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Historical beginnings of the science of the seas: 
 
starts with navigation and map making 
Kristof Kolomb - Cristoforo Colombo - Chios 1474 - America 1492 
Isolario – geographers and captains of thr middle ages 
Piri Reis 1465 - 1554 - Mediterranean - Indian Ocean 
First reference to tides in relation to moon - ‘Bahriye’ – 1526 
Galileo (1564-1642) - tide related to sun – 1632 
Isaac Newton (1642-1727) - first scientific theory of tides - 1686 
Luigi Ferdinando Marsili (1658-1730) – first ‘oceanographic’  
Investigation In the Bosphorus! 
 
Bosphorus: 
Luigi Ferdinando Marsili (1658-1730) 
Bosphorus - ‘Osservazioni intorno al Bosforo Tracio’ - 1681 
Histoire physique de la mer - 1725 
Danube – 1732 
Spratt 1870, Wharton 1872, Makaroff, 1881, Magnaghi 1882, 
Gueydon 1886, Spindler 1894, Nielsen 1910, Merz 1917, 
Möller 1928  
Kosswig (1903-1982) - first marine science effort in Turkey 
Ulyott, Ilgaz, Pektaş 1943-1956  
Defant 1961, Carruthers 1963, Özturgut 1964, Bogdanova 1961, 



L. F. Marsili (1658 – 1730)

İstanbul visits (1679-1680, 1691)

Serving Habsburg Empire (1682 – 1690)

Siege of Vienna (1683) and Buda (1686)

Karlowitz border demarcation (1699)

Osservazioni interne al Bosforo Tracio (1681) 
Histoire physique de la mer (1725)  
Danubius Pannonico-mysicus (1726)

Accepted to Royal Society, London (1699) 

Académie des Sciences, Paris (1715)

Bologna Institute of Sciences and Arts (1715) 
Stato militare dell'Imperio Ottomanno (1732)


Karlowitz 
Karlofça 
1699  





L. F. Marsili 

1658 – 1730



İstanbul

1680


6th century AD, people already knew

–> Manfred Korfmann – archeologist of Troy


Measurements of the current reversal 

with depth in the Bosphorus




The laboratory experiment done with Porzio in 
Rome (1681) 

Heavy waters Light waters 
Marmara Sea Black Sea 



Source	
  of	
  richness	
  for	
  	
  
two	
  empires	
  of	
  İstanbul	
  



Ara Güler (2012)

Kumkapı Ermeni Balıkçıları

Armenian Fishermen of Kumkapı

1952


Fishermen flocking at the 

recirculation zone of Beşiktaş – Haliç 

Ara Güler (2012)



Keras – Haliç

Trap for Palamut

Petri Gyllii (1561) 


Palamut

(Bonito)

fishery








Chlorophyll	
  distribu,on	
  obtained	
  from	
  a	
  satellite	
  ocean	
  color	
  picture	
  (MODIS	
  aqua	
  image	
  	
  
obtained	
  from	
  eosdis)	
  on	
  12	
  May	
  2015,	
  showing	
  phytoplankton	
  bloom	
  in	
  the	
  Marmara	
  	
  
Sea,	
  and	
  the	
  jet	
  bringing	
  in	
  nutrient-­‐rich	
  Black	
  Sea	
  water	
  through	
  the	
  Bosphorus	
  and	
  	
  

spreading	
  in	
  the	
  Sea	
  of	
  Marmara.	
  	
  



17	
  May	
  2015	
  satellite	
  image	
  of	
  red	
  ,de	
  (or	
  harmful	
  algal	
  bloom,	
  HAB)	
  	
  
(hSp://earthobservatory.nasa.gov/IOTD/view.php?id=85947&eocn=image&eoci=moreiotd)	
  



hSp://www.milliyet.com.tr/marmara-­‐iste-­‐boyle-­‐oluyor-­‐gundem-­‐2061522/	
  



Turkish	
  Straits	
  captured	
  by	
  ISS	
  astronaut	
  Samantha	
  Cristofore^	
  on	
  June	
  9,	
  2015	
  
hSps://twiSer.com/astrosamantha/status/608197918395400192	
  



Clay	
  Mathema,cs	
  Ins,tute	
  1	
  million	
  $	
  prize	
  !	
  	
  
for	
  proof	
  of	
  uniqueness	
  of	
  solu,ons	
  of	
  the	
  Navierf	
  Stokes	
  equa,ons	
  



NONLINEAR	
  PROCESSES,	
  DISORDER,	
  PREDICTABILITY:	
  
	
  
Instability	
  is	
  a	
  fundamental	
  property	
  of	
  fluids	
  that	
  cannot	
  be	
  ignored	
  or	
  escaped	
  !	
  
-­‐  waves,	
  eddies,	
  fronts,	
  turbulence	
  are	
  essen,al	
  components	
  
-­‐  nonlinear	
  systems	
  –	
  sensi,vity	
  to	
  ini,al	
  condi,ons,	
  divergence	
  of	
  solu,ons	
  
	
  	
  	
  	
  	
  the	
  ‘buSerfly	
  effect’	
  !	
  
-­‐  significant	
  loss	
  of	
  predictability	
  in	
  nonlinear	
  coupled	
  systems	
  of	
  high	
  degrees	
  of	
  

freedom	
  
-­‐  forecas,ng	
  success	
  limited	
  to	
  no	
  more	
  than	
  ~	
  5	
  days	
  in	
  atmosphere	
  /	
  ocean	
  	
  
-­‐  ‘open	
  systems’:	
  global	
  versus	
  limited	
  area	
  model	
  forecasts	
  
	
  	
  	
  	
  	
  	
  need	
  external	
  forcing	
  or	
  global	
  closed	
  budgets	
  
-­‐  with	
  appropriate	
  parameteriza,ons	
  in	
  climate	
  models	
  it	
  is	
  possible	
  to	
  make	
  longer	
  

term,	
  clima,c	
  predic,ons,	
  but	
  with	
  less	
  confidence	
  
-­‐  par,al	
  solu,on	
  with	
  data	
  assimila,on	
  
	
  	
  	
  	
  	
  	
  use	
  of	
  observa,ons	
  to	
  update	
  model	
  forecasts	
  
	
  	
  	
  	
  	
  	
  the	
  Galilean	
  ‘scien,fic	
  method’:	
  using	
  observa,ons	
  along	
  with	
  models	
  based	
  on	
  physics	
  
	
  	
  	
  	
  	
  	
  importance	
  of	
  experiments:	
  
	
  	
  	
  	
  	
  	
  hSp://mentalfloss.com/ar,cle/22913/hammer-­‐and-­‐feather-­‐drop-­‐moon	
  
-­‐  ensemble	
  forecas,ng	
  (ensemble	
  of	
  models,	
  forecasts	
  with	
  varying	
  ic	
  and	
  bc)	
  
-­‐  Bayesian	
  sta,s,cs	
  and	
  Bayesian	
  inference	
  
	
  	
  	
  	
  	
  	
  update	
  the	
  probability	
  es,mate	
  for	
  a	
  hypothesis	
  as	
  addi,onal	
  evidence	
  is	
  acquired	
  
	
  



THE	
  POLAR	
  FRONT	
  JET,	
  
THE	
  GULF	
  STREAM	
  
HURRICANE	
  ‘SANDY’	
  

COHERENT	
  STRUCTURES	
  



Composite	
  Froude	
  Number	
  
Analogue	
  of	
  Mach	
  Number	
  in	
  aerodynamics	
  

Subcri,cal	
  
G2<1	
  

Supercri,cal	
  
G2>1	
  









Hydraulic	
  jump	
  in	
  boat’s	
  wake	
  

Circular	
  hydraulic	
  jump	
  in	
  kitchen	
  sink	
  



Armi	
  and	
  Mayr,	
  2011,	
  J.	
  	
  Appl.	
  Met.	
  Clim.	
  
The	
  Descending	
  Stra,fied	
  Flow	
  and	
  Internal	
  Hydraulic	
  Jump	
  
In	
  the	
  Lee	
  of	
  the	
  Sierras	
  







Summary sketch of the Bosphorus flow, Özsoy et al., 1998 

Maximal exchange 
solution: 
If two topographic 
controls (a sill on the 
lower density side, 
and a contraction on 
the higher density 
side, there is a 
unique solution fully 
determined by the 
strait, for which  
the exchange is 
the greatest. 
Armi and Farmer, 
1986 

Composite 
Froude 
 Number 

MAXIMAL EXCHANGE THEORY 
for a two-layer flow  

!



Samsung	
  
	
  

Bosphorus	
  Inter-­‐con,nental	
  Swim	
  Compe,,on	
  26	
  July	
  2015	
  
	
  

Boğaziçi	
  Kıtalararası	
  Yüzme	
  Yarışı,	
  26	
  Temmuz	
  2015	
  



Measurements	
  in	
  the	
  Bosphorus	
  (1994)	
  
Gregg	
  et	
  al.,	
  1999;	
  Gregg	
  and	
  özsoy,	
  1999,	
  2002	
  



normal                                  lower layer blocked                   upper layer blocked 

2-layer exchange flows 
(blocking of layered flows) 

Bosphorus CTD  
measurements 

normal                                   lower layer blocked 

Bosphorus ADCP measurements 



Simple linear model of TSS 
sea level oscillations at Marmara and Black Seas 

versus barotropic fluxes at Bosphorus and Dardanelles Straits ? 
Özsoy et al., 1998 



Model	
  integrated	
  between	
  two	
  control	
  sec,ons	
  and	
  with	
  
Black	
  Sea	
  water	
  balance,	
  free	
  surface	
  storage	
  

A	
  simple	
  two-­‐layer	
  model	
  of	
  the	
  Bosphorus	
  Exchange	
  Flow	
  
Özsoy,	
  1990;	
  Özsoy	
  et	
  al.,	
  1998.	
  





2D models 



collaboration: Tamay Özgökmen 
University of Miami RSMAS 



Real B(x,z) for the Bosphorus Strait 

Ilıcak, Özgökmen, Özsoy, Fischer, 2009. Non-hydrostatic "
Modeling of Exchange Flows Across Complex Geometries,"
Ocean Modelling "

Density distribution across Bosphorus Strait 



Tamay Özgökmen (RSMAS, Miami) 



Adil	
  Sözer	
  (2013)	
  
Numerical	
  Modeling	
  of	
  the	
  Bosphorus	
  Exchange	
  
Flow	
  Dynamics,	
  PhD	
  thesis,	
  Ins,tute	
  of	
  Marine	
  
Sciences,	
  Middle	
  East	
  Technical	
  University,	
  
Erdemli,	
  Mersin,	
  Turkey.	
  	
  



Details	
  of	
  the	
  proper,es	
  of	
  flow	
  through	
  the	
  Bosphorus	
  along	
  the	
  Bosphorus	
  Strait	
  	
  
according	
  to	
  the	
  model	
  of	
  Sözer	
  (2013)	
  –	
  PhD	
  study.	
  



COMPARISON OF TWO DIFFERENT MODELS with OBSERVATIONS 
ROMS and MITgcm 

7-9 September 1994 
137 stations 

Model vs observations on the cruise path 



COMPARISON with the DATA 

137 stations 
7-9 September 1994 

COMPARISON OF TWO DIFFERENT MODELS with OBSERVATIONS 
ROMS and MITgcm 
Model vs observations on the cruise path 



TWO-LAYER FROUDE-NUMBER 

ROMS 

Eddy at the Contraction 

Active 
Section 

Transverse variation in velocity* 

       * Pratt 2008 

V ≥ Vave 
Q ≥ Qave 
 

Recirculation 

Local Increase 

C r i t i c a l  
zone 

CONTRACTION 

Kandilli 

Vanikoy 



TWO-LAYER FROUDE-NUMBER 

Eddy at Golden 
Horn 

Active 
Section 

SOUTH-EXIT 

ROMS 

Uskudar 

South-exit 



TWO-LAYER FROUDE-NUMBER 

ROMS 

South 
Sill 

C r i t i c a l  
zone 

NORTH SILL 



TWO-LAYER FROUDE-NUMBER 
Cross-channel 
Integrated 

Energy 
Correction 

Contraction 

South-exit Uskudar 

North sill 



!!
Horizontal distribution of mechanical energy dissipation (W/m2) in the  

(a) upper and (b) lower layers  



Model	
  results	
  versus	
  ADCP	
  and	
  sea	
  level	
  measurements	
  
Sözer	
  (2012)	
  3-­‐D	
  model	
  results	
  
Tutsak	
  (2012)	
  Analyses	
  from	
  4years	
  of	
  measurements	
  
Özsoy	
  and	
  La,f	
  (1994-­‐2000)	
  R/V	
  BİLİM	
  on	
  board	
  ADCP	
  measurements	
  
Merz	
  (1917-­‐1918)	
  measurements)	
  



Bosphorus and prototype Canal İstanbul

coupled model predictions (Sözer, 2013)




Sea level variation between Black Sea and the Marmara 

Black 
Sea Marmara Sea 

Canal İstanbul 

Bosphorus 

Canal  
İstanbul 

Bosphorus 

Bosphorus and Canal İstanbul currents (Sözer, 2013)


‘hydraulic jump’ ! yes 

yes 
yes 

no ? 



Turkish	
  Strait	
  System	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
Bathymetry	
  

Bosphorus	
  

Marmara	
  Sea	
  
Dardanelles	
  

ü  Rugged	
  coastline	
  
ü  Islands	
  and	
  

embayment	
  
ü  Large	
  shallow	
  

southern	
  area	
  	
  	
  
ü  Narrow	
  band	
  of	
  

shelf	
  
ü  3	
  depressions	
  

separated	
  by	
  
sills	
  	
  
L	
  

(km)	
  

Dar	
  Bos	
   Mar	
  

	
  1.5	
  	
  4	
  	
   	
  	
  70	
  

	
  31	
   	
  62	
  	
  	
  	
  250	
  

	
  35	
   	
  55	
  	
  	
  	
  300	
  

W	
  (km)	
  

D	
  (m)	
  

Istanbul	
  

Tekirdag	
  

Yalova	
  



varia,on	
  across	
  the	
  TSS	
  

The	
  salinity	
  	
  and	
  temperature	
  
distribuGon	
  along	
  the	
  Turkish	
  Strait	
  
System	
  (R/V	
  BİLİM	
  May	
  2007	
  Cruise) 



Circula,on	
  Observa,ons	
  

Schema,c	
  upper	
  and	
  
lower	
  layer	
  circula,ons	
  
of	
  the	
  Sea	
  of	
  Marmara	
  
(a~er	
  Beşiktepe	
  et	
  al.,	
  
1994)	
  

Gerin	
  et	
  al.,	
  2013	
  

ü  fresh	
  surface	
  
waters	
  from	
  
the	
  Black	
  Sea	
  
into	
  the	
  
Aegean	
  Sea	
  

ü  salty	
  deep	
  
waters	
  form	
  
Aegean	
  Sea	
  
into	
  the	
  Black	
  
Sea	
  

Beşiktepe	
  et	
  al.,	
  1994	
  



17	
  May	
  2015	
  satellite	
  image	
  of	
  red	
  ,de	
  (or	
  harmful	
  algal	
  bloom,	
  HAB)	
  	
  
(hSp://earthobservatory.nasa.gov/IOTD/view.php?id=85947&eocn=image&eoci=moreiotd)	
  



Murat	
  Gündüz	
  and	
  Emin	
  Özsoy	
  (2014,	
  2015)	
  
	
  
Inter-­‐annual	
  variability	
  of	
  upper	
  layer	
  blocking	
  of	
  the	
  Dardanelles	
  
strait	
  and	
  its	
  connec,on	
  with	
  the	
  fish	
  catch	
  in	
  the	
  Aegean	
  sea	
  
(1979-­‐2013)	
  	
  
	
  
Blocking	
  of	
  the	
  Upper	
  Layer	
  Flow	
  in	
  the	
  Dardanelles	
  Strait	
  
and	
  its	
  Influence	
  on	
  Fish	
  Catches	
  



!

!

Murat 
Gündüz, 
2009 



Quasi-­‐permanent	
  feature	
  of	
  the	
  Marmara	
  	
  
Sea	
  circula7on	
  is	
  the	
  S-­‐shaped	
  jet	
  flow.	
  
	
  	
  
The	
  jet	
  flow	
  successfully	
  reproduced	
  in	
  	
  
September.	
  It	
  is	
  very	
  organized	
  in	
  this	
  month.	
  
	
  
But	
  it	
  breaks	
  up	
  to	
  form	
  small	
  eddies	
  	
  
as	
  in	
  the	
  case	
  of	
  October	
  and	
  November.	
  
	
  
In	
  December,	
  the	
  jet	
  flow	
  become	
  to	
  be	
  	
  
organized	
  again.	
  



Annual	
  mean	
  number	
  	
  
of	
  blocking	
  events	
  	
  
(black	
  line,	
  right	
  axis)	
  	
  
and	
  fish	
  catches	
  in	
  
tons	
  (red	
  line,	
  le~	
  axis)	
  	
  
in	
  the	
  Aegean	
  Sea	
  for	
  	
  
(a) Horse	
  mackerel	
  	
  
(b) Anchovy	
  	
  
(c)  	
  Atlan,c	
  Bonito	
  
	
  
	
  
	
  



Sannino,	
  Sözer	
  and	
  Özsoy	
  (2014)	
  
A	
  High-­‐Resolu7on	
  Modelling	
  Study	
  of	
  the	
  Turkish	
  Straits	
  System	
  	
  
(2014,	
  2015)	
  



Model	
  result	
  from	
  the	
  work	
  of	
  Sannino,	
  Sözer	
  and	
  Özsoy	
  (2014)	
  showing	
  salinity	
  on	
  	
  
a	
  southwest	
  to	
  northeast	
  transect	
  along	
  the	
  thalweg.	
  The	
  thin	
  upper	
  layer	
  in	
  the	
  	
  
upper	
  25m	
  carries	
  water	
  of	
  Black	
  Sea	
  origin,	
  flowing	
  towards	
  the	
  Aegean	
  Sea,	
  	
  

while	
  the	
  lower	
  layer	
  flow	
  first	
  fills	
  the	
  Marmara	
  Sea	
  and	
  then	
  ou�low	
  to	
  the	
  Black	
  Sea	
  	
  
through	
  the	
  Bosphorus.	
  



Gianmaria Sannino (ENEA), Adil Sözer, Emin Özsoy (ODTÜ-DBE)

Yüksek Enerji Çevre Dinamiği: Türk Boğazlar Sistemi'nde Süreçler 

TURBO / DEEP (TÜBİTAK – İtalya Dışişleri Bakanlığı İkili İşbirliği Projesi)

Supported by the EU initiative PRACE 

(Partnership for Advanced Computing in Europe) for supercomputing


MITgcm non-hydrostatic model (curvilinear variable grid) 
Δx = 35-500m, Δy = 60-1000m, Grid Size = 2184*648*72 
 









Bosphorus	
  fluxes	
  based	
  on	
  measurements	
  and	
  different	
  model	
  results	
  



Özgür	
  Gürses,	
  PhD	
  study	
  
Modeling	
  the	
  Turkish	
  Straits	
  System:	
  Assessment	
  of	
  the	
  dynamics	
  based	
  on	
  
mul,-­‐resolu,on	
  inter-­‐basin	
  coupling	
  	
  
	
  
Özgür	
  Gürses,	
  Ali	
  Aydoğdu,	
  Nadia	
  Pinardi,	
  Emin	
  Özsoy	
  (2015)	
  
An	
  Idealized	
  Turkish	
  Strait	
  System	
  in	
  a	
  Finite	
  Element	
  Ocean	
  circula,on	
  model	
  	
  



Finite	
  Element	
  Ocean	
  Circula,on	
  Model	
  (FEOM)	
  
Özgür	
  Gürses	
  (PhD	
  study)	
  

	
  	
  	
  	
  	
  	
  developed	
  at	
  Alfred	
  Wegener	
  Ins,tute	
  
(Danilov	
  et.	
  al.	
  2004,	
  Wang	
  et.	
  al	
  2014)	
  

ü  Triangular	
  (2D)	
  and	
  tetrahedral	
  (3D)	
  
elements	
  in	
  a	
  regional	
  configura,on	
  

ü  Solves	
  the	
  primi,ve	
  equa,ons	
  
(momentum	
  and	
  ver,cally	
  integrated	
  
con,nuity	
  equa,on)	
  on	
  the	
  sphere	
  

ü  Tracer	
  equa,ons	
  for	
  salinity	
  and	
  
temperature	
  

ü  Finite	
  element	
  discre,za,on:	
  P1-­‐P1	
  
scheme	
  (con,nuous	
  linear	
  basis	
  
func,ons)	
  





Discre,za,on	
  

SPATIAL 
RESOLUTION 

BOS 
DAR           

65 m 
100 m 

MAR 1.5 km 

BS/AS 5 km 

NUMBER of NODES 

2D 77000 

3D ~3 mil 

De
pt
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(m

)	
  

110	
  z-­‐layers	
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  Thickness	
  (m)	
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La
,t
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ü  Ini,al	
  Condi,on:	
  	
  
	
  	
  	
  	
  	
  Lock	
  Exch.	
  :	
  3	
  profiles	
  from	
  each	
  basin	
  
	
  	
  	
  	
  	
  	
  Hindcast 	
  :	
  temperature,	
  salinity	
  and	
  	
  

	
   	
  	
  	
  ini,al	
  velocity	
  fields	
  are	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  extracted	
  from	
  the	
  	
  

	
   	
  	
  	
  lock-­‐exchange	
  run	
  
ü  Atmospheric	
  Forcing	
  :	
  ECMWF	
  

Domain	
   	
  :	
  22°W	
  33°E	
  -­‐	
  38°˜	
  43°N	
  
Frequency	
   	
  :	
  6-­‐hourly	
  
ResoluGon	
  	
  	
   	
  :	
  0.125°x0.125°	
  

ü  Lateral	
  boundaries	
  are	
  closed	
  with	
  no-­‐slip	
  condi,on	
  

Model	
  Setup	
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The	
  Black	
  Sea:	
  
-­‐  an	
  ‘almost’	
  closed	
  basin,	
  constrained	
  by	
  the	
  exchange	
  of	
  water	
  at	
  

the	
  Turkish	
  Straits	
  System,	
  
-­‐  catchment	
  area	
  	
  covering	
  almost	
  half	
  of	
  the	
  European	
  con,nent	
  
-­‐  large	
  rivers	
  and	
  land	
  runoff	
  carry	
  water	
  and	
  pollutants	
  into	
  the	
  sea	
  
-­‐  The	
  hydrological	
  cycle	
  of	
  water	
  origina,ng	
  from	
  the	
  European-­‐Black	
  

Sea	
  and	
  the	
  Euro-­‐Mediterranean	
  regions	
  is	
  completed	
  by	
  the	
  fluxes	
  
of	
  water	
  through	
  the	
  Turkish	
  Straits	
  System	
  

-­‐  air-­‐sea	
  exchange	
  is	
  all	
  too	
  significant	
  in	
  the	
  climate	
  sensi,ve	
  region	
  
of	
  seas	
  trapped	
  between	
  lands	
  -­‐	
  medi	
  terra	
  nean	
  character	
  



Feb	
  02,	
  2012	
  

Feb	
  10,	
  2012	
  

Jan	
  25,	
  2010	
  

Winter,me	
  moisture	
  transport	
  	
  
SEA	
  EFFECT	
  
Cold	
  dry	
  winds	
  from	
  the	
  north	
  picking	
  up	
  	
  
moisture	
  from	
  the	
  warm	
  Black	
  Sea	
  
Southward	
  moisture	
  transport	
  from	
  the	
  Black	
  Sea	
  
creates	
  snow	
  blizzards	
  in	
  the	
  absence	
  of	
  a	
  storm…	
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  cover	
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72	
  hr	
  surface	
  winds	
  	
  
and	
  rela,ve	
  humidity	
  	
  
on	
  18	
  Sep	
  2012	
  
(metuwrf	
  forecast)	
  

!

72hr	
  accumulated	
  	
  
Precipita,on	
  
on	
  18	
  Sep	
  2012	
  
(metuwrf	
  forecast)	
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Skiron	
  winds	
  
on	
  12	
  Sep	
  2012	
  

!
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  Surface	
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İnebolu	
  winds	
  
low	
  pass	
  filtered	
  
aligned	
  with	
  	
  
the	
  coast	
  
U	
  -­‐alongshore	
  
V	
  -­‐crosshore	
  

ECMWF	
  SST	
  	
  
near	
  inebolu	
  

İnebolu	
  SST	
  
blue	
  –	
  observed	
  
black	
  –	
  ECMWF	
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  paSern	
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2008-­‐2014	
  !	
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Dizzying	
  fish	
  by	
  the	
  upwelling	
  collected	
  by	
  the	
  people	
  of	
  İnebolu	
  !	
  

!
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‘Marine	
  Layer’	
  (atmospheric	
  inversion)	
  at	
  İnebolu	
  coastal	
  upwelling	
  area,	
  Black	
  Sea	
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  Çevik	
  



The	
  Black	
  Sea	
  2nd	
  NEMO	
  configura7on,	
  IMS-­‐METU	
  	
  	
  	
  (DIFFERENCES	
  FROM	
  1st	
  IN	
  RED!)	
  
(Robinson	
  Hordoir,	
  Adil	
  Sözer,	
  Hazem	
  Nagy,	
  Emin	
  Özsoy)	
  
NEMO	
  3.4	
  	
  
Model	
  of	
  the	
  Black	
  sea	
  with	
  the	
  Azov	
  sea	
  
Domain:	
  40.92°-­‐47.30°N,	
  27.43°-­‐42.00°E	
  
Horizontal	
  resolu,on	
  Δx=2.5km	
  	
  
Z	
  coordinate,	
  par,al	
  steps,	
  ver,cal	
  resolu,on:	
  60	
  levels	
  	
  
(adjusted	
  to	
  topography	
  and	
  density	
  varia,ons)	
  
Dynamical	
  ,me	
  step:	
  	
  
240s,	
  number	
  of	
  barotropic	
  ,me	
  steps:	
  100,	
  ,me	
  step:	
  2.4s	
  (for	
  large	
  Kh,	
  Ah	
  =400	
  m2/s)	
  
240s,	
  number	
  of	
  barotropic	
  ,me	
  steps:	
  600,	
  ,me	
  step:	
  0.4s	
  (for	
  small	
  Kh,	
  Ah	
  =	
  10	
  m2/s)	
  
Bathymetry:	
  GEBCO	
  2008,	
  max.	
  depth	
  in	
  model	
  grid	
  2201m	
  
Surface	
  atmospheric	
  forcing:	
  U.	
  Athens	
  -­‐	
  IASA	
  Skiron,	
  0.05o	
  horizontal-­‐resolu,on	
  
1hr	
  temporal	
  resolu,on	
  	
  	
  -­‐	
  	
  	
  	
  core	
  bulk	
  formula,on	
  
Runoff:	
  Danube,	
  Dniestr,	
  Dniepr,	
  Don,	
  Kuban	
  +	
  Turkish	
  rivers	
  (total	
  12	
  rivers)	
  
No	
  geothermal	
  flux	
  at	
  the	
  boSom	
  
Open	
  boundary	
  condi,on:	
  Ver,cal	
  profiles	
  of	
  temperature	
  and	
  salinity	
  and	
  η=0	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  at	
  1	
  point	
  wide	
  strait	
  of	
  the	
  Bosphorus	
  	
  
Ini,al	
  condi,ons:	
  July	
  1992	
  temperature	
  and	
  salinity	
  objec,vely	
  analyzed	
  data	
  set	
  
Laplacian	
  lateral	
  diffusion	
  for	
  the	
  tracer	
  (rn_aht_0	
  =	
  runs	
  with	
  400	
  and	
  10	
  m2/s)	
  	
  
Laplacian	
  lateral	
  mixing	
  for	
  the	
  momentum	
  (rn_ahm_0	
  =	
  runs	
  with	
  400	
  and	
  10	
  m2/s)	
  	
  
Generic	
  Length	
  Scale	
  model	
  (gls),	
  No	
  Double	
  Diffusion	
  Mixing	
  model	
  –	
  yet!	
  
List	
  of	
  the	
  keys:	
  key_mpp_mpi,	
  key_ldfslp,	
  key_dynspg_ts,	
  key_trabbl,	
  key_lim3,	
  key_iomput,	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  key_bdy,	
  	
  key_zdfgls,,	
  key_nosignedzero,	
  key_BSEA_LIM3	
  





Ini,al	
  condi,ons	
  02-­‐26	
  July	
  1992	
  CoMSBlack	
  Survey	
  



Monthly	
  average	
  circula,on	
  in	
  February	
  2011	
  (lhs)	
  and	
  September	
  2011	
  (rhs),	
  
displayed	
  in	
  terms	
  of	
  surface	
  salinity	
  and	
  currents	
  (top	
  row),	
  surface	
  temperature	
  and	
  
currents	
  (middle	
  row)	
  and	
  sea	
  surface	
  height	
  and	
  barotropic	
  currents	
  (boSom	
  row).	
  	
  



!
!

Satellite	
  SST	
  	
  
on	
  12	
  Sep	
  2012	
   MHI	
  model	
  SST	
  

12	
  Sep	
  2012	
  

NEMOBlack	
  
hindcast	
  SST	
  	
  
on	
  12	
  Sep	
  2012	
  





Black Sea exit region

aka

“pre-Bosphorus channel”






Özsoy et al., 2001 
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And the SW Black Sea 

shelf
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Fig. 13. Schematization of the recirculation driven by 
boundary mixing processes in the Black Sea. Mechanisms 
capable of driving a recirculation between boundary layers 
and the interior are emphasized. After Ozsoy et al. (1993). 

sponding source function at the halocline has important 
implications for the interior stratification in the upper 
part of the Black Sea, in which the vertical circulation 
may be dominated by the above mechanism of boundary 
transports. This conceptual model describing the upper 
ocean vertical recirculation in the semi-enclosed Black 
Sea basin is consistent with models of ventilation pro-
posed earlier, based on the random termination depths 
of cascading water: e.g. the [Rooth, 1986] model for the 
Black Sea, and the Baltic model of [Stigebrandt, 1987]. 

It is possible that the zone of vanishing temperature 
gradient near a depth of 500m (Figures 4, 6 and 8) is 
linked with the observed ultimate depth of penetration 
of Bosphorus intrusions; the double diffusive fluxes like-
wise tend to vanish at the same depths corresponding to 
double diffusive marginal stability, Rp —• oo [Ozsoy et 
a/., 1993]. This depth limit for efficient vertical mixing is 
consistent with other tracers, e.g. 1 4 C , showing smaller 
mean residence times of intermediate waters (depth < 
500m) compared to the more uniformly aged deep wa-
ters [Ostlund, 1974, 1986]. Likewise, the Tritium pen-
etration reaches similar depths [Top et a/., 1991]. In-
terestingly, the ventilation of the upper water column 
has been attributed [Grasshoff, 1975] to mixing along 
the Anatolian coastal margin; we suggest that a major 
source for the ventilation is the effects of the Bosphorus 
outflow. 

Anomalous temperature fine structure is observed at 
all depths in the water column, and appears to be am-
plified near the basin lateral boundaries. For example, 
in Figure 8b, a variety of fine scale features appear at 
deeper depths, near the zone of vanishing temperature 
gradient at ~ 500m. Note, however, that these features 
are not characterised by cold anomalies as in the case 
of Bosphorus intrusions, but rather have temperature 
anomalies of both signs, with positive ones apparently 
dominating. Note also that these features were more 
common in September 1991 as compared to other sur-
veys, at which time they also covered a larger area in the 
central parts of the basin. The origin of these features 
are therefore not clear, though they too are probably 
linked with double diffusive instabilities in the regime of 
high density ratio, possibly in response to cooling of the 
overlying CIW in the central regions. A number of other 
fine scale features are observed at the deeper depths. 
Deep features (500-2000ra) are indicated in Figure 8a, 
especially near the central part, where the profiles were 
close to the basin boundary. These deep features pro-
vide clear evidence of boundary mixing in the deeper 
waters adjacent to the continental slope. 

The transport between the bottom convective layer 
and the overlying waters occur through a diffusive in-
terface between the two regions, where the fluxes are 
appropriate for a diffusive regime of double diffusion. In 
the deep water region above the interface, different types 
of assumptions could be made with regard to the fluxes. 
The deep water fluxes could either be related to double 
diffusion (with different diffusivities of salt and heat) or 
turbulent diffusion (with equal diffusivities of salt and 
heat). On the other hand, if the vertical transports of 
heat and salt were only related to one-dimensional dif-
fusion (i.e. if lateral effects and variations in horizontal 
area were to be negligible), then we would expect the 
fluxes, and hence the flux ratio, to be constant through-
out the deep waters. 

One way to assess the regime of vertical transport in 
the deep water is to compare the computed flux ratios 
Rj = qs/qh = PFs/aFh (Fs and Fh respectively are the 
salt and heat fluxes) corresponding to the assumptions 
with regard to the form of vertical mixing. 

The interfacial flux ratio in the Tow stability' regime is 
estimated as Rj = Q.lbRp = 0.3 by the Fernando (1989) 
model, with a value of Rp = 2 at the interface. It should 
be reasonable to expect similar values of the flux ratio 
in deep water above the interface. If the vertical trans-
port were to be by double diffusion across some stair-
case interfaces, then we could use either Rf = TxI2Rp 
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salinity 

Fig. 2. Evolution of temperature - salinity across the shelf. 
Stations 1-5 extend from the Bosphorus to the shelf break. 
Station 6 is a deeper station immediately offshore. The 
dashed line models the changes in the 'Mediterranean ef-
fluent' at the bottom. At the shelf break (station 5), the 
modified bottom waters are colder than the waters at com-
parable depths of the continental slope (station 6). After 
Ozsoy et ai (1993). 

mass at the same depths) is then used to identify its 
intrusion into the interior at intermediate depth. 

3.2. Intermediate Depth Intrusions and Double Diffu-
sive Instability 

The introduction at the shelf edge of shelf-mixed (cold, 
saline) water into a doubly stratified interior immedi-
ately leads to convection along the southwest margins 
of the Black Sea [Ozsoy et ai, 1993]. The shelf-mixed 
water sinking along the continental slope drives dou-
ble diffusive convection with a series of intermediate 
depth, horizontally spreading intrusions, as schematized 
in Figure 3. In the potential temperature versus salinity 
(6 — S) diagram (Figure 4), the intrusions are identified 
first in the form of a cold sheet of water on the con-
tinental slope (dashed lines), then as discrete layers of 
anomalous characteristics (solid lines) spreading into the 
interior. The intrusions are characterised by a series of 
cold anomalies in the 100-500m depth range. 

Two-dimensional effects created by a buoyancy source 
located on the lateral boundary of a stratified or a dou-
bly stratified fluid environment often generates similar 

Fig. 3. Schematization of the boundary mixing processes driven by the Mediterranean Water issuing from 
the Bosphorus. Linear, direct mixing occurs on the shelf region and on part of the slope. At intermediate 
depths, double diffusive instabilities are generated due to the temperature and salinity contrasts of the 
intrusions and the potential instability of the interior. After Ozsoy et ai (1993). 
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22.5 

Fig. 4. The potential temperature - salinity relationship for 
stations near the southwestern shelf of the Black Sea. Dashed 
lines represent stations closest to the continental slope, i.e. 
within the boundary layer. The intrusive features at other 
stations offshore of the shelf region occur in the form of dis-
crete layers spreading into the interior. After Ozsoy et ai 
(1993). 

convection patterns [e.g., Turner, 1973, 1978; Huppert 
and Turner, 1980]. 

The essential element in the case of the Black Sea is 
a source of buoyancy with two diffusive components in-
troduced into doubly stratified water which is poten-
tially unstable. The vertical profile of Turner angle 
Tu = tan'1^ + RP)/(l - RP)} [Ruddick, 1983], and 
density ratio Rp = ((3dS/dz)/(adT/dz) (where z is 
depth and a and /3 are the respective expansion coef-
ficients for temperature, T, and salinity, S) plotted in 
Figure 5 indicates that almost the entire depth of the 
Black Sea is stratified in the double diffusive sense and 
in the diffusive range, a fact which can considerably in-
crease the mixing efficiency of the intrusions [Turner, 
1978]. (Note that the density ratio is defined following 
the convention used in the diffusive regime. In some 
references [e.g., Ruddick, 1983], as well as in our ear-
lier work [Ozsoy et ai, 1993], it has been defined in the 
salt fingering sense, which is the inverse of the present 
definition. The inverse definition is easier to plot in the 
case of the Black Sea, because Rp —• oo at mid-depth in 
Figure 5a.) 

It is expected that a lateral buoyancy source located 
in a stratified medium (characterized with two diffusive 
properties of either the source or the ambient fluids) can 
create complicated convection patterns. These effects 
are best illustrated in experiments on sidewall heating 
or cooling applied to a salinity gradient [e.g., Turner, 

1978; Huppert and Turner, 1980; Tanny and Tsinober, 
1988; Jeevaraj and Imberger, 1991]. Accordingly, the 
critical Rayleigh number for layered convection is Rac = 
1.5 x 104. Computation of the Rayleigh number Ra = 
gaATr)3/i/Kh (g being the gravity, AT the tempera-
ture difference at the sidewall, v the kinematic viscos-
ity, Kh the thermal diffusivity, and TJ = aAT/^o, with 
<f>o = —f3dS/dz, a length scale proportional to the verti-
cal spacing of the convecting layers) for typical parame-
ters of the Black Sea yields Ra ~ 10 1 1 —101 3 , exceeding 
the critical values of Ra = Rac for convection. The esti-
mated layer thicknesses of 20 - 40 m [Ozsoy et ai, 1993] 
were also consistent with the observations. 
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Fig. 5. The average stratification parameters computed from 
an ensemble of Black Sea deep water profiles: (a) the inverse 
density ratio R'1 = {{fidS/dz)/{adT/dz)}'1, and (b) the 
Turner angle Tu = tan~l{(\ + Rp)/{\ — Rp)}, where a and 
/? are coefficients of expansion for temperature and salinity. 
The ranges for stable, statically unstable, and double dif-
fusively unstable regimes are indicated. After Ozsoy et ai 
(1993). 
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