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•  Physical Oceanography Division Observational Assets 
•  Meridional Overturning Circulation (MOC) review 
•  South Atlantic Research 
•  Tropical Atlantic Research 
•  North Atlantic Research 
•  Ocean’s influence on hurricanes  

 (genesis, track, intensity and prediction) 
•  Climate and hurricanes, rainfall and tornadoes 
•  MOC observations 

•  Product Development 



 

PHOD maintains numerous observational systems 
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Satellite products 
Surface Winds  

Surface Currents 
Hurricane Heat potential 

Current transports  Atlas et al 2011 

Goni et al, 2012 

Winds 

SST 
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Meridional Overturning Circulation(MOC) 

MOC 

SST (AMO) 

Yin et al 2010 

Knight et al 2005 

Courtesy, R. Lumpkin 

Dynamic Sea-level anomaly 



The Atlantic Multidecadal Oscillation (AMO) Simulated 
from 27 IPCC-AR5 Models	


•  Models show a large spread of uncertainty, but better than IPCC-AR4 simulations.	

•  All models display a warming in the last two decades.	

•  Models underestimate the cooling (1900-25) and the subsequent warming (1926-65).	


Zhang and Wang (2012) 	




Why has the Atlantic Ocean warmed substantially more than  
any other ocean basin since the 1950s? 

1

Figure 1. (a) Simulated Atlantic Ocean heat content change in the upper 700m in reference to 2

the 1871-1900 baseline period obtained from the four model experiments. The thick black line in 3

(a) is the observed heat content of the Atlantic Ocean, which is recomputed from Levitus et al. 4

[2009] for the Atlantic basin from 30oS to 75oN. (b) Simulated heat budget terms for the Atlantic 5

Ocean obtained from EXP_CTR, all referenced to the 1871-1900 baseline period.  6

South Atlantic MOC and 
associated heat transport can 
explain observed warming in 
the North Atlantic since 
1950’s (black curve). 

Lee et al, 2011 

Control 
Outside Atlantic only 

Atlantic Fluxes 

(1979 to 2008) – (1871 to 1900) 

Heat transport and vectors 



South Atlantic:  Disagreements between models and 
observations: 

 
 
 
 
 
 
 
 
 
 
 

Garzoli et al.,  2012; ; Dong et al., 2011; Dong et al., 
2009; Baringer and Garzoli, 2007;  Garzoli and 

Baringer, 2007 
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Observations:  Flux < 0 
Models: Flux > 0 
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Sea Height 
Anomaly 

Eddy Kinetic 
Energy 

Sea Surface 
Temperature Wind Stress 

Curl 

Goni et al, 2012 



 

South Atlantic Upper Ocean Water Mass 
Transformations and Pathways 

(Garzoli and Matano, 2011) 

(Goni, pers. comm.) 
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The international effort 
started and lead at AOML: 

SAMOC 

South Atlantic: Future Plans 

 

The SAM array  

Brazil Current Shifts Southward 

La
tit

ud
e 

Meinen et al, 2012, Perez et al, 2012 

Meridional heat transport 

25°S 



Tropical Atlantic warm bias in climate models 

Thermocline layer 
is too diffusive and 
thus too warm in 
the ocean model 
component. 

Seasonal upwelling 
of the thermocline 
water warms  the 
surface water.  

Air-sea coupling 
further amplify the 
surface warm bias.  

Lee et al, in prep. 

NCAR Coupled Model (CCSM3) – Obs for JJA 



Tropical Atlantic variability 
Anomalous conditions 
during Apr-May 2009 

Data from PIRATA and Argo reveal 
the mechanisms responsible for the 
2009 event 

ph
∂ T
∂ t

= Q  0 − ρcphv Tρc +  Q-h

ph
∂ T
∂ t

= Q  0 − ρcphv Tρc +  Q-h

Mixed-layer heat budget 

Foltz et al 2012, Foltz et al in prep. 



Tropical Atlantic variability 
Normalized variance along 
5°N associated with Tropical 
Instability Waves (TIWs), 
calculated from TMI SST 
(blue), AVISO SLA (black), 
and the current meter on the 
PNE mooring 4ºN 23ºW (red).  

Map and a conclusion 

Low (high) TIW associated with     

Perez, et al (2012). 
 

≈ warm (cold) SSTs in the cold tongue region 
≈ weak (strong) wind stress divergence 

≈ (strong) zonal current shear in the nSEC-NECC region (2N-5N) 
≈ weak (strong) curl in the EUC-nSEC region (2S-2N) 

 
  
 
 



Tropical Atlantic SST forced by Dust 

Evan et al, 2011 

Dust 

SST induced dust shading 
AMM contours 

Dust-forced part of AMM 

Observed AMM 

AMM=Atlantic Meridional 
Mode of SST variability 



When dust concentration in 
the tropical North Atlantic 
is low (high), the number 
of Atlantic hurricanes is 
large (small).   

D
us

t	


Wang, Dong, Evan, Foltz, and Lee (2012) 	


The mechanism is that high 
(low) concentration of dust 
enhances (reduces) vertical 
wind shear in the hurricane 
main development region. 

Dust and Atlantic Hurricanes  



Sea surface temperature (°C)	


Large AWP (SST > 28.5°C) 

Small AWP 

Atlantic Warm Pool, Hurricane Genesis and Track 

Wang et al, 2012 



Tropical Cyclone Heat Potential 

Developed at AOML, 
now is one of the 
predictors used in the 
SHIPS and STIPS 
hurricane intensity 
forecast tools. 

Upper ocean heat content 
can provide one source of 
energy to intensify 
hurricanes. 
 
One difference between 
Isaac and Katrina was the 
ocean conditions. 

Katrina 

Isaac 

Goni, pers. comm. 



Ocean Model U RMS error (m/s) V RMS 
error (m/s) 

Operational global 
HYCOM 

0.19 0.17 

Operational Gulf of 
Mexico HYCOM 

0.18 0.17 

IASROMS (ROMS 
ocean model) 

0.19 0.18 

IASNFS (NCOM 
ocean model 

0.22 0.20 

No data assimilation 0.42 0.39 

Evaluation of ocean model velocity fields, June-December 2010 
(DWH oil spill) 

  

Using observations to improve models 

Halliwell et al. (in prep.) 

1.  Synthetic drifters released every 2 days at actual in-situ drifter locations 
2.  Velocity difference calculated between 1104 synthetic and real drifter pairs 
3.  RMS differences calculated for u and v shown in above table 

•  Data assimilation can reduce errors by >50% 
•  Relative performance of different models can be compared 



Impact of Ocean Temperature on North American Rainfall	

A large Atlantic warm pool is associated 
with reduced rainfall in the United 
States during summer and fall.  	

	

Why: high ocean temperatures decrease 
the moisture transport to the United 
States from the Gulf of Mexico.  The 
opposite occurs when temps are cool. 	


Regression of rainfall onto AWP index 	


Regression of moisture flux onto AWP index 	

19 IPCC-AR5 climate models fail to 
simulate the decreased rainfall in U.S. 	


Liu, Wang, Lee, and Enfield (2012, J. Climate) 	




Trans-Niño 
and U.S. 
Tornado 
Outbreak 



Meridional 
Overturning 
Observations 
in the North 
Atlantic 

Florida Current and 
Deep Western 
Boundary Current 
observations funded by 
NOAA since 1982 

Baringer et al (2012), BAMS 



       % Variance 
37%  T<2mos 
36%  2<T<11 mos 
1%  11<T<13 mos 
26%  T>13 mos 

Meinen et al., DSR II (2012) 

North Atlantic Deep Western Boundary Current Transport 

Mean transport  
32 ±16 Sv 

 
Vs. Mean MOC 

18 ± 5 Sv 

No annual cycle 



Deep Ocean Water Mass Transformations and 
Pathways 

Van Sebille et al 2011 

All the other models have key shortcomings: DePreSys has
almost no decadal variability at the Abaco line, SODA has
too large and wrong sign variability, and the ECCO2 run is
too short. Hence, the OFES model will be used to study the
advective pathways leading to the Abaco line.

3.4. The Advection of Salinity Anomalies in Models
[35] The advection of salinity anomalies in the DWBC

core along the western Atlantic continental slope can be
visualized in a Hovmoller diagram of the OFES model data
(Figure 12, left). For these DWBC anomalies, the depth-
averaged salinity in the cLSW range was extracted for each
grid point 0.3° from the western Atlantic shelf between
50°N and 23°N, the DWBC path also used in Figure 11a.
In the Labrador Sea (Figure 12a, right; see also Figure 10b),
three major freshening events can be observed after 1970:
one in the mid 1970s which coincides with the Great Salinity

Anomaly of the 1970s [Dickson et al., 1988], one in the mid
1980s which coincides with the Great Salinity Anomaly of
the 1980s [Belkin et al., 1998], and one in the early 1990s
which matches the Great Salinity Anomaly of the 1990s
[Belkin, 2004].
[36] All three of these major freshening events propagate

southward along the continental slope (Figure 12a). The
1970s event does not seem to propagate much farther south
than 40°N, while the events in the mid 1980s and in the early
1990s cause downstream freshening all the way to Abaco. In
the Labrador Sea the latter two events are separated by a
short period of more saline water, but at lower latitudes the
two anomalies appear to merge into one and trigger the 1995
freshening at the Abaco line.
[37] While moving southward, the salinity signals get

diluted, just as in the hydrographic observations. The stan-
dard deviation of salinity along the DWBC core decreases

Figure 10. Comparison of salinity of the four different numerical models with the hydrography for
(a) the Abaco line and (b) the Labrador Sea, computed by depth-averaging the salinity between the
s2 = 36.82 kg/m3 and s2 = 36.97 kg/m3 isopycnal surfaces. At the Abaco line, OFES follows the hydrog-
raphy best, with the variability in SODA too large and the decrease in salinity after the 1990s not captured
by DePreSys and ECCO2. In the Labrador Sea, SODA and DePreSys follow the hydrography much better.
ECCO2 and OFES have a similar decadal variability, but suffer from a bias.
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Figure 4. Hovmoller plot of the salinity anomaly obtained by averaging the salinity in the first 100 km
offshore along s2 isopycnals in the DWBC at the Abaco line, with the water mass classification in dashed
lines. The black triangles at the top indicate when the sections were occupied. It appears that on decadal
timescales cLSW and the two types of overflow water become fresher, while uLSW becomes saltier.

Figure 5. Temperature-salinity diagram of the water mass properties at the Abaco line (thick lines), with
one line for each hydrographic section based on averaging water properties along s2 surfaces within 100 km
of the continental shelf. The thin lines depict the water mass properties in the Labrador Sea, with a 9 year
lead. The black lines are the s2 isopycnals that delineate the four different water masses. The freshening of
the cLSW at Abaco in 1994–1996 is visible, as well as the increase in salinity of the upper Labrador Sea
Water (uLSW) at that time. The same freshening of cLSW can be seen in the Labrador Sea, with a much
larger spread in salinity.

VAN SEBILLE ET AL.: LABRADOR SEA WATER ADVECTION C12027C12027
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Labrador Sea (58°N) 

Abaco (26°N) 

climate model. Gary et al. [2011] used Lagrangian trajecto-
ries in a suite of high-resolution models to investigate the
transport in interior pathways and to show that the potential
vorticity carried by eddies breaking off the DWBC sustains
the deep recirculation gyres in the western subtropical
Atlantic.
[5] NADW properties vary over decadal time scales [e.g.,

Molinari et al., 1998; Dickson et al., 1996; Curry and
McCartney, 2001; Rhein et al., 2002; Henry-Edwards and
Tomczak, 2006; Kieke et al., 2006; Yashayaev, 2007;
Yashayaev et al., 2007a, 2007b; Sarafanov et al., 2009;
Fischer et al., 2010]. As the NADW gets advected south-
ward, eddy mixing dilutes the signal of variability, especially
as the number of possible pathways between the Northern
Atlantic Ocean and any point farther south increases. This
means that a ‘leaky’DWBC, with enhanced eddy mixing and
a larger role for interior pathways as Bower et al. [2009]
showed, might be expected to lead to a less pronounced
signal of decadal variability away from the regions of deep
water formation.
[6] The role of mixing with the interior in increasing the

time lag and smearing out variability was studied by Waugh
and Hall [2005]. These authors could replicate observed
tracer properties in the subpolar North Atlantic Ocean within
a simple advective diffusive model by assuming that the
DWBC is leaky. The interior basin acts in their model as a
reservoir where water can be stored for some time before
getting re-entrained into the DWBC, increasing the range
of time scales between two points along the DWBC. The
resulting wide variety of time scales smears out anomalies
from the deep water formation region and their model
predicts that the amplitude of the anomaly downstream is
typically 2% of the original. Hence, anomalies would be vir-
tually undetectable over distances of more than a few thousand
kilometers. However, in the real ocean Curry et al. [1998] and

Molinari et al. [1998] found a strong correlation between
variability in the formation rates of NADW and variability
in water properties farther downstream at Bermuda (with a
5 year lag) and the Bahamas (with a 10 year lag). Waugh
and Hall [2005] acknowledged that their model could not
explain the relatively strong and coherent signals found in
these observational studies. It thus appears that properties
move from their source regions using direct and indirect
pathways that somehow largely preserve the shape of tem-
poral anomalies.
[7] There is another source water mass at similar densities

in the Atlantic Ocean that can influence cLSW property
anomalies [e.g., Paillet et al., 1998]. Mediterranean Outflow
Water (MOW), formed when Mediterranean Water mixes
with water in the Gulf of Cádiz, occupies approximately the
same density classes as Labrador Sea Water, but is warmer
and more saline [Baringer and Price, 1997; Iorga and
Lozier, 1999; Candela, 2001]. Using hydrographic data,
Potter and Lozier [2004] and Leadbetter et al. [2007] found
significant variability in properties of the MOW. In spreading
westward across the basin, the variability in MOW properties
might be expected to influence water mass properties at the
Abaco line, in addition to the effect of cLSW variability.
Quantification of the amount of MOW mixed into the
DWBC at the Abaco line can give an estimate of the impor-
tance of this two source mixing effect.
[8] In this study, we investigate the relationship between

decadal variability in the northern and in the subtropical
Atlantic Ocean by using hydrographic time series at the
Abaco line, a repeat hydrographic section east of Abaco
Island in the Bahamas at 26°N, and in the Labrador Sea
(Figure 1), as well as climatological atlases and numerical
models. The focus is on classical Labrador Sea Water
(cLSW), the class of NADW that is formed through deep
convection in the Labrador Sea, defined as water within the

Figure 1. Classical Labrador Sea Water (cLSW) map of the North Atlantic Ocean depicting the regions
of interest for this study (the Abaco line, the Labrador Sea, and the Mediterranean Outflow Water region)
on top of the climatological velocity field in the OFES model climatology, depth-averaged between the
s2 = 36.82 kg/m3 and s2 = 36.97 kg/m3 isopycnal surfaces. Velocities in this layer are typically 4 cm/s
in the Deep Western Boundary Current. At 5000 km, this implies a lag between the Labrador Sea and
Abaco line of approximately 4 years. Molinari et al. [1998], however, found a lag of 10 years; a timescale
which is confirmed in this study.

VAN SEBILLE ET AL.: LABRADOR SEA WATER ADVECTION C12027C12027
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Salinity 

Salinity 
Salinity Anomaly at Abaco 

Anomalies in the Labrador Sea decrease 
50% and appear at Abaco 9 years later 



Interannual “Geostrophic” MOC variability 
(Ekman transport response and mean seasonal cycle removed) 

 
Upper 
Limb 

 

Thermocline 
depth in 

west drives 
interannual 
variability 

Lower 
Limb 

McCarthy et al 2012 



Oceanographic Conditions in the Gulf of Mexico 
in July 2010, during the Deepwater Horizon Oil Spill 

Smith et al.,  in preparation 

No major oil 
pathway found in 
Loop Current 
 
Led to 
collaboration with 
OR&R for daily 
maps of surface 
currents from 
altimetry 
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Late-21C 

Mid-21C 
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Probability 
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occurrence 

Predicting the effects of climate change on bluefin tuna  
spawning habitat in the Gulf of Mexico 

The spawning of 
Atlantic bluefin tuna 
is predominantly in 
the northern Gulf of 
Mexico from April to 
June with the 
optimal temperature 
of 24 - 27°C.  

Due to the projected 
warming, the areas 
with high larval 
occurrence will 
decrease by more 
than 90% toward the 
end of the 21st 
century. 

●  This is a collaborative project between SEFSC and AOML. 

●  Dynamic downscaling of IPCC-AR4 simulations is performed by AOML 
scientists and is applied to bluefin tuna spawning habitat model developed by 
SEFSC scientists [Muhling et al. 2011 ICES_JMS & Liu et al. 2012 JGR].  



AOML Key Findings: 
PHOD houses a great number of critical observational platforms 
that are being used to evaluate models and determine physical 
processes of climate variability. 
 
Analysis done using these observations shows that models don’t 
reproduce the observations particularly well (e.g. seasonal cycle in 
heat transport, fresh water transport in the SA, changes in deep 
water properties, phasing of AMO and the tropical thermocline). 
 
Our studies show that large-scale climate phenomena can provide 
favorable conditions for extreme weather events and changes to 
ecosystems (tornadoes, hurricanes, rainfall, dust, stock assessments, 
etc). 

 



Improving Observations:  Deep Argo, climate quality XBTs, data 
retrieval systems from moorings, South Atlantic MOC 
 
Testing Models: Confronting models with available observations 
 
Evaluating observing systems to make more cost effective (OSE, 
OSSE, etc) 
 
Model improvements/evaluations for different time scales 
(seasonal to decadal and longer) 
 
Hierarchy of models to test hypotheses of physical processes 
 
PHOD will continue to show critical value of the observing system 

 

The Future: 


