress (Pa) felt by the ocean
for the CTL and POS3 experiment. Response of the AMOC to
POS3 changes in wind stress over the Southern Ocean for (b)
CM2.1 and (c) CM2.4. The quantity plotted is the anomaly
in Sv (with respect to the climatological-averaged value of CTL) of
the maximum value of the overturning streamfunction at 208N in
the Atlantic. All values plotted are three-member ensemble means.
Thin lines are for annual mean data, while thick lines denote 11-yr
running means.
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Effects	
  on	
  predictability	
  of	
  the	
  NAO?	
  	
  
High resolution atmosphere and ocean: better winter blocking, better air-
sea fluxes (less bias in the northwest corner) Scaife et al 2011. 

Consequence: better representation 
of teleconnections, potential 
predictability of the winter NAO with 1 
to 4 months lead time?  

(Scaife et al GRL 2014) 

… but what are the physical 
mechanisms? 

viewpoint [Murphy, 1990], and the skill limit of an infinite-sized ensemble depends only on the average
correlation between pairs of forecast members and the average correlation between forecast members
and observations. This limit exceeds 0.8 for the NAO in our system. Along with improvements in the
modeled signal strength, increased ensemble size could therefore lead to further increases in seasonal
forecast skill for the extratropics.

5. Discussion: Implications for Regional Prediction

The NAO governs many aspects of European and North American winter weather, and predictability of the
NAO therefore leads to similarly skillful predictions of surface winter climate (Figure 4). For example, the risk
of damaging winter wind storms is highly relevant to the insurance sector [Renggli et al., 2011], and this
quantity can be predicted with high levels of skill across northern Europe and large areas of North America
(Figure 4a). Similarly, winter temperatures have impacts on energy pricing and can disrupt transport
networks [Palin et al., 2013] but show predictability across large areas around the Atlantic Basin in our
seasonal forecasts (Figure 4c). Finally, also related to atmospheric circulation, skillful prediction of near-
surface winter wind speeds is demonstrated, again across large areas of Europe and North America
(Figure 4e). This quantity is increasingly important as it governs year to year variations in the supply of wind-
generated renewable energy. While Figures 4a, 4c, and 4e show large areas of significant correlation skill
between the forecasts and observed historical conditions, there are patches of low skill for some fields in
regions known to be affected by the NAO, such as temperature in northern Europe, which may arise due to
imperfect model teleconnections. It is therefore interesting to ask how well the forecast NAO alone would
serve as a proxy for regional prediction. Using only the forecast NAO (Figures 4b, 4d, and 4f) suggests that
much of the skill in our forecasts arises from the prediction of the NAO alone. For example, the small regions
where storminess is poorly predicted in Figure 4a coincide with regions where the NAO influence is weak
(Figure 4b). Furthermore, while skill in North America arises from ENSO and the NAO, for regions such as

Figure 4. Forecast skill of surface winter weather conditions. Correlation score for (a and b) the frequency of winter storms
(measured by tenth percentile daily sea level pressure minima), (c and d) winter mean temperature, and (e and f) winter
mean wind speed (mean of daily values at 10m altitude). Observed storminess, temperature, and wind speed are from the
ERA-Interim reanalysis [Dee et al., 2011] and are correlated with forecast storminess, temperature, and wind speed on the
left and with forecast NAO on the right. Hatching indicates values above 90% statistical significance according to a student
t test and allowing for autocorrelation. Scores on the right show the modulus of the correlation.
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Forecast skill  of surface winter conditions  
(Scaife et al 2014).  
Atmosphere: 0.8°x0.5°, ORCA025, 
24-member ensembles for winters 1993 to 2012. 



Challenges	
  for	
  high	
  resolu.on	
  coupled	
  
ocean-­‐atmosphere	
  models	
  	
  

Ocean eddies have a significant contribution to large scale 
meridional transports, Southern ocean MOC, etc. 

 

Coupling high resolution ocean and atmosphere: emergent 
behavior?  

 

- High resolution models are required to understand 
processes : but analysis is a « big data » problem! 

- Can high resolution models help design enhanced 
parameterizations? 


