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Outline	

•  Motivation: Understanding the biases in NorESM-1 

•  Sensitivity studies to explore the sensitivity of the 

ocean solution to the eddy-induced mixing 

parameterizations in MICOM 

•  North Atlantic Water Mass Transformation (WMTR) in 

NorESM 



Understanding  the  biases    
in  CMIP5  NorESM-‐‑1  (Bentsen	  et	  al,	  2013)	  
N1850_f19_tn11_01_default:	  2°	  CAM4/CLM4,	  1°tripole,	  52	  layers	  MICOM/CICE,	  

	  pre-‐industrial	  con@iguration	  compared	  to	  WOA13	  
	

•  Strong  cold  bias  in  the  base  of  the  
thermocline;	

•  Warm  bias  in  the  intermediate  waters;	
•  Cold  bias  in  Southern  Ocean;	
•  Intense  AMOC  ~30Sv  (18Sv  observed)	

Control	



Eddy-‐‑induced  mixing  parameterizations  in  MICOM	

•  3-D diffusivity of isopycnal and thickness eddy diffusion 
parameterization based on Eden and Greatbach (2008), 
dependent on the eddy length and time scales. 

•  Thickness diffusion is parameterized by layer interface 
smoothing that resembles the Gent McWilliams (1990) 
parameterization in the subsurface ocean. 

•  Mixed Layer restratification by submesoscale eddies 
parameterized according to Fox-Kemper et al. (2008) 



Sensitivity  Experiments	
ISOPYCNAL  DIFFUSIVITIES  SENSITIVITY  EXPERIMENTS	  

Exp/Param	   EGC	   EGMXDF	   EGIDFQ	   EGMNDF	  
Control  (default)	   1	   1.50E+07	   1	  
EXP1  (E1)	   0.5	   1.50E+07	   1	  
EXP2  (E2)	   0.75	   1.50E+07	   1	  
EXP3  (E3)	   1	   1.00E+07	   1	  
EXP4  (E4)	   1	   7.50E+06	   1	  
EXP5  (E5)	   1	   1.50E+07	   0.5	  
EXP6	   0.5	   1.00E+07	   1	  
EXP12  (E12)	   0.75	   1.00E+07	   0.5	  
EXP14	   1	   2.00E+07	   1	  
EXP15  (E15)	   Eddy  induced  mixing  turned  off	  
EXP16  (E16)	   1	   1.50E+07	   1	   DIFISO	  
EXP17	   1	   1.50E+07	   1	   DIFINT	  
EXP_2D	   2D  parameterization  implemented	  
CORE2	   as  2D  but  forced  with  CORE2	  

SOUTHERN  OCEAN  SENSITIVITY  EXPERIMENTS	  
SO1	   decreased  (0.5)  WS  in  SO  (south  of  45S)	  
SO2	   increased  (1.5)  Isopycnal  Diff.  in  SO  (south  of  45S)	  

MIXED  LAYER  PARAMETERIZATION  SENSITIVITY  EXPERIMENTS	  
MLE	   Mixed  Layer  Eddy  Parameterization  (Fox-‐‑Kemper)  turned  off	  
MLE1	   Reduced  efficiency  factor  for  wind  TKE  generation  in  MLP	  

NEW  MODEL  DEVELOPMENTS	  
MB01	     as  Control  but  with  modified  barotropic/baroclinic  mass  fluxes  split	  
MB03	     as  MB01  with  new  GM  parameterization	  



Global  Zonal  Mean  Isopycnal  
Diffusivities  in  NorESM-‐‑Control  	

Control	



Isopycnal  Diffusivity  Sensitivity  Experiments  
Atlantic  Zonal  Mean  of  the  Isopycnal  Diffusivities  (top)    

and  Differences  with  the  Control  run  (bofom)	

  E04	   2D	   SO2	

Exp.E04  –  decreased  twice  the  maximum  diffusivity	
Exp.2D  -‐‑  homogenized  vertically  the  isopycnal  mixing	
Exp.SO2  -‐‑  increased  by  1.5  magnitude  mixing  south  of  45S  	



Isopycnal  Diffusivity  Sensitivity  Experiments  
Atlantic  Zonal  Mean  Temperature  Differences:  

Sensitivity  Exp  –  Control  (Color)  and  Control  –  WOA09  (Contours)	

  E04	   2D	   SO2	

•  The  most  improvement  we  achieved  in  Exp.E04	
•  Exp.2D  improved  biases  in  the  entire  water  column.	
•  In  all  of  the  E-‐‑experiments  though  the  SO  cold  and  fresh  bias  was  

increased  indicating  that  rather  increased  mixing  is  needed  there.  	
•  Exp.SO2  reduced  the  cold  SO  bias.	
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FIG. 3. The surface-forced circulation across a series of isopycnals,
shown (a) in section through an idealized North Atlantic and (b) in
latitude–density space (see text for details).

the balance between surface forcing and mixing, which
varies between different regions of the World Ocean. In
the Southern Ocean of an isopycnic model, Marsh et al.
(2000) find that diapycnal mixing and seasonal mixed
layer entrainment play a dominant role in the transfor-
mation of intermediate and dense waters. However, us-
ing a similar model of the Atlantic basin, Nurser et al.
(1999) show that water mass formation in the extra-
tropical North Atlantic is predominantly surface forced
(although lateral mixing in the mixed layer plays a sig-
nificant role at high latitudes); local mixing weaklymod-
ifies surface-forced formation rates in a given density
range, rather than balancing formation through equal
and opposite ‘‘consumption.’’ Instead of a local balance
between surface forcing and mixing, Nurser et al. (1999)
find a global (basin averaged) balance, with the majority
of water masses remotely upwelled and entrained into
the mixed layer in equatorial regions.
The streamfunction c(Q, r) as defined by (5) is fur-

ther related to U(Q, r), the northward transport across
Q, per unit density, at r:

]c
2 5 U(Q, r), (7))]r Q,r

and G(Q, r) can therefore be related to U(Q, r) like-
wise:

]G
2 5 U(Q, r). (8))]r Q,r

The quantity 2(]G/]r)|Q,r is thus equivalent to a north-
ward export across the latitude Q and corresponds to
Walin’s (1982) water mass formation rate M. Figure 3
shows schematically how the surface-forced transfor-
mation (and implied formation) of water masses is re-
lated to the meridional circulation in an idealized North
Atlantic, in which there is no mixing, in both latitude–
depth (Fig. 3a) and latitude–density (Fig. 3b) coordinate
space.
In Fig. 3, 1Utot is the total northward surface layer

transport across latitude Q, where the r isopycnal out-
crops. Poleward of Q, the surface flow loses buoyancy
everywhere [F(Q, r) . 0, etc.] and the density of the
northward-flowing water increases. Furthermore,
F(Q, r) . F(Q, r 1 Dr), such that fractions of the flow
are progressively diverted downward and southward
(Fig. 3a) in regular intervals of density, Dr (Fig. 3b).
In the absence of interior mixing, the southward flows
of water in density classes r 1 Dr to r 1 2Dr (etc.)
(cumulatively2Utot) reachQ unaltered. In this idealized
case, the density-partitioned thermohaline overturning
at Q is simply determined by the surface density forcing
poleward of Q.

3. Methodology
a. Datasets
A new global air–sea heat and freshwater flux cli-

matology has been generated at the SOC from an en-

hanced version of the Comprehensive Ocean–Atmo-
sphere Data Set 1a (COADS1a; Woodruff et al. 1993).
COADS1a comprises marine meteorological reports
spanning the period 1980–93 (a further 4 yr of COADS
data, spanning 1994–97, were subsequently available
for the present study). The global distribution of ship
reports is spatially inhomogeneous, but there are a rel-
atively large number of observations in the North At-
lantic (Woodruff et al. 1993).
The SOC climatology features several improvements

on past studies, in both generation and analysis of the
climatology. For the first time, individual ship meteo-
rological reports have been corrected for biases arising
from variations in observing procedure (Kent et al.
1993). Furthermore, the results of several supporting
studies have been used to justify the choice of visual
wind estimate conversion scale (Kent and Taylor 1997),
the longwave flux formula (Josey et al. 1997) and the
‘‘sampling’’ method employed to average the flux fields
(Josey et al. 1995). An evaluation of the SOC clima-
tology can be found in Josey et al. (2000).

b. Computing surface density and surface density flux

Sea surface temperature and salinity T and S, net heat
flux Q, and evaporation minus precipitation E 2 P can
be used to compute the state variable ssurf (ssurf 5 rsurf
2 1000, where rsurf is surface density in kg m23) and
a surface density flux, Din (actually a mass flux, in units
of kg m22 s21). In the present study, ssurf is computed
from a third-degree polynomial approximation of the

Water  Mass  Transformation  Rate  
Integrated  measure  of  air-‐‑sea  interaction  and  water  mass  formation  
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Water  mass  transformation  function:  
(Speer  and  Tziperman  1986,1992,  Bryan  et  al,  2006)	

-‐‑  Sea  surface  density  flux	

-‐‑  Thermal  expansion  and  	
salinity  contraction  coefficients	

,Fheat Fwater

cp

ρ,,ST

-‐‑  Surface  heat  flux  and  surface  fresh  water  flux	

-‐‑  Sea  surface  temperature,  salinity  and  density	

−
∂Tr
∂ρ

-‐‑  Water  mass  formation  rate	

( ) { ),(1
0, ρρρρρρδ Δ+−
−=Δ+ elsewhere -‐‑specific  heat,	

ρ 0 -‐‑sea  water  density	

Where:	

From  Marsh,  2000	



North  Atlantic  WMTR  in  NorESM-‐‑1  
Observed  Estimate:    

UK  National  Oceanographic  Center  Flux  Climatology  1.1a  (NOC1.1a)	

STMW	

SPMW	

•  STMW  Sub-‐‑Tropical  Mode  
Water:  sigma0~26;    23Sv	

•  SPMW  Sub-‐‑Polar  Mode  Water;  
sigma0~27.43-‐‑27.5;    20Sv	

Control	

CORE2	



North  Atlantic  Mode  Waters  
Mixed  Layer  Depth  (m)  comparison  with  MIMOC    (2013),  based  on  ARGO  

floats  data,  approach  after  Holte  &  Talley  2009	

•  Mode  waters  can  be  located  in  areas  with  deep  mixed  layers:  	
•  STMW  (18°water)  forms  south  of  Gulf  Stream  in  the  north-‐‑west  corner  of  the  

sub-‐‑tropical  gyre	
•  SPMW  forms  along  the  periphery  of  the  sub-‐‑polar  gyre	



North  Atlantic  Mode  Waters  
STMW  -‐‑  18deg  Mode  Water	

Temperature  Meridional  Section  @  65.5W  in  North  Atlantic  	



WMTR  connection  with  AMOC	

Control	

CORE2	
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TABLE 2. The data and averaging strategy used to calculate
annual-mean surface-forced streamfunctions.

Fields used
Averaged
over

csurf
figure

Monthly climatologies of unadjusted SOC
(Josey et al. 2000) heat and freshwater
fluxes, sea surface temperature, Levitus
(1982) sea surface salinity

12 months Fig. 7a

Individual monthly (1980–97) unadjusted
SOC heat and freshwater fluxes, sea sur-
face temperature, Levitus (1982) sea sur-
face salinity (climatological)

216 months Fig. 7b

As above, but with globally adjusted heat
and freshwater fluxes

216 months Fig. 10a

FIG. 8. A circulation scheme relating the transformation of specific
water masses to the streamfunctions in Fig. 7. The thick dashed line
represents zonal maximum values of ssurf, which increases with lat-
itude (diapycnal transport at higher s values—‘‘below’’ this line—
is achieved by mixing).

FIG. 7. Annual-mean surface forced meridional streamfunction (Sv, negative values shaded) as a function of s, obtained with
the SOC climatology: (a) using climatological monthly mean data and (b) using actual monthly data.

closely to the corresponding buoy measurement of 25
W m22 at the northeast buoy site. However, the agree-
ment is found to be poor in the case of a buoy deploy-
ment south of Bermuda over February–May 1986 (Wel-
ler et al. 1995), due to a low bias in the SOC latent heat
flux over that region (averaging2125Wm22, compared
to a buoy average of 2170 W m22). Josey et al. (2000)
further infer area-averaged surface heat fluxes from dif-
ferences in the heat transports across hydrographic sec-
tions in the Atlantic and North Pacific. These ‘‘box
means’’ are compared with those obtained with the SOC
fluxes. Although agreement is found in the majority of
boxes considered, the SOC fluxes are found to signifi-
cantly underestimate heat loss in boxes that include the
strong surface cooling over western boundary currents.
In particular, in a midlatitude North Atlantic zone
bounded by sections at 328N, and from Ireland to Green-
land, the annual-mean (unadjusted) SOC flux is 213 6

7 W m22, compared to an inferred flux of 284 6 16
W m22. Clearly, such errors in the SOC fluxes will
influence calculation of csurf , and should be taken into
account when appraising this diagnostic.
As the computation of csurf is a stepwise procedure,

comprehensive error analysis is not attempted here. In-

From  Marsh,  2000	

Relating   the   transformation   of   specific  
water  masses  to  the  overturning  circulation	



Sensitivity  Experiments  
Experiment  E15  –    eddy  induced  mixing  off  

Experiment  MLE  –  mixed  layer  submesoscale  eddy  param.  off	

Exp  E15	Exp  MLE	

Significant  impact  on:  	
•  AMOC    ~5-‐‑6Sv	
•  Upper  3000m  ocean	

•  STMW  appears	
•  AMOC  impact~2Sv	

MLE	 E15	



  
Sensitivity  Experiments  

Experiments  E16  &  E17  -‐‑  Testing  the  GM  mixing	

Exp  E16  –  layer  interface  mixing  only,  	
based  on  GM  parameterization.	

Exp  E17  -‐‑  isopycnal  mixing  only.	
•  STMW  at  the  observed  

transformation  rate  (~20Sv)  	
•  STMW  in  the  correct  density  class  

sigma0~26  	

E16	

E17	



New  Model  Developments  
Experiments  MB01  &  MB03	

•  N1850_f19_tn11_MB01:	  Same	  as	  N1850_f19_tn11_01_default	  
but	  with	  modi<ied	  procedure	  of	  making	  barotropic/baroclinic	  
mass	  <luxes	  consistent.	  Also	  modi<ied	  application	  of	  eddy-‐
induced	  mass	  <luxed	  in	  the	  advection	  routine.	  

•  N1850_f19_tn11_MB03:	  Same	  as	  N1850_f19_tn11_MB01,	  but	  
with	  new	  GM	  parameterization.	  

	

MB01	 MB03	



Conclusions	
•  The eddy-induced mixing sensitivity experiments showed that its decreasing and vertical homogenizing 

improves the overall biases in the thermohaline structure indicating that lower values of parameters should be 

used in the parameterization; Exception is the Southern Ocean where in contrast the eddy-induced mixing 

should be increased; 

•  We demonstrated that the WMTR is a useful metrics to evaluate the fidelity of both air-sea fluxes and water 

mass formation. The WMTR are directly related to the meridional overturning circulation and their improved 

simulation will improve the MOC as well; 

•  In the CMIP5 NorESM-1 (Control) there is a tendency of excessive production of SPMW and the STMW is formed 

in a rather lighter density classes and smaller rates. The salinity restoring in the forced simulation (CORE2) seems 

to fix the mismatch in the STMW density, but still the simulation has a tendency to overestimate SPMW 

formation; 

•  The current implementation of the GM (interface mixing) seems to be responsible for the bias in the STMW 

formation which motivated development of new implementation of GM (MB03); The preliminary results from 

the latest model developments (improved baroclinic/barotropic split (MB01) and GM (MB03) representation 

show overall improved SPMW (reducing its WMTR to realistic rates); 

•  The mixed layer parameterization tests showed significant impact on the AMOC intensity (5-6Sv increased) 

and  upper ocean thermohaline structure (suppressed warm bias); Further tuning with the latest developments 

is undergoing. 



Thank  you!	



MLD003  Observations	
De  Boyer,  2008,  2deg	

MIMOC,    2013,  0.5deg,  	
approach  after  Holte&Talley  2009	



NorESM  MLD	

MICOM  MLD  calculation  shows  much  deeper  MLDs  then  when  MLE  is  not  
used.  MLE  is  swallowing  the  mixed  layer.	


