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OUTLINE 

HOW  
DID  

NEMERTE 
BEGIN? 

A	  fascina?ng	  story	  involving	  ocean	  models	  and	  HPC	  	  
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The Mediterranean Sea is a semi-enclosed basin displaying an active thermohaline circulation that is 
sustained by the atmospheric forcing and controlled by the narrow and shallow Strait of Gibraltar  

Mediterranean Thermohaline Circulation (MTHC) 

The atmospheric forcing drives the Mediterranean basin toward a negative budget of water and heat, 
and toward a positive budget of salt. Over the basin, evaporation exceeds the sum of precipitation and 
rivers discharge, while through the surface a net heat flux is transferred to the overlying atmosphere. 
Mass	  conserva?on	  in	  the	  basin	  represents	  the	  last	  ingredient	  necessary	  to	  ac?vate	  the	  MTHC	  	  
  



Chart	  of	  the	  Strait	  of	  Gibraltar,	  adapted	  from	  Armi	  &	  Farmer	  (1988),	  
showing	  the	  principal	  geographic	  features	  referred	  to	  in	  the	  text.	  
Areas	  deeper	  than	  400	  m	  are	  shaded	  

Espartel Sill
Camarinal Sill

Strait of Gibraltar Background 

Tarifa Narrow



Workshop	  –	  Instanbul	  –	  July	  2012	  

Strait of Gibraltar Background: 3D Bathymetry 
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Image	  of	  acous?c	  backscaUer	  during	  ebb	  ?de	  over	  Camarinal	  Sill	  in	  
the	  Strait	  of	  Gibraltar	  (Wesson	  and	  Gregg,	  1994)	  

Strait of Gibraltar Background: Physics 

Strong	  mixing	  and	  entrainment	  mainly	  driven	  by	  the	  
very	  intense	  ?des.	  

semidiurnal constituents and particularly for M2. The opposite behavior
is found in the Atlantic layer, where amplitude increases monotonically
from east to west. Phases of semidiurnal constituents also show such
monotonic characteristic. This behavior was reported by García-
Lafuente et al. (2000) between the eastern exit of the strait and the
main sill of Camarinal and the analysis here not only confirms this result
but also extends it to the western exit of the strait. Between GC and CS,
the amplitude of M2 transport in theMediterranean layer is reduced by
more than 50% while it is nearly 6 times greater in the Atlantic layer at
CS (Table 2). A very clear transfer of the tidal signal from theMediterra-
nean to the Atlantic layer takes place between GC and CS during the
flood tide and vice-versa during the ebb tide. This fact led Bray et al.
(1990) to propose the conceptual model of a membrane-like interface
between CS and GC sections whose role would be the transfer of the
tidal signal from one layer to the other. Phase difference between
these locations in the Atlantic layer indicates that tidal transport propa-
gates fromCS to GC, a fact that is ascribed to the strong baroclinic nature
of the internal tide. An inspection of values in Table 2 indicates that the
same behavior applies between CS and ES sections.

The two-layer sketches presented in Fig. 4 illustrate key aspects of
the tidal dynamics in the strait and explain the aforementioned diver-
gences. Fig. 4.a represents the hypothetical mean exchange and mean
interface position in the absence of tidal forcing. Tidal transports as-
sociated with M2 within each layer (small two-headed arrows with
size proportional to the transport, which is indicated by the numbers
beside) and the total barotropic transport (large arrows with numbers
inside) have been included for ES, CS and GC sections (see Fig. 1 for lo-
cations). Notice that M2 transport by itself (3.1 Sv) would reverse the
mean flow, which is around 0.8 to 1 Sv in each layer (Baschek et al.,
2001; Garcia-Lafuente et al., 2002a; Sánchez-Román et al., 2009), if it
were equally distributed among both layers. This is not the case at the
strait's boundaries because most of the tidal flow moves through the
passive, slow-flowing layer (Mediterranean layer in the east, Atlantic
layer in the west), making them reverse periodically. At these bound-
aries, however, the tidal transport in the active, fast-flowing layers is in-
sufficient to reverse the total flow. In CS the amplitude of M2 in any
layer is greater than 1 Sv and, except for some neap tides, the total
flow in each layer reverses during part of the tidal cycle.

Fig. 4.b sketches the flow during flood tide (thick gray line in the
sea level graph) that implies westward barotropic tidal transport
(thick arrow beside the graph). At this time, the flow is hydraulically
controlled at CS and only a limited volume of the west-going tidal flow
that has flown through GC is able to surpass the sill, the rest remaining
trapped between both sections. Consequently, the interface is pushed up-
ward and forces water in the Atlantic layer to move away from the area.
Part of it moves eastward, thus reducing the amplitude of tidal currents
in the upper layer at GC, but most of it goes on to the west, transferring
the signal from the Mediterranean to the Atlantic layer. Some tidal flow
can be transferred cross-strait reaching the continental shelf of both the
Spanish and Moroccan coasts and promoting some coastal recirculation.
This topic will be addressed in the next section. At the ES section, west
of CS, the Mediterranean flow is also hydraulically controlled. In fact, the
hydraulic control in ES is more permanent than in CS (Sánchez-Román,
2008b; Sannino et al., 2007, 2009) and the reduced fraction of the tidal
transport crossing CS is not even able to overflow ES. Consequently, the
water accumulates in the Tangier basin forcing the flow to change to sub-
critical and originating the well-known internal hydraulic jump down-
stream CS (Armi and Farmer, 1988; Sanchez-Garrido et al., 2008, 2011).
Once more the interface is pushed up displacing the Atlantic water
above toward the Atlantic Ocean and completing the transfer of the
large tidal signal that is observed in the lower layer in the east to the
upper layer in the west. A first guess of the interface vertical excursion
in the Tangier basin is obtained by integrating the equation

S
∂η
∂t ¼ Q2;E−Q2;C ð6Þ

where η is the interface depth, S is its horizontal area assumed constant
and equal to the area at its mean depth in the inter-sill region (160 m),
and Q2,E and Q2,C are the tidal transports in the Mediterranean layer
through the ES and CS sections, respectively. The equation,which is appli-
cable to any constituent, gives a vertical excursion of around 75 m for M2

(35 m for S2), which is an important fraction of the water depth in the
Tangier basin (~500 m).

During ebb tide the situation reverses, but the interpretation is
rather similar. The main difference is the flooding of the hydraulic
control in CS by the end of the flood tide when the tidal current
weakens and the subsequent release of the internal jump that propa-
gates as an internal bore with the associated short-wavelength inter-
nal wave packet to the east (Fig. 4.c). The flooding of CS control allows
the accumulated Mediterranean water in the Tangier basin to flow
eastward, thus reversing the flow in this layer at CS, although part
of the water keeps on flowing westward, smoothing out the ampli-
tude of tidal currents at ES in this layer. The Mediterranean water ac-
cumulated between CS and GC in the previous flood evacuates toward
the Mediterranean through GC, a process favored by the hydraulic
control in Tarifa narrows that prevents the large volume of Atlantic
water moving to the east during the ebb tide to cross the control sec-
tion. As this water accumulates between CS and GC, it pushes down the
interface and forces the Mediterranean water below to flow back

Fig. 4. Two-layer sketch to explain tidal transport divergence in each layer. (a) Plate of the
mean exchange with indication of M2 tidal transport. The mean flow of around 0.8 Sv in
each layer has not been indicated to prevent the figure from being overcrowded with
numbers. (b) Illustration of the flood tide (barotropic tidal current toward the Atlantic
Ocean). (c) The same for ebb tide (tidal current toward the Mediterranean). See text for
a more detailed explanation.

14 A. Sánchez-Román et al. / Journal of Marine Systems 98–99 (2012) 9–17

	  A.	  Sánchez-‐Román	  et	  al,	  JGR	  2012	  
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 If the exchange is subject to one hydraulic control in the western part of the Strait, the regime is called 
submaximal, while if the flow exchange is also controlled in the eastern part of the Strait along TN, the 
regime is called maximal.  
 
The maximal regime can be expected to have larger heat, salt, and mass fluxes and to respond more slowly 
to changes in stratification and thermohaline forcing within the Mediterranean Sea and the North Atlantic 
Ocean. 

Strait of Gibraltar Background: Hydraulics  
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Climate	  models,	  both	  global	  and	  regional,	  represent	  the	  	  

Strait	  of	  Gibraltar	  like	  a	  rectangular	  pipe	  &	  no?des	  

Question & Motivation in the NEMERTE project  

Strait	  of	  Gibraltar	  
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•  Is it reasonable? 

Climate	  models,	  both	  global	  and	  regional,	  represent	  the	  	  

Strait	  of	  Gibraltar	  like	  a	  rectangular	  pipe	  &	  no?des	  

Question & Motivation in the NEMERTE project  

•  If NOT, what are these 
models neglecting? 

•  If NOT, what is the minimum 
resolution to adopt for the 
Strait? 
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Answer: Direct simulation of the Strait at high resolution  
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Ratio = 3:1	  

1/8°	  x	  1/8°	  
42	  z-‐levels	  

Sannino et al. 2009, “An eddy-permitting model of the Mediterranean Sea 
with a two-way grid refinement at the Strait of Gibraltar”. Ocean. Modeling 

Effects of high resolution at Gibraltar in a 1/8° Mediter. model  

1/24°	  x	  1/24°	  

1/8°	  x	  1/8°	  
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1/8°	  x	  1/8°	  
42	  z-‐levels	  

1/8°	  x	  1/8°	  
42	  z-‐levels	  

1/24°	  x	  1/24°	  
42	  z-‐levels	  

Effects of high resolution at Gibraltar in a 1/8° Mediter. model  

Oceanic	  component	  in	  the	  
PROTHEUS	  regional	  climate	  system	  	  
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Salinity field @ 40m  

Effects of high resolution at Gibraltar in a 1/8° Mediter. model  



Workshop	  –	  Instanbul	  –	  July	  2012	  

Sannino et al. 2009, “An eddy-permitting model of the Mediterranean Sea 
with a two-way grid refinement at the Strait of Gibraltar”. Ocean Modeling 

Effects of high resolution at Gibraltar in a 1/8° Mediter. model  
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Sannino et al. 2009, “An eddy-permitting model of the Mediterranean Sea 
with a two-way grid refinement at the Strait of Gibraltar”. Ocean Modeling 

Unresolved	  issues	  in	  	  
Mediterranean	  Sea	  Level	  

Effects of high resolution at Gibraltar in a 1/8° Mediter. model  
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Modified	  POM	  

Minimal	  Hor.	  ResoluCon:	  <	  500	  m	  

External	  Time-‐Step:	  0.1	  sec	  

O1	  K1	  diurnal	  Cdal	  component	  	  

M2	  S2	  diurnal	  Cdal	  component	  	  

	  

• Sannino et al, JGR-Book, 2013 

• Sannino et al, JPO, 2009 

• Sanchez et al, JGR, 2009    

• Garrido et al, JGR, 2008     

• Garcia-Lafuente et al, JGR, 2007 

• Sannino et al, JGR, 2007 

• Sannino et al , NC, 2005   

• Sannino et al, JGR, 2004     

• Sannino et al, JGR, 2002   
 

Sub-basin Model: Cadiz – Gibraltar - Alboran 
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salinity along-strait section 

Sub-basin Model: Cadiz – Gibraltar - Alboran 
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Velocity	  @	  5	  m	   Velocity	  @	  250	  m	  

Sub-basin Model: Cadiz – Gibraltar - Alboran 
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Sánchez-‐Román	  et	  al.,	  JGR,	  2009	  

Max Differences: 
Amp: 10 cm s-1 

Pha:   20° 

Tidal	  Components	  comparison	  
Surface	  eleva?on	  

Tidal	  Components	  comparison	  
Along-‐strait	  velocity	  	  

Max Differences: 
Amp: 3.6 cm 

Pha:   11° 

Sannino	  et	  al.,JPO,	  2009	  

Sub-basin Model: Cadiz – Gibraltar - Alboran 
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G2 = F 2
1 + F 2

2

In order to determine whether a particular state is subcritical, supercritical, or critical, it is 

helpful to rewrite this equation as: 

where 

Strait of Gibraltar: new 3Layer Hydraulic Theory 

Sannino	  et	  al,	  JPO,	  2009	  
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Bars indicating the presence of provisional supercritical flow 
with respect to one mode (black) and with respect to both 
modes (grey) in the three main regions of the Strait: Espartel 
Sill, Camarinal Sill and Tarifa Narrow. Lower panel indicates 
tidal elevation at Tarifa.

POM model and hydraulics  
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Are the hydraulic results model depended?	  

To answer the question the exchange flow simulated by POM has been 
compared with the exchange flow simulated by a very high resolution 
non-hydrostatic model implemented for the Strait region. 

POM model and hydraulics  
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MITgcm vs  POM : model grids  

POM	  grid	  
Max	  resoluCon	  

300	  m	  

MITgcm	  grid	  
Max	  resoluCon	  

25	  m	  
(only	  25%	  of	  the	  	  

actual	  grid	  is	  shown)	  
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MITgcm vs  POM : model bathymetry 

Real	  bathymetry	  

POM	  bathymetry	  
32	  sigma-‐levels	  

MITgcm	  bathymetry	  
53	  verCcal	  zeta-‐levels	  

(parCal	  cell)	  
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MITgcm model simulation  

Interface depth evolution	  Garrido	  et	  al.	  jgr	  2011	  
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POM	   MITgcm	  

Garrido	  et	  al.	  jgr	  2011	  

MITgcm vs POM – Internal bore evolution 
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MITgcm vs POM – Internal bore evolution 

Horizontal velocity 
(m/s) 

MITgcm	   POM	  Vertical velocity 
(m/s) 

MITgcm	   POM	  

Horizontal	  current	  velocity	  simulated	  by	  MITgcm	  during	  the	  arrival	  of	  an	  internal	  waves	  train	  at	  
TN.	  (b)	  Same	  as	  (a)	  simulated	  by	  POM.	  (c)	  Ver?cal	  current	  simulated	  by	  MITgcm	  during	  the	  
same	  instant	  of	  (a).	  (d)	  Same	  as	  c)	  simulated	  by	  POM.	  	  
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POM	   MITgcm	  

Garrido	  et	  al.	  jgr	  2011	  

MITgcm vs POM – Internal bore evolution 
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Observed and models interface layer thickness 

a)  Loca?ons	  of	  historical	  
conduc?vity-‐temperature-‐
depth	  data	  (CTD,	  black	  dots)	  
collected	  in	  the	  Strait.	  	  

b)  Interface	  layer	  thickness	  
computed	  from	  CTD	  data.	  

c)  BoUom	  topography	  along	  the	  
central	  axis	  of	  the	  Strait.	  

POM	  
MIT	  
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MITgcm vs POM alongstrait hydraulics 

Frequency	  of	  occurrence,	  over	  
the	  tropical	  month	  period,	  of	  
supercri?cal	  flow	  with	  respect	  
to	  one	  mode	  (a)	  and	  both	  
modes	  (b)	  along	  the	  Strait	  as	  
obtained	  by	  POM	  (dashed	  
line)	  and	  MITgcm	  (solid	  line).	  

MITgcm	  displays	  a	  marked	  along-‐strait	  variability	  associated	  to	  the	  finer	  descrip?on	  of	  the	  
bathymetry.	  Moreover	  when	  both	  modes	  are	  supercri?cal	  (a),	  MITgcm	  predicts	  lower	  values	  all	  
along	  the	  Strait	  with	  respect	  to	  POM,	  except	  for	  ES	  where	  on	  the	  contrary	  MITgcm	  exceeds	  POM.	  
When	  the	  flow	  is	  supercri?cal	  with	  respect	  to	  just	  one	  mode,	  the	  major	  differences	  are	  confined	  
along	  TN.	  In	  par?cular	  POM	  predicts	  higher	  frequencies	  with	  respect	  to	  MITgcm.	  

(a)	  

(b)	  

(c)	  
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MITgcm vs POM alongstrait hydraulics 

POM	  

MITgcm	  
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Evolu?on	  of	  the	  horizontal	  
velocity	  field	  along	  longitudinal	  
Sec?onin	  the	  middle	  of	  the	  
Strait	  during	  the	  arrival	  of	  an	  
interval	  wave	  train	  to	  TN.	  	  
Elapse	  ?me	  between	  frames	  is	  
1.33	  hours.	  Panels	  on	  the	  top	  of	  
each	  frame	  indicate	  the	  flow	  
cri?cality;	  zero:	  subcri?cal	  
flow;	  one:	  only	  one	  internal	  
mode	  controlled;	  two:	  both	  
internal	  modes	  controlled.	  	  

MITgcm vs POM alongstrait hydraulics & bore propagation 
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MITgcm sensitivity to non-hydrostaticity 

MITgcm	  NON	  Hydrosta?c	  

MITgcm	  Hydrosta?c	  
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MITgcm  alongstrait hydraulics & bore propagation-Hydrostatic 

Hydrostatic NON-Hydrostatic
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MITgcm  alongstrait hydraulics & bore propagation-Hydrostatic 

POM
Original simulation MITgcm 

NON-Hydrostatic
Original grid

MITgcm
hydrostatic

Model grid as POM
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• Variable horizontal resolution 

          (1/16° up to 1/200°)

• 72 vertical levels

• Tidal forcing (main 4 components)

• Surface atmospheric pressure

MITgcm 

New modeling strategy for the Mediterranean 

X - 6 SANNINO ET AL.: SHORT TITLE
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Figure 2: Model grid over the Western Mediterranean Sea.
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Figure 3: Atlantic (black) and Mediterranean (gray) transports computed from the tidal simulation for section at 6.22◦W
(upper panel), 5.76◦W (middle panel) and 5.33◦W (lower panel).
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CINECA	  	  
ISCRA	  GRANT	  

New modeling strategy for the Mediterranean 
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Very first NEMERTE Results: temperature in the Strait 

Time	  series	  of	  the	  ver?cal	  minimum	  
temperature	  for	  the	  years	  1963-‐1967.	  
Upper	  panel	  for	  the	  CS	  and	  lower	  panel	  
for	  ES.	  ExpT	  in	  grey,	  ExpNT	  in	  black	  	  
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daily	  minimum	  temperature	  in	  CS	  and	  in	  
ES	  filtered	  off	  frequencies	  higher	  than	  30	  
days.	  ExpT	  in	  grey,	  ExpNT	  in	  black.	  	  
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Very first NEMERTE Results: salinity in the Strait 

Time	  series	  of	  the	  ver?cal	  maximum	  
salinity	  for	  the	  years	  1963-‐1967.	  Upper	  
panel	  for	  the	  CS	  and	  lower	  panel	  for	  ES.	  
ExpT	  in	  grey,	  ExpNT	  in	  black	  	  
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Very first NEMERTE Results 

Temperature	  difference	  between	  the	  ExpT	  and	  
ExpNT.	  Data	  are	  ver?cally	  averaged	  between	  
the	  upper	  layer	  and	  150	  m.	  Time-‐averaged	  
over	  the	  en?re	  simulated	  period	  

Temperature	  difference	  between	  the	  ExpT	  and	  
ExpNT.	  Data	  are	  ver?cally	  averaged	  between	  
150	  m	  and	  500m.	  Time-‐averaged	  over	  the	  
en?re	  simulated	  period	  
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Very first NEMERTE Results 
First	  three	  EOF	  for	  temperature	  ver?cally	  averaged	  over	  the	  upper	  150	  m	  	  
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Very first NEMERTE Results 

Temperature	  at	  50m	  ?me-‐averaged	  over	  the	  period	  October-‐December	  1962	  	  
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Mixed	  layer	  depth	  (m)	  

NO-‐TIDE	  

TIDE	  

Very first NEMERTE Results: Mixed Layer Depth 
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Very first NEMERTE Results 
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Very first NEMERTE Results 
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Is it still reasonable? 

Regional	  Climate	  models	  represent	  the	  	  

Strait	  of	  Gibraltar	  like	  a	  simple	  pipe	  without	  ?des	  

Conclusions 

§  POM	  (in	  our	  implementa?on)	  is	  affected	  by	  diapycnal	  mixing	  

§  Non-‐hydrosta?city	  is	  not	  needed	  to	  reproduce	  hydraulic	  controls	  

§  POM	  resolu?on	  is	  enough	  (300	  m)	  to	  reproduce	  reasonable	  well	  the	  SoG	  hydraulics	  

§  Both	  ?dal	  and	  high	  resolu?on	  at	  the	  SoG	  have	  affect	  the	  modeled	  MTHC	  	  


